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Abstract: 

  

The IKAROS family transcription factors regulate lymphocyte development. Loss-of-function 1 

variants in IKZF1 cause primary immunodeficiency, but Ikaros family member IKZF2 and 2 

IKZF3 have not been associated with immunodeficiency yet. Here, we describe a pedigree with 3 

a heterozygous truncating variant in IKZF2, encoding the translational activator and repressor 4 

Helios which is highly expressed in regulatory T cells and effector T cells, particularly of the 5 

CD8+ T cell lineage. Protein-protein interaction analysis revealed that the variant abolished 6 

Helios dimerizations as well as binding to members of the Mi-2/NuRD chromatin remodeling 7 

complex. Patients carrying the IKZF2 variant presented with a combined immunodeficiency 8 

phenotype characterized by recurrent upper respiratory infections, thrush and mucosal ulcers, 9 

as well as chronic lymphadenopathy. With extensive immunophenotyping, functional assays, 10 

and transcriptional analysis we show that reduced Helios expression was associated with 11 

chronic T cell activation and increased production of pro-inflammatory cytokines both in 12 

effector and regulatory T cells. Lymph node histology from patients indicated dysregulated 13 

germinal center reactions. Moreover, affected individuals displayed profoundly reduced 14 

circulating MAIT cell numbers. In summary, we show that this novel loss-of-function variant 15 

in Helios leads to an immunodeficiency with signs of immune overactivation. 16 

17 



Main Text: 18 

 19 
Introduction 20 

 21 
The IKZF2 gene encodes for the zinc-finger protein Helios that can act both as an activator and 22 

repressor of transcription. Helios is a member of the Ikaros family of transcription factors, 23 

which all share the same structure of two Krüppel-like zinc-finger domains. The N-terminal 24 

domain of the protein is required for DNA binding and the C-terminal domain mediates homo- 25 

as well as hetero- dimerization with other Ikaros family members, Ikaros and Aiolos(1). Ikaros 26 

family members have a wide role in the development and function of the immune system. They 27 

appear to function through orchestrating chromatin remodeling, in which their interactions with 28 

the nucleosome remodeling and histone deacetylase (NuRD) complex, one of the major 29 

transcriptional corepressor complexes in mammalian cells, are essential(2–4). Both Ikaros and 30 

Helios are proto-oncogenes for hematological malignancies - Ikaros in acute lymphoblastic 31 

leukemia and Helios in T cell leukemias and acute myeloid leukemia(4–6). Mutations in IKZF1 32 

gene encoding Ikaros have been shown to result in immunodeficiency with variable clinical 33 

phenotype depending on the mutation site(7–9). 34 

  35 

Helios expression is mostly limited to the T cell lineage but young Ikzf2 knockout mice show 36 

no clear immunological phenotype even though a large fraction of homozygous pups perishes 37 

for unknown reasons before weaning(10). Older Ikzf2-/- mice develop an autoimmune phenotype 38 

characterized by autoantibodies and dysregulated germinal center reactions(11, 12). Helios is 39 

highly expressed in both murine and human T regulatory cells (Tregs) and therefore most 40 

studies have focused on its role in peripheral immune tolerance. Helios stabilizes the non-41 

inflammatory phenotype of Tregs, possibly via STAT-5 mediated signaling and prevents IL-2 42 

production in Tregs by epigenetic silencing(13), (14). In selective knock-out models and 43 



human memory Tregs, Helios-negative Tregs produce more proinflammatory cytokines than 44 

their Helios-expressing counterparts(15, 16). However, the suppressive capacity of Tregs is not 45 

severely impaired in Helios-/- mice(12).  46 

 47 
In addition to the constitutively high expression of Helios in Tregs, the expression is also 48 

induced after TCR-mediated activation in both Tregs and effector T cells(17, 18). Other factors 49 

controlling the expression are unknown, but involvement of NF-κB transcription factor has 50 

been suggested(19). Studies on T cell exhaustion with LCMV murine infection model 51 

identified Helios as one of the most important transcription factors differentiating exhausted 52 

virus specific T cells from naive and memory cells(20, 21). It is thus evident that Helios has a 53 

significant role in regulating effector T cell activity during immune responses. 54 

 55 
Thus far, no germline IKZF2 variants have been described in humans with a primary 56 

immunodeficiency disease (PID). Here we describe a heterozygous IKZF2 loss-of-function 57 

variant in a single family, causing an immunodeficiency with increased immune activation and 58 

profound reduction of Mucosal associated invariant T (MAIT) cells. Affected patients have 59 

lymphadenopathy with dysregulated germinal centers and aberrations in antibody production 60 

reminiscent of the Helios knock-out mouse phenotype. Our results emphasize the importance 61 

of the Helios’ protein binding domains in mediating its functions in both effector and regulatory 62 

T cells.  63 



Results  64 

 65 
A novel IKZF2 variant associated with symptoms of immunodeficiency and immune 66 

dysregulation 67 

The index patient (patient 1), a 39 years old female, was referred to our immunodeficiency 68 

clinic due to chronic vulvovaginal Candida albicans infection, recurrent vulvar and oral 69 

mucosal aphtae, chronic lymphadenopathy, and recurrent upper respiratory infections (Table 70 

1). In initial examinations she was diagnosed with hypogammaglobulinemia and is now 71 

receiving immunoglobulin replacement therapy. Her father (patient 2), aged 63 years, has 72 

suffered from recurrent pneumonias, lichen planus, and oral thrush. He was diagnosed with 73 

Hodgkin’s lymphoma at the age of 35 and also had chronic lymphadenopathy without 74 

lymphoma relapse. More detailed case reports are supplied in the Supplemental clinical data.  75 

We performed whole exome sequencing (WES) for patients 1 and 2 but found no 76 

known PID-causing variants. Analysis of WES data filtered for rare variants shared by both 77 

patients (Table S1) identified a previously unreported heterozygous variant in IKZF2 78 

(chr2:213886829 G>T, NM_016260: c.C600A, p.Y200X) that introduces a premature stop-79 

codon in the sequence coding for the fourth DNA-binding zinc-finger of Helios (Figure 1A). 80 

Targeted capillary sequencing validated the variant in the two patients and found all other 81 

tested relatives homozygous for the reference allele. The combined annotation-dependent 82 

depletion (CADD) score for this variant was 38, which is well above the mutation significance 83 

cutoff of 3.313 for IKZF2 (Kircher et al 2014; Itan et al 2016). The position of this novel variant 84 

is highly evolutionary conserved (conservation score of 5.8, calculated using GERP++(22)) 85 

further supporting that the variant is damaging. Targeted capillary sequencing of the patient 86 

cDNA indicated that the transcript containing the premature stop codon is not eliminated by 87 

the nonsense mediated RNA decay and may produce a truncated protein product (Fig S1A). 88 

Based on these observations and previously reported functions of Helios in lymphocytes, we 89 



considered the IKZF2 c.C600A, p.Y200X (here on p.Y200X for short) variant the most 90 

plausible candidate for further studies. 91 

We evaluated the expression of Helios in patients and healthy controls performing 92 

immunoblot from both unstimulated and stimulated peripheral blood mononuclear cells 93 

(PBMC). The patients showed a marked reduction in total Helios protein already in 94 

unstimulated cells but we could not detect the p.Y200X truncated protein (Fig 1B, Fig S1B-95 

C). Also with flow cytometry, Helios mean fluorescent intensity was considerably lower in 96 

patients in both CD4+ and CD8+ T cells compared with both healthy controls and two unaffected 97 

relatives (index patient’s sister 38 yrs and cousin 44 yrs, both females) (Figure 1C, Fig S1E).  98 

