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Abstract 

Epstein-Barr virus-induced gene 3 (EBI3) is a subunit common to IL-27, IL-35, and IL-

39. Here, we explore an intracellular role of EBI3 independent of function as cytokines. 

EBI3-deficient naive CD4+ T cells had reduced IFN-γ production and failed to induce 

T cell-dependent colitis in mice. Similarly reduced IFN-γ production was observed in 

vitro in EBI3-deficient CD4+ T cells differentiated under pathogenic Th17 polarizing 

conditions with IL-23. This is because the induction of expression of one of IL-23 

receptor (R) subunits, IL-23Rα, but not another IL-23R subunit, IL-12Rβ1, was 

selectively decreased at the protein level but not the mRNA level. EBI3 augmented IL-

23Rα expression via binding to the chaperone molecule calnexin and to IL-23Rα in a 

peptide-dependent manner, but not glycan-dependent manner. Indeed, EBI3 failed to 

augment the IL-23Rα expression in the absence of endogenous calnexin. Moreover, 

EBI3 poorly augmented the expression of G149R, an IL-23Rα variant that protects 

against the development of human colitis, because binding of EBI3 to the variant was 

reduced. Taking together with the result that EBI3 expression is inducible in T cells, 

the present results suggest that EBI3 plays a critical role in augmenting IL-23Rα protein 

expression via calnexin under inflammatory conditions. 

 

Introduction 

Cytokines of the IL-12 family play critical roles in regulating the differentiation of Th 

cells and their effector functions (1). These cytokines are composed of two distinct 

subunits forming a heterodimer, with each subunit occurring in others as well. Among 

the subunits, the Epstein-Barr virus-induced gene 3 (EBI3) molecule was initially 

identified as being induced by infection with Epstein-Barr virus in B cells (2). This 

secreted glycoprotein is a member of the hematopoietin receptor family related to the 

p40 subunit of IL-12. EBI3 was later demonstrated to associate with p28, p35, and p19 

in turn, forming the heterodimers of IL-27 (3), IL-35 (4), and IL-39 (5), respectively. 

IL-27 has multiple functions, with both pro-inflammatory and anti-inflammatory 

properties, including promotion of early Th1 differentiation, generation of IL-10-
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producing regulatory T cells, and suppression of Th2 and Th17 differentiation (6, 7). 

IL-35 is an anti-inflammatory cytokine that is produced by Foxp3+ Treg cells (4, 8) and 

regulatory B (Breg) cells (9). Its functions include inhibition of cell proliferation and 

suppression of the development of autoimmune diseases. Very recently, IL-39 was 

reported to be secreted by activated B cells and to induce differentiation and expansion 

of neutrophils in lupus-prone mice (5, 9). 

Inflammatory bowel disease (IBD), including Crohn’s disease and ulcerative 

colitis, is a chronic inflammatory disorder of the gastrointestinal tract caused by an 

inappropriate immune response to intestinal microflora (10, 11). In several 

experimental models of T-cell-dependent and innate colitis, IL-23 was found to play an 

essential role in inducing intestinal inflammation (12-16). Initial findings indicated that 

IL-23 supports the expansion and maintenance of Th17 cells and is critically important 

for the development of pathogenic Th17 cells, without inducing secretion of IL-10 (17). 

However, because Th17 cells can acquire functional characteristics of Th1 cells, they 

were subsequently demonstrated to have a great degree of context-dependent plasticity, 

specifically the ability to extinguish IL-17 expression and turn on IFN-γ production to 

become IFN-γ+ex-Th17 cells (18-22). IL-23 was identified as a key driver of Th17 cell 

plasticity, which is critically important for the development of inflammation and 

autoimmunity as well as protection against microbes (22). Of note, several single-

nucleotide polymorphisms in the IL-23 receptor (R) α gene locus have been reported to 

be associated with susceptibility to IBD in genome-wide association studies of large 

cohorts of IBD patients and healthy controls, strongly indicating that IL-23 is important 

for IBD pathogenesis (23, 24).  

After finding that EBI3 expression is induced in naive CD4+ T cells by stimulation 

with plate-bound anti-CD3 and anti-CD28, we sought to identify a role for EBI3 in 

CD4+ T cells and to clarify its mode of function by utilizing a T-cell-dependent mouse 

colitis model. In this model, colitis is induced by adoptive transfer of naive CD4+ T 

cells into immunodeficient mice. EBI3-deficient naive CD4+ T cells failed to induce 

colitis due to reduced expression of IL-23Rα at the protein level but not at mRNA level. 



 4 

EBI3 was thus revealed to have the ability to augment IL-23Rα expression at the protein 

level via binding to the chaperone molecule calnexin and to IL-23Rα. Calnexin is a 

well-characterized lectin chaperone involved in the proper folding of newly synthesized 

glycoproteins in the lumen of the endoplasmic reticulum (ER) (25-27). Recently, the 

IL-23Rα variants G149R, V362I, and R381Q, which are protective against the 

development of IBD in humans, were demonstrated to have loss of function due to 

impaired protein stability and resultant decreased signaling by IL-23 (28). Of note, 

EBI3 had minimal impact on augmenting the expression of its variant G149R, which is 

located in the extracellular region of IL-23Rα, because binding of EBI3 to the variant 

was significantly reduced. This report is the first to demonstrate a role for EBI3 as an 

intracellular molecule acting independently of the cytokines for which it is a component. 

 

Results 

Impaired induction of colitis by transfer with EBI3-deficient naive CD4+ T cells into 

immunodeficient mice. EBI3 was previously reported to be constitutively expressed in 

Foxp3+CD4+CD25+ Treg cells and to play a critical role in their suppressive activity 

(4). We initially noticed that EBI3 mRNA expression was minimal in naive CD4+ T 

cells, but the expression was rapidly induced after stimulation with plate-bound anti-

CD3 and anti-CD28, as in the case of Treg cells (Figure 1A). In contrast, p28 and p35 

mRNA expression was undetectable in naive CD4+ T cells and poorly induced by the 

stimulation. Similar results were obtained at the protein level in Western blot analysis 

(Figure 1B and Supplemental Figure 1). These results suggest that EBI3 may function 

independently of IL-27 and IL-35.  

To investigate the role of EBI3 in naive CD4+ T cells, we utilized a T-cell-

dependent colitis model, in which colitis is induced by transfer of naive 

CD4+CD25−CD62L+ T cells into RAG2-deficient mice. First, 3 weeks after the transfer, 

the colons were removed, CD4+ T cells were purified from mononuclear cells of the 

intestinal lamina propria, and the resultant cell lysates were subjected to Western 

blotting. Consistent with the in vitro result, EBI3 expression at the protein level was 
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increased during the course of colitis (Figure 1C). RAG2-deficient mice that received 

wild-type (WT) naive CD4+ T cells showed decreased body weight (Figure 1D), 

shortened colon length (Figure 1, E and F), and colonic inflammatory changes (Figure 

1, G and H). In marked contrast, mice that received EBI3-deficient naive CD4+ T cells 

showed significantly reduced body weight loss, diminished macroscopic evidence of 

colitis as defined by colon shortening, and a dramatic decrease in histological evidence 

of colonic inflammatory changes. These results suggest that EBI3 in naive CD4+ T cells 

plays a pathological role in the colitis model. 

 

Decreased IFN-γ production in intestinal lamina propria of immunodeficient mice 

transferred with EBI3-deficient naive CD4+ T cells. We then examined the molecular 

mechanism whereby EBI3 promotes the development of colitis. We first confirmed the 

initial transfer rate and the level of Treg cells between RAG2-deficient mice that 

received WT naive CD4+ T cells or EBI3-deficient naive CD4+ T cells 3 weeks after 

the transfer, when the body weight change just started to diverge. Percentages of CD4+ 

T cells in the mononuclear cells of intestinal lamina propria between these mice were 

comparable, indicating the initial transfer appeared to be performed equally (Figure 2A). 

Moreover, percentages of Foxp3+CD4+CD25+ Treg cells were almost negligible in both 

mice, as expected (Figure 2B). Because IL-23-mediated intestinal IFN-γ production is 

necessary for the development of colitis (18-22), the frequency of cytokine-producing 

mononuclear cells of the intestinal lamina propria was then determined by intracellular 

staining. Notably, the frequency of IFN-γ+IL-17−CD4+ T cells was significantly 

decreased in the RAG2-deficient mice that received EBI3-deficient naive CD4+ T cells 

compared with the RAG2-deficient mice that received WT naive CD4+ T cells even at 

this early time point (Figure 2, C and D). No difference was observed in the frequency 

of IFN-γ+IL-17+CD4+ T cells and IFN-γ−IL-17+CD4+ T cells. Next, similar analyses 

were performed 8 weeks after the transfer. The frequency of IFN-γ+IL-17−CD4+ T cells 

was much more decreased in the RAG2-deficient mice that received EBI3-deficient 

naive CD4+ T cells than the RAG2-deficient mice that received WT naive CD4+ T cells 
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(Figure 2, E and F). Similarly reduced IFN-γ production was observed when the 

mononuclear cells were restimulated with soluble anti-CD3 and culture supernatants 

were assayed by ELISA (Figure 2G). Moreover, the production of granulocyte-

macrophage colony-stimulating factor (GM-CSF) and tumor necrosis factor (TNF)-α 

was also diminished, although almost no significant difference was detected in the 

production of IL-6, IL-17 and IL-22 (Figure 2G). Thus, IFN-γ production was most 

consistently reduced in the intestinal lamina propria of RAG2-deficient mice 

transferred with EBI3-deficient naive CD4+ T cells, which could largely explain the 

impaired induction of colitis (18-21). 

