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ABSTRACT 
 

The production of pro-inflammatory cytokines, particularly GM-CSF, by pathogenic CD4+ T 

cells is central for mediating tissue injury in inflammatory and autoimmune diseases. 

However, the factors regulating the T cell pathogenic gene expression program remain 

unclear. Here, we investigated how the Ikaros transcription factor regulates the global gene 

expression and chromatin accessibility changes in murine T cells during Th17 polarization 

and after activation via the TCR and CD28. We found that, in both conditions, Ikaros 

represses the expression of genes from the pathogenic signature, particularly Csf2, which 

encodes GM-CSF. We show that, in TCR/CD28-activated T cells, Ikaros binds a critical 

enhancer downstream of Csf2, and is required to regulate chromatin accessibility at multiple 

regions across this locus. Genome wide, Ikaros binding is associated with more compact 

chromatin, notably at multiple sites containing NFkB or STAT5 target motifs, and STAT5 or 

NFkB inhibition prevents GM-CSF production in Ikaros-deficient cells. Importantly, Ikaros 

also limits GM-CSF production in TCR/CD28-activated human T cells. Our data thus 

highlight a critical conserved transcriptional mechanism that antagonizes GM-CSF 

expression in T cells.   
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SIGNIFICANCE STATEMENT 
 
The production of pro-inflammatory cytokines, particularly GM-CSF, by CD4+ T cells is a key 

process for amplifying immune responses, but can also lead to harmful tissue damage in 

pathologies like multiple sclerosis, and Covid-19. Correctly controlling the expression of pro-

inflammatory cytokines is thus of major interest. However, the pathogenic signature of CD4+ 

T cells relies on a transcriptional program that is thus far poorly understood. Here, we 

identified the transcription factor Ikaros as an essential transcriptional repressor of pro-

inflammatory cytokine gene expression. Our work identifies a critical molecular pathway 

regulating the pathogenic program of CD4+ T cells, and brings new perspectives for potential 

therapies of autoimmune and inflammatory diseases. 
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INTRODUCTION 

Upon antigen recognition and depending on the cytokine context, naive CD4+ T cells 

polarize into different effector populations. CD4+ T cells become IL-17-secreting Th17 cells 

in the presence of IL-6 and TGFb1, and the induction of the RORgt transcription factor is 

central to this process (1, 2). IL-17+ T cells are important for clearing fungi and extracellular 

bacterial infections, and have been implicated in gut homeostasis. They are often called 

conventional (c), or "non-pathogenic," Th17 cells because they do not induce tissue 

inflammation (3), and possess immunoregulatory functions through IL-10 secretion (4). On 

the other hand, CD4+ T cells become "pathogenic" (p)Th17 cells with the addition of IL-23, 

or in the presence of IL-23, IL-1b and IL-6 (5, 6). pTh17 cells promote autoimmunity and 

have been reported to induce experimental autoimmune encephalomyelitis (EAE), the 

murine model for multiple sclerosis, via their production of pro-inflammatory cytokines (5-8). 

CD4+ T cells can also differentiate into pathogenic Th1 and Th-GM cells which themselves 

contribute to autoimmune disease progression (9-11). Thus, naive CD4+ T cells can polarize 

into multiple types of pathogenic effector cells with unique phenotypes. All of them are 

characterized by the high production of the pro-inflammatory cytokine, granulocyte-

macrophage-colony stimulating factor (GM-CSF). 

 Indeed, GM-CSF production is tightly associated with T cell pathogenicity. Local GM-

CSF production by T cells is closely linked to tissue inflammation in neuropathological 

disorders like multiple sclerosis (12, 13). High GM-CSF production has also been observed 

in patients with Coronavirus disease 2019 (Covid-19) (14-16), suggesting a potential target 

for treatment. How GM-CSF expression is regulated is only partially understood, but this 

knowledge is of considerable importance. 

 GM-CSF is encoded by the Csf2 gene, which requires TCR and CD28 pathways to 

be expressed in T cells (17), as well as IL-23 and IL-7 signaling in some cases (6-8, 10). 

Transcription of the Csf2 gene is controlled by the Csf2 promoter and two enhancers, one 

located ~1.5 kb upstream and a conserved non-coding sequence (CNSa) ~34 kb 

downstream of the transcriptional start site (18-20). The promoter contains binding 

sequences for the transcription factors NFAT, NFkB, AP-1 and Brg1, and is sensitive to 

changes in chromatin accessibility (21-28). Csf2 promoter activity is potentiated upon NFAT 

and AP-1 binding to the upstream enhancer, and NFkB and Brg1 binding to the CNSa region 

(19, 20). In addition, STAT5 and the Foxo3-Eomes axis have been described to be important 

for GM-CSF production in Th-GM and Th1 cells, respectively, and for influencing the 

pathogenic potential of these cells (9, 10, 29). Most of the factors identified so far have been 

transcriptional activators. However, given the centrality of this cytokine in inflammation and 
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autoimmunity, we hypothesized that negative regulators of Csf2 expression must be equally 

important for the regulation of this gene. 

 Here, we characterize the role of the Ikaros transcription factor in regulating GM-CSF 

production during T cell activation and Th17 polarization. We show that Ikaros is a direct 

repressor of Csf2 mRNA expression, and that Ikaros is required to limit the pathogenic gene 

expression program in activated T cells. 
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RESULTS 
Ikaros represses a pathogenic gene expression program in CD4+ T cells 
Up to now, the role of Ikaros in Th17 cell differentiation and IL-17 production has been 

unclear. IL-17 expression by cTh17-polarized cells is severely blunted in germline Ikaros 

null mice (30), but seems inconsistently affected in animals where Ikaros is deleted in 

peripheral T cells (31). In contrast, IL-17 production is enhanced in Th17 cells from mice 

with a targeted deletion of the fourth DNA-binding zinc finger (ZnF4) of Ikaros (32). To clarify 

the role of Ikaros in Th17 polarization, we studied Ikf/f CD4-Cre+ (TKO) mice where Ikzf1 is 

selectively deleted in T cells (SI appendix, Fig. S1A) (33). Purified naive CD4+CD25-

CD44lo/-TCRgd-NK1.1- T (TN) cells from TKO and WT (Ikf/f CD4-Cre-) lymph nodes were 

stimulated with anti-CD3 and anti-CD28 antibodies (Ab) alone ("Th0 conditions"), or in the 

presence of IL-6 and TGFb1 ("Th17 conditions"). Cytoplasmic IL-17 production was 

analyzed after 3 days by flow cytometry (Fig. 1A). In these cultures, the majority of WT cells 

were induced to make IL-17 under Th17 compared with Th0 conditions (67% vs. 1.2%, 

respectively), as expected, while TKO cells made little to no IL-17 in either condition. 

Therefore, naive CD4+ T cells cannot produce IL-17 in response to Th17 cell polarization 

without Ikaros.  

 To understand the Th17 response in the absence of Ikaros, we evaluated the gene 

expression profiles of WT and TKO naive CD4+ T cells, cultured in Th17 conditions (and in 

the presence of anti-IFNg and anti-IL-4 neutralizing Abs to block indirect effects), over time 

(days 0, 1 and 2), by microarray analysis. These experiments revealed that WT and TKO 

cells responded similarly in general to Th17 conditions, as the majority of the up- (>3000) 

and downregulated (>1500) genes overlapped between genotypes at days 1 and 2 

(FC>1.42) (SI appendix, Fig. S1, B and C). Still, there were clear differences. Principal 

component analysis (PCA) revealed that WT and TKO cells were distinct at every timepoint 

(Fig. 1B). Among the upregulated genes, Th17-associated genes were less upregulated in 

TKO cells with time, like Il17a and -f, Il21 and Rorc (clusters 11, 12) (SI appendix, Fig. 
S1B). Il17a and Rorc mRNA levels were confirmed by qRT-PCR (SI appendix, Fig. S1D). 

Cell cycle-related genes were also less induced in TKO cells (cluster 18) (SI appendix, Fig. 
S1, B and E).  

 Interestingly, three clusters of genes were ectopically expressed in Th17 conditions 

in the absence of Ikaros (Fig. 1C). Cluster 1 contained genes that were constitutively 

expressed in naive TKO CD4+ T cells and remained expressed over time; it included genes 

encoding Helios (Ikzf2) and NFATc1 (Nfatc1). Clusters 2 and 3 contained genes that were 

similarly expressed in WT and TKO cells at day 0, but were strongly induced in the mutant 
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cells at day 1 or 2; they included genes encoding pro-inflammatory cytokines (eg. Ifng, Csf2, 

Il1a, Il3, Il13, Il22, Ccl3, Ccl4) or their receptors (eg. Il23r, Cxcr3) (Fig. 1, C-E). On the other 

hand, the anti-inflammatory cytokine gene Il10 was induced but less upregulated in TKO 

cells (cluster 12) (SI appendix Fig. S1B and Fig. 1D). 

 Since pro-inflammatory cytokines are characteristic of pathogenic Th17 cells, we 

performed a gene set enrichment analysis (GSEA) with the most differentially expressed 

genes between TKO and WT samples, and compared them with genes highly expressed in 

pTh17 or cTh17 cells (6). This showed a strong and direct correlation between TKO T cells 

and pTh17, but not cTh17, cells (Fig. 1F and SI appendix, Fig. S2A), suggesting that TKO 

CD4+ T cells resemble pTh17 cells after stimulation. We also compared TKO cells with the 

recently described Th-GM cells (10), and Th17 cells from the central nervous system of mice 

with EAE (34) and found a strong correlation between the genes differentially expressed in 

TKO and those expressed in these T cell populations (SI appendix, Figs. S2B and S2C). 

 Collectively, these results indicated that activated CD4+ T cells cannot produce IL-17 

and enter a pro-inflammatory gene program in the absence of Ikaros. 

 

Ikaros is required in CD4+ T cells to coordinate cytokine responses 
To determine if Ikaros loss during thymocyte differentiation impacts the state of naive CD4+ 

T cells to lead to the abnormal response, we acutely deleted the Ikzf1 alleles in Ikf/f R26-

CreERT2+ (IKO) and Ikf/f R26-CreERT2- (WT) mice, injected with tamoxifen for 3 days, 

followed by 3 days of rest (SI appendix, Fig. S3A). This protocol did not alter the naive 

CD4+ T cell compartment in numbers or phenotype (SI appendix, Fig. S3B). Naive CD4+ T 

cells were stimulated with anti-CD3 and anti-CD28 Abs, in the absence or presence of IL-6 

and increasing concentrations of TGFb1, and IL-17 production was measured 3 days later 

(Fig. 2A). WT IL-17+ cells were easily detected in wells with low concentrations of TGFb1 

(0.0017-0.03 ng/ml), and their numbers decreased as TGFb1 concentrations went up, as 

expected (35). In contrast, IKO IL-17+ cells were barely detected in all conditions, similar to 

TKO cells. Thus, naive peripheral CD4+ T cells need Ikaros to become Th17 cells. 