Since Ikaros family members are known to form functional heterodimers between each 99 

other(3), we also quantified the expression of Aiolos and Ikaros in patients. Mean expression 100 

of Aiolos was higher in patients in total CD4+ helper T cells when compared with healthy 101 

controls (Fig 1D). However, this difference was explained by an expansion of fully mature T 102 

cells in expense of Aioloslow naïve cells in patients (Figure 2A). Mature CD4+ T cells expressed 103 

higher level of Aiolos also in healthy controls and the expression level in different CD4+ 104 

maturation stages was comparable between patients and controls (Fig S1G-I). No differences 105 

in Ikaros expression were detected (Figure 1D, Fig S1F). In summary, the novel IKZF2 variant 106 

resulted in diminished Helios expression in affected individuals with no differences in 107 

expression levels of other Ikaros family members.  108 

 109 
Truncating variant abolishes Helios’ interactions with Mi-2/NuRD complex components 110 

Since the variant's premature stop-codon prevented the translation from the second zinc-finger 111 

domain onwards, we reasoned that it most likely affects the variant’s protein-protein 112 

interactions. In order to determine possible changes in interactions we performed biotin 113 

proximity ligation (BioID,(23)) in generated stable cell lines, expressing Helios constructs with 114 

MAC tag(24). The variant p.Y200X lost protein-protein interaction with 48 proteins compared 115 



with wild-type Helios. Furthermore, interaction with 187 protein partners was significantly 116 

reduced compared to the wild-type Helios (Fig 1E and Table S2). Ikaros family members have 117 

a central role as part of the Mi-2/NuRD complex(25). The truncated Helios variant had reduced 118 

or lost interaction with 12 proteins involved in the Mi-2/NuRD complex, including the essential 119 

core proteins CHD3 and MTA1(26). 120 

Since Ikaros family members heterodimerize strongly with each other, we tested if the 121 

variant p.Y200X affected Helios’ dimerization with Ikaros and Aiolos. In a co-122 

immunoprecipitation assay the variant’s dimerization with both Aiolos and Ikaros was 123 

markedly impaired compared to the wild-type Helios (Fig 1F). 124 

We used the ClueGo clustering tool(27) to identify the biological processes that were 125 

affected by variant’s lost protein-protein interactions. The proteins with altered interaction with 126 

the truncated Helios had functions predominantly linked to DNA modulation and transcription 127 

(ClueGO_MF, Table S2), and transcriptional repressors (ClueGO_BP, Fig 1G, Table S2). The 128 

interactome analysis thus confirmed that the patient-derived IKZF2 truncating variant impaired 129 

key Helios protein-protein interactions. 130 

 131 
Increased T cell differentiation and augmented proinflammatory proteins in patients 132 

with the IKZF2 p.Y200X variant  133 

Immunophenotyping of T lymphocytes in the patients showed a decreased proportion of naïve 134 

CD8+ T cells with concomitant expansion of memory subsets. Especially the proportion of 135 

CD45RA+CCR7- T effector memory RA+ (TEMRA) cells was higher in patients (Table 1). In 136 

CD4+ cells similar, though less pronounced, bias towards memory phenotype was observed. 137 

Patients also had an increased number of activated CD38+HLA-DR+ cells ex vivo in both CD4+ 138 

and CD8+ T cell subsets (Table 1). In a more detailed flow cytometry immunophenotyping we 139 

could detect a skewing from naive T cells to effector memory - like phenotype that is also 140 

associated with T cell senescence (Fig 2A-B, Fig S2A).  141 



In order to decipher the origin of the chronic activation in patients’ T cells, we used a 142 

custom gene panel (50 genes linked to immune signaling and inflammasome activation) with 143 

Nanostring nCounter(28) to screen for gene expression profiles in the patients’ PBMCs ex vivo. 144 

Both patients had a marked upregulation of genes related to both type 1 and type 2 interferon, 145 

NF-κB, and JAK-STAT signaling (Fig 2C). Also a number of genes associated with 146 

inflammasome signaling were upregulated.  147 

Cytotoxic CD8+ T cells had the highest Helios expression of effector T cell 148 

populations analyzed (Fig S2C-D) so we decided to do RNA sequencing (RNASeq) on CD8+ 149 

T cells from patients and age and sex matched healthy controls. In differential expression 150 

analysis several immunoregulatory and functional genes had altered expression in patients, 151 

such as upregulation of SMAD7 and downregulation of CD101 (Table S3). Pathway analysis 152 

showed that IFN-γ and IL-1β downstream signaling pathways were markedly upregulated in 153 

patients (z-score 2.304, p=1x10-7 and Z-score 2.543 and P=6x10^-7 respectively, Table S4).  154 

RNASeq showed that expression of genes S100A8 and S100A9 were upregulated in 155 

patients’ CD8 positive T cells ex vivo when compared with age and sex matched healthy 156 

controls (Fig 2D, Table S3). These genes code for a heterodimer called calprotectin that is a 157 

strong proinflammatory alarmin molecule(29). To confirm the RNASeq result, we measured 158 

the total calprotectin level from patients´ sera. Patient 1 had 6.58 mg/l and patient 2 11.49 mg/l 159 

of total calprotectin in their serum, i.e. 1.2 and 2.1 times higher than the upper limit of reference 160 

values generated from healthy donors(30). The non-affected relatives had normal levels of 161 

calprotectin (1.95 and 3.72 mg/l).  162 

Calprotectin can activate inflammasome through TLR4 and induce IL-1β production 163 

from target cells (31). In RNASeq and NanoString several genes related to inflammasome 164 

activation were upregulated in patients. As a sign of inflammasome activation, IL-1β serum 165 

concentrations were elevated in both patients: 1.95 pg/ml for patient 1 and 0.59 pg/ml for 166 



patient 2. All healthy controls were below the detection level of 0.31 pg/ml (n=21). Analysis 167 

of culture media of unstimulated PBMCs revealed increased spontaneous secretion of IL-1β 168 

for patients, although less pronounced for patient 2 (Fig 2E). However, no clear differences in 169 

inflammasome activation or cellular death were detected in comparison with healthy controls 170 

when patients’ PBMCs were activated with LPS and combination of LPS and ATP (Fig S3).  171 

These data indicate that the patients with the heterozygous p.Y200X variant, display a 172 

proinflammatory transcriptional signature both in their PBMCs and cytotoxic T cells. The 173 

increased proinflammatory milieu was also reflected by elevated serum levels of potent 174 

proinflammatory proteins.  175 

 176 
Increased IFNγ and IL-2 signaling in T cells from patients with the IKZF2 p.Y200X 177 

variant  178 

Helios is upregulated in response to TCR activation and currently there are no other known 179 

signaling pathways that control Helios’ expression(17). With an anti-CD3/CD28 co-180 

stimulation on PBMCs in vitro, healthy controls showed a marked upregulation of Helios, 181 

especially in CD8+ T cells. Our patients, however, failed to upregulate Helios (Fig 3A, Fig 182 

S4A&B).   183 

  Next we performed RNASeq on purified T cells from patients and age-sex matched 184 

healthy controls after 24 hr stimulation with anti-CD3/CD28 antibodies. Whereas only 10 185 

genes were differentially expressed in the unactivated state (Fig S4D & Table S3), 103 genes 186 

showed differential expression after anti-CD3/CD28 stimulation including 16 downregulated 187 

and 87 upregulated genes (Fig S4E & Table S3). Analysis of sample pairs from the same 188 

individuals prior and after anti-CD3/CD28 stimulation also allowed us to compare 189 

transcriptional changes between groups in response to activation.  Pearson’s correlation 190 

coefficient between patients and controls was 0.8, showing that by-and-large both groups 191 

exhibit similar up- and downregulation of gene expression in response to anti-CD3/CD28 192 



stimulation (Fig 3B) and in patients most of the differentially upregulated genes either retain 193 

higher expression or are upregulated more after anti-CD3/CD28 stimulation compared to 194 

controls. 195 

In pathway analysis of differentially expressed genes after anti-CD3/CD28 activation 196 

both IFN-γ and IL-2 downstream signaling was upregulated in patients (z-score 2,129, p-value 197 