 

Decreased IFN-γ production in EBI3-deficient CD4+ T cells differentiated under 

pathogenic Th17 polarizing conditions with IL-23 in vitro. To further examine the role 

of EBI3 in cytokine production, naive CD4+ T cells from WT mice or EBI3-deficient 

mice were stimulated in vitro with soluble anti-CD3 in the presence of irradiated WT 

spleen cells depleted of T and natural killer (NK) cells under Th1 polarizing conditions 

(Supplemental Figure 2A), nonpathogenic Th17 polarizing conditions with TGF-

β1+hyper-IL-6 (Supplemental Figure 2B), and pathogenic Th17 polarizing conditions 

with IL-1β+ hyper-IL-6+IL-23 for 4 days (Supplemental Figure 2C). Then, resultant 

cells were restimulated with phorbol 12-myristate 13-acetate (PMA) and ionomycin, 

followed by intracellular staining. Consistent with the in vivo results (Figure 2), the 

frequency of IFN-γ+IL-17−CD4+ T cells differentiated under pathogenic Th17 

polarizing conditions was significantly decreased in EBI3-deficient naive CD4+ T cells 

compared to WT naive CD4+ T cells (Supplemental Figure 2C). Although a similar 

tendency was seen in the frequency of IFN-γ+IL-17+CD4+ T cells, the frequency of 

IFN-γ−IL-17+CD4+ T cells did not differ between EBI3-deficient and WT naive CD4+ 

T cells as previously reported (29). In contrast, no significant difference was observed 

in the frequency of these cells between EBI3-deficient and WT naive CD4+ T cells 

differentiated under the Th1 polarizing and nonpathogenic Th17 polarizing conditions 

(Supplemental Figure 2, A and B). These results suggest that IFN-γ production was 
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significantly reduced in EBI3-deficient naive CD4+ T cells differentiated under 

pathogenic Th17 polarizing conditions with IL-23 in vitro as well. 

 

Soluble EBI3 secreted from WT CD4+ T cells failed to restore the reduced IFN-γ 

production in EBI3-deficient CD4+ T cells. If EBI3 could function as a cytokine by 

forming a heterodimer with another molecule, a homodimer, or a monomer, these 

molecules would have to be secreted outside of the cells. To test whether EBI3 

functions as a soluble factor, we next utilized green mice, which are transgenic mice 

ubiquitously and constitutively expressing enhanced GFP cDNA (30). Naive CD4+ T 

cells from green mice, EBI3-deficient mice, or an equal mixture of these cells were 

stimulated with soluble anti-CD3 in the presence of irradiated WT spleen cells depleted 

of T and NK cells under pathogenic Th17 polarizing conditions with IL-23 for 4 days. 

Then, intracellular cytokine staining was performed by gating GFP+CD4+ T cells and 

GFP−CD4+ T cells, which corresponded to EBI3+⁄+ cells and EBI3−⁄− cells, respectively. 

In the individual culture system, the frequency of IFN-γ+IL-17−CD4+ T cells in 

GFP−EBI3−⁄− cells was significantly reduced compared with that in GFP+EBI3+⁄+ cells 

(Figure 3A), which is consistent with the results shown in Supplemental Figure 2C. 

However, in the co-culture system with the presence of GFP+EBI3+⁄+CD4+ T cells, the 

frequency of IFN-γ+IL-17−CD4+ T cells in GFP−EBI3−⁄−CD4+ T cells was notably not 

increased as in GFP+EBI3+⁄+CD4+ T cells (Figure 3B). Thus, even in the co-culture 

system, the reduced frequency of IFN-γ+IL-17−CD4+ T cells in EBI3−⁄−CD4+ T cells 

could not be rescued by the presence of EBI3+⁄+CD4+ T cells through a soluble factor. 

It was recently reported that EBI3 is secreted by activated CD4+ T cells and promotes 

T-cell division and differentiation (31). Consistent with that report, soluble EBI3 was 

detected, but was less than 100 pg/ml in the culture supernatant of activated CD4+ T 

cells by ELISA (Figure 3C). However, recombinant EBI3 up to 10 ng/ml failed to 

restore the decreased frequency of IFN-γ+IL-17−CD4+ T cells in EBI3-deficient CD4+ 

T cells (Figure 3D). Thus, EBI3 in CD4+ T cells plays its role as an intracellular 

molecule rather than a soluble factor. 
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Decreased IFN-γ production in EBI3-deficient CD4+ T cells is attributed to 

reduced IL-23 signaling. To elucidate the molecular mechanisms whereby EBI3 

regulates IFN-γ production under pathogenic Th17 polarizing conditions with IL-1β+ 

hyper-IL-6+IL-23 but not under nonpathogenic conditions with TGF-β1 and hyper-IL-

6, we next focused on molecules related to IL-23 signaling, including T-bet, STAT3, 

and IL-23R, which are critically important for development of colitis (18-22). Naive 

CD4+ T cells from WT mice or EBI3-deficient mice were stimulated in vitro with 

soluble anti-CD3 in the presence of irradiated WT spleen cells depleted of T and NK 

cells under pathogenic Th17 polarizing conditions with IL-1β+hyper-IL-6+IL-23. After 

3 days these cells were expanded with IL-2 and cultured for more 2 days. Resultant 

cells were restimulated with plate-bound anti-CD3 in the presence or absence of IL-23 

or IL-12 for 48 h, and culture supernatant was collected and subjected to assay for IFN-

γ and IL-17 by ELISA. In accord with the reduced frequency of IFN-γ+IL-17−CD4+ T 

cells detected by an intracellular staining (Supplemental Figure 2C), IFN-γ production 

was significantly decreased and IL-17 production was slightly enhanced in EBI3-

deficient CD4+ T cells (Supplemental Figure 3A). The addition of IL-23, but not IL-12, 

failed to further affect the production of these cytokines. IFN-γ production in response 

to IL-12 was slightly reduced in the EBI3-deficient CD4+ T cells (Supplementary 

Figure 3A), but the fold increase in IFN-γ production that was induced by IL-12 in the 

EBI3-deficient CD4+ T cells relative to that induced in the WT CD4+ T cells was similar 

or slightly higher in the EBI3-deficient CD4+ T cells than in the WT CD4+ T cells. 

Therefore, the absence of EBI3 may have affected the IL-12 signaling, but to a lesser 

degree than it affected the IL-23 signaling. Next, total cell lysates were prepared from 

these stimulated cells, and Western blot analysis was performed to assess the expression 

levels of T-bet, an upstream transcription factor for IFN-γ production (19). In addition, 

further upstream signaling events through IL-23R, such as the phosphorylation level of 

STAT3 in response to IL-23 in the cells stimulated under pathogenic Th17 polarizing 

conditions (19), were determined. Correlated with the decreased IFN-γ production, the 
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expression levels of T-bet (Supplemental Figure 3B) and pY-STAT3 (Supplemental 

Figure 3, C and D) in response to IL-23 were greatly reduced in EBI3-deficient CD4+ 

T cells compared to those in WT CD4+ T cells. Thus, decreased IFN-γ production in 

EBI3-deficient CD4+ T cells is highly attributed to the reduced IL-23 signaling. 