 High TGFb1 concentrations induce the differentiation of Foxp3+ regulatory T (Treg) 

cells (36), and naive CD4+ T cells may preferentially differentiate into Treg cells in the 

absence of Ikaros. We therefore measured the appearance of Foxp3+ T cells in Th17 

conditions, as described above. This showed that Foxp3+ cells were produced in the WT 

samples at the higher TGFb1 concentrations (0.5-8 ng/ml), but they were not observed in 

the IKO wells (SI appendix, Fig. S3C). Thus, Ikaros is required for the appearance of both 

Th17 and Treg cells following IL-6 and TGFb1 stimulation. 
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 As the mRNA of pro-inflammatory cytokines were upregulated in the Ikaros KO T 

cells, we assessed GM-CSF production in naive IKO CD4+ T cells stimulated in Th0 or Th17 

conditions. Strikingly, more IKO cells made GM-CSF, and more GM-CSF was made per cell, 

regardless of stimulation, and at all concentrations of TGFb1 tested, compared with WT 

(Fig. 2, B and C). IKO CD4+ T cells also produced more IFNg (SI appendix, Fig. S3D), 

confirming a general deregulation of pro-inflammatory cytokine production in the absence of 

Ikaros. To determine if these results were due to Ikaros, or the indirect effects of IFNg and 

IL-4 produced in these cultures (37), we performed the experiments in the presence of 

neutralizing Abs against these cytokines. This treatment inhibited endogenous IFNg 

production (SI appendix, Fig. S3E), but there was no detectable effect on the generation of 

IKO IL-17+, Foxp3+, or GM-CSF+ cells (SI appendix, Fig. S3, F-H). Thus, Ikaros promotes 

IL-17 and inhibits pro-inflammatory cytokine production during Th17 polarization. 

 In the course of these experiments, we noticed more cell death in the Ikaros null 

cultures, a process that was reduced by the addition of the pan-caspase inhibitor QVD-OPh 

(SI appendix, Fig. S4A), suggesting death by apoptosis. Since Fasl mRNA was upregulated 

in stimulated TKO T cells (Fig. 1C), we asked if FasL signaling promoted Ikaros KO cell 

death, and perhaps the overproduction of GM-CSF+ cells, since this pathway is associated 

with the production of pro-inflammatory cytokines (38). To address these questions, we first 

measured Fasl mRNA in naive WT and IKO CD4+ T cells after 0-2 days of culture in Th0 or 

Th17 conditions; Fasl mRNA was easily detected in the IKO cells within 1 day of stimulation 

in either condition compared with WT (SI appendix, Fig. S4B). Surface FasL was also 

increased on IKO cells (SI appendix, Fig. S4C). We then cultured naive WT and IKO CD4+ 

T cells in Th0 conditions in the absence or presence of anti-FasL neutralizing Abs, and 

analyzed the cells for annexin V and propidium iodide positivity after 2 days. IKO cells had 

significantly less annexin V+ cells when FasL signaling was blocked (SI appendix, Fig. 
S4D). To determine if FasL deregulation promotes GM-CSF expression in Ikaros null cells, 

we cultured naive WT and IKO T cells in Th0 conditions, in the presence of anti-FasL Abs, 

and measured GM-CSF expression. Interestingly, while the anti-FasL Ab blocked the 

appearance of WT GM-CSF+ cells, as expected, it had little effect on IKO cells (SI appendix, 
Fig. S4E). Indeed, the number of IKO GM-CSF+ cells seemed to increase when FasL 

signaling was blocked. Thus, Ikaros promotes cell survival by preventing Fasl upregulation, 

but blocks pro-inflammatory cytokine production via a different mechanism. In addition, 

QVD-OPh was included in the experiments below, unless specified, to maintain cell viability. 

 To determine if Ikaros is directly required during T cell polarization, we deleted Ikzf1 

in vitro, during the culture period, in CD4+ T cells of untreated WT and IKO mice. Cells were 
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cultured in Th0 or Th17 conditions, and simultaneously treated with 4-hydroxytamoxifen (4-

OHT) or ethanol (EtOH). Ikaros, GM-CSF and IL-17 expression were analyzed after 1-3 

days of culture (SI appendix, Fig. S5). In these cultures, loss of Ikaros was observed in the 

large majority of cells after 2 days of 4-OHT treatment. GM-CSF was easily detected in the 

Ikaroslo/- IKO cells after 3 days of Th0 or Th17 stimulation compared with Ikaros sufficient 

cells (SI appendix, Fig. S5A), though it was less robust in the Th17 cultures, due probably 

to the inhibition of GM-CSF production by exogenous TGFb1 (8). In contrast, IL-17 

production decreased with Ikaros loss in the IKO cells, starting at day 2 in Th17 conditions 

(SI appendix, Fig. S5B). These results indicated that Ikaros loss immediately results in the 

disappearance of cTh17 and the appearance of pTh17 cells. In a complementary 

experiment, we retrovirally expressed Ikaros (and GFP) or GFP only (pMIG) in naive WT 

and TKO CD4+ T cells during Th0- or Th17-inducing conditions (Fig. 2D). In WT cells 

cultured in Th17 conditions, ectopic Ikaros slightly enhanced IL-17 production but had no 

effect on GM-CSF expression. In TKO cells, however, Ikaros re-expression rescued IL-17 

production in Th17 conditions, and reduced GM-CSF in both Th0 and Th17 conditions. 

These results demonstrated that Ikaros promotes cTh17 polarization even in cells where 

Ikaros was deleted in the thymus. 

 To determine if T cell homeostasis in vivo is affected by Ikaros, we analyzed the T 

cell populations in TKO mice. Mutant mice showed decreases in total LN cellularity, and 

CD4+ and CD8+ T cell numbers, compared with WT (SI appendix, Fig. S6, A and B), though 

splenic T cells seemed unaffected. The frequencies of CD4+ T cells were also lower. In 

contrast, B cell numbers were unchanged, but their frequencies were higher in the TKO LNs 

(SI appendix, Fig. S6C). In addition, naive TKO CD4+ T cells were significantly decreased 

in numbers and frequencies compared with WT (SI appendix, Fig. S6, D and E), while TKO 

effector CD4+ T cells were increased in frequencies (SI appendix, Fig. S6F). Interestingly, 

IL-7Ra levels were reduced on naive TKO CD4+ T cells (SI appendix, Fig. S4G), suggesting 

a possible defect in cell survival. To determine if Ikaros null T cells produced more pro-

inflammatory cytokines in vivo, we evaluated the production of IL-17 and GM-CSF in freshly 

isolated WT and TKO cells. These experiments indicated that more LN and splenic TKO 

CD4+T cells, and not CD8+, were consistently and selectively positive for GM-CSF (Fig. 2E 
and SI appendix, Fig. S7A). On the other hand, IL-17 production was increased only in 

frequency in TKO LN CD4+ T cells (SI appendix, Fig. S7B). These results suggested that 

Ikaros deficiency is closely associated with an increase in GM-CSF production in vivo. 

 Altogether, our results showed that naive CD4+ T cells can become IL-17- or GM-

CSF-producing cells depending on the stimulation and their intrinsic levels of Ikaros — IL-
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17 expression requires high Ikaros levels, while GM-CSF is induced in cells that have lost 

Ikaros. 

 

Ikaros is essential to limit the pathogenic phenotype of CD4+ T cells and promotes 
their proliferation upon activation 
Because GM-CSF is induced in Ikaros null cells cultured in Th0 conditions, we explored its 

activation requirements. Naive WT and IKO CD4+ T cells were isolated from tamoxifen-

treated mice, and cultured in the absence of TCR stimulation (but maintained in IL-7 to help 

survival), with anti-CD3 Abs alone, or with anti-CD3 + anti-CD28 Abs. GM-CSF and IL-17 

levels were measured over 3 days (Figs. 3A and SI appendix Fig. S8A). In the absence of 

TCR stimulation, WT and IKO cells did not make GM-CSF nor IL-17. Indeed, cells from 

either genotype did not make IL-17 in any of these conditions. However, some WT cells 

were GM-CSF+ after 3 days of anti-CD3 + anti-CD28 stimulation. Strikingly, a large number 

of IKO cells made GM-CSF in response to either anti-CD3, or anti-CD3 + anti-CD28, at day 

3. These results indicated that Ikaros null T cells needed only TCR stimulation to make GM-

CSF, while WT cells required co-stimulatory CD28 signals, suggesting that Ikaros is required 

to set the activation threshold for pro-inflammatory cytokine production in CD4+ T cells. 

 To determine why Ikaros null T cells respond so differently to TCR and CD28 

stimulation, we analyzed the transcriptomes of naive WT and TKO CD4+ T cells activated 

for 0-2 days in Th0 conditions, by RNA-sequencing. Three samples were analyzed per 

condition. Principal component analysis (PCA) of the expressed genes indicated that, 

globally, freshly isolated WT and TKO cells resembled each other, while activated cells of 

both genotypes clustered together (PC1; Fig. 3B), indicating that cell activation causes the 

biggest differences in gene expression. Among the upregulated genes upon T cell activation 

(SI appendix, Fig. S8B), some clusters (ie. 14, 18, 19) were less induced in the mutant 

cells. Similar results were observed among the downregulated genes (SI appendix, Fig. 
S8C), where genes from a few clusters were less downregulated (ie. 7, 9-11) in TKO cells. 

WT cells were also distinct from TKO cells (PC2; Fig. 3B). Differentially expressed genes 

that were upregulated only in the TKO cells included those that were also upregulated in 

Th17 conditions, such as genes encoding pro-inflammatory cytokines or their receptors (eg. 

Csf2, Csf1, Ifng, Il23a, Il3, Il1a, Il15ra, Il2rb), Nlrp3, associated with the inflammasome 

pathway, and Foxo3 (Fig. 3, C and D). Tbx21, encoding Tbet, an activator of Th1 

polarization, was also upregulated and Eomes, another member of the T-box superfamily, 

was less downregulated (Cluster 7, SI appendix, Fig. S8C), suggesting that transcriptomic 

signature of the mutant cells resemble the one of pTh1 cells. In direct correlation, metascape 
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analysis revealed the top pathways to be associated with cytokine signaling, actin 

cytoskeleton organization, and migration (Fig. 3E and SI appendix Fig. S9). 

 We also observed that cell cycle-related genes responded slower to activation, and 

were less upregulated, in Ikaros null cells compared with WT (cluster 18; SI appendix, Fig. 
S8B). This suggested that the proliferative response is impaired in the absence of Ikaros. 

To investigate this issue, we stimulated naive CD4+ T cells from tamoxifen-treated WT and 

IKO mice in Th0 and Th17 conditions, and measured their division rates and kinetics of 

cytokine production. We found that IKO cells divided less than WT cells in both conditions, 

a phenotype that was most striking in Th0 conditions, where the majority of Ikaros null cells 

divided 2 cycles less than WT cells (SI appendix, Fig. S10A). To correlate cytokine 

production with cell cycle, we evaluated the percentage of GM-CSF+ and IL-17+ cells at 

every division after a 3 day culture. This showed that GM-CSF was detected in low-

proliferating, while IL-17 was observed in high-proliferating, IKO cells (SI appendix, Fig. 
S10, B and C), revealing thus that IL-17 and GM-CSF are produced by different cell 

populations. 

 Together, these results indicate that Ikaros represses the appearance of a specific 

and distinct pro-inflammatory cytokine-producing CD4+ T cell population in response to 

activation. 

 

Loss of Ikaros alters the T cell epigenome 
To determine how Ikaros influences chromatin accessibility, we studied the epigenome of 

WT and TKO CD4+ T cells after Th0 activation over a 2-day period, by ATAC-sequencing. 

Three samples were analyzed for each condition. A total of 158,327 ATAC-seq peaks was 

identified for all conditions combined. The chromatin accessibility signatures of the different 

populations were analyzed by PCA (Fig. 4A), which separated the samples along lines 

similar to their RNA-seq profiles (Fig. 3B). Most of the ATAC-seq peaks were similar 

between WT and TKO chromatin (Fig. 4B), suggesting that they were Ikaros-independent. 