8x10^-10 and z-score 3,875, p-value 8x10^-13, respectively; Table S4). Also the T cell 198 

exhaustion transcriptional signature (z-score 0,813, p-value 1x10^-4) and NF-κB signaling 199 

pathway (z-score 1,342, p-value 0,005) were upregulated compared with healthy controls. 200 

When we cross-analyzed the protein partners whose interaction with the variant Helios was 201 

affected, we could detect changes in downstream signaling of several of Helios’ protein 202 

partners (Table S4). Taken together, the transcriptional landscape after anti-CD3/CD28 203 

stimulation in patients with the p.Y200X variant of IKZF2 compared with healthy controls 204 

indicated immune dysregulation of several major immune activation pathways.  205 

Both Nanostring analysis on PBMCs and RNASeq T cells ex vivo and after stimulation 206 

suggested increased IFNγ signaling. Analysis of chemokine receptor expression on memory T 207 

helper cells ex vivo also indicated a strong Th1 polarization as indicated by higher fraction of 208 

CCR6-CXCR3+ cells in patients (Fig S4G)(32). Another important pro-inflammatory cytokine 209 

controlled by Helios is IL-2(13), (14) so we analyzed the IFN-γ and IL-2 production in T cells 210 

after anti-CD3/CD28 stimulation. Increased proportion of IFN-γ -  and IL-2 - producing cells 211 

was observed in patients in response to anti-CD3/CD28 stimulation (Fig 3C&D, Fig S5). IL-2 212 

receptor alpha chain (CD25) expression levels were lower ex vivo in patients compared to 213 

controls (Fig 3E, Fig S4A). Low CD25 could result from downregulation of the IL-2 receptor 214 

in response to higher baseline level of IL-2. We also measured the soluble CD25 from patients’ 215 

sera and it was within reference values (Suppl Clinical data). The kinetics of activation marker 216 

expression after anti-CD3/CD28 stimulation on both CD4 and CD8 effector T cells were 217 



comparable between patients and healthy controls indicating that reduced Helios expression 218 

does not affect the overall expression of activation markers on T cells (Fig 3F&G, Fig S4). One 219 

patient had significantly reduced proliferative response of both CD4+ and CD8+ T cells to anti-220 

CD3/CD28 stimulation as measured by both CFSE assay and failed upregulation of Ki67 (Fig 221 

3F&G, Fig S4H). 222 

To summarize, reduced expression of Helios in effector T cells is associated with 223 

increased production and downstream signaling of proinflammatory cytokines in response to 224 

TCR stimulation.   225 

  226 

Patients with the IKZF2 p.Y200X variant have an increased proportion of T regulatory 227 

cells with a proinflammatory phenotype 228 

Helios expression is high in Tregs and it stabilizes Treg suppressive function in mice(11). In 229 

our patients, the proportion of circulating naive and activated Tregs was lower than in healthy 230 

controls or unaffected relatives (Fig 4A, Fig S6A). More detailed characterization of Tregs 231 

revealed a shift from naive Tregs to more mature phenotype in patients as in T cells in general. 232 

Proportion of recent thymic emigrant Tregs was also lower in patients (Fig 4B, Fig S6B). We 233 

could not, however, detect changes in the suppressive function of Tregs with in vitro 234 

suppression assay (Fig 4C). Patients’ Tregs had higher expression level of immunosuppressive 235 

protein receptor CTLA-4 and suppressive adenosine producing ectonucleotidase CD39 (Fig 236 

4D, Fig S6A-C).  237 

In vitro Treg suppression assays have several limitations and do not reflect all 238 

functional aspects of Tregs so we continued to do a FoxP3 TSDR methylation and 239 

transcriptome analysis of Tregs. We sorted CD127-CD25hi T cells from patients and age and 240 

sex matched healthy controls (Fig S5C). We analysed the FoxP3-TSDR methylation status 241 

from sorted Treg cells from P1 and the result indicated comparably high demethylation of the 242 



promoter region as in healthy controls (Fig S6D). In general, the changes in Treg transcriptome 243 

were less pronounced than in effector T cells and analysis might have been affected by the low 244 

number of Treg cells obtained from patients. As in effector T cells the IFN-γ and NF-κB 245 

signaling were higher in patients (z-score 2,271, p-value 9x10^-9, and z-score 1,623, p-value 246 

2x10^-4, respectively, Table S4). These most likely reflect the overall proinflammatory milieu 247 

in the patients. However, some Treg-specific changes could be seen. For example the 248 

paraprotein convertase Furin expression was higher in patient Tregs (Fig 4F). Furin has been 249 

reported to be important for the suppressive capacity of Tregs and it is upregulated in the 250 

activated Tregs(33, 34). Together, Furin, CD39, and CTLA-4 upregulation indicate that 251 

patients’ Tregs were more activated than in healthy controls (Fig S6C).  252 

Helios-deficiency has been reported to lead to proinflammatory cytokine production in 253 

murine Tregs (11)(14). After in vitro CD3-CD28 co-stimulation of freshly isolated T cells the 254 

patients’ Tregs had a higher proportion of IL-2 producing Treg cells but there was no clear 255 

difference for IFN-γ production (Fig 4E, Fig S5). Since diminished IL-2-STAT5 signaling has 256 

been linked to Treg instability in Helios-/- mice(11) we measured STAT5 phosphorylation in 257 

response to IL-2 stimulation. No differences were observed (Fig S6F). These data indicate that 258 

Tregs in patients with IKZF2 p.Y200X variant are skewed towards a more activated and mature 259 

phenotype.  260 

Finally, we wanted to study whether the increased IFN-γ and IL-2 signaling and 261 

production in patient effector cells would be secondary to aberrant Helios signaling in Tregs 262 

or a true effector cell - intrinsic effect. We knocked down Helios in healthy donor T cells using 263 

commercially available Helios silencing RNA (siRNA, Fig S7). After Helios-knockdown, in 264 

vitro activated Tregs more often produced IL-2 and IFN-γ (Fig. 4G, Fig S7A-B and D). When 265 

we analyzed the effector CD4 cells, the increase of proinflammatory cytokine producing cells 266 

was more pronounced (Fig. 4H, Fig S7D). Helios-knockdown also resulted in lower CD25 267 



expression (Fig. 4I). Due to the short stimulation, the increased production of proinflammatory 268 

cytokines cannot only result from defective Treg function but reflects an effector cell intrinsic 269 

effect of the lost Helios suppression.  270 

 271 
Dysregulated germinal center reactions and aberrant antibody production in patients 272 

with the IKZF2 p. Y200X variant 273 

Both patients’ clinical presentation with recurrent upper and lower respiratory infections 274 

suggested common variable immunodeficiency - like B cell pathology. Clinical 275 

immunophenotype of the B cells revealed an increased proportion of transitional B cells in both 276 

patients. Patient 1 also had a higher number of activated B cells, but a decreased amount of 277 

switched memory B cells and plasmablasts in line with hypogammaglobulinemia. Since Helios 278 

expression in B cells is low (Fig S1G and S2C&D) we reasoned the B cell defect could result 279 

from impaired T cell help to B cells. Supporting this assumption, Helios knockout mice have 280 

defective regulatory follicular T cells (Tfr) with accumulation of Tfh cells to the lymph node 281 

and aberrant germinal center formation(12). Moreover, in humans Helios has been suggested 282 

to have a role in the Tfh cell differentiation in vitro(19). To evaluate the role of Helios in human 283 

Tfh and Tfr cells we measured Helios expression in these subsets isolated from fresh lymph 284 

node samples obtained from organ donors. Helios expression in Tfr cells was comparable to 285 

non-follicular Tregs (Fig 5A&B, Fig S8A). In Tfh cells Helios expression was lower than in 286 