 

Decreased IFN-γ production in EBI3-deficient CD4+ T cells is attributed to 

reduced IL-23Rα expression. To further clarify the molecular mechanism whereby IL-

23 signaling was reduced, the expression of IL-23R, which consists of IL-23Rα and IL-

12Rβ1 (32), was next evaluated. Naive CD4+ T cells from WT mice or EBI3-deficient 

mice were stimulated with plate-bound anti-CD3 and anti-CD28 under pathogenic 

Th17 polarizing conditions with IL-1β+ hyper-IL-6+IL-23. Cell lysate was then 

prepared at the indicated times and subjected to Western blotting (Figure 4A). EBI3 

expression was rapidly increased, peaked around 4 days after the stimulation, and 

thereafter decreased in WT CD4+ T cells. Similar but more transient augmentation of 

IL-23Rα expression was observed in WT CD4+ T cells, whereas the augmented 

expression level of IL-23Rα in EBI3-deficient CD4+ T cells was much less than that in 

WT CD4+ T cells. Intriguingly, no similarly reduced expression of IL-12Rβ1, another 

IL-23R subunit, was detected, although its enhanced expression remained high (Figure 

4A). FACS analysis also confirmed the significantly decreased mean fluorescence 

intensity (MFI) of cell surface expression, as well as intracellular expression, of IL-

23Rα in EBI3-deficient CD4+ T cells (Figure 4, B and C). Moreover, in the colitis 

model, the cell surface expression of IL-23Rα and IL-12Rβ1 in the CD4+ T cells of the 

intestinal lamina propria of RAG2-deficient mice 3 weeks after the transfer of naive 

CD4+ T cells was also enhanced compared with untransferred naive CD4+ T cells (0 

week, Figure 4, D and E). However, the IL-23Rα expression level (but not the IL-12Rβ1 

level) in RAG2-deficient mice transferred with EBI3-deficient naive CD4+ T cells was 

significantly less than in RAG2-deficient mice transferred with WT naive CD4+ T cells, 

which is consistent with the in vitro results (Figure 4A). Furthermore, the retroviral 

infection of expression vectors of EBI3, as well as IL-23Rα (but not the empty vector), 
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greatly restored the decreased frequency of IFN-γ+CD4+ T cells in EBI3-deficeint CD4+ 

T cells to a level comparable to that in WT CD4+ T cells (Figure 4F). These results 

suggest that decreased IFN-γ production in EBI3-deficient CD4+ T cells is attributed to 

reduced IL-23Rα expression. 

 

Reduced IL-23Rα expression in EBI3-deficient CD4+ T cells is due to synthesis of 

misfolded protein and therefore increased degradation of IL-23Rα protein at 

proteasome. To investigate whether or not reduced IL-23Rα expression is due to post-

transcriptional effects, real-time reverse transcription-polymerase chain reaction (RT-

PCR) analysis was performed. However, in marked contrast to the difference at the 

protein level, no such difference was observed at the mRNA level between WT and 

EBI3-deficient CD4+ T cells after the stimulation (Figure 5A). Thus, the reduced 

expression of IL-23Rα at protein level is due to post-transcriptional effects. Therefore, 

the next step was to examine the stability of IL-23Rα expression at the protein level, 

using the protein synthesis inhibitor cycloheximide. Naive CD4+ T cells from WT mice 

or EBI3-deficient mice were stimulated with plate-bound anti-CD3 and anti-CD28 

under pathogenic Th17 polarization conditions for 3 days. Resultant cells were then 

treated with cycloheximide for the indicated times to stop de novo protein synthesis, 

and total cell lysates were prepared at the indicated times and subjected to Western 

blotting. In WT CD4+ T cells, the expression of IL-23Rα protein was gradually 

decreased to the level of almost half of the initial expression during 3 h of incubation. 

In marked contrast, however, in EBI3-deficient CD4+ T cells the degradation of IL-

23Rα proceeded more rapidly, and the protein was almost completely degraded within 

3 h (Figure 5, B and C). No similarly accelerated degradation of IL-12Rβ1 was 

observed in EBI3-deficient CD4+ T cells compared to WT CD4+ T cells (Figure 5B).  

Generally, there are two major, fundamentally different systems by which animal 

cells degrade proteins, the lysosome and proteasome (33, 34). Therefore, to determine 

which system degrades IL-23Rα, naive CD4+ T cells from either WT mice or EBI3-

deficient mice were stimulated with plate-bound anti-CD3 and anti-CD28 under 
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pathogenic Th17 polarization for 3 days and treated with the lysosomal protease 

inhibitors, pepstatin A and E64d, or the proteasome inhibitor, MG132. Interestingly, 

presence of the proteasome inhibitors, but not the lysosomal protease inhibitors, 

blocked the rapid degradation of IL-23Rα in EBI3-deficient CD4+ T cells, and the IL-

23Rα expression was recovered to a level similar to that in the WT CD4+ T cells (Figure 

5D). Moreover, IL-23Rα was further upregulated in the presence of both inhibitors 

together. 

These results suggest that reduced expression of IL-23Rα protein in EBI3-

deficient CD4+ T cells is attributable to the synthesis of misfolded IL-23Rα protein, 

which is readily degraded at the proteasome via ER-associated protein degradation 

(ERAD) (35). The IL-23Rα whose expression level in EBI3-deficient CD4+ T cells was 

recovered to a level similar to that in the WT CD4+ T cells via the proteasome inhibitor 

remained misfolded and unstable and therefore became highly susceptible to even the 

lysosomal protease inhibitors, although these inhibitors were ineffective when used 

alone. Consistent with this, blue native PAGE (BN-PAGE) (36) and SDS-PAGE 

analyses followed by Western blotting revealed that IL-23Rα protein synthesized in the 

absence of EBI3 migrates differentially from that in the presence of EBI3, suggesting 

it is highly likely a protein with misfolded conformation (Figure 5E). Thus, EBI3 may 

promote the proper folding of target proteins.  

 

Forced expression of EBI3 enhances not only intracellular expression of IL-23Rα 

but also its cell surface expression without affecting its mRNA expression. To further 

explore the role of EBI3 in the promotion of proper folding of IL-23Rα protein, we next 

performed reconstitution experiments by using HEK293T cells transfected with 

expression vectors for IL-23Rα-FLAG, IL-12Rβ1-HA, and EBI3. Consistent with the 

results obtained so far, forced expression of EBI3 greatly augmented the expression of 

IL-23Rα at the protein level in a dose-dependent manner, which was detected by 

Western blotting (Figure 6, A and B). In marked contrast, IL-12Rβ1 expression was not 

affected by EBI3 at all. Of note, real-time RT-PCR analysis of the transfected cells 
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revealed that the augmentation of IL-23Rα protein expression was not due to increased 

expression of IL-23Rα mRNA (Figure 6C). Immunohistochemical analysis further 

revealed that forced expression of EBI3 not only augmented the intracellular expression 

of IL-23Rα (Figure 6D) but also its cell surface expression (Figure 6E). In the 

intracellular staining analysis, anti-calnexin antibody was used as a marker for the 

endoplasmic reticulum, but colocalization was prominent between IL-23Rα, EBI3 and 

calnexin (Fig. 6D), suggesting that calnexin may be involved in augmenting EBI3-

mediated IL-23Rα expression. To more precisely and quantitatively analyze the 

expression of IL-23Rα, the bicistronic IRES-GFP vector of N-terminal FLAG-tagged 

IL-23Rα was transiently co-transfected with EBI3 expression vector or its control 

empty vector into AD293 cells and subjected to flow cytometry analysis. The GFP+ 

populations correspond to the populations transduced with the IL-23Rα expression 

vector. Intracellular and cell surface expression of IL-23Rα in the GFP+EBI3− 

populations transduced with the control empty vector and the GFP+EBI3+ populations 

transduced with EBI3 expression were compared (Figure 6, F and G). Consistent with 

the results obtained by the immunohistochemical analysis (Figure 6, D and E), mean 

fluorescence intensity (MFI) of the intracellular expression of IL-23Rα was greatly 

increased by the presence of EBI3 (Figure 6F). Moreover, MFI of its cell surface 

expression was also significantly increased by the presence of EBI3 (Figure 6G). In line 

with these results, enhanced signaling through the IL-23R in response to IL-23 was 

subsequently detected by luciferase activity after co-transfection with the IL-23-

responsive IFN-γ-activated site (GAS)-luciferase construct p3×GAS-Luc (37) (Figure 

6H).  

These results suggest that forced expression of EBI3 enhances not only 

intracellular expression of IL-23Rα but also its cell surface expression without affecting 

its mRNA expression. 

 

EBI3 binds to calnexin and IL-23Rα, and calnexin is necessary for the EBI3-

mediated augmentation of IL-23Rα protein expression. The results obtained so far 
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prompted us to presume that EBI3 may be able to promote the proper folding of protein, 

so we next explored the involvement of calnexin in the augmentation of IL-23Rα 

protein expression by EBI3. This step was taken because calnexin is a well-

characterized lectin chaperone involved in the proper folding of newly synthesized 

glycoproteins in the lumen of the ER (25-27). In addition, EBI3 was initially identified 

not only as a secreted molecule but also in association with calnexin in the endoplasmic 

reticulum, although its physiological and functional roles remain unknown (2).  

Therefore, we next examined whether EBI3 can bind to endogenous calnexin and 

IL-23Rα by using transfection with expression vectors of IL-23Rα-FLAG and EBI3. 