A small percentage showed increased or decreased accessibility in the TKO samples 

compared with WT, but the ratios of up vs. down were similar between different days of 

culture (SI appendix Fig. S11A and Fig. 4C). The genes with increased ATAC-seq peaks 

over time included many encoding pro-inflammatory cytokines, and Fasl (SI appendix, Fig. 
S11B). Most of the peaks were found in gene introns or intergenic regions and this was not 

changed with the loss of Ikaros (SI appendix, Fig. S11C). The majority of the regions with 

increased accessibility was correlated with genes whose expression levels were increased 

in the TKO cells (SI appendix, Fig. S11D and Fig. 4D), and included, among others, pro-

inflammatory genes. Interestingly, the up and down changes in ATAC-seq peak signals were 
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frequently observed within the same locus, as was observed for the Csf2, Fasl, Il3 and Ifng 

genes (Fig. 4E and SI appendix Fig. S11E), highlighting the complexity of gene regulation. 

Some of these changes were seen at day 0 in freshly isolated cells, while others were 

induced upon Th0 activation. These results indicated that increased chromatin accessibility 

correlates with increased gene expression in Ikaros null cells. 

 To determine if specific biological pathways are affected by Ikaros loss, we evaluated 

the ATAC-seq peaks that were greatly increased or decreased (Log2FC TKO/WT >+2 or <-

2; padj£0.01) in these samples. Gene ontology analysis revealed that few pathways were 

significantly altered at d0 and after one day of activation (SI appendix, Fig. S12A). 

However, the genes associated with the STAT5 and NFkB pathways displayed some of the 

highest increases in ATAC-seq peak signals after 2 days of activation (Fig. 4F). We then 

searched for Ikaros, STAT5 and NFkB binding motifs under the peaks that were either 

increased (TKO), or decreased (WT), in TKO chromatin compared with WT. This showed 

that, under the peaks that were increased in TKO chromatin, the Ikaros and STAT5 motifs 

were selectively over-represented at all timepoints, while RelA (p65) motifs were over-

represented only upon TCR + CD28 stimulation (SI appendix Fig. S12B and Fig. 4G). 

Together, these analyses suggest a molecular significance for Ikaros, STAT5 and RelA 

motifs in TKO cells.   

 

Ikaros binding correlates with chromatin closing 
To determine if the changes in chromatin accessibility were due to Ikaros, we analyzed 

Ikaros binding on the chromatin of naive WT cells, freshly isolated or activated in Th0 

conditions for 1 day, by ChIP-sequencing. These analyses showed that the number and 

distribution of Ikaros peaks was similar in both conditions (SI appendix, Fig. S13A). 

Interestingly, the intensity of Ikaros binding was globally reduced upon activation (Fig. 5A). 

At regions where Ikaros bound to WT chromatin, we observed a significant increase in 

chromatin accessibility in TKO cells (Fig. 5, A and B), along with increases in gene 

expression (Fig. 5C). These results suggested that Ikaros binding correlates with chromatin 

compaction and gene repression. Nonetheless, our analysis of the Ikaros-bound regions at 

loci containing Csf2, Ifng, Il7r, Fasl and Cish (a positive control for Ikaros binding (39)) as 

well as those containing key regulatory proteins (ie. Foxo3, Tbx21, Nfat5, Rorc), did not 

reveal obvious differences in the levels of ATAC-seq peaks between WT and TKO chromatin 

(Figs. 5D and SI appendix, Fig. S13B). Thus, we concluded that Ikaros does not directly 

limit chromatin accessibility to repress a pro-inflammatory phenotype in activated T cells.  



Bernardi et al. 
We found that Ikaros binds to the conserved non-coding sequence (CNSa), 

downstream of Csf2, which is an important enhancer for Csf2 transcription (20) (Fig. 5D). 

To map the Ikaros binding site in this region, we performed an electrophoretic mobility shift 

assay (EMSA) with different probes containing the core Ikaros target motif GGAA. Of note, 

site 2 does not have an Ikaros core motif but corresponds to the summit of the Ikaros peak 

detected at d0. As positive controls, Ikaros strongly bound the synthetic BS4 and the Cish 

sequences. Interestingly, Ikaros bound efficiently to the probe containing a tandem of sites 

(sites 5 and 6) present in the CNSa (Fig. 5E). Ikaros did not bind to site 4 alone. However, 

adding this sequence to the tandem sites promoted the appearance of a higher order 

complex, suggesting that additional proteins may be assembled with Ikaros. Mutagenesis 

analysis confirmed that sites 5 and 6 are crucial for Ikaros binding, while site 4 seems to be 

optional (Fig. 5F). Thus, Ikaros binding to the CNSa occurs in a region containing a 

repetition of Ikaros core sequences.  

 

Ikaros antagonizes STAT5- and NFkB-dependent GM-CSF production in activated T 
cells 
Because Ikaros, STAT5 and RelA motifs were enriched at regions of increased accessibility 

in Ikaros KO chromatin, we investigated the relationship between Ikaros and these pathways 

in regulating pro-inflammatory cytokine production. To assess the importance of STAT5, we 

evaluated the levels of STAT5 and activated STAT5 (p-STAT5) in naive CD4+ T cells from 

tamoxifen-treated WT and IKO mice, cultured for 2 days in Th0 conditions, by Western blot. 

Interestingly, p-STAT5 levels were increased approximately 3-fold in IKO cells (Fig. 6A). To 

determine if increased STAT5 activity influences GM-CSF expression, we cultured these 

cells in Th0 conditions, and a STAT5 inhibitor (STAT5i). Both Csf2 mRNA and GM-CSF 

levels were reduced with increasing STAT5i concentrations (Fig. 6, B and C), suggesting 

that STAT5 activation plays a role in promoting GM-CSF production in Ikaros null cells. 

 To evaluate the importance of the NFkB pathway, we first treated WT and IKO cells 

with an inhibitor of IKK2 (IKK2i), a subunit of the IKK kinase that is required for the 

phosphorylation and degradation of the inhibitor of NFkB (IkBa) leading to NFkB activation. 

Strikingly, IKK2i treatment almost completely inhibited Csf2 and GM-CSF expression in the 

activated IKO cells (Fig. 6, D and E). Similar results were obtained when we expressed a 

mutant IkBa protein that cannot be phosphorylated (IkBaSR), to block NFkB activation in 

WT and IKO cells (Fig. 6F). This showed that GM-CSF production was prevented >7-fold in 

activated IKO cells expressing IkBaSR (and GFP), suggesting a pivotal role for NFkB 

activation in boosting GM-CSF expression in the absence of Ikaros. 
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 Together, these results indicated that Ikaros represses STAT5- and NFkB-dependent 

GM-CSF expression upon TCR and CD28 co-activation. 

 
Reduced expression of Ikaros in human T cells leads to an increased GM-CSF 
production. 
Finally, we asked if the function of Ikaros in inhibiting GM-CSF expression is conserved in 

human T cells. We activated peripheral blood lymphocytes (PBLs) from healthy donors with 

anti-CD3 ± anti-CD28 Abs, in the presence or absence of Lenalidomide, a drug causing 

Ikaros degradation (40, 41). As expected, Ikaros expression was significantly decreased in 

Lenalidomide-treated cells (Fig. 7A). Strikingly, GM-CSF production and CSF2 mRNA 

expression increased 2-3-fold in Lenalidomide-treated cells, respectively at d3 and d2 of the 

culture (Figs. 7A and B). These results therefore show that human T cells, like murine cells, 

require Ikaros to limit GM-CSF expression.   
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DISCUSSION 
In this study, we reveal Ikaros as a central negative regulator of the production of pro-

inflammatory cytokines, particularly GM-CSF, which is linked to T cell pathogenicity. Ikaros 

promotes cTh17 development from naive CD4+ T cells, and is required during the 

polarization process. On the other hand, we find that Ikaros is required to suppress the 

development of pro-inflammatory T cells. In the absence of Ikaros, CD4+ T cells polarized 

in Th17 cultures express pro-inflammatory cytokines resembling those expressed by pTh17, 

Th-GM and Th17 cells infiltrating the central nervous system during EAE. Further, Ikaros-

mediated repression of the pathogenic phenotype is independent of the polarization towards 

the Th17 fate, as TCR and CD28 co-activation can also induce this phenotype. Indeed, upon 

T cell activation, Ikaros represses transcription via chromatin remodeling and target gene 

binding, including at the Csf2 locus. Importantly, we show that Ikaros also represses GM-

CSF expression in TCR/CD28-activated human T cells. Thus, Ikaros is intimately tied to the 

balance between the conventional versus pro-inflammatory/pathogenic T cell phenotype in 

response to antigen. 

Upon TCR and CD28 activation, loss of Ikaros leads to high Ifng, Foxo3, Tbx21 

(encoding T-bet), and Eomes expression, in addition to that of Csf2. These genes have been 

described to drive Th1 pathogenicity in an EAE model (9), suggesting that Ikaros may 

repress more than one type of pathogenic T cell. We found that Ikaros binds to the promoters 

or enhancers of all of these loci. Ikaros has been described as a repressor of Tbx21 and 

Ifng expression during Th2 polarization (42), but its potential role in limiting Foxo3 and 

Eomes expression remains to be determined. We also observed that the activated Ikaros 

null T cells show an increased expression of Maf and Prdm1, which encode the Th2-

associated factors Maf and Blimp-1, respectively. These transcriptional regulators have 

been shown to enhance Csf2 expression (43, 44). However, the expression of the genes 

encoding T-bet, Maf and Blimp-1 was unchanged between WT and KO cells in Th17 

conditions, suggesting that these factors do not contribute to GM-CSF expression in this 

context. How cell fate cues and lineage specific transcriptional regulators interfere with 

Ikaros-dependent repression of the pro-inflammatory phenotype remains to be determined. 

Cell fate specific conditions may indeed modulate the expression of pathogenic cytokines, 

as GM-CSF expression was no longer induced when the cells were stimulated in the 

presence of high concentrations of TGFb1.   

 Our results suggest that Ikaros might inhibit GM-CSF production at three junctures. 

First, Ikaros may cooperate with NFkB to regulate Csf2 (and likely Il3) transcription. We 

show that Ikaros binds the CNSa sequence 34 kb downstream of the Csf2 gene, a site that 
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was previously reported to be recognized by NFkB and Brg1 (a SWI/SNF remodeling 

ATPase) and important for Il3 transcription (20). Since Ikaros is already present at this site 

in naive CD4+ T cells and remains there following TCR + CD28 activation, it might disturb 

the recruitment of NFkB and Brg1, which binds only after activation (20). Second, Ikaros 

activity is negatively correlated with STAT5 phosphorylation, and active STAT5 is clearly 

required for strong GM-CSF expression in mutant cells, suggesting that Ikaros can affect 

the signaling cascades leading to STAT5 activation. As Ikaros binds close to the STAT5 

(45) and NFkB (20) binding sites on the CNSa, it could potentially dislodge them from their 

target sites or inhibit their function upon binding on adjacent sites. Third, Ikaros expression 

is associated with reduced chromatin accessibility at the Csf2 enhancer where NFAT and 

AP1 can bind (19), even though Ikaros is not present at this region. However, by binding to 

distal regulatory regions, Ikaros could recruit the NuRD remodeling ATPase, Mi2b (46), or 

Polycomb Repressive Complex 2 (47) to the enhancer to promote chromatin compaction. 

Thus, Ikaros could block the access of critical transcription factors to the enhancer of Csf2 

by multiple ways. 