Tfr but higher when compared to non-follicular effector T cells (Fig 5A&B).  287 

In peripheral blood, T cells positive for the homing marker CXCR5 form a population 288 

enriched for circulating Tfh cells. Their number was markedly lower in patients’ peripheral 289 

blood (Fig 5C, Fig S8B) and we could not reliably detect circulating CD4+FOXP3+CXCR5+ 290 

regulatory follicular T cells from patients while in controls they accounted for 0,23 (+/- 0,11) 291 

% of CD4+ cells.  292 



Since Tfh cells carry out their effector functions in lymph nodes we performed 293 

immunohistochemical analyses on archival resected lymph nodes from both patients. The 294 

lymph nodes were removed due to persistent lymphadenopathy and were non-malignant. 295 

Pathologic-anatomic diagnosis on both was follicular hyperplasia, a common unspecific 296 

finding in a variety of diseases, including autoimmunity.  In a more detailed 297 

immunohistochemical analysis both patients had increased CD3+ cellularity in the perifollicular 298 

region. These cells expressed high levels of Bcl6 and PD1 so they most likely represent an 299 

accumulation of Tfh cells in the perifollicular region around the germinal centers (Fig 5D). We 300 

also detected an increased proliferative activity as indicated by the high Ki67 labeling index.  301 

The lack of circulating Tfh cells and accumulation of Tfh-like cells in the light zones 302 

of the lymph nodes suggest a dysregulated germinal center reaction that often leads to 303 

production of autoantibodies. Both patients were at the time of clinical examination negative 304 

for anti-nuclear autoantibodies and anti-thyroid autoantibodies even though both had 305 

hypothyroidism (Suppl Clinical Data). We next measured neutralizing autoantibodies against 306 

cytokines that have been reported in a number of immune dysregulatory 307 

conditions(35).  Patient 2 had high titers of antibodies against multiple cytokines, especially 308 

type 1 interferons (Fig 5E). This anti-cytokine autoantibody profile was reminiscent of what is 309 

commonly seen in APECED patients(36) which is a syndrome of severe immune 310 

dysregulation. Patient 1 had hypogammaglobulinemia and also her pneumococcal vaccine 311 

responses were impaired (Table 1 & Suppl Clinical Data) so autoantibody measurements were 312 

unreliable. Anti-cytokine antibody titers against few cytokines were slightly higher in patient 313 

1 sera compared to controls but not in the magnitude exhibited by patient 2 (Fig S8B).  314 

We can conclude that patients with heterozygous p.Y200X variant in IKZF2 had 315 

abnormal antibody findings - hypogammaglobulinemia and anti-cytokine autoantibodies - 316 

together with signs of T follicular helper cell dysregulation in the lymph nodes.  317 



 318 
     MAIT cells are reduced in circulation and in gut epithelium of patients with the IKZF2 319 

p.Y200X variant 320 

Innate lymphoid cells including Natural Killer cells (NK) have been reported to express 321 

HELIOS(37) but NK cell immunophenotyping from the patients did not show any significant 322 

perturbations in NK cell subpopulations (Fig S9). MAIT cells are innate like T cell subset 323 

contributing to bacterial defense on mucosal surfaces and have a high expression level of 324 

Helios(38). MAITs also recognize fungal metabolites in vitro but their role in fungal defence 325 

in vivo is unclear(38). Since both patients had mucosal Candida albicans infections and 326 

recurrent bacterial infections, we next decided to analyze their MAITs. In comparison to 327 

healthy controls and unaffected relatives, the number of Vα7.2+CD161hi T cells in circulation 328 

was markedly reduced in patients (Fig 6A-B). The small number of Vα7.2+CD161hi T cells 329 

detected in patients also had lower Helios expression than healthy controls (Fig 6C). MR1 330 

tetramer loaded with 5-(2-oxopropylideneamino)-6-D-ribitylaminouracil (5-OP-RU) is 331 

specific for the invariant TCR found in majority of MAITs(39). Only 84% of patients’ 332 

Vα7.2+CD161hi cells were positive for 5-OP-RU loaded MR1 tetramer compared to 97% in the 333 

controls (Fig 6D, Fig S10A). Also, the proportion of CD8+CD4- MAITs, proposed to represent 334 

a more active phenotype(40), was lower in patients while the expression of activation and tissue 335 

retention marker CD69 was higher in patients’ MAITs (Fig 6D, Fig S10A). 336 

Reduced MAIT number in the blood can be caused by their recruitment to sites of 337 

inflammation in the periphery as seen in e.g. inflammatory bowel diseases(41). Both of our 338 

patients had unspecific gastrointestinal complaints but no diagnostic findings were made in the 339 

endoscopies. We measured MAITs by flow cytometry from intestinal biopsies taken during 340 

clinically indicated esophagogastroduodenoscopy  (both patients) and a colonoscopy (patient 341 

1). The proportion of Vα7.2+CD161hi MAIT cells isolated from mucosal biopsies of patients 342 

was not higher when compared with samples obtained from organ donors (Fig 6E-F, Fig S10B). 343 



Therefore, the low proportion of MAITs in circulation appeared not to be a result of an 344 

increased accumulation to the gut mucosal sites. 345 

The role of HELIOS expression in MAITs is unknown. MAITs develop in the thymus 346 

as a minor population. They expand and acquire effector memory - like phenotype quickly after 347 

egressing from the thymus(42). We wanted to evaluate at which stage of their development 348 

and function MAITs start to express high levels of Helios. We analysed the expression of 349 

Helios in developing MAITs isolated from thymic samples (n=4) acquired from children 350 

undergoing cardiac surgery. As reported before, the percentage of developing MAITs was low 351 

and only 0,025% (+/-0,015%) of thymocytes were positive for the MR1-5-OP-RU-tetramer. 352 

The majority of MR1-tetramer positive thymocytes expressed Helios (93,5% +/- 5,6%, Fig 353 

S10C&D). Next, we used stimulation with E. coli and C. albicans on PBMCs(43) from healthy 354 

donors to measure if Helios is involved in the peripheral activation of MAITs. Unstimulated 355 

MAITs were already predominantly Helios positive but both microbial stimulations caused a 356 

robust upregulation of Helios in MAITs (Fig 6G). We can therefore conclude that Helios is 357 

expressed both during the thymic development of MAITs and their activation in the periphery.  358 



Discussion 359 

 360 
Here we describe a novel immunodeficiency with signs of immune dysregulation caused by 361 

heterozygous germline loss of function mutation in IKZF2 coding for the transcription factor 362 

Helios. The truncating mutation found in this single pedigree profoundly changed the ability 363 

of Helios to interact with proteins of the NuRD complex and other members of the Ikaros 364 

family. Affected patients had a reduced level of Helios expression in their peripheral T cells 365 

and specific immunophenotypic changes in T cell populations expressing high levels of Helios, 366 

especially MAIT cells. The immunophenotype segregated in the pedigree with the carriers of 367 

the loss-of-function IKZF2 variant.  368 

Protein interactome analysis of the truncated protein variant showed that it lost 369 

interaction with key components of the NuRD complex, the protein complex in which Ikaros 370 

family members are involved in chromatin remodelling(3). RNAseq of stimulated primary 371 

patient lymphocytes confirmed altered gene expression directly downstream of some of the 372 

transcription factors identified with the interactome analysis. For example, downstream 373 

signaling for histone acetyltransferase EP300, that we found to interact only with wild type but 374 

not with the variant protein, was altered in all three RNAseq conditions (Tables S2&S4). Based 375 

on our findings, the interactions with the NuRD complex are essential for Helios’ function.  376 

Helios acts mainly as a transcriptional repressor in lymphocytes(3, 4). In accordance 377 

with this, we detected increased proinflammatory signaling and production of proinflammatory 378 

cytokines and proteins in the carriers of the p.Y200X variant. The chronic overactivation of the 379 

immune system is most likely the cause for the patients’ activated mature T cell - skewed 380 

immunophenotype. Our detailed analysis of patients’ immune system concurs with earlier data 381 

acquired in murine models, but also offers new insight into the role of Helios in regulating 382 

immune responses. Helios represses IL-2 production(14). In our patients, we saw enhanced IL-383 