Without EBI3, IL-23Rα bound to endogenous calnexin, possibly through glyco-chain 

interaction (Figure 7A). Increasing amounts of EBI3 led to its association with 

endogenous calnexin as well as IL-23Rα (Figure 7A). Because calnexin is well known 

to bind to its target protein through glyco-chain interaction, the sensitivity to 

tunicamycin, an inhibitor of glycosylation, was examined next. Treatment with 

tunicamycin had little impact on the association between EBI3 and endogenous 

calnexin (Supplemental Figure 4A). In contrast, the treatment greatly increased the 

amounts of faster migrating bands, which likely represent nonglycosylated species, of 

IL-23Rα immunoprecipitated with EBI3 (Supplemental Figure 4A). These results 

suggest that EBI3 binds to calnexin and IL-23Rα in a peptide-dependent but not glycan-

dependent manner.  

 To examine the role of calnexin in the EBI3-mediated augmentation of IL-23Rα 

expression, HEK293T cells were then transfected with expression vectors of IL-23Rα-

FLAG, IL-12Rβ1-HA, EBI3, and mouse calnexin-MYC. In the absence of EBI3, mouse 

calnexin alone enhanced the expression of IL-23Rα (Supplemental Figure 4, B and C). 

Increasing amounts of EBI3 further augmented the expression of IL-23Rα but not IL-

12Rβ1 in the presence of mouse calnexin (Supplemental Figure 4, B and C). Similar 

additive effects between EBI3 and mouse calnexin on the augmentation of both 

intracellular and cell surface expression of IL-23Rα were observed by 

immunohistochemical analysis (Figure 7, B and C). 
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 Next, the necessity of calnexin for the EBI3-mediated augmentation of IL-23Rα 

proteins was evaluated in HEK293T cells whose endogenous calnexin expression was 

knocked out by genome editing with the CRISPR/Cas9 method (38). In WT HEK293T 

cells, forced expression of EBI3 augmented the expression of IL-23Rα in a dose-

dependent manner (Figure 7, D and E). In contrast, in the calnexin knockout (KO) 

HEK293T cells, forced expression of EBI3 did not augment the expression of IL-23Rα 

at all, which was detected by Western blotting with both anti-FLAG and anti-IL-23Rα 

(Figure 7, D and E). Similar results were obtained by using HEK293T cells whose 

endogenous calnexin expression was knocked down to 40% by its specific siRNA 

(Supplemental Figure 5, A and B). 

 To further examine the association among EBI3, IL-23Rα, and calnexin in primary 

cells instead of overexpressing cells, WT naive CD4+ T cells were stimulated under 

pathogenic Th17 polarizing conditions for 3 days. The resultant cell lysates were then 

used for immunoprecipitation analyses with anti-EBI3 followed by Western blotting 

with anti-IL-23Rα or anti-calnexin. Consistent with the results of the overexpressing 

cells (Figure 7A), similar binding of EBI3 to IL-23Rα or calnexin (Figure 7F) was 

observed in primary CD4+ T cells.  

These results suggest that EBI3 binds to IL-23Rα and calnexin in a peptide-

dependent, but not glycan-dependent manner, and that calnexin is necessary for the 

EBI3-mediated augmentation of IL-23Rα protein expression.  

 

EBI3 binds to the extracellular region of IL-23Rα but not its protective variant 

G149R against IBD due to reduced binding of EBI3 to the variant. Finally, the site in 

the IL-23Rα molecule where EBI3 binds was investigated. Immunoprecipitation 

analysis revealed that EBI3 not only bound to full-length IL-23Rα but also the 

extracellular region of IL-23Rα, so-called soluble IL-23Rα (sIL-23Rα, Figure 8A). 

Consistent with these results, interestingly, flow cytometry analysis demonstrated that 

forced expression of EBI3 in HEK293-F cells resulted in markedly increased 

expression of EBI3 on the cell surface (2). In addition, co-expression of EBI3 with IL-
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23Rα, but not IL-12Rβ1, further enhanced the cell surface expression of EBI3 (Figure 

8B). These results suggest that EBI3 binds to the extracellular region of IL-23Rα.  

 Recently, genome-wide association studies and targeted resequencing studies 

revealed that the IL-23Rα variants G149R, V362I, and R381Q are linked to protection 

against the development of IBD in humans because of their impaired protein stability 

and the resultant decreased signaling by IL-23 (28). Among these variants, only G149R 

is located in the extracellular region of IL-23Rα, which prompted us to examine the 

possibility that this site might be where EBI3 binds. After transfection with expression 

vectors of FLAG-IL-23Rα WT or FLAG-IL-23Rα G149R and of EBI3, 

immunohistochemical analysis was performed. As shown before (Figure 5E), forced 

expression of EBI3 augmented the cell surface expression of IL-23Rα WT (Figure 8C). 

However, in marked contrast, forced expression of EBI3 augmented the cell surface 

expression of IL-23Rα G149R much less efficiently, although the expression level of 

IL-23Rα G149R in the absence of EBI3 was also less than that of IL-23Rα WT, as 

previously reported (28) (Figure 8C). To more precisely and quantitatively analyze the 

expression of IL-23Rα, the bicistronic IRES-GFP vector of FLAG-IL-23Rα WT or its 

G149R variant was transiently co-transfected with EBI3 expression vector or its control 

empty vector and subjected to flow cytometry analysis. Cell surface expression of WT 

IL-23Rα or its G149R variant in the GFP+EBI3− populations transduced with the 

control empty vector and the GFP+EBI3+ populations transduced with the EBI3 

expression were compared (Figure 8, D and E). Consistent with the results obtained by 

the immunohistochemical analysis (Figure 8C), MFI of the cell surface expression of 

WT IL-23Rα was greatly increased by the presence of EBI3. However, MFI of the cell 

surface expression of its G149R variant was barely increased by the presence of EBI3. 

Consistent with these results, immunoprecipitation analysis revealed that the binding 

of EBI3 to IL-23Rα G149R was greatly decreased compared to its binding to IL-23Rα 

WT (Figure 8, F and G).  

 Taken together, these results indicate that EBI3 binds to the extracellular region 

of IL-23Rα but fails to augment the protein expression of IL-23Rα protective variant 
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G149R against IBD because of reduced binding of EBI3 to the variant. Thus, EBI3 

could play a critical role in the augmentation of IL-23Rα protein expression in humans, 

which determines the susceptibility to IBD development. 

 

Discussion 

EBI3 was originally identified as a molecule related to IL-12 p40 whose expression is 

induced by latent EB virus infection in B lymphocytes (2). IL-12 p40 forms a disulfide-

linked heterodimer with p35 to produce functional IL-12, and a homodimeric form of 

p40 is also produced in large excess (39, 40). In marked contrast, however, EBI3 has 

four cysteines and all of them are likely to be utilized for intramolecular disulfide 

linkage. Therefore, EBI3 lacks the additional cysteines that are necessary for 

heterodimerization with other molecules as p40 forms heterodimer with p35. In 

addition, EBI3 was shown to also be present on the plasma membrane of cells 

transfected with EBI3 cDNA, as shown in Figure 7B, possibly suggesting that EBI3 

can associate with other membrane proteins (2). Intriguingly, EBI3 was previously 

demonstrated to associate with calnexin (2), an integral ER membrane calcium-binding 

lectin chaperone (25-27), although further functional studies were needed. Calnexin 

binds immature membrane glycoproteins destined for the plasma membrane, and it 

supports folding and maturation of these proteins. Calnexin retains protein in the ER 

until proper folding of protein occurs, after which the protein enters the secretory 

pathway; otherwise, calnexin targets misfolded proteins for degradation via ERAD, 

which is a proteasome-mediated process (35). Thus, EBI3 may be able to associate with 

other molecules that are not efficiently transported to the cell surface or secreted alone. 

Indeed, EBI3 noncovalently associates with p28, p35, and p19 to form IL-27 (3), IL-35 

(4), and IL-39 (5), respectively. In line with the properties of EBI3 mentioned above, 

we have herein uncovered an important role for EBI3 in the promotion of proper protein 

folding of IL-23Rα by binding to calnexin and IL-23Rα through peptide interactions, 

leading to the development of colitis. Proteasomal degradation is also known to occur 

in cytokine receptors after internalization and ubiquitination by ligand binding (41). 
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Whether EBI3 can also regulate such proteasomal degradation of IL-23Rα remains to 

be elucidated. 