How do the GM-CSF-producing T cells observed here fit into the current paradigms 

of pathogenic T cells? Our results suggest that Ikaros negatively regulates the pathogenic 

gene expression programs of pTh17, Th-GM and pTh1 cells. In addition, under Th17 

conditions, T cells lacking Ikaros, strongly resemble Th17 cells infiltrating the central nervous 

system of mice during EAE (34). T cells expressing high levels of GM-CSF have been found 

in the cerebrospinal fluid of multiple sclerosis (MS) patients, and they have been shown to 

be pathogenic in murine EAE models (10, 11, 29, 48). Moreover, recent studies have 

highlighted GM-CSF as an essential Th cytokine that contributes to neuroinflammation in 

MS patients (12, 13). Importantly, we show that Ikaros also represses GM-CSF production 

in human T cells. It will thus be of major interest to evaluate the functional consequences of 

Ikaros deficiency in models of autoimmunity. Interestingly, single-nucleotide polymorphisms 

in the IKZF1 gene have been associated with autoimmune diseases like systemic lupus 

erythematosus, inflammatory bowel disease and primary Sjögren’s syndrome (49-52), 

suggesting that genetic variations leading to changes in Ikaros levels may also contribute to 

the pathogenic programs in these patients. Lastly, pathogenic Th1 cells, expressing high 

levels of GM-CSF+ and IFNg+ have been found in the blood of patients with severe forms of 

Covid-19, requiring intensive care (14). These results could fit into our observation that 

Ikaros expression inversely correlates with the expression of a broad range of pro-

inflammatory genes, including Csf2 and Ifng. As such, Ikaros could be considered as an 
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early prognosis biomarker and screening T cells for its expression in from Covid-19 patients 

could help predict the severity of the immune response.  
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MATERIALS AND METHODS 
Mice and ethics statement 
Ikarosf/f Cre-, Ikarosf/f CD4Cre+ mice and Ikarosf/f Rosa26-CreERT2+ mice were previously 

described and designated here as WT, TKO and IKO, respectively (33). Although TKO mice 

die from T-cell acute lymphoblastic lymphomas/leukemias (T-ALL) at 4-6 months of age, the 

animals used here (5-8 weeks-old) showed no signs of transformation in the peripheral 

organs. Inducible deletion of the floxed alleles of Ikzf1 was performed by injecting adult IKO 

mice intra-peritoneally with tamoxifen (75 mg/kg; T5648, Sigma-Aldrich) dissolved in 

sunflower oil every day for 3 days followed by 3 days of rest. TKO mice were 5-8 weeks old 

and IKO mice were 5-12 weeks old, backcrossed 5-12 generations on C57BL/6; all gave 

similar results. Mice were bred and maintained in SPF conditions until use. Animal 

procedures were approved by the IGBMC ethics committee and the Ministère de 

l’Enseignement Supérieur, de la Recherche et de l’Innovation (2012-096 and 

APAFIS#21777-2019082318358785v3). For the studies on human cells, buffy coats were 

obtained from the Etablissement Français du Sang Grand Est and an authorization for a 

scientific use was provided by the Bioethics Committee of the Ministère de l’Enseignement 

Supérieur, de la Recherche et de l’Innovation (#AC-2020-3991).  

 

Antibodies, cytokines and reagents 
Anti-CD4-AF700 (RM 4-5), anti-CD44-FITC (IM7), anti-CD62L-PECF594 (MEL-14), anti-

GM-CSF-BV421 (MP1-22E9), anti-IFNg-PECF594 (XMG 1.2), anti-NK1.1-PE (PK136), anti-

TCRgd-PE (GL3), anti-FasL (MFL3), anti-TCRb-PerCPCy5.5 (H57-597), anti-CD16/CD32 

(2.4G2), anti-human GM-CSF (BVD2-21C11), purified neutralizing anti-IL-4 (11B11) or anti-

IFNg (XMG1.2) Abs and GolgiPlugTM were from BD Biosciences. Anti-CD8a-PerCPCy5.5 or 

APC-Fire 750 (53-6.7), anti-CD25-PE (PC61.5), anti-IL7Ra (A7-R34), purified anti-CD3 

(2C11), anti-CD28 (37.51), anti-human CD3 (OKT3), anti-human CD28 (CD28.2), 

neutralizing anti-FasL (MFL4) Abs, the control isotype for anti-FasL Ab (clone HTK888), and 

Annexin V-FITC were from Biolegend. Anti-IL-17-eF660 (eBio17B7), anti-CD19-AF700 

(1D3), and anti-Foxp3-FITC (FJK-16S) Abs were from eBiosciences. Anti-Ikaros (A3; rabbit 

polyclonal Ab against the Ikaros C-terminus) was produced in-house. Goat anti-Rabbit IgG 

(H+L) (F(ab’)2 fragment)-AF488 was from Jackson ImmunoResearch. Murine rIL-6 (IL-6) 

(216-16) and human rTGFb1 (hTGFb1) (100-21C) were from Peprotech. DAPI (D1306) was 

from Invitrogen. Phorbol 12-myristate 13-acetate (PMA; P8139), 4-hydroxytamoxifen (H-

7904) and propidium iodide (81845) were from Sigma-Aldrich. Ionomycin was from Life 
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Technologies and QVD-OPh (A1901) was from ApexBio. IKK2 inhibitor (TPCA-1; T1452) 

and STAT5 inhibitor (573108) were from Sigma-Aldrich and Calbiochem, respectively. 
 

Th0 and Th17 cultures 

Cell suspensions were prepared from total (mesenteric and peripheral) lymph nodes and 

cells were stained with anti-CD16/CD32 blocking Abs, anti-CD4, anti-CD8, anti-CD44, anti-

CD25, anti-NK1.1 and anti-TCRgd Abs in 1X PBS 10% FCS for 15 min on ice. Naive CD4+ 

T cells (CD4+CD8-CD44lo/-CD25-NK1.1-TCRgd-) were sorted on either a FACSAriaTM II 

SORP or a FACS ARIATM FUSION (BD Biosciences) cell sorter. Sort purity was >98%. 

Alternatively, CD4+ T cells were enriched using the "Dynabeads untouched mouse CD4 cell" 

kit (Invitrogen), stained with anti-CD44, anti-CD25, anti-NK1.1 and anti-TCRgd Abs in 1X 

PBS 10% FCS for 15 min on ice and naive CD4+ T cells were sorted as previously described 

(35). Both protocols gave similar results for Th17 differentiation. For Th17 differentiation, 

naive CD4+ T cells (4x104 cells/well) were activated with anti-CD3 and anti-CD28 (2 µg/ml 

each) Abs, both pre-coated overnight on a Nunc-immuno 96-well plate (Thermo Scientific), 

in the absence or presence of IL-6 (10 ng/ml) and various TGFb1 concentrations (0.0017-8 

ng/ml), in 200 µl of IMDM medium supplemented with 10% inactivated FCS, GlutaMAXTM-I, 

100 U/ml Penicillin, 100 µg/ml Streptomycin, non-essential amino acids, sodium pyruvate, 

10 mM Hepes and b-mercaptoethanol (IMDM 10% FCS) as previously described (35). 

Similar results were obtained between human and mouse TGFb1. When mentioned, naive 

CD4+ T cells were activated with plate-bound anti-CD3 and anti-CD28 (2 µg/ml each), with 

or without IL-6 (10 ng/ml) and TGFb1 (0.03 ng/ml) corresponding to Th17 and Th0 culture 

conditions, respectively. Where indicated, neutralizing anti-FasL Ab (20 µg/ml), neutralizing 

anti-IL-4 and anti-IFNg Abs (10 µg/ml each), the pan-caspase inhibitor (QVD-OPh, 20 µM) 

and IL-7 (20 ng/ml) were added on naive CD4+ T cells at d0. At day 3, cells were stimulated 

with PMA plus ionomycin (0.5 µg/ml each) and GolgiPlugTM (1/1000) for 2h. When 

mentioned, cells were first stained with a Zombie AquaTM fixable viability dye (Biolegend) 

according to the manufacturer’s protocol and then stained with anti-CD4, anti-CD8 Abs, fixed 

and permeabilized using the Foxp3 Fixation/Permeabilization kit (eBiosciences), and 

stained with anti-IL-17, anti-GM-CSF, anti-IFNg and anti-Foxp3 Abs (where indicated). 

Protein expression was analyzed on live cells using the cytometer LSRII (BD Biosciences). 

 

Flow cytometry analyses of freshly-isolated cells 

Cells were isolated from mesenteric and peripheral LN or spleen and were stimulated with 

PMA plus ionomycin (0.5 µg/ml each) and GolgiPlugTM (1/1000) for 2h at 37°C and stained 
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FIGURE LEGENDS 
Figure 1. Loss of Ikaros induces a pathogenic gene expression program. 
 (A) Left: representative contour plots of IL-17 and CD4 expression in WT and TKO CD4+ 

cells stimulated for 3d in Th17 or Th0 conditions. Right: proportion of WT or TKO IL-17+ cells 

among CD4+ cells from 3d in Th17 cultures (n=5; mean ± SEM). (B) Principal component 

analysis using expression data (microarray) from WT and TKO CD4+ cells at d0 and d1-2 in 

Th17 cultures. The graph shows the first two principal components. (C) Heat maps of 3 

clusters of genes that were specifically increased in TKO cells compared to WT (K-means 

clustering). (D) RT-qPCR analysis of Csf2, Ifng, Il3 and Il10 mRNA expression in either naive 

CD4+ T cells (d0) or naive CD4+ T cells cultured in Th17 polarizing condition with QVD-OPh 

for 1 or 2 days (n=5; mean ± SEM). (E) Metascape analysis of GO term enrichment of genes 

in cluster 1-3 described in C. (F) GSEA enrichment plots of genes enriched in pathogenic 

Th17 cells (pTh17; top) or conventional Th17 cells (cTh17; bottom) among genes up- or 

down-regulated by Ikaros at d1. Gene sets correspond to 106 genes enriched in pTh17 cells 

and 143 genes enriched in cTh17 cells (6). NES, normalized enrichment score; FDR, false 

discovery rate. Statistical significance was analyzed by a Mann-Whitney test (*p ≤0.05 and 

**p ≤0.01). 

 

Figure 2. Ikaros limits the expression of GM-CSF in Th17 polarizing conditions. 
(A) Left: representative graph of the proportions of IL-17+ cells in activated WT and IKO 

naive LN CD4+ T cells cultured with anti-CD3 and anti-CD28 Abs and different amounts of 

TGFb1 and constant IL-6 for 3 days, as indicated. Right: graph showing the proportions of 

WT and IKO IL-17+ cells among CD4+ T cells in 3d cultures, as indicated (n=5; mean ± 

SEM). (B) Representative contour plot showing IL-17 and GM-CSF expression in WT and 

IKO CD4+ cells after 3 days of culture in Th0 or Th17 conditions. (C) Left: representative 

graph showing the percentage of GM-CSF+ cells in WT and IKO LN CD4+ cells cultured as 

in A. Right: graph showing the proportions of GM-CSF+ CD4+ T cells (n=5; mean ± SEM). 