2 production from both effector and regulatory T cells and could replicate that finding with 384 



Helios knockdown in primary T cells. Also the transcriptome analysis of T cells indicated 385 

increased IL-2 signaling. Interestingly, patients’ cytotoxic T cells produced higher amounts of 386 

calprotectin, which is an alarmin molecule responsible for e.g. sterile inflammasome activation. 387 

Calprotectin is used in various clinical settings to evaluate subclinical systemic 388 

inflammation(44). Concomitantly the patients had increased levels of IL-1β cytokine, 389 

reflecting the inflammasome activation.  390 

The studies on the role of Helios in controlling immune responses have mainly 391 

concentrated around its effects on regulatory T cells.  Selective Helios knockdown with the 392 

Foxp3 promoter is sufficient to induce autoimmunity in mice(11, 12). On the other hand, in 393 

Helios-/- mice suppressive capability of Tregs in vitro is intact and their in vivo function is only 394 

mildly impaired(12, 45). Our patients had only mild autoimmune manifestations. The Treg in 395 

vitro suppression assay did not indicate any reduction in suppressive capacity but especially 396 

when done in a single effector:Treg ratio the limited sensitivity of the assay should be taken 397 

into account, as subtle changes in suppressive function might remain undetected. Moreover, 398 

patients’ Tregs were skewed towards a more mature immunophenotype with high CTLA-4 399 

expression and signs of activation, which could indicate some compensatory mechanisms 400 

making up for the reduced Helios expression. Helios has been suggested to stabilize the 401 

suppressive phenotype of Tregs(14) and a loss of Helios could cause Treg conversion to 402 

effector T cells(15). Patients’ Tregs  had a more inflammatory phenotype with increased IL-2 403 

production and lower FoxP3 and Helios expression, which is characteristic of unstable 404 

Tregs(15, 46). Selective knockout of Helios from human fetal induced Tregs also resulted in a 405 

similar phenotype (13). Our results confirm earlier reports that Helios has a limited role in 406 

stabilizing human Tregs.  407 

Germline knockdown of Helios or selective knockdown of Helios with Foxp3 promoter 408 

increases germinal center formation and accumulation of Tfh and germinal center B cells in 409 



lymph nodes(12). In patients’ lymph nodes we could see an accumulation of perifollicular T 410 

cells that are considered the precursor population for mature Tfh cells. Similar increase of Tfh 411 

cells in lymph nodes after immunization was evident in Helios heterozygous mice(12). 412 

Circulating PD1hiCXCR5+ Tfh cells are fully mature memory cells that have exited from the 413 

germinal centers(47). In our patients, the circulating CXCR5 positive Tfh cells were almost 414 

undetectable. It is thus possible that Helios is required for the terminal Tfh differentiation 415 

within the germinal center. Another plausible explanation is that Helios is somehow involved 416 

in the Tfh egress to circulation. 417 

One other defining feature of our patients was the marked reduction in the number of 418 

MAITs in the peripheral blood. This could be a result of increased homing of MAITs to 419 

mucosal tissues but analysis of mucosal biopsies from the patients detected only a small 420 

fraction of MAITs. Both patients suffered from recurrent mucosal bacterial and C. albicans 421 

infections complicated with aphtae. We speculate that the loss of MAITs from mucosal 422 

surfaces, where they should be a relatively abundant innate effector cell population, could play 423 

a role in these clinical symptoms(48). Deficiency of Helios could also harm the MAIT 424 

development in the thymus or their peripheral activation and expansion. Since the patients had 425 

so few MAITs we could only perform experiments on MAIT biology in cells from healthy 426 

donors. Based on our findings in the healthy human thymus we can conclude that Helios is 427 

highly expressed already in developing MAITs. However, Helios expression was also high in 428 

mature effector MAITs and even further upregulated after microbial stimulation. Thus, 429 

although our data is inconclusive on at which stage the loss-of-function variant in IKZF2 could 430 

affect the MAIT numbers, our data supports a non-redundant role for Helios in MAITs. An 431 

alternative explanation is that the chronic inflammation in patients caused the MAIT cell 432 

depletion. MAIT cell numbers have been shown to have an inverse correlation with levels of 433 

innate proinflammatory cytokines in various inflammatory conditions(49, 50). The patients 434 



also had excessive IFN-γ responses that might also contribute to mucosal candidiasis as was 435 

recently suggested to be the case in patients with APECED (51). 436 

Clear limitation of our study is the small number of patients from a single family. This 437 

is bound to affect e.g. RNASeq analyses since some of the differences we detected could be 438 

caused by other inheritable factors than the IKZF2 variant. However, our results from these 439 

two patients recapitulate the main findings from Helios knock-out mice – IL-2 producing Tregs 440 

and dysregulated germinal centers. In addition to Helios’ known effects on the immune system, 441 

we show that Helios has a previously underappreciated role in the MAIT cell lineage. Further 442 

studies are needed to understand what the functional significance of Helios is both in the control 443 

of germinal center reactions and MAITs.  444 

Studies on patients with mutations in IKZF1 encoding Ikaros indicate that the clinical 445 

sequela of Ikaros mutation is determined by the mutation site. Heterozygous missense 446 

mutations in Ikaros cause CVID-like immunodeficiency with progressive loss of B cells in the 447 

circulation with a variable penetrance of the clinical disease(7). Dominant negative mutations 448 

in Ikaros lead to an early onset combined immunodeficiency phenotype with disturbed T cells 449 

effector maturation and dysfunctional monocytes(8). Mutations of Ikaros that disrupt the 450 

dimerization function at the C-terminal end, as IKZF2 p.Y200x does for Helios, result in 451 

reduced sumoylation and protein stability(9). Our data suggests that a similar mechanism might 452 

be at play for the IKZF2 p.Y200X variant. While the variant was translated to RNA (Fig S1A) 453 

and the truncated protein was readily produced in a cell line, we were unable to detect the 454 

truncated protein from primary patient cells. This could result from decreased protein stability. 455 

BioID indicated that interactions of several proteins involved in sumoylation, such as SUMO2, 456 

were decreased for the p.Y200X variant compared to wildtype Helios.  457 

Finally, the clinical features of dimerization disruptive IKZF1 variants include among 458 

others hematologic malignancies, B cell lymphopenia, and hypogammaglobinemia, but only 459 



mild immunodeficiency (9) - a phenotype which is not dissimilar to our small sample of 460 

patients. In contrast, Shahin et al. in this same issue show that homozygous missense mutation 461 

in Helios leads to combined immunodeficiency with hypofunctional T cells. These variable 462 

immunological presentations highlight the complex roles Ikaros family of transcription factors 463 

including Helios have as activators and repressors of transcription in T cells and rest of the 464 

immune system.  465 

466 



Materials and methods 467 

  468 

Study design 469 

Two patients with a previously uncharacterized immunodeficiency were identified in immune 470 

deficiency clinic. WES identified a heterozygous variant in IKZF2 that introduces a premature 471 

stop-codon and we validated deleterious effects of the variant with protein interaction analyses. 472 

We evaluated the impact of the Helios variant with extensive characterization of the patients’ 473 

immune system including effector T cells, Tregs, follicular T cells, MAITs, B cells, and 474 

inflammasome activation from patients’ primary samples from both blood and tissue. 475 

 476 
Study subjects and samples 477 

The study was conducted according to the principles of the Declaration of Helsinki. The study 478 

was approved by the ethics committee of Helsinki University Hospital (138/13/03/00/2013 and 479 