 Calnexin is ubiquitously and constitutively expressed in various types of cells to 

chaperone membrane glycoprotein expression, whereas EBI3 expression is inducible 

mainly via NF-κB activation in response to various stimuli, including Toll-like receptor 

ligands (42), and also via activation through T-cell receptor (Figure 1A). Therefore, 

EBI3 plays a role under inflammatory conditions but not under steady-state conditions 

in augmenting target proteins, whose expression is also inducible. However, among 

such inducible proteins including IL-23Rα and IL-12Rβ1, EBI3 augments the protein 

expression of IL-23Rα only, not IL-12Rβ1. The expression of other inducible proteins 

that are known to regulate IL-23Rα expression and the resultant STAT3 activation, c-

Maf (43) and suppression of cytokine signaling 3 (SOCS3) (44), respectively, was not 

augmented by EBI3 (Supplemental Figure 6). One reason for this difference is that 

EBI3 can bind to IL-23Rα but not IL-12Rβ1 (data not shown). Therefore, several 

questions remain to be resolved, including the molecular mechanism whereby EBI3 

selectively augments its target protein expression, the identity of other possible target 

molecules, and any relationship between the polymorphism of EBI3 itself and the 

susceptibility to IBD in humans. Indeed, several polymorphisms of EBI3 have been 

reported to be associated with cancers and immune disorders, including IBD such as 

ulcerative colitis (45). In addition, up-regulation of EBI3 expression in colonic tissue 

was demonstrated in patients with IBD (46-48). Moreover, EBI3-deficient mice were 

previously reported to be resistant to the development of immunopathology associated 

with a mouse colitis model induced by oxazolone, whereas the same EBI3-defficient 

mice showed no changes in intestinal pathology in trinitrobenzene sulfonic acid-

induced colitis (49). Considering that EBI3 is also a subunit shared by IL-27, IL-35, 

and IL-39, which have redundant and opposite functions (50), it is not easy to simply 

conclude the relationship between EBI3 and IBD. In addition, because EBI3 was 

previously demonstrated to be predominantly and constitutively expressed in placenta 

among various normal human tissues (2), identification of its target molecule in the 



 18 

placenta might lead to further elucidation of a specific role for EBI3 in the functions of 

placenta. For such tissue- or cell type–specific analysis of EBI3, EBI3 reporter mice, 

which were developed by Dr. Vignali’s group (51), would be very useful.  

 EBI3-deficient mice have been reported to show several phenotypes, which may 

or may not be explained by the roles of either IL-27, IL-35, or IL-39. EBI3-deficient 

mice promoted the development of experimental autoimmune encephalomyelitis due to 

increased Th17, Th1, IL-2, and Treg responses, which seems to be consistent with the 

functions of IL-27 but not IL-35 (52). In contrast, EBI3-deficient mice developed early 

severe intestinal disease, whereas IL-27 p28-deficient mice were phenotypically similar 

to WT mice, suggesting that IL-35 rather than IL-27 is a critical factor limiting intestinal 

inflammation in the model of T-cell-dependent colitis (53). Although both mouse 

disease models were sensitive to IL-23, the distinct roles of EBI3 might also be due to 

the different susceptibilities of these disease models to IL-23 responsiveness. Both 

phenotypes of EBI3-deficient mice in these reports appear to include enhanced Th1-

like responses and IFN-γ production, which seems to oppose the intracellular role of 

EBI3 in CD4+ T cells as clarified in the present study. However, in marked contrast, 

there are also several papers showing reduced Th1-like responses and IFN-γ production 

in EBI3-deficient mice under various situations (54-57). Interesting papers have 

recently been published showing the roles of IL-27 and soluble EBI3 in CD4+ T cells 

and intracellular role of EBI3 in macrophages. IL-27 was shown to be produced by 

CD4+ T cells to regulate the protective immune response against malaria parasites (58). 

In addition, it was very recently demonstrated that EBI3 is secreted by activated CD4+ 

T cells and promotes T-cell division and differentiation via the gp130/STAT3 signaling 

pathway in an autocrine manner (31). The intracellular function of EBI3 was also very 

recently reported, as the infection of macrophages with virulent mycobacterium 

tuberculosis accumulates intracellular EBI3 by the binding of eukaryotic translation 

elongation factor 1-α1 (eEF1A1) to EBI3 to reduce Lys48-linked ubiquitination of 

EBI3, resulting in the inhibition of caspase-3-mediated apoptosis (59). We also cannot 

deny the possibility that EBI3 may also bind to other molecules that have not yet been 
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identified. The results obtained from EBI3-deficient mice come from the sum of the 

respective positive and negative effects of IL-27, IL-35, IL-39, soluble and intracellular 

EBI3, and so on; it is therefore difficult to reduce this to a simple conclusion based only 

on results obtained from EBI3-deficient mice without any contradiction. 

Similar seemingly conflicting results on the tumor growth in one of the 

transplantable mouse tumor models, B16F10 melanoma, in EBI3-deficient mice were 

also reported. EBI3-deficient mice were shown to exert augmented 

immunosurveillance against metastasis of lung B16F10 melanoma, which was 

mediated by T-bet-mediated antitumor CD8+ T cell responses. This effect might be 

ascribed to the reduced Treg activity due to lack of IL-35, but this possibility was not 

addressed (60). In contrast, impaired CD8+ T cell-mediated antitumor responses against 

subcutaneously injected B16F10 melanoma were also reported in EBI3-deficient mice, 

suggesting a phenotype of IL-27-deficiency rather than IL-35-deficiency (54). 

Moreover, of note, several tumors themselves were reported to be characterized by the 

selective expression of EBI3 in the absence of p28, indicating a role for EBI3 

independent of IL-27 and IL-35 (61, 62). EBI3 was demonstrated to be a prognostic 

factor for lung cancer, Burkitt lymphoma, and diffuse large B-cell lymphoma (63, 64), 

and forced expression of EBI3 in tumors was shown to promote tumor growth in vitro 

(63). Therefore, intriguingly, these phenomena may not be explained by IL-27, IL-35, 

and probably IL-39, implying a novel role for EBI3 as an intracellular molecule 

targeting presumably growth-related molecules in the progression of tumors, as 

clarified here. 

We have discovered the role of intracellular EBI3 in promoting the proper folding 

of target protein and augmenting its expression at the protein level by binding to 

calnexin and its target protein, presumably through enhancing the chaperone activity 

(Supplemental Figure 7). Although calnexin is constitutively and ubiquitously 

expressed, EBI3 expression is inducible through activation of Toll-like receptor and T-

cell receptor. Therefore, the present results could open an avenue to establishing a novel 

concept that EBI3 plays an important role in augmenting target molecule expression at 
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the protein level in collaboration with calnexin under inflammatory conditions. These 

conditions are in contrast to steady-state conditions in which calnexin alone 

predominantly promotes the proper folding of proteins. Identification of other possible 

target molecules that EBI3 binds to would further generalize the paradigm of EBI3 

playing an important role in augmenting target molecule expression at the protein level 

together with calnexin under inflammatory conditions. 

 

Methods 

Mice. WT C57BL/6 mice and RAG2-deficient mice (C57BL/6 background) were 

purchased from Sankyo Labo Service and Jackson Laboratory. EBI3-deficient mice 

(C57BL/6 background) were from Jackson Laboratory. Green mice, which are 

transgenic mice ubiquitously and constitutively expressing enhanced GFP (EGFP) 

cDNA under the control of a chicken actin promoter and cytomegalovirus enhancer 

(30), were kindly provided by Dr. M. Okabe (Osaka University) and M. Ito (Tokyo 

Medical University). All mice were maintained under pathogen-free conditions.  

 

Cell culture. Splenic CD4+ T cells, lamina propria mononuclear cells, and PLAT-

E packaging cells (65) (kindly provided by Dr. T. Kitamura) were cultured at 37°C 

under 5% CO2/95% air in RPMI1640 (Sigma-Aldrich) containing 10% fetal bovine 

serum (FBS), 50 µM 2-mercaptoethanol, and 100 µg/ml kanamycin (Meiji Seika). 

Human embryonic kidney (HEK) 293T cells and AD293 cells (Stratagene), a derivative 

of HEK293 cells with improved cell adherence and plaque formation properties, were 

cultured in DMEM (Invitrogen) containing 10% fetal calf serum, and 100 U/ml 

penicillin and 100 µg/ml streptomycin (Invitrogen). The HEK293-F cell line is derived 

from HEK293 cells and was adapted to suspension culture in serum-free medium of 

FreeStyle 293 expression medium (Invitrogen).  

 

Plasmid. Mouse IL-23Rα, EBI3, and calnexin cDNAs were isolated by RT-PCR 

using total RNA prepared from concanavalin A-activated spleen cells, confirmed by 
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sequencing, and subcloned into p3×FLAG-CMV-9 and 14 vectors (Sigma-Aldrich), 

pCXN2 (66), p3×MYC-CMV14 (Sigma-Aldrich), and pMX-IRES-GFP (67) (kindly 

provided by Dr. T. Kitamura). 3×FLAG-tagged IL-23Rα and IL-23Rα variant G149R 

(28) were generated using standard PCR methods, confirmed by sequencing, and 

subcloned into these vectors and pMX-IRES-GFP. 

 

Induction and assessment of colitis. Naive CD4+CD25−CD62L+ T cells were 

isolated and purified from spleens by using mouse naive CD4+ T cell Isolation Kit 

together with biotin anti-CD25 (PC61), and AutoMACS Pro (all from Miltenyi Biotec). 