(D) Naive LN CD4+ T cells from WT and TKO mice, cultured in Th0 or Th17 conditions for 

24h and subjected to 2 rounds of infection with pMIG or Ikaros/pMIG in the presence of 

QVD-OPh. Representative panel of GFP expression at d3, and expression of IL-17 and GM-

CSF in live GFP+ cells in Th0 (left) or Th17 (right) condition (n=2). (E) Left panels: 

Representative contour plot of ex vivo GM-CSF-expressing cells in WT and TKO CD4+ T 

cells in LN and spleen. Middle panel: percentage of GM-CSF+ cells among CD4+ T cells 

from LN (n=10) or spleen (n=9) from WT and TKO mice. Right panel: cell counts of GM-

CSF+ cells among WT and TKO CD4+ T cells from LN (n=10) or spleen (n=9) of WT and 
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TKO mice (mean ± SEM). Statistical significance was analyzed by a Mann-Whitney test (*p 

≤ 0.05, **p ≤ 0.01, ***p≤ 0.001). 

 

Figure 3. Ikaros is required to limit GM-CSF expression upon T cell activation by TCR 
and CD28 signals. 
(A) Naive WT and IKO LN CD4+ cells from tamoxifen-induced mice were cultured with IL-7, 

or activated with anti-CD3 ± anti-CD28 Abs for 1-3 days in the presence of QVD-OPh. 

Representative contour plot showing GM-CSF and IL-17 expression in live CD4+ cells (n=4). 

(B) Principal component analysis using expression data (RNA-seq) from WT and TKO T 

CD4+ cells at d0 and d1-2 in Th0 cultures. The graph shows the first two principal 

components. (C) Heat maps of 3 clusters of genes that were specifically increased in TKO 

cells compared to WT in Th0 cultures (K-means clustering). (D) Heat map of a cluster of 

genes more increased in TKO cells compared to WT in Th0 cultures at d1 and 2 (K-means 

clustering). (E) Metascape analysis of GO term enrichment of genes from cluster 4 in panel 

D. 
 
Figure 4. Ikaros loss changes the landscape of chromatin accessibility in CD4+ T cells. 
(A) Principal component analysis using ATAC-seq data from WT and TKO CD4+ cells at d0 

and d1-2 in Th0 cultures. The graph shows the first two principal components. Samples 

were obtained from three independent experiments. (B) Pie chart showing the distribution 

of ATAC-seq peaks in TKO cells compared to WT cells at d0 and d1-2 in Th0 cultures. Peaks 

increased in TKO cells (black; Log2FC TKO/WT>1 and padj≤0.01) or decreased in TKO cells 

(white; Log2FC TKO/WT<-1 and padj≤0.01). The peaks that are not significantly changed 

between WT and TKO samples are shown in grey. (C) SeqMINER heat map of all the 87221 

ATAC-seq peaks in WT and TKO cells at d2 of Th0 cultures. (D) Integration of RNA-seq 

data with ATAC-seq data from TKO cells compared to WT cells at d2 of Th0 cultures. Only 

the 8572 peaks with a padj ≤ 0.05 from the ATAC-seq and RNA-seq analysis are shown. 

Among them, 3576 peaks have a Log2FC (TKO/WT) ≥ 1 or ≤ -1 and a Pearson correlation 

coefficient of 0.58 with a p value< 2.2-16. Genes with a positive (purple) or a negative (black) 

correlation between ATAC-seq and RNA-seq data are highlighted. (E) Genome track view 

of ATAC-seq profiles of Csf2 and Fasl. The University of California Santa Cruz Genome 

browser (UCSC) depicts the pooled profile of the three independent experiments in WT and 

TKO CD4+ T cells at d0 and d1-2 in Th0 cultures. (F) Heat map showing GO terms enriched 

within genes associated with 4486 ATAC-seq  peaks significantly increased and 2774 peaks 

significantly decreased in TKO CD4+ T cells in comparison to WT CD4+ T cells at d2 in Th0 

cultures. Peaks significantly increased or decreased in the TKO were defined respectively 
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with the following criteria: (Log2FC(TKO/WT) > 2 with a padj ≤ 0.01), and (Log2FC(TKO/WT) 

< -2 with a padj ≤ 0.01). (G) Bar graph showing the significantly enriched transcription factor 

motifs identified from AME-MEME motif search in ATAC-seq peaks found in WT and TKO 

CD4+ T cells at d2 in Th0 cultures. Significant peaks were selected as in F. Only some of 

the significantly enriched motifs are depicted. 

 
Figure 5. Genome-wide ChIP-seq analysis of Ikaros binding in CD4+ T cells. 
 (A) SeqMINER heat map showing the Ikaros peaks and the ATAC-seq peaks at d0 and d1 

of Th0 cultures. (B) Boxplot showing the Log2FC (TKO/WT) of all ATAC-seq peaks (78378) 

in TKO versus WT cells that were bound (26054) or not (52324) by Ikaros in the Th0 d1 

condition (Mann-Whitney test, p<2.2-16). (C) Integration of ATAC-seq data (Log2FC 

TKO/WT) and RNA-seq data (Log2FC TKO/WT) among the regions directly bound by Ikaros 

(26054 peaks) at d1 of Th0 culture. Gray dots: ATAC-seq regions with a more significant 

difference in accessibility between TKO and WT (padj ≤ 0.05) associated with a difference 

in the RNA-seq expression (padj ≤ 0.05). Red dots: ATAC-seq Log2FC (TKO/WT) ≥ 1 and 

RNA-seq Log2FC (TKO/WT) ≥1. Blue dots:  ATAC-seq Log2FC (TKO/WT) ≥ 1 and RNA-seq 

Log2FC (TKO/WT) ≤ -1. Black dots: ATAC-seq Log2FC (TKO/WT) ≤ -1 and RNA-seq Log2FC 

(TKO/WT) ≤ -1 or ≥ 1. (D) UCSC Genome track view of Ikaros ChIP-seq profiles, showing 

the Csf2 promoter and regulatory sequences in WT CD4+ T cells at d0 and d1 of Th0 cultures 

and ATAC-seq of WT and TKO CD4+ T cells at d0 and d1-2 in Th0 cultures. CNSa is shown 

on the left and a focus on the Csf2 promoter and enhancer is shown on the right. (E) Binding 

of Ikaros to sites identified in the CNSa of the Csf2 gene. Sites 2 and 3 correspond 

respectively to the summits of the Ikaros peak at d0 and Th0 d1. BS4 and Cish probes are 

used as positive controls. Nuclear extracts from Cos cells transfected with the empty vector 

were used as a negative control (Mock).  (F) Analysis of Ikaros binding on CNSa probes 

with mutations on sites 4-6.  

 

Figure 6. GM-CSF production in Ikaros-deficient CD4+ T cells depends on STAT5 and 
NFkB. 
(A) Left: Western blot of Ikaros and the phosphorylation of STAT5-Y694 in WT and IKO 

CD4+ cells cultured 2 days in Th0 conditions with QVD-OPh. Tubulin and STAT5 are shown 

as loading controls. Right: Ratio of STAT5-pY694/STAT5 in WT and IKO CD4+ T cells at d2 

of Th0 cultures with QVD-Oph (n=4; mean ± SEM). (B) Naive LN WT and IKO CD4+ cells 

from tamoxifen-induced mice were cultured in Th0 conditions for 3 days with QVD-OPh in 

the presence of the STAT5 inhibitor (STAT5i) at indicated concentrations or DMSO as a 
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control. Left: Representative contour plot showing GM-CSF and IL-17 expression in WT and 

IKO CD4+ cells. Right: Proportion of WT and IKO GM-CSF+ CD4+ T cells after 3 days of Th0 

culture (n=4-5; mean ± SEM). (C) RT-qPCR analysis of Csf2 mRNA expression in WT and 

IKO LN naive CD4+ cells cultured in Th0 conditions with QVD-OPh (d2) in the presence of 

DMSO or STAT5i at indicated concentrations. Csf2 mRNA expression is represented as -

fold induction with respect to the DMSO WT sample. Statistical significance for WT and IKO 

DMSO condition was analyzed by a Wilcoxon test. (D) Naive LN CD4+ cells from tamoxifen-

induced WT and IKO mice were cultured in Th0 conditions for 3 days with QVD-OPh in the 

presence of the IKK2 inhibitor (IKK2i; 2.5 µM) or DMSO as a control. Left: Representative 

contour plot showing GM-CSF and IL-17 expression in WT and IKO CD4+ cells. Right: 

Proportion of WT and IKO GM-CSF+ CD4+ T cells after 3 days of Th0 culture with DMSO or 

IKK2i (n=6; mean ± SEM). (E) RT-qPCR analysis of Csf2 mRNA expression in naive LN WT 

and IKO CD4+ cells harvested at d0 or cultured in Th0 conditions with QVD-OPh (d2) in the 

presence of DMSO or IKK2i (2.5 µM) and neutralizing anti-IFNg and anti-IL-4 Abs (10 µg/ml). 

Csf2 mRNA expression is represented as -fold induction with respect to the DMSO WT 

sample (n=4; mean ± SEM). (F) Naive LN CD4+ T cells from tamoxifen-induced WT and IKO 

mice were activated with anti-CD3 + anti-CD28 Abs for 24h and subjected to 2 rounds of 

infection with pMIG or IkBa super repressor (SR)/pMIG in the presence of QVD-OPh. At d3, 

cells were stimulated with PMA, ionomycin and Golgiplug for 2h, and IL-17 and GM-CSF 

expression was analyzed. Top: Representative panels of GFP expression and of IL-17 and 

GM-CSF expression in GFP- and GFP+ cells are shown. Bottom: Proportion of WT and IKO 

GM-CSF+ CD4+ T cells infected with pMIG or IkBa super repressor after 3 days of Th0 

culture (n=3; mean ± SEM). Statistical significance was analyzed by parametric unpaired t-

test. Unless otherwise specified, statistical significance was analyzed by a Mann-Whitney 

test (*p ≤ 0.05, **p ≤ 0.01, ***p≤ 0.001). 

 

Figure 7. Human cells require Ikaros to limit GM-CSF expression. 
PBMCs were isolated from buffy coats of healthy donors and activated on not with anti-CD3 

± anti-CD28 Abs (10 µg/ml each) in the presence of Lenalidomide (10 µM) or DMSO as a 

control. (A) Left: Representative dot plot showing Ikaros and GM-CSF expression in DMSO 

and Lenalidomide-treated cells after 3 days of culture, upon T cell activation or not. Middle: 

Mean Fluorescence Intensity (MFI) of Ikaros (n=4; mean ± SEM). Right: Proportion of GM-

CSF+ cells (n=4; mean ± SEM). Statistical significance was analyzed by a paired student t-

test (*p ≤ 0.05). (B) RT-qPCR analysis of CSF2 mRNA expression at d2 of culture in DMSO 

and Lenalidomide-treated cells upon T cell activation or not (n=2; mean ± SEM).  
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SUPPLEMENTARY MATERIALS AND METHODS 
 
DNA constructs 
The murine IkBa super repressor (IkBaSR) contains mutations preventing its 

phosphorylation and degradation and has been described to inhibit the nuclear translocation 

of NFkB as it (1), (2) into the pMIG vector, upstream of the IRES-GFP sequence, using the 

restriction enzyme EcoRI. The murine Ikaros was subcloned into the pMIG vector, upstream 

of the IRES-GFP sequence using the restriction enzymes XhoI and EcoRI. 

 
Retroviral infections 
Primary CD4+ T cell infection was performed as described with minor changes (3). For virus 

production, Platinum-E packaging cells (plat-E) were transfected either with pMIG, Ikaros 

(Ik-1)/pMIG or IkBaSR/pMIG using lipofectamine 2000 (Invitrogen) in a 10-cm culture dish. 