HUS/747/2019) and written informed consent was obtained from participants. The control 480 

group for blood samples consisted of 25 healthy individuals aged 24-66 (mean 46) years, 14 of 481 

them female. In addition samples were acquired from two relatives of the patients without 482 

mutation in IKZF2 gene (index patient’s sister 38 yrs and cousin 44 yrs, both females). The 483 

number of controls varied among experiments and it is indicated either in the figures or in the 484 

text. In experiments containing less than 10 healthy controls the controls were sex and age 485 

matched. 486 

Patients’ clinical T- and B- cell phenotype, total blood count, immunoglobulin levels, 487 

complement activity and anti-tetanus and -diphtheria antibodies were evaluated by clinically 488 

validated test in Tampere University Hospital’s clinical laboratory Fimlab (Tampere, Finland). 489 

Samples from duodenum and colon were acquired from the patients during diagnostic 490 

endoscopy. Lymph node samples from patients were archival diagnostic samples. Control 491 

tissue samples were obtained from organ donors: duodenum from four individuals (34-69 492 



years, 2 female) and colon from one individual (43 years old female), and lymph node samples 493 

for characterization of follicular T cells (age 19-41, all male). Samples of the human thymus 494 

were obtained from four children undergoing cardiac surgery (aged 15, 18 and 18 days and 15 495 

years, 3 female). 496 

  497 

DNA extraction and sequencing  498 

Genomic DNA was extracted from EDTA blood with the Qiagen FlexiGene DNA kit (Qiagen) 499 

or from Oragene OG-575 saliva collection kit with the prepIT-L2P kit (DNA Genotek). For 500 

RT-PCR, RNA was extracted with the Qiagen miRNeasy kit (Qiagen) from freshly isolated 501 

PBMCs, and reverse transcribed into cDNA using SuperScript™ VILO™ cDNA Synthesis Kit 502 

(ThermoFisher). Exome and capillary sequencing were performed at the sequencing core 503 

facility of the Institute for Molecular Medicine Finland (FIMM). Exome libraries were 504 

generated using the Clinical Research Exome (Agilent Technologies) or the Nextera Flex 505 

(Illumina) capture kits, and sequencing was performed with 101 bp read length on the 506 

HiSeq1500 or the NovaSeq6000 Sequencing Systems (Illumina), respectively. Read mapping 507 

and variant calling were performed with an in-house pipeline. Variant annotation was 508 

performed with ANNOVAR(52). Variant data was filtered following a dominant inheritance 509 

model as described in Table S1. For frequency filtering, we utilized population level variant 510 

frequency data from the Genome Aggregation Database (gnomAD)(53) and 1000 511 

genomes(54). Recurrent sequencing artefacts and bad quality variants were excluded based on 512 

in-house data and visual inspection of reads on the Integrative Genomics Viewer(55). 513 

Candidate variants were validated by targeted PCR by DreamTaq Green PCR Master Mix 514 

(ThermoFisher) and capillary sequencing on the ABI3730XL DNA Analyzer (Applied 515 

Biosystems). All primers used for PCR and capillary sequencing are listed in Table S5.  516 

 517 
Immunoblot  518 



PBMCs were thawed and either left in media (RPMI+10% FBS+PS+L-glut) overnight, or 519 

immediately stimulated with 1 µg/ml anti-CD3 and anti-CD28 (eBioscience/ThermoFisher) 520 

and 10 ng/ml IL-2 in 37 C incubator for 3 days, after which culture was continued for 7 d 521 

samples in media with IL-2. 522 

  523 

Whole cell protein was extracted by lysis of PBMCs in RIPA-buffer with Pierce protease 524 

inhibitor (Thermo Scientific). 4 µg of whole protein extracts were run on 15-well 4-15% Mini-525 

PROTEAN® TGX™ precast protein gels and blotted onto LF-PVDF membranes with the 526 

Trans-Blot Turbo Transfer System (Bio-Rad). Blot was probed by anti-Helios and secondary 527 

HRP antibodies (Table S5) and detected with ECL reagents (Advansta, Pierce) on the 528 

ChemiDoc™ MP Imaging System (Bio-Rad). For loading control, total protein was stained 529 

with No-Stain™ Protein Labeling Reagent (Invitrogen). Total protein stain lane intensity was 530 

detected and Helios band intensity was normalized to total protein stain using ImageLab 6.0 531 

(Bio-Rad).  532 

 533 

Protein-protein interaction analysis 534 

Biotin proximity ligation assay was done with stable cell lines, generated from Flp-In™ T-535 

REx™ 293, expressing Helios constructs with N-terminal MAC tag ((24). Cell line generation, 536 

sample preparation and mass spectrometry was done as previously described(24), with the 537 

exception of using 1% N-dodecyl maltoside instead of 0.5% IGEPAL in the lysis and wash 538 

buffers. 539 

Peptides with a false discovery rate (FDR) of <0.05, were exported from the peptides detected 540 

with mass spectrometry. Identified proteins were compared against the Contaminant repository 541 

for affinity purification database(56). Only interactions with <20% frequency and 2-fold higher 542 



abundance, compared to the corresponding protein values in the controls database, where 543 

classified as high-confidence interactions. The Cytoscape software platform (57) was used to 544 

visualize the high-confidence protein-protein interactions. ClueGo plugin (27) was utilized for 545 

clustering of biological processes the identified proteins contributed to. 546 

 547 
Co-immunoprecipitation 548 

6*10^5 HEK293 cells were co-transfected with 1 μg of either HA tagged wild type IKZF2 or 549 

C600A IKZF2 and V5 tagged IKZF1 or IKZF3. 24h after transfection, cells were washed with 550 

cold PBS, lysed on ice for 15 min in 1 ml of ice-cold lysis buffer (0.5% IGEPAL, 50mM HEPS, 551 

5mM EDTA, 150mM NaCl, 50mM NaF pH 8.0 supplemented with 1mM DTT, 1mM PMSF, 552 

1,5mM NaVO4, 1x Sigma protease inhibitor cocktail). Lysates were centrifuged 16 000g, +4°C 553 

for 15 min to remove insoluble debris. 20 μl of supernatants were taken into fresh tubes with 554 

20 μl 2x laemmli sample buffer and incubated at 95°C for 5 min (lysate sample). 950 μl of 555 

supernatants were moved to new tubes with 30 μl of washed anti-HA beads (A2095, Sigma), 556 

and incubated 2h on rotation in +4°C. Beads were spinned down and the supernatant was 557 

discarded. The beads were washed three times with 1 ml of ice-cold lysis buffer. The 558 

immunoprecipitated proteins were eluted with a 2x laemmli sample buffer and incubated at 559 

95°C for 5 min and the beads were spinned down (Co-IP sample). 560 

 561 
Co-immunoprecipitation (10 μl) and lysate (5 μl) samples were loaded on precast SDS-PAGE 562 

gels (any kD gel with 15 wells, Mini-Protean TGX, Bio-Rad) and transferred onto 563 

nitrocellulose membrane (NBA085C001EA, PerkinElmer) with semi-dry transfer (Trans-blot 564 

SD semi-dry transfer cell, Bio-Rad). The membranes were blocked with 5% milk – in 0.05% 565 

Tween – TBS. Primary antibodies were detected with a secondary antibody coupled to HRP 566 

(Table S5). ECL reaction (RPN2232, Amersham) was developed on photographic films (Super 567 

RX-N, Fuji X-ray films). 568 



 569 
Sample preparation  570 

Blood was drawn into Li-heparin Vacutainer tubes (BD Biosciences), plasma was separated by 571 

centrifugation, and PBMCs isolated using Ficoll-Paque (GE Lifesciences) gradient 572 

centrifugation. The cells were cryopreserved using CTL-Cryo ABC (CTL) kit. Cryopreserved 573 

samples were used unless otherwise stated. 574 

Immune cells from fresh tissues were extracted within a maximum of 6 hours of operation and 575 

analyzed subsequently. The duodenal samples were transported in full media on ice, cut in 576 

small pieces, rinsed with PBS and incubated in 5 mL of enzyme solution (RPMI containing 15 577 

mM HEPES, 0.25 mg/mL of DNAse I and 0.25 mg/mL of collagenase II) on a magnetic shaker 578 

in +37°C water bath for 20-30 min. The tissue digest was filtered with a 100 micron filter and 579 

washed first with cold PBS containing 10% FCS or human AB media. Lymphocytes from 580 

lymph nodes and thymocytes from thymic resecates were released with mechanical 581 

homogenisation. All single cell sample solutions were washed 2 times with a staining buffer 582 