The purity of naive CD4+ T cells was routinely > 95%. RAG2-deficient mice were 

injected with 2 × 105 naive CD4+ T cells intravenously, monitored for weight loss, and 

sacrificed by CO2 asphyxiation 3–8 weeks after initiation of the experiment. At the time 

of sacrifice, mouse colons were removed and flushed, and the length was measured 

from rectum to cecum. A 1-cm section of large intestine proximal to the cecum was 

removed, flushed with PBS, and immediately fixed in 20% buffered formalin. Tissues 

were embedded in paraffin and cut using standard histological techniques. Five-

micrometer tissue sections were stained with hematoxylin and eosin. Colitis severity 

was scored in the proximal colon, medial colon, distal colon, and rectum on a scale of 

0–5, with 0 and 5 representing a normal colon and severe colitis, respectively. The 

scores of four anatomical regions were totaled for each mouse to yield a total 

histological score. 

 

Isolation of lamina propria mononuclear cells. Colons were mechanically 

dissected into small pieces, and intestinal epithelial cells were removed by incubation 

in ethylenediaminetetraacetic acid. Remaining tissue was digested using collagenase D 

and DNase I (Roche Diagnostics). Digested tissue was passed through a 40-µm cell 

strainer and the remaining cellular content was separated from debris using a 40%/75% 

Percoll gradient.  
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Th differentiation assay. Naive CD4+ T cells (5 × 105 cells/ml) were stimulated 

with plate-bound anti-CD3 (145-2C11, ATCC, 2 µg/ml) and anti-CD28 (37.51, BD 

Biosciences, 0.5 µg/ml) or soluble anti-CD3 (1 µg/ml) and irradiated spleen cells 

depleted of T and NK cells (4 × 104 cells/ml) as antigen-presenting cells under Th1 

polarizing conditions with IL-12 (Peprotech, 10 ng/ml) and anti-IL-4 (11B11, ATCC), 

nonpathogenic Th17 polarizing conditions with TGF-β1 (Peprotech, 5 ng/ml), hyper-

IL-6 (68) (10 ng/ml, generated in house), anti-IL-4, and anti-IFN-γ (XMG1.2, Bio X 

Cell), and pathogenic Th17 polarizing conditions with IL-1β (R&D Systems, 10 ng/ml), 

hyper-IL-6 (10 ng/ml), IL-23 (R&D Systems, 10 ng/ml), anti-IL-4, and anti-IFN-γ. All 

anti-cytokine neutralizing monoclonal antibodies were used at 10 µg/ml. Spleen cells 

depleted of T and NK cells were negatively purified with anti-CD90.1 (Thy1.1) and 

anti-CD49b (DX5) magnetic beads and AutoMACS Pro (all from Miltenyi Biotec). On 

day 3, cells were expanded in complete medium containing human IL-2 (Shionogi & 

Co., 50 U/ml). On day 5, cells were collected, washed, and restimulated with PMA and 

ionomycin in the presence of brefeldin A, followed by intracellular cytokine staining 

as described below. Cells were also restimulated at 5 × 105 cell/ml with plate-bound 

anti-CD3 (2 µg/ml). After 24 h, culture supernatants were harvested and assayed for 

cytokine production by ELISA. To see the effects of soluble EBI3, recombinant EBI3 

(Novus Biologicals) was added onto naive CD4+ T cells stimulated under pathogenic 

Th17 polarizing conditions. 

 

Flow cytometry. Single-cell suspensions were obtained from spleens and lamina 

propria mononuclear cells. For intracellular cytokine staining, single-cell suspensions 

from lamina propria mononuclear cells were restimulated for 4 h with 50 ng/ml PMA 

(Sigma-Aldrich) and 500 ng/ml ionomycin (Sigma-Aldrich) in the presence of 5 µg/ml 

brefeldin A (eBioscience). Cells were then stained with PE-Cy7-cojugated anti-CD4 

(GK1.5, BioLegend), fixed with Fixation Buffer (eBioscience) for 30 min, and 

permeabilized with Permeabilization Buffer (eBioscience) for 30 min. Then, samples 

were stained intracellularly with PE-conjugated anti-IL-17 (TC11-18H10, BD 
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Biosciences) or allophycocyanin (APC)-conjugated anti-IL-17 (TC11-18H10.1, 

BioLegend) and PE-conjugated anti-IL-10 (JES5-16E3, eBioscience) or PerCP-Cy5.5-

conjugated anti-IFN-γ (XMG1.2, eBioscience) or PE-Cy7-conjugated anti-IFN-γ 

(XMG1.2, BioLegend). For cell surface staining of IL-23Rα and IL-12Rβ1, cells were 

stained with APC-conjugated anti-IL-23Rα (12B2B64, BioLegend), PE-conjugated 

anti-IL-12Rβ1 (R&D Systems), and FITC-conjugated anti-CD4 (GK1.5, BioLegend). 

Stained cells were then analyzed on a FACSCanto II flow cytometer (BD Biosciences) 

followed by analysis with FACSDiva Software (BD Biosciences) or FlowJo Software 

(Tree Star). For cell surface staining, 7-amino actinomycin D (7-ADD) staining was 

used to exclude dead or damaged cells from analysis. 

 For intracellular and cell-surface staining of IL-23Rα, naive CD4+ T cells were 

stimulated with plate-bound anti-CD3 (2 µg/ml) and anti-CD28 (1 µg/ml) under 

pathogenic Th17 polarization with IL-1β (10 ng/ml), hyper-IL-6 (100 ng/ml), IL-23 

(100 ng/ml), anti-IL-4, and anti-IFN-γ for 3 days and expanded with IL-2. On day 5, 

cells were stained with anti-IL-23Rα (antigen affinity-purified polyclonal goat IgG, 

R&D Systems) on the cell surface or stained intracellularly with anti-IL-23Rα (R&D 

Systems) after fixation and permeabilization, then further stained with donkey anti-goat 

IgG conjugated with biotin (Jackson ImmunoResearch) followed by streptavidin-APC 

(BioLegend). Normal goat IgG (Sigma-Aldrich) was used as a control antibody. The 

anti-IL-23Rα (R&D Systems) showed less nonspecific binding for intracellular staining 

of IL-23Rα than did the anti-IL-23Rα antibody (12B2B64, BioLegend) (data not 

shown). 

AD293 cells were transiently transfected by using FuGENE 6 (Promega) with 

pMX-IRES-GFP-3×FLAG-tagged IL-23Rα or its G149R variant, and pCXN2-EBI3. 

The total amount of DNA was adjusted to be kept equal with empty vector. After 72 h, 

cells were fixed with Fixation Buffer, and intracellularly stained for FLAG-IL-23Rα 

using anti-FLAG rabbit antibody (clone 1042E, R&D Systems) followed by donkey 

antibody against rabbit IgG conjugated with Alexa Fluor 647 (Abcam), and EBI3 using 

anti-EBI3 rat antibody (#360-1, generated in house) followed by goat antibody against 
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rat IgG conjugated with PE (Invitrogen). For analysis of cell surface expression of 

FLAG-IL-23Rα, cells were first stained for FLAG-IL-23Rα using anti-FLAG rabbit 

antibody (clone 1042E) without fixation, followed by goat antibody against rabbit IgG 

conjugated with biotin (Vector Laboratories), and streptavidin-APC (BioLegend). Then, 

cells were intracellularly stained for EBI3 as described above. 

 

Western blotting. Naive CD4+ T cells were stimulated with plate-bound anti-CD3 

and anti-CD28 under pathogenic Th17 polarization conditions with IL-1β (10 ng/ml), 

hyper-IL-6 (50 ng/ml), IL-23 (50 ng/ml), anti-IL-4, and anti-IFN-γ for 3 days and 

expanded with IL-2 for more 3 days. Stimulated cells were also treated with 

cycloheximide (Sigma-Aldrich), the proteasome inhibitor, MG132 (Merck Millipore), 

or the lysosomal protease inhibitors, pepstatin A (Sigma-Aldrich) and E64d (Sigma-

Aldrich). Cells were then lysed at the indicated time points in a lysis buffer containing 

protease inhibitors, and the resultant cell lysates were separated by SDS-PAGE under 

reducing conditions and transferred to polyvinylidene difluoride membrane (Merck 

Millipore). The membrane was blocked, probed with antibodies against EBI3 (Santa 

Cruz), p28 (R&D Systems), p35 (R&D Systems), IL-23Rα (R&D Systems), IL-12Rβ1 

(Santa Cruz), c-Maf (Santa Cruz), SOCS3 (Santa Cruz), and actin (Sigma-Aldrich), 

followed by an appropriate secondary antibody conjugated to horseradish peroxidase, 

and visualized with the enhanced chemiluminescence detection system (GE 

Healthcare) according to the manufacturer’s instructions. Immunoreactive bands were 

detected with a ChemiDoc XRS (Bio-Rad), and the intensity of each band was 

quantified with the Image Lab (Bio-Rad) or ImageJ (National Institutes of Health) 

program.  