One day later, the medium was replaced by 6 ml of IMDM 10% FCS and the retroviral 

supernatant was harvested after 24 h and filtered in a 0.45 µm filter. This step was repeated 

for a 2nd harvest and both harvests were frozen at -80°C. For retroviral infection, naive CD4+ 

T cells were sorted and directly cultured in Th0 (no cytokines added) or Th17 (with IL-6 and 

TGFb1) conditions in a 96-well NUNC plate at 4 x 104 cells/well in 200 µl of IMDM 10% FCS. 

One day later, the medium was replaced by the retroviral supernatant containing polybrene 

(8 µg/ml), QVD-Oph (20 µM), in Th0 or Th17 conditions. Cells were centrifuged 1h at 2000 

rpm RT and incubated at 37°C for 3h. This step was then repeated once the same day, the 

medium was then exchanged with IMDM 10% FCS and QVD-OPh (20 µM) in Th0 or Th17 

conditions and cells were cultured at 37°C. Two days after the infection, cells were 

stimulated with PMA, ionomycin (0.5 µg/ml each) and GolgiPlugTM (1/1000) for 2h, stained 

with Zombie AquaTM fixable viability dye (Biolegend), anti-CD4 Ab, fixed and permeabilized 

using the BD Cytofix/Cytoperm kit, and stained intracellularly with GM-CSF and IL-17. Cells 

were then analyzed on the cytometer LSRII (BD Biosciences).  

 
Electrophoretic Mobility Shift Assay (EMSA) 
EMSA was performed as described (4). Cos cells were transfected with the vector pTL2 

expressing the murine Ikaros-1 isoform or not (mock) and the nuclear extracts were used 

with the probes indicated in the supplemental table 2.  

 

 

 



Bernardi et al. 

 3 

T cell division 
CD4+ naive T cells (2-3 x106) from LN were sorted, resuspended in 900 µl of IMDM 10% 

FCS and labelled with CFSE (10 µM) by adding 100 µl of a 100 µM CFSE stock with gentle 

vortex for 10 min at 37°C. CFSE-labelled cells were then washed 3 times with IMDM 10 % 

FCS and cultured (4x104 cells / well) in Th0 or Th17 conditions as described above, with 

QVD-Oph (20 µM). When indicated, at day 3, cells were stimulated with PMA plus ionomycin 

(0.5 µg/ml each) and GolgiPlugTM (1/1000) for 2h for cytokine expression. Cells were then 

first stained with a Zombie AquaTM fixable viability dye (Biolegend) according to the 

manufacturer’s protocol and with an anti-CD4 Ab, fixed and permeabilized using the Foxp3 

Fixation/Permeabilization kit (eBiosciences), and stained with anti-IL-17, anti-GM-CSF. 

CFSE intensity and intracellular cytokines expression were analyzed in live cells, using the 

cytometer LSRII (BD Biosciences). 

 

RT-qPCR 
For murine cells, total RNA was extracted using the RNeasy Plus microkit (QIAGEN) 

according to the manufacturer’s protocol. For human cells, PBLs (2x105 / well) were 

activated or not with plate bound anti-CD3 ± anti-CD28 Abs (10 µg/ml each) with 

Lenalidomide (10 µM) or DMSO as a control. After 2 days, total RNA was extracted using 

the Nucleospin RNA kit (Macherey-Nagel) according to the manufacturer’s protocol. In both 

cases, cDNAs were obtained by using the Superscript IV (Invitrogen) and quantitative PCR 

was performed using the FastStart SybrGreen system (Roche) with the primers listed in the 

supplemental table 1. mRNA expression of the genes of interest was normalized to L32 

mRNA and -fold induction of each condition was calculated.  

 

Western blot 
Cells were lysed in 30 µl of lysis buffer (5) supplemented with complete protease inhibitor 

cocktail (11873580001, Roche), phosphatase inhibitor cocktail 3 (P0044, Sigma), SDS 0.1% 

and Bitnuclease (4 U/µl; B16002, Benzonase® alternative, Biotool) for 15 min on ice. After 

centrifugation at 13, 000 rpm at 4°C, the supernatant was harvested and the proteins were 

separated on a 10% SDS-PAGE and transferred on a nitrocellulose membrane. For STAT5, 

cells were lysed as above without the addition of SDS and Bitnuclease. Ikaros expression 

was analyzed using the anti-Ikaros (A3) Ab. Anti-phosphoY694-STAT5 (D47E7) and anti-

STAT5 (D206Y) Rabbit mAbs were from Cell Signaling Technologies. Anti-tubulin a (YL1/2) 

and Anti-b-actin (AC-15) Abs were from Abcam and Sigma-Aldrich, respectively. 
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Microarray analysis 
Purified naive CD4+ T cells (0.5 x106 / well) from spleen were activated on a 48-well plate, 

pretreated with Goat anti-Hamster IgG and coated with anti-CD3 (2C11; 1 µg/ml) and anti-

CD28 (37.51; 0.25µg/ml) Abs, in the presence of mIL-6 (20 ng/ml), hTGFb1 (1 ng/ml) and 

neutralizing anti-IL-4 and anti-IFNg Abs (2 µg/ml each). A transcriptome analysis was 

performed using GeneChip Mouse Gene 2.0ST arrays (Affymetrix) with cells cultured for 1 

and 2 days as well as with naive CD4+ T cells (day 0). Raw data were analyzed using the 

software Affymetrix version 1.4.1 and the Robust Multiarray Average (RMA) method. K-

means clustering was performed using Cluster 3.0, using genes that were differentially 

expressed (Log2 FC > 0.5, corresponding to a FC > 1.42) between WT and TKO cells at any 

of the timepoints analyzed, or between two timepoints in either WT or TKO cells. Principal 

component analysis (PCA) were performed using the prcomp function in R software and the 

figure was performed with the ggplot 2 package. Genes with several probes on the 

microarray were selected and only probes with the highest FC TKO/WT value were retained. 

GSEA was then performed using the GSEA 2.0 software after selecting differentially 

regulated genes in TKO vs. WT T cells by the FCROS method with an error set at 10% (6). 

 

Chromatin ImmunoPrecipitation (ChIP) 
The ChIP protocol was performed according to different protocols with some changes (7, 8). 

Briefly, WT naive CD4+ T cells (10 x 106) and activated for 1 day (9 x 106) were washed in 

PBS and cross-linked in PBS/0.5%BSA/1% ultrapure formaldehyde (Electron Microscopy 

Sciences) for 10 min at 37°C. Glycine (125 mM) was added as a quenching agent and cells 

were then washed 2 times with 3 ml of cold PBS and permeabilized in 3 ml of cell lysis buffer 

(0.25%, Triton-X100, 10 mM EDTA, 0.5 mM EGTA, 10 mM Hepes pH 6.5 and complete 

proteases inhibitors (Roche)) on ice for 10 min. After centrifugation at 2000 rpm for 10 min, 

the nuclei pellets were resuspended in 300 µl of SDS lysis buffer (1% SDS, 10mM EDTA, 

50 mM Tris pH 8.0 and complete proteases inhibitors). 700 µl of ChIP dilution buffer (0.01% 

SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl pH8.1, 167 mM NaCl containing 

complete proteases inhibitors) were then added and samples were sonicated in a 1 ml 

round-bottom glass tubes (Covaris®) using the Covaris E220 sonicator (Peak incident 

power 100, Duty factor 50, 200 cycles/burst) for 10 min to generate DNA fragment between 

150-300 bp. Of note, the expression of Ikaros was controlled before and after sonication and 

remained similar. After sonication, the samples were centrifuged at 14, 000 rpm for 10 min. 

The supernatant containing the chromatin was pre-cleared with 25 µl of dynabeads 
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magnetic prot A for 1h at 4°C. 2.5 x 105 cell equivalent of the sample was kept as the input 

and the pre-cleared chromatin was then incubated overnight with anti-Ikaros (1/100). The 

next day, 25 µl of dynabeads magnetic prot A were added for 5h. The prot-DNA complexes 

bound to the Ab and the beads were then washed 1x with low-salt buffer (0,1% SDS, 1% 

TTX, 2 mM EDTA, 20 mM Tris-Hcl pH8.1, 150 mM NaCl and complete protease inhibitors), 

1x with high-salt buffer (0,1% SDS, 1% TTX, 2mM EDTA, 20mM Tris-Hcl pH8.1, 500mM 

NaCl and complete proteases inhibitors), 2x with LiCl buffer (250mM LiCl, 1% IGEPAL-

CA630, 1% deoxycholic acid, 1mM EDTA, 10mM Tris pH8.1 and complete proteases 

inhibitors) and 1x with TE (50 mM Tris pH 8.0, 10 mM EDTA). Samples were then eluted by 

adding 150 µl of Elution buffer (50mM Tris pH 8.0, 10mM EDTA, 1% SDS) and incubate at 

65°C for 10 min with shaking. This step was repeated twice. The reverse crosslink was 

performed by the ChIP and input samples with NaCl (200 mM) at 65°C ON. Next morning, 

proteinase K (80 µg) was added for 1 h at 45°C and DNA was purified using 

phenol/chloroform and phase lock tubesTM (Invitrogen). 

 

ChIP-sequencing and analysis 
Libraries were performed using the MicroPlex Library Preparation kit (#C05010014, 

Diagenode), following Manufacturer’s instructions. The library was sequenced on Illumina 

4000 sequencer as Single-Read 50 base reads following Illumina’s instructions. Image 

analysis and base calling were performed using RTA 2.7.7 and bcl2fastq 2.17.1.14. Adapter 

dimer reads were removed using Dimer Remover 

(https://sourceforge.net/projects/dimerremover/). Alignment was performed to mm10 mouse 

genome using Bowtie 1.0.0 (9) with the following arguments: -m 1 --strata --best -y -S -l 40.  

Peak calling was performed using MACS2 v2.1.1.20160309 with default parameters (10). 

The Th0 d1 input was used as the control for peak-calling for the d0 and Th0 d1 conditions.  

Peaks were annotated with Homer software (11) using Ensembl release 94 gene annotation. 

In order to find the common peaks bound by Ikaros in the d0 and Th0 d1 conditions, the 

Ikaros peaks at d0 were intersected with the Th0 d1 Ikaros peaks with the Bedtools program. 

Data were visualized using UCSC Genome Browser with default parameters (12) and 

seqMINER_1.3.3g (normalized to 20x106 reads randomly selected and ordered by read 

coverage) (13).  Identification of the ATAC-seq peaks bound by Ikaros at d1 was performed 

by intersecting all ATAC-seq regions at d1 (present in WT or/and in TKO) with all Ikaros 

peaks at d1 using the Bedtools program.  
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Assay for Transposase-Accessible Chromatin (ATAC) 
Naive WT and TKO CD4+ T cells were sorted on a FACS ARIATM FUSION (BD Biosciences) 

cell sorter. Naive CD4+ WT and TKO T cells (5 x 104) were directly used for the ATAC-seq 

protocol for the day 0 condition, while the remaining naive WT and TKO CD4+ T cells were 

activated with coated anti-CD3, anti-CD28 Abs (2 µg/ml) in the presence of neutralizing anti-

IL-4 and anti-IFNg Abs (10 µg/ml). At day 1 and 2, live WT and TKO cells (5 x 104 DAPI- 

cells) were sorted on a FACS ARIATM FUSION (BD Biosciences) and used for the ATAC-

seq protocol. Three independent experiments were performed. The ATAC-seq protocol has 

been performed as previously described (Buenrostro et al., 2013). Briefly, cells were lysed 

with cold lysis buffer (10 mM Tris-HCl, pH7.4, 10 mM NaCl, 3 mM MgCl2, 0.1 % (v/v) Igepal 

CA-630) and nuclei were pelleted 10 min at 500g. Nuclei were incubated with the transpose 

reaction mix for 30 min at 37 °C.  Immediately following transposition, the fragmented DNA 

was purified using Qiagen MinElute PCR Purification Kit and eluted in 10 µL. The transposed 

DNA fragments was amplified by PCR for 5 cycles. To determine the appropriate number of 

PCR cycles to add for each condition, a qPCR was performed. The appropriate number of 

cycles (6-9 cycles) was then added to each sample. PCR fragments were purified two times 

with SPRIselect (Beckman Coulter, #B23317) and the quality of the purified libraries was 

analyzed using a Bioanalyzer High-Sensitivity DNA Analysis kit (Agilent).  