(PBS containing 2% FCS and 2 mM EDTA) before use in downstream applications. 583 

  584 

Flow cytometry 585 

For staining of surface antigens fresh or thawed cells were incubated 30 minutes at +4c with 586 

antibodies and with Live/dead Fixable Green Dead Cell Stain (at dilution of 1:500; 587 

ThermoFisher) that were diluted in in Brilliant Stain Buffer (BD Bicoscience). When 588 

applicable the cells were incubated with MR-1 tetramer (1:2500) in +37c for 45 minutes and 589 

washed before continuing to other surface markers. After surface staining for detection of 590 

transcription factors and Ki67 the cells were permeabilized with FoxP3 transcription factor 591 

staining set (eBioscience) and of intracellular cytokines with Fixation/Permeabilisation 592 

Solution kit (BD Bioscience) as instructed by manufacturer. The samples were run using LSR 593 

Fortessa (BD Biosciences) and analyzed with FlowJo (BD Biosciences, LLC). The gating was 594 



mostly done using biological negative populations but fluorescence minus one controls were 595 

also used when applicable. The antibodies used in the study are shown in Table S5. Optimal 596 

concentration for antibodies was titrated with live PBMCs.  597 

  598 

Cell separation 599 

Purification of CD3+ T cells or CD8+ T - cells from freshly isolated PBMCs was done with Pan 600 

T cell or CD8 Microbead isolation kit using LS Columns (both Miltenyi Biotec). Purity 601 

of  CD3+ cells was on average 97 (+/-1,2)% purity and CD8s 93 (+/-5,1)%. CD4+CD25+CD127− 602 

cells were sorted from freshly isolated PBMC with BD FACSAria II instrument (BD 603 

Biosciences). Prior sorting CD4 cells were enriched with Human CD4+ T Cell Enrichment 604 

Cocktail (Stemcell Technologies) when isolating CD4+CD25+CD127− for suppression analysis. 605 

  606 

IL-2 induced STAT5 phosphorylation 607 

Thawed PBMCs were allowed to recover for 16 hours in complete medium and seeded at 608 

150,000 cells per well in 96-well plates at a volume of 100 μL in complete medium. After 30 609 

minutes of incubation at 37°C, cells were stimulated with IL-2 (200 U/mL for 7.5, 15 or 30 610 

minutes and fixed for 10 minutes at 37°C with prewarmed 2% paraformaldehyde. Cells were 611 

washed twice and permeabilized with prechilled (-20°C) BD Phosflow Perm Buffer III (BD 612 

Biosciences) as instructed by the manufacturer.  613 

Evaluation of Treg suppressor capacity  614 

CD4+CD25+CD127− Treg cells were incubated for 6 days with carboxyfluorescein diacetate 615 

succinimidyl ester–labeled autologous responder T cells in ratio of 1:1. Anti-CD3/anti-CD28 616 

beads (Life Technologies) were used as stimulus. CD4+ cells were analyzed and the suppression 617 

percentage was calculated with the following formula: 100 − ([% proliferation in presence of 618 

Treg/% proliferation in absence of Treg] × 100).  619 



  620 

T cell activation cultures 621 

TCR activation for freshly isolated cells in vitro was done in flat-bottom plate coated with 622 

unconjugated CD3- and CD28-antibodies (Immunotools) and cells were cultured in CTL test 623 

media (Immunospot). After overnight stimulation Brefeldin A (BD Biosciences) was added for 624 

the last 6 hours of stimulation after which the cells were collected for intracellular cytokine 625 

staining. Similar stimulation without brefeldin was done for RNASeq. After 24h stimulation 626 

cells were collected for RNAseq and stored at -80c before analysis.  627 

MAIT cell stimulation with E. coli and Candida albicans was done as previously 628 

described(43). Briefly, microbes were fixed with CellFIX (BD Biosciences) and added to the 629 

cell culture in concentration of 6 x106 CFU for E. coli and 3 x106 CFU for C. albicans. 630 

Unconjugated anti-CD28 antibody was added after one hour of culture with the fixed microbes. 631 

Cells were incubated for a total of 24 hrs. For a positive control, a commercial PMA/ionomycin 632 

preparation was used (Leukocyte Activation Cocktail, with BD GolgiPlug™, BD Biosciences) 633 

for six hours.   634 

 635 
siRNA Knockdown of Helios  636 

Freshly purified CD3+ T cells from 4 healthy donors were transfected following the 637 

Amaxa™ 4D-Nucleofector™ Protocol for Unstimulated Human T Cells. T cells with 0.75 uM 638 

of AllStars Negative Control siRNA (Qiagen) or the FlexiTube GeneSolution Helios-targeted 639 

siRNA (Qiagen, Cat: SI00779044). Straight after, the cells were stimulated using Dynabeads™ 640 

Human Activator CD3/CD28 for T Cell Expansion and Activation (ThermoFisher) at a 1:2 641 

ratio of beads to cell, for 24hs and Brefeldin A for last 6 hours for cytokine staining. Samples 642 

with over -0.8 log2 fold change reduction in IKZF2 expression as measured by Nanostring 643 

were qualified for further analysis (n=3) (Fig S7E). 644 

 645 



NanoString analysis of patient PBMCs   646 

RNA extraction was performed with RNeasy Mini Kit (Qiagen Hilden) as instructed by 647 

manufacturer from snap-frozen PBMCs, and 100 ng RNA in 5 µl volume was taken for 648 

NanoString gene expression analysis (NanoString Technologies). Our custom gene set 649 

consisted of 45 genes targeting IFN-regulated genes, JAK/STAT and NF-κB signaling related 650 

genes. Also five housekepping genes were included in the analysis. Further details of the code 651 

set, hybridization, scanning and data analysis are described elsewhere(28). 652 

 653 
3’ RNA-seq  654 

RNA extraction was done with Qiagen miRNeasy Micro Kit (Qiagen Hilden). Quality and 655 

quantity of the extracted RNA samples was analyzed with 2100 Bioanalyzer using RNA 6000 656 

Pico Kit (Agilent, Santa Clara, CA, USA). Single-indexed mRNA libraries were prepared with 657 

minimum input of each sample with QuantSeq 3’ mRNA-Seq Library Prep Kit FWD (Lexogen 658 

Gmbh) according to user guide version 015UG009V0240 or 015UG009V0220. For CD3+ and 659 

Treg samples, globin mRNAs were removed from samples with Globin Block Module 660 

(Lexogen) and 6 bp Unique Molecular Identifiers (UMI) introduced with UMI Second Strand 661 

Synthesis Module (Lexogen) for detection and removal of PCR duplicates. Quality of libraries 662 

was measured using 2100 Bioanalyzer DNA High Sensitivity Kit (Agilent). Sequencing was 663 

performed with HiSeq 2500 System (Illumina) in high output run mode using v4 chemistry. 664 

Read length for the paired-end run was 2x101 bp and target coverage of 5 M reads for each 665 

library.  QuantSeq 3’ mRNA-Seq Integrated Data Analysis Pipeline on Bluebee® (Lexogen 666 

Gmbh) was used for preliminary quality evaluation of the RNA sequencing data and to obtain 667 

gene specific read counts. Data were analyzed utilizing Chipster v3.14 (58). Differential 668 

expression analysis was done using EdgeR for multivariate experiments either with 1 main 669 

effect (disease status in analysis of non-treated samples) or with two main effects (disease 670 

status and sample pairs in treated vs. untreated analysis) with TMM-normalization using Log2 671 



transformation. Genes with <5 counts in <2 samples were removed from analyses. An adjusted 672 

p-value (FDR) of 0.05 was used as a limit for significantly differentially expressed genes. 673 