HEK293T or 293-F cells were transiently transfected by using FuGENE 6 with 

p3×FLAG-CMV-14-IL-23Rα, pME18S-IL-12Rβ1-HA (69), and pCXN2-EBI3. The 

total amount of DNA was adjusted to be kept equal with empty vector. After 72 h, total 

cell lysates were prepared and subjected to Western blotting using antibodies against 

FLAG (M2, Sigma-Aldrich), HA (6E2, Cell Signaling), EBI3 (Santa Cruz), calnexin 
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(Santa Cruz), STAT3 (Santa Cruz), pY-STAT3 (Cell Signaling), T-bet (4B10, Santa 

Cruz), and actin. To detect phosphorylation of STAT3, transfected cells were serum 

starved overnight, then stimulated by IL-23 (10 ng/ml) for varied times and subjected 

to Western blotting. 

 

ELISA. Amounts of IFN-γ, TNF-α, GM-CSF, IL-6, IL-17, and IL-22 in culture 

supernatants were determined by ELISA according to the manufacturers’ instructions 

(R&D Systems or BD Biosciences). Amounts of soluble EBI3 were determined by 

ELISA (Aviva Systems Biology).  

 

Retroviral infection. Retroviral vectors were transfected into PLAT-E packaging 

cells using FuGENE 6, and supernatants of these cells cultured for 3 days were used as 

the source of viral particles. Naive CD4+ T cells were stimulated with plate-coated anti-

CD3 and soluble anti-CD28 for 24 h and transduced with viral particles by spin 

infection (2,000 rpm, 90 min, 25°C) using 10 µg/ml polybrene. Resultant cells were 

further cultured under pathogenic Th17 polarizing conditions for 3 days and then 

analyzed for intracellular expression of IFN-γ. 

 

Immunoprecipitation. Cells were lysed in 1% Nonidet P-40 lysis buffer (10 mM 

Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA) supplemented with protease inhibitor 

cocktail followed by centrifugation. The cell lysate was incubated with antibody (1 µg) 

conjugated to protein G-Sepharose (Amersham Pharmacia Biotech.) for 2 h to 

overnight at 4°C. After the beads were washed, the complexes were separated on an 

SDS-PAGE under reducing conditions and subjected to Western blotting. In the case 

of HEK293T cells transfected with respective expression vectors, anti-FLAG (M2), 

anti-EBI3 (Santa Cruz), and anti-calnexin (Santa Cruz) were used. In the case of CD4+ 

T cells, cell lysates were immunoprecipitated with anri-EBI3 (#360-1) followed by 

Western blotting with anti-IL-23Rα (R&D Systems), or immunoprecipitated with anti-

EBI3 (Santa Cruz) followed by Western blotting with anti-calnexin (Santa Cruz). 
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Statistics. Statistical analyses were performed by using unpaired, two-tailed 

Student’s t-test for comparisons of two groups and one-way ANOVA with the 

Dunnett’s and Tukey’s multiple comparison test for comparing more than three groups 

using GraphPad Prism 7 (GraphPad Software Inc.). P < 0.05 was considered to indicate 

a statistically significant difference. 

 

Study approval. All animal experiments were performed in accordance with our 

institutional guidelines. 

 

Other methods were described in the Supplemental Information. 
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Figure  

 
Figure 1. Impaired induction of colitis by transfer with EBI3-deficient naive 
CD4+ T cells into immunodeficient mice. (A and B) Naive CD4+CD25−CD62L+ T 
cells from WT mice were stimulated with plate-bound anti-CD3 and soluble anti-CD28. 
RNA was prepared at the indicated times and subjected to semiquantitative RT-PCR 
analysis (A). In addition, CD4+CD25+ Treg cells and spleen cells were similarly 
activated and analyzed. Cell lysates were also prepared and subjected to Western 
blotting (B). (C-H) Naive CD4+ T cells were isolated from spleens of WT mice or 
EBI3-deficient mice and transferred into RAG2-deficient mice. Three weeks after 
transfer, colons were removed, CD4+ T cells were purified from mononuclear cells of 
the intestinal lamina propria by AutoMACS Pro, and resultant cell lysates were 
subjected to Western blotting (C). Mice were monitored for weight loss (D), and 8 
weeks after the transfer, colons were removed, and their length was measured from 
rectum to cecum (E and F). Representative photographs of colons (E) and hematoxylin 
and eosin staining of colons (G) are shown. Histological scoring of colitis severity was 
measured (H). Data are shown as mean ± SD (n = 6-7, D-H; n = 3, G and H) and are 
representative of two (A-C) or three (D-H) independent experiments. P values were 
determined using unpaired, two-tailed Student’s t-test (D, F, H). *P < 0.05. 
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Figure 2.  Decreased IFN-γ production in intestinal lamina propria lymphocytes 
of immunodeficient mice transferred with EBI3-deficient naive CD4+ T cells. (A-
C) Intestinal lamina propria mononuclear cells were isolated from colons of RAG2-
deficient mice transferred with WT naive CD4+ T cells or EBI3-deficient naive CD4+ 
T cells 3 weeks after transfer. Cell surface staining of intestinal lamina propria 
mononuclear cells and their intracellular cytokine staining after restimulation with 
PMA and ionomycin was performed. Spleen cells from WT mice were used as positive 
controls for staining Foxp3+CD4+CD25+ Treg cells. Representative dot plots of CD4+ 
T cells and Foxp3+CD4+CD25+ Treg cells are shown, and resultant percentages were 
calculated (A and B). Representative dot plots of IFN-γ and IL-17 in CD4+ T cells are 
shown (C), and the frequencies of respective CD4+ T cells were calculated (D). 
Intestinal lamina propria mononuclear cells were similarly analyzed 8 weeks later. 
Representative dot plots of IFN-γ and IL-17 in CD4+ T cells are shown (E), and the 
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frequencies of respective CD4+ T cells were calculated (F). (G) Lamina propria 
mononuclear cells were also restimulated with soluble anti-CD3 for 48 h, and the 
culture supernatant was assayed for cytokine production by ELISA. Data are shown as 
mean ± SD (n = 3-6) and are representative of two independent experiments. P values 
were determined using unpaired, two-tailed Student’s t-test (A, D, F, G) or one-way 
ANOVA (B). *P < 0.05, **P < 0.01, ***P < 0.001. 
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Figure 3. IFN-γ production in EBI3-deficient CD4+ T cells differentiated under 
pathogenic Th17 polarizing conditions with IL-23 in vitro was decreased but not 
due to soluble EBI3. (A and B) Naive GFP+EBI3+/+CD4+ T cells from green mice or 
GFP−EBI3−/−CD4+ T cells from EBI3-deficient mice (A) or an equal mixture of them 
(B) were stimulated with plate-bound anti-CD3 and anti-CD28 under pathogenic Th17 
polarization conditions for 4 days. These cells were restimulated with PMA and 
ionomycin and their intracellular staining was performed. Representative dot plots of 
IFN-γ and IL-17 in GFP+CD4+ T cells or GFP−CD4+ T cells are shown, and the 
frequencies of respective CD4+ T cells were calculated. (C) Naive CD4+ T cells from 
WT mice or EBI3-deficient mice were stimulated with plate-coated anti-CD3 and anti-
CD28 under pathogenic Th17 polarizing conditions for 4 days, and culture supernatants 
were collected and subjected to ELISA for detection of soluble EBI3. (D) Naive CD4+ 
T cells from WT mice or EBI3-deficient mice were similarly stimulated in the presence 
or absence of recombinant EBI3 for 4 days and subjected to intracellular cytokine 
staining. Data are shown as mean ± SD (n = 3-4) and are representative of three 
independent experiments. P values were determined using unpaired, two-tailed 
Student’s t-test (A-C) or one-way ANOVA (D). *P < 0.05. NS, not significant. 
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Figure 4. Decreased IFN-γ production in EBI3-deficient CD4+ T cells attributed 
to reduced IL-23Rα expression. (A-C) Naive CD4+ T cells from WT mice or EBI3-
deficient mice were stimulated with plate-bound anti-CD3 and anti-CD28 under 
pathogenic Th17 polarization conditions for 3 days and expanded with IL-2 for more 3 
days. Total cell lysates were prepared at the indicated times after the stimulation and 
subjected to Western blotting using antibodies against EBI3, IL-23Rα, IL-12Rβ1, and 
actin (A). On day 5, FACS analysis for cell surface and intracellular expression of IL-
23Rα was performed (B and C). In vivo cell surface expression of IL-23Rα and IL-
12Rβ1 in CD4+ T cells of the intestinal lamina propria was also analyzed 3 weeks after 
transfer in the colitis model (D and E). Representative histograms and statistical 
difference in MFI are shown. (F) Retrovirally infected CD4+ T cells from EBI3-
deficient mice with expression vectors of IL-23Rα, EBI3, or empty vector were 