 

ATAC-sequencing and analysis 

The libraries were sequenced on Illumina Hiseq 4000 sequencer as Paired-End 100 base 

reads following Illumina’s instructions. Image analysis and base calling were performed 

using RTA 2.7.7 and bcl2fastq 2.17.1.14. Data analysis was performed using the Encode 

ATAC-seq pipeline v1.4.2.  Adapter sequences were removed and low-quality ends were 

trimmed. Sequence alignment was performed into the mm10 assembly of Mus musculus 

genome using Bowtie2 (version 2.2.6) choosing the zero multi-mapping option. 

Mitochondrial reads were removed. The Peak calling was performed using MACS2 

v2.1.1.20160309 (10). Finally, the conserved overlap peaks were used for the analysis. 

Peaks from different conditions were merged to form a consensus peak set. The peaks were 

annotated using annotatePeaks.pl script in Homer program (11)and with Ensembl 94 

database. The read coverage for each sample was calculated with multicov function from 

bedtools program (v2.26.0). Comparisons of interest were performed using the test for 

differential expression, proposed by Love et al. and implemented in the Bioconductor 

package DESeq2 version 1.16.1 (14). Motif research for selected peaks specifically 

significant in the TKO or WT conditions (log2FC TKO/WT > 2 or < -2 with a padj <0.01) was 



Bernardi et al. 

 7 

performed at the MEME website using the AME software (15) and the ones of interest were 

represented by bar graph using Illustrator.  For the PCA analysis, read counts have been 

normalized across samples with the median-of-ratios method proposed in DESeq2 package. 

Principal Component Analysis was computed on variance stabilizing transformed data. 

ATAC-seq data were represented by Volcano plots using ggplot2 package (R). Data were 

visualized using UCSC Genome Browser (12), seqMINER_1.3.3g (normalized to 20x106 

reads randomly selected from the pooled data and ordered by read coverage) (13). Pathway 

analysis were performed at the GSEA website using Hallmark gene set collection in the 

MSig Datatabase and represented by heatmap using the plotly package (R v3.6.2) (16-18). 

 

RNA-sequencing and analysis 
At day 0, naive CD4+ WT and TKO T cells (4-6 x 106) were sorted on a FACS ARIATM 

FUSION (BD Biosciences). Naive CD4+ WT and TKO T cells (1 x 106) were used directly 

and the remaining cells were activated with coated anti-CD3, anti-CD28, and anti-IL-4 and 

anti-IFNg Abs. At day 1 and 2, live WT and TKO cells (1-2 x 105 DAPI- cells) were sorted on 

a FACS ARIATM FUSION (BD Biosciences). Total RNA was extracted from using the 

RNeasy Plus Micro kit (Qiagen) according to the manufacturer’s instructions. Libraries were 

prepared with the Clontech SMART-seq v4 Ultra Low Input RNA Kit for Sequencing and 

sequenced with HiSeq 4000 (Illumina) with single-end 50 bp read length. 
The RNA analysis was done using the GenomEast RNA-seq pipeline version 1.2.2. 

Reads were preprocessed in order to remove adapters, polyA and low-quality sequences 

(Phred quality score below 20). After this preprocessing, reads shorter than 40 bases were 

discarded for further analysis. These preprocessing steps were performed using Cutadapt 

version 1.10 (19).  Reads were mapped into the mm10 assembly of Mus musculus genome 

using STAR version 2.5.3a (20). The reads were aligned across exonic, intronic and 

intergenic genomic region using annotations from Ensembl 94. Gene expression 

quantification was performed from uniquely aligned reads using Htseq-count version 

0.6.1p1, with annotations from Ensembl version 94 and “union" mode (21). Only non-

ambiguously assigned reads have been retained for further analyses. In order to make these 

counts comparable between samples, read counts have been normalized across samples 

with the median-of-ratios method proposed by Anders and Huber (22). Comparisons of 

interest were performed using the test for differential expression, proposed by Love et al. 

and implemented in the Bioconductor package DESeq2 version 1.16.1 (14). Heatmaps of 

differentially expressed genes (K-means) were created using Cluster 3 and Java Treeview 

softwares. Selected genes that were differentially expressed (data normalized and divided 
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by median of transcripts length in kb with a value ≥ 50 and FC ≥ 3.5) between WT and TKO 

cells at any of the timepoints analyzed, or between two timepoints in either WT or TKO cells. 

For the GSEA, up- and down-regulated genes in the TKO conditions were selected (pvalue 

≤ 0.05 and log2FC ≥ 2 or ≤ -2). Pathways analysis were performed using the Metascape 

website (23). For the PCA analysis, read counts have been normalized across samples with 

the median-of-ratios method proposed in DESeq2 package. Principal Component Analysis 

was computed on regularized logarithm transformed data. The RNAseq result was 

integrated into the ATAC-seq data with the same Ensembl gene ID and the data were 

visualized using ggplot2 (R). 
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SUPPLEMENTARY FIGURE LEGENDS 
 

Fig. S1. Differentially expressed genes in WT and TKO T cells in Th17 conditions. 
(A) Western blot showing the T-cell specific deletion of Ikaros in splenic CD4+ and CD8+ 

cells vs. B220+ cells in TKO mice. (B) Clusters of upregulated genes in WT and TKO CD4+ 

T cells cultured in Th17 conditions (K-means clustering) (C) Clusters of upregulated genes 

in WT and TKO CD4+ T cells cultured in Th17 conditions (K-means clustering). (D) RT-qPCR 

analysis of Il17 and Rorc mRNA expression in freshly isolated naive CD4+ T cells (d0) or 

after culture in Th17 conditions with QVD-OPh for 1 and 2 days (n=4; mean ± SEM). (E) 
Heat maps of GO term enrichment of genes in cluster 18 shown in B. 

 
Fig. S2. Gene set enrichment analysis of pathogenic genes in TKO cells. 
(A) GSEA enrichment plots of genes enriched in pTh17 (left) or cTh17 cells (right) among 

genes up- or down-regulated by Ikaros at d2 in Th17 conditions. Gene sets correspond to 

106 genes enriched in pTh17 cells and 143 genes enriched in cTh17 cells (24). (B) GSEA 

enrichment plots of genes enriched in Th-GM cells among genes up- or down-regulated by 

Ikaros at d1 (left) and d2 (right) in Th17 conditions. Gene sets correspond to 210 genes 

enriched in Th-GM cells (25). (C) GSEA enrichment plots of genes in Th17 cells infiltrating 

the central nervous system during EAE, among genes up- or down-regulated by Ikaros at 

d1 (left) and d2 (right) in Th17 conditions. Gene sets correspond to 1041 genes either 

upregulated (Log2FC ≥ 2) or downregulated (Log2FC ≤ -2) in Th17 cells infiltrating the 

central nervous system (CNS) during EAE compared to the ileum (GSE127768) (26). NES, 

normalized enrichment score; FDR, false discovery rate. 

 
Fig. S3. Ikaros loss leads to decreased IL-17 and Foxp3 and increased IFNg and GM-
CSF levels. 
(A) Western blot of Ikaros expression in WT or IKO splenic CD19+ or CD4+ cells of 

tamoxifen-treated mice. b-Actin was used as a loading control. (B) Contour plots showing 

naive CD4+ T cells (CD4+CD8-CD44lo/-CD25-TCRgd-NK1.1-) from peripheral and mesenteric 

LN of tamoxifen-treated WT and IKO mice. (C and D) Proportions of Foxp3+CD4+ (C; left) 

or IFNg+CD4+ cells (D; left) and statistical analysis of the proportion of WT and IKO 

Foxp3+CD4+ cells (C; right) or IFNg+CD4+ (D; right) cells from 3d cultures of WT and IKO 

cells (from tamoxifen-treated mice), cultured in Th17 conditions with different amounts of 

TGFb1 plus constant IL-6. (n=5; mean ± SEM). Statistical significance was analyzed by a 

Mann-Whitney test (*p ≤0.05, **p ≤ 0.01). (E-H) Representative graphs showing the 
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intracellular expression of IFNg (E), IL-17 (F), Foxp3 (G), and GM-CSF (H) in WT and IKO 

CD4+ T cells cultured for 3 days with different amounts of TGFb1 plus constant IL-6 with 

QVD-Oph, and with or without neutralizing anti-IFNg and anti-IL-4 Abs (n=4). 

 

Fig. S4. Ikaros loss leads to an increased expression of FasL that is responsible for 
apoptosis but not GM-CSF production. 
(A) Left: representative contour plots of Annexin V and PI staining on WT and IKO CD4+ 

cells cultured for 2d in Th17 conditions with or without QVD-OPh. Right: proportions of WT 

and IKO Annexin V+ cells. Each dot indicates one mouse (n=4-5; mean ± SEM). (B) RT-

qPCR analysis of Fasl mRNA expression in WT and IKO LN naive CD4+ cells after harvest 

(d0), or cultured in Th0 or Th17 conditions with QVD-OPh (d1 and 2). Fasl mRNA expression 

is represented as -fold induction with respect to the d0 WT sample. (C) Left: representative 

contour plots showing membrane FasL expression at d3 in WT and IKO cells cultured in 

Th0 conditions. Right: proportions of WT and IKO FasL+ CD4+ T cells (n=4; mean ± SEM). 

(D) Left: representative contour plot showing Annexin V and PI staining of WT and IKO CD4+ 

T cells cultured for 2 days in Th0 condition with a neutralizing anti-FasL Ab or an isotype 

control. Right: proportions of WT and IKO annexin V+ CD4+ T cells at d2 (n=4; mean ± SEM). 

(E) Left: percentage of GM-CSF+ and IL-17+ cells among live WT or IKO CD4+ cells cultured 

for 3 days in Th0 conditions with a neutralizing anti-FasL Ab or an isotype control. Right: 

proportion of WT and IKO GM-CSF+ CD4+ T cells (n=4; mean ± SEM). N indicates the 

number of independent experiments. Statistical significance was analyzed by a Mann-

Whitney test (*p ≤ 0.05, **p ≤ 0.01). 

 
Fig. S5. GM-CSF expression and IL-17 loss of expression directly correlate with Ikzf1 
deletion. 
(A) Left: representative contour plots showing GM-CSF and Ikaros expression in WT and 

IKO cells treated with ethanol (EtOH)- or 4-hydroxytamoxifen (4-OHT) in vitro for 1-3 days 

in the presence of QVD-OPh, and analyzed at the indicated time point. Right: proportion at 

d3 of Ikaros+ GM-CSF+ cells from 4-OHT-treated WT cultures, or Ikaros- GM-CSF+ cells from 

4-OHT-treated IKO cultures, performed as in A (n=4; mean ± SEM). (B) Left: representative 

contour plot showing IL-17 and Ikaros expression in EtOH- and 4-OHT-treated live WT and 

IKO cells cultured as in A. Right: proportions at d2 and d3 of Ikaros+ IL-17+ cells from 4-

OHT-treated WT cultures, and Ikaros- IL-17+ cells from 4-OHT-treated IKO cultures, 

performed under in Th17 conditions (n=4; mean ± SEM). Statistical significance was 

analyzed by a Mann-Whitney test (*p ≤ 0.05). 



Bernardi et al. 

 11 

 

Fig. S6. Analysis of mature T cells in TKO mice. 
All mice were 5-8 weeks old. (A) Total cell number in WT and TKO LN and spleen (n=7). 

(B) Left: CD4+ and CD8+ T cell numbers in LN and spleen from WT and TKO mice. Right: 

proportion of CD4+ and CD8+ T cells in WT and TKO LN and spleen (n=6). (C) Left: CD19+ 

cell count in WT and TKO LN and spleen. Right: corresponding percentage of CD19+ cells 

(n=5). (D) Representative contour plots of naive and effector CD4+ T cells in LN from WT 

and TKO mice. (E) Left: naive CD4+ T cell counts in LN and spleen. Right: percentage of 

naive cells among CD4+TCRab+ T cells (n=4). (F) Left: effector CD4+ T cell counts in LN 

and spleens. Right: percentage of effector cells among CD4+TCRab+ cells (n=4). (G) 

Relative expression levels of IL-7Ra in WT and TKO naive CD4+ T cells from LN and spleen 

(n=4). For a given organ (LN or spleen), the values for each mouse analyzed in a given 

experiment were normalized to the mean expression value for the WT samples analyzed in 

that experiment. All graphs are represented as mean ± SEM. Each circle indicates one 

mouse. n indicates the number of independent experiments. Statistical significance was 

analyzed by a Mann-Whitney test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 and ****p ≤ 0.0001). 

 

Fig. S7. Ikaros loss leads to an increase of GM-CSF expression in CD4+ T cells, but 
not CD8+ T cells, ex vivo. 
(A) Left panel: Representative analysis of GM-CSF- and CD8-expressing cells in WT and 

TKO T cells in LN and spleen. Middle panel: percentage of GM-CSF+ cells among CD8+ T 

cells from peripheral and/or mesenteric LN (n=9-10) or spleen (n=7-9) from WT and TKO 

mice. Right panel: cell counts of GM-CSF+ cells among WT and TKO CD8+ T cells from 

peripheral and/or mesenteric LN (n=9-10) or spleen (n=7-9) of WT and TKO mice (mean ± 

SEM). (B) Left panel: percentage of IL-17+ cells among CD4+ T cells from peripheral and/or 

mesenteric LN (n=9-10) or spleen (n=7-9) from WT and TKO mice. Right panel: cell counts 

of IL-17+ cells among WT and TKO CD4+ T cells from peripheral and/or mesenteric LN (n=9-

10) or spleen (n=7-9) of WT and TKO mice (mean ± SEM). Statistical significance was 

analyzed by a Mann-Whitney test (**p ≤ 0.01).  

 

Fig. S8. Differentially expressed genes in WT and TKO T cells in Th0 conditions.  
(A) Proportion of WT and IKO GM-CSF+ CD4+ T cells after 2 and 3 days of culture with anti-

CD3 ± anti-CD28 Abs, related to Fig. 3A (n=4; mean ± SEM). Statistical significance was 

analyzed by a Mann-Whitney test (*p ≤ 0.05). (B) Clusters of upregulated genes in WT and 

TKO CD4+ T cells cultured in Th0 conditions (K-means clustering). (C) Clusters of 
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downregulated genes in WT and TKO CD4+ T cells cultured in Th0 conditions (K-means 

clustering). 

 

Fig. S9. Enriched pathways in clusters 1-3. Metascape analysis of GO term enrichment 

of genes in clusters 1-3 from RNA-seq.  

 
Fig. S10. CD4+ T cells require Ikaros to proliferate.  
(A) Left: Representative histogram of CFSE dilution and proliferative index of WT and IKO 

CD4+ T cells at d3 in Th0 conditions (n=6; mean ± SEM). Right: Representative histogram 

of CFSE dilution and proliferative index of WT and IKO CD4+ T cells at d3 in Th17 conditions 

(n=4; mean ± SEM). (B) Left: representative dot plot showing CFSE dilution and GM-CSF 

expression in WT and IKO CD4+ T cells in Th0 (upper panel) or Th17 conditions (lower 

panel) for 3d. Right: percentage of GM-CSF+ cells among WT and IKO CD4+ T cells, in Th0 

(upper panels; n=5; mean ± SEM) or Th17 conditions (lower panel; (n=4; mean ± SEM), in 

each division peak. N=number of independent experiments. Statistical significance was 

analyzed by a Mann-Whitney test (*p ≤ 0.05, **p ≤ 0.01). (C) Left: representative dot plot 

showing CFSE dilution and IL-17 expression in WT and IKO CD4+ T cells in Th17 conditions 

for 3d. Right: percentage of IL-17+ cells among WT and IKO CD4+ T cells, in Th17 conditions, 

in each division peak (n=4; mean ± SEM).  

 

Fig. S11. Ikaros loss changes the landscape of chromatin accessibility in CD4+ T 
cells.  
(A) Seqminer heat map of all ATAC-seq peaks in WT and TKO CD4+ T cells at d0 (67165 

peaks) and at d1 of Th0 cultures (78378 peaks). (C) Pie chart of the genomic location 

distribution of all ATAC-seq peaks in WT and TKO CD4+ T cells at d0 and d2 in Th0 cultures. 

(B) Volcano plot showing log2FC TKO/WT identified by ATAC-seq in naïve T cells (d0) and 

in-vitro-differentiated T cells at day 2 (Th0 d2). Up- and down-regulated genes with changes 

significantly greater than Log2FC ≥ 1 or ≤ -1 are highlighted in red and blue, respectively 

(padj ≤ 0.01). At d0, red dots: 3969 peaks; blue dots: 2740 peaks; in Th0 d2, red dots: 8950, 

blue dots: 6380. (D) Integration of RNA-seq data and ATAC-Seq data from TKO cells 

compared to WT cells at d0 and d1 of Th0 cultures.  Left: In naive T cells at d0, only the 

3677 peaks with a padj ≤ 0.05 in the ATAC-seq AND RNA-seq analysis are depicted. Among 

them, 1491 peaks have a log2FC (TKO/WT) ≥ 1 or ≤ -1 with a Pearson correlation equal to 

0.63 with a p value< 2.2-16. Right: In the Th0 d1 condition, only the 9954 peaks with a padj 

≤ 0.05 in the ATAC-seq and RNA-seq analysis are depicted. Among them, 2995 peaks have 



Bernardi et al. 

 13 

a log2FC (TKO/WT) ≥ 1 or ≤ -1 in both analysis and have a Pearson correlation coefficient 

equal to 0.59 with a p value< 2.2-16. Genes with a positive (purple) or a negative (black) 

correlation between ATAC-seq and RNA-seq data are highlighted. (E) Genome track view 

of ATAC-seq profiles of Il3 (left) and Ifng (right) genes. The University of California Santa 

Cruz Genome browser (UCSC) depicts the pooled profile of the three independent 

experiments in in WT and TKO CD4+ T cells at d0 and d1-2 in Th0 cultures.  

 
Fig. S12. Ikaros loss leads to an enrichment of NFkB and Stat5 motifs on open 
chromatin regions. 
(A) Heat map showing GO of the ATAC-seq peaks significantly increased (1219 peaks at 

d0 and 2687 peaks at Th0d1) and decreased (900 at d0 and 3040 at Th0 d1) in TKO 

compared to WT at d0 and d1 in Th0 cultures. Peaks are considered significantly increased 

in the TKO when the log2FC (TKO/WT) > 2 with a padj ≤ 0.01, while they are considered 

significantly decreased in TKO when the log2FC (TKO/WT) <- 2 with a padj ≤ 0.01. (B) Bar 

graph showing the indicated transcription factor motifs significantly enriched in WT and TKO 

ATAC-seq peaks at d0 (upper panel) and d1 in Th0 cultures (lower panel). The motifs were 

identified from AME-MEME motif search. Significant peaks were selected as in A.  

 

Fig. S13. ChIP-seq analysis of Ikaros binding profile on differentially expressed 
genes. 
(A) Pie chart of the genomic location distribution of all Ikaros peaks in WT naive CD4+ T cells 

at d0 and at d1 in Th0 cultures. (B) UCSC Genome track views of ChIP-seq showing genes 

with a binding Ikaros on promoters or enhancers and genes not bound by Ikaros. 

 

Table S1. Sequences of the primers used for RT-qPCR. 
 
Table S2. Oligonucleotide probes used for EMSA. 
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Genes up-regulated during production of male gametes (sperm), as in spermatogene

Genes up-regulated by activation of hedgehog signaling.

Genes up-regulated in response to IFNG [GeneID=3458].
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Name Primer sequence (5’-3’)

mCsf2 F

mCsf2 R

mIfng F

mIfng R

mIl3 F

mIl3 R

mFasl F

mFasl R

mRORc F

mIl17 F

mIl10 F

mRORc R

mIl17 R

mIl10 R

hCSF2 F

hCSF2 R

hL32 F

hL32 R

mL32 F

mL32 R

TCGTCTCTAACGAGTTCTCCTT

CGTAGACCCTGCTCGAATATCT

CGGCACAGTCATTGAAAGCC

TGTCACCATCCTTTTGCCAGT

ATAGGGAAGCTCCCAGAACCT

GGATCCACTTCTCCTTGGCT

TTCACCAACCAAAGCCTTAAAG

GCTGGTTGTTGCAAGACTGA

Supplemental Table 1

TCACCTGTGAGGGGTGCAAG

GTTCGGTCAATGGGGCAGTT

ATCCCTCAAAGCTCAGCGTGTC

GGGTCTTCATTGCGGTGGAGAG

CAGTACAGCCGGGAAGACAA

TGGCAACCCAAGTAACCCTTA

TTAAGCGAAACTGGCGGAAAC

TTGTTGCTCCCATAACCGATG

AGGCATTGACAACAGGGTTC

GTTGCACATCAGCAGCACTT

GCGTCTCCTGAACCTGAGTA

GTGCTGCTTGTAGTGGCTG



Name Probe sequence (5’-3’)

site 1

site 2

site 3

site 4

sites 5+6

sites 4+5+6

sites 4+5+6 (mut 4)

sites 4+5+6 (mut 5+6)

sites 5+6 (mut 5)

sites 5+6 (mut 6)

sites 5+6 (mut 5+6)

BS4

Supplemental Table 2

GGTTTCTGTAACAGGAAGTGATTTA

GATATGGGGTTTTCAAAGAATGTTT

AAAGGATGGGCAATTTCCCACTGTC

GTCTCTCTGGTGGAAAGCGAAGCTG

GTTTTCCCTGGATTCCGAGCTGCCT

GTCTCTCTGGTGGAAAGCGAAGCTGGTTTTCCCTGGATTCCGAGCTGCCT

GTTTGACCTGGATTCCGAGCTGCCT

GTTTTCCCTGGATGACGAGCTGCCT

GTTTGACCTGGATGACGAGCTGCCT

Cish

TCAGCTTTTGGGAATGTATTCCCTGTCA

CCAGTTTTCCTGGAAAGTTCTTGGAAATCT

GTCTCTCTGGTGTCAAGCGAAGCTGGTTTTCCCTGGATTCCGAGCTGCCT

GTCTCTCTGGTGGAAAGCGAAGCTGGTTTGACCTGGATGACGAGCTGCCT