 36 

stimulated under pathogenic Th17 polarizing conditions for 3 days, and frequency of 
IFN-γ+CD4+ T cells was analyzed by FACS. Data are shown as mean ± SD (n = 3, B-
F) and are representative of three (A) or two (B-F) independent experiments. P values 
were determined using one-way ANOVA (B-F). *P < 0.05, **P < 0.01, ***P < 0.001. 
NS, not significant. 
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Figure 5. Reduced IL-23Rα expression in EBI3-deficient CD4+ T cells due to 
synthesis of misfolded protein and therefore increased degradation of IL-23Rα 
protein at proteasome. (A) Naive CD4+ T cells from WT mice or EBI3-deficient mice 
were stimulated with plate-bound anti-CD3 and anti-CD28 under pathogenic Th17 
polarization conditions for the indicated times. RNA was then prepared and subjected 
to real-time RT-PCR for detection of EBI3, IL-23Rα, IL-12Rβ1, and GAPDH. GAPDH 
was used as a housekeeping gene to normalize mRNA expression. (B and C) Naive 
CD4+ T cells from WT mice or EBI3-deficient mice were stimulated under pathogenic 
Th17 polarization conditions for 5 days and then treated with cycloheximide. After the 
indicated time, total cell lysates were prepared and examined for expression of IL-23Rα, 
IL-12Rβ1, EBI3, and actin (B). Intensity of each band of IL-23Rα and actin was 
quantified, and the expression of IL-23Rα was normalized to actin and is shown as the 
relative expression to respective time 0 (C). (D) Naive CD4+ T cells from WT mice or 
EBI3-deficient mice were stimulated under pathogenic Th17 polarization conditions 
for 3 days. The stimulated cells were treated with the proteasome inhibitor MG132 and 
the lysosomal protease inhibitors, pepstatin A and E64d, for the last 6 h and 48 h, 
respectively. Total cell lysates were then prepared followed by Western blotting using 
antibodies against IL-23Rα, IL-12Rβ1, EBI3, and actin. (E) Lysates of cells untreated 
with inhibitors were also analyzed by BN-PAGE and SDS-PAGE followed by Western 
blotting using anti-IL-23Rα. Noted each blot ran in parallel and contemporaneously. 
Data are shown as mean ± SD (n = 3, A) and are representative of three (A) or two (B-
E) independent experiments. P values were determined using one-way ANOVA (A). 
*P < 0.05, **P < 0.01, ***P < 0.001. NS, not significant. 



 38 

 
Figure 6. Forced expression of EBI3 enhances not only intracellular expression 
IL-23Rα but also its cell surface expression without affecting its mRNA expression. 
(A-C) HEK293T cells were transfected with expression vectors of IL-23Rα-FLAG, IL-
12Rβ1-HA, and EBI3, and 72 h later total cell lysates were prepared, followed by 
Western blotting (A). Intensity of each band was quantified, and the expression of IL-
23Rα and IL-12Rβ1 was normalized to actin and is shown as the relative expression to 
respective untransfection (B). RNA was also prepared 6 h after the stimulation and 
subjected to quantitative RT-PCR (C). GAPDH was used as a housekeeping gene to 
normalize each mRNA expression. (D and E) The transfected HEK293T cells were also 
intracellularly fixed and stained for IL-23Rα, EBI3 and calnexin (D). For cell surface 
staining, the fixation procedure was omitted (E). Representative photographs are shown. 
(F and G) AD293 cells were transfected with expression vectors of FLAG-IL-23Rα-
IRES-GFP and EBI3, and 72 h later cells were fixed and intracellularly stained for 
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FLAG-IL-23Rα and EBI3 (F). Cells were also stained for cell surface expression of 
FLAG-IL-23Rα followed by intracellular staining for EBI3 (G). Representative dot 
plots of GFP and EBI3, and histograms of FLAG-IL-23Rα in GFP+EBI3− and 
GFP+EBI3+ cells are shown, and the fold increase of MFI of FLAG-IL-23Rα expression 
was calculated. (H) HEK293T cells were transfected with expression vectors of IL-
23Rα-FLAG, IL-12Rβ1-HA, EBI3, 3×GAS-Luc, and RL-TK, and 48 h later these cells 
were stimulated with IL-23 for more 6 h. Total cell lysates were then prepared, and 
luciferase activity was measured and is shown as relative activity. Data are shown as 
mean ± SD (n = 3, C and F-H) and are representative of three independent experiments. 
P values were determined using one-way ANOVA (C and F-H). *P < 0.05, ***P < 
0.001. NS, not significant. 
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Figure 7. EBI3 binds to calnexin and IL-23Rα and calnexin is necessary for the 
EBI3-mediated augmentation of IL-23Rα protein expression. (A) HEK293T cells 
were transfected with expression vectors of IL-23Rα-FLAG and EBI3, and 48 h later 
total cell lysate was prepared and subjected to immunoprecipitation with anti-FLAG or 
anti-EBI3 followed by Western blotting with anti-calnexin, anti-EBI3, and anti-FLAG 
as indicated. (B and C) HEK293T cells were transfected with expression vectors of IL-
23Rα-FLAG, EBI3, and mouse calnexin-MYC, and 72 h later cells were fixed and 
stained for intracellular staining of IL-23Rα using and anti-IL-23Rα followed by 
secondary antibody conjugated with Alexa Fluor 488, for EBI3 using anti-EBI3 
followed by secondary antibody conjugated with Alexa Fluor 594, and for calnexin 
using anti-calnexin followed by secondary antibody conjugated with Alexa Fluor 647 
(B). For cell surface staining, the fixation procedure was omitted (C). Representative 
photographs are shown. (D and E) WT and calnexin KO HEK293T cells were 
transfected with expression vectors of IL-23Rα-FLAG, IL-12Rβ1-HA, and EBI3. After 
72 h total cell lysate was prepared for Western blotting (D), intensity of each band of 
IL-23Rα-FLAG was detected by anti-FLAG or anti-IL-23Rα, and actin was quantified, 
and the expression of IL-23Rα-FLAG was normalized to actin and is shown as the 
relative expression to respective untransfection (E). (F) Immunoprecipitation analyses 
with anti-EBI3 followed by Western blotting with anti-IL-23Rα or anti-calnexin were 
performed using cell lysates of WT naive CD4+ T cells stimulated under pathogenic 
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Th17 polarizing conditions for 3 days. Noted each blot ran in parallel and 
contemporaneously. Data are shown as mean ± SD (n = 3, D and E) and are 
representative of two (D-F) or three (A, B, C) independent experiments. P values were 
determined using unpaired, two-tailed Student’s t-test (E). *P < 0.05, **P < 0.01, ***P 
< 0.005. 
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Figure 8. EBI3 binds to the extracellular region of IL-23Rα but not its protective 
variant G149R due to reduced binding of EBI3 to the variant. (A) HEK293-F cells 
were transfected with expression vectors of IL-23Rα-FLAG or sIL-23Rα-FLAG and 
EBI3, and 48 h later subjected to immunoprecipitation followed by Western blotting. 
(B) HEK293-F cells were transfected with expression vectors of IL-12Rβ1-HA, IL-
23Rα-FLAG, and EBI3, and 48 h later cell surface expression of EBI3 was analyzed 
by flow cytometry using anti-EBI3 (solid line) or control antibody (plain line with 
shading). Numbers indicate percentage of EBI3+ cells. (C) HEK293T cells were 
transfected with expression vectors of FLAG-IL-23Rα WT or FLAG-IL-23Rα G149R, 
and EBI3, and 48 h later cells were stained for cell surface expression of IL-23Rα, and 
then fixed and stained for intracellular expression of EBI3. (D and E) AD293 cells were 
transfected with expression vectors of FLAG-IL-23Rα-IRES-GFP WT or FLAG-IL-
23Rα G149R-IRES-GFP, and EBI3, and 72 h later cells were stained for cell surface 
expression of IL-23Rα and intracellular expression of EBI3. Representative dot plots 
and histograms of FLAG-IL-23Rα in GFP+EBI3− and GFP+EBI3+ cells are shown (D), 
and the fold increase of MFI of FLAG-IL-23Rα expression was calculated (E). (F and 
G) HEK293T cells were transfected with expression vectors of FLAG-IL-23Rα WT or 
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FLAG-IL-23Rα G149R, and EBI3, and 48 h later subjected to immunoprecipitation 
with anti-EBI3 followed by Western blotting with anti-FLAG (F). The intensity of each 
band was quantified, and the expression of IL-23Rα was normalized to EBI3 and is 
shown as the ratio of IL-23Rα bound to EBI3 to input IL-23Rα (G). Data are shown as 
mean ± SD (n = 3, D-G) and are representative of three independent experiments. P 
values were determined using one-way ANOVA (E) or unpaired, two-tailed Student’s 
t-test (G). ***P < 0.005. 
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