Correlation and volcano plots were generated using the ggplot2 package in R. Pathway analysis 674 

was done with Ingenuity Pathway Analysis (QIAGEN).  675 

Inflammasome activation 676 

Thawn human PBMCs were suspended in RPMI 1640 (Biowhittaker/Lonza) media, 677 

supplemented with 25 mM HEPES (Lonza), 100 U/ml penicillin and 100 µg/ml streptomycin, 678 

L-glutamine and 10% fetal calf serum (all from Gibco) and incubated o/n at +37°C. The cells 679 

were first stimulated with 1 µg/ml LPS (Sigma) for 4 hours and thereafter the NLRP3 680 

inflammasome was activated by using 5 mM neutralized ATP (Sigma) for 45 min. 681 

ELISA kit for IL-1β (high sensitivity, ThermoFisher) was used as instructed by the 682 

manufacturer to quantify cytokine concentrations from serum. Serum calprotectin levels were 683 

measured with clinically validated test in HUSLAB (Helsinki University Hospital, Helsinki, 684 

Finland). The mature, cleaved form of IL-1β was measured from cell culture supernatants using 685 

Human IL-1β/IL-1F2 DuoSet ELISA (R&D Systems). Cell death was analyzed from the cell 686 

culture supernatants using lactate dehydrogenase detection kit (Roche Diagnostics).  687 

 After inflammasome activation, total cellular RNA was purified using RNeasy Plus 688 

Mini kit (Qiagen), followed by cDNA synthesis with iScript kit (BioRad). Quantitative PCR 689 

was performed from 5 ng of cDNA per reaction using HOT FIREPol Evagreen qPCR 690 

SuperMix (Solis BioDyne) and LightCycler96 instrument (Roche). See Table S5 for the primer 691 

sequences. Relative gene expression was calculated using the 2(-ΔΔCt) method using RPLP0 692 

and CASC3 as the housekeeping genes. 693 

 694 
TSDR methylation analysis 695 



Methylation status of the FoxP3 TSDR was done as previously described(59). For short, 696 

genomic DNA was isolated using the QIAsymphony system (Qiagen). Bisulfite conversion of 697 

nonmethylated cytosine residues to uracil was done using the EZ DNA Methylation Gold Kit 698 

(Zymo Research, Irvine, CA), according to the manufacturer’s instructions. Demethylation 699 

status of the TSDR (Treg specific demethylated region) was determined by amplifying it with 700 

methylation-status sensitive primer/probe sets using the Bio-Rad iCycler real-time quantitative 701 

PCR instrument, as previously described (60). The data are shown on a relative scale as change 702 

of Ct: ΔCt = Ct (demethylated DNA) – Ct (methylated DNA). 703 

 704 
Histology 705 

The immunohistochemistry stainings of lymph node biopsies were performed in HUSLAB 706 

Pathology Department (Helsinki University Hospital, Helsinki, Finland) with clinically 707 

validated antibodies and protocols.  708 

  709 

Auto-antibodies  710 

Autoantibodies were measured as previously described with luciferase immunoprecipitation 711 

analysis(36). 712 

713 



Legends 714 

Fig 1. Truncating variant of IKZF2 disrupts the protein-protein interactions of Helios.  715 

(A) Schematic representation of Helios protein. Blue arrow indicates the Y200X variant. (B) 716 

Immunoblot showing abundance of Helios in patients and healthy controls, respectively, in 717 

unstimulated PBMC and in PBMC after 3 and 7 days of anti-CD3-CD28 stimulation 718 

supplemented with IL-2. Band intensities were normalized to total protein stain intensity (Fig 719 

S1B) and relative values calculated by dividing with the average of the unstimulated controls. 720 

We validated that our antibody detects p.Y200X truncated protein (Fig S1C), but could not 721 

detect any from patient cells.  (C) Helios expression in CD4+ and CD8+ T cells in patients 722 

compared to healthy controls. Histograms with patients and representative healthy control and 723 

(D) fluorescence intensity (MFI) of transcription factors Helios, Aiolos, and Ikaros for patients 724 

and healthy controls in CD4+ and CD8+ T cells are shown. (E) Abundance of protein partners 725 

of wild-type (wt) Helios’ (orange) and variant Y200X (blue) Helios in interactome analysis. 726 

(F) A co-immunoprecipitation (Co-IP) assay displaying ability of HA tagged wild type Helios 727 

or variant Y200X Helios to form dimers with either Ikaros (IKZF1) or Aiolos (IKZF3) tagged 728 

with V5. (G) The proteins whose protein-protein interactions were altered in Y200X compared 729 

to wild type Helios were selected and ClueGo clustering was performed to show the biological 730 

processes they were involved at. Gating strategy for C&D are shown in Figure S1D. Cont./C= 731 

control, P1=patient 1, P2=patient 2 732 

 733 
Fig 2. Chronically activated T cells in patients with IKZF2 p.Y200X variant.  734 

(A) CD28 and CD27 expressing populations in patients and healthy controls (n=6) is shown in 735 

CD4+ and CD8+ T cells, respectively. (B) Relative abundance of naive 736 

CD27+CD28+CD45RA+CCR7+ cells and terminally differentiated CD27-CD28-CD57+CD45RA-737 

CCR7- effector memory cells in patients and healthy controls and healthy relatives in CD4+ and 738 

CD8+ T cells, respectively. (C) Nanostring expression analysis of patients’ PBMCs showing 739 



differentially expressed genes compared to healthy controls. Log2 fold change to age and sex 740 

matched healthy control is shown. (D) Volcano plot of results from EdgeR analysis of CD8+ T 741 

cell 3’RNA-seq data. Orange dots represents genes showing significant (FDR<0.05) 742 

differential expression between patients and age and sex matched controls (n=3). (E) Levels of 743 

IL-1β from culture supernatants containing unstimulated PBMC from patients and healthy 744 

controls, respectively. Gating strategy for A&B are shown in Figure S2A.  Cont.= control, 745 

P1=patient 1, P2=patient 2 746 

 747 
Fig 3. TCR activation leads to increased proinflammatory response in T cells of patients 748 

with IKZF2 p.Y200X variant.  749 

(A) Expression of Helios in CD4+ and CD8+ cells, respectively, after TCR stimulation with 750 

immobilized anti-CD3/CD28 antibodies in patients and healthy controls. Histograms of Helios 751 

expression in response to stimulation in CD8+ T cells are shown in Figure S4B. (B) Correlation 752 

in CD3+ T cell transcriptional regulation in response to 24 hour anti-CD3/CD28 stimulation 753 

between patients and healthy controls (n=5). Differential expression in unstimulated versus 754 

anti-CD3-CD28 stimulated cells and patients versus controls were analyzed from 3’RNA-seq 755 

data using EdgeR. Fitted linear regression is shown as a red dashed line (correlation coefficient 756 

0.8). Genes found differentially upregulated or downregulated in patients versus controls in 757 

stimulated cells are marked in red and blue, respectively. (C) Percentage of both CD4+ and 758 

CD8+ T cells positive for IFNγ and IL-2, respectively, in patients compared to healthy controls 759 

after anti-CD3/CD28 stimulation and (D) dot plot of IFNγ and IL-2 expression in CD4+ cells 760 

of healthy control and patient 2 are shown. (E) Expression of IL-2 receptor alpha chain CD25 761 

in CD4+ and CD8+ T cells ex vivo. (F) Relative abundance of cells expressing CD69, CD25, 762 

PD1 or Ki-67 in CD4+ T cells and (G) of cells expressing PD-1 or Ki-67 in CD8+ T cells in 763 

patients and healthy controls after anti-CD3/CD28 stimulation. Gating strategy for A and E-G 764 



are shown in Figure S4A and for C&D in Figure S5A&B. P1=patient 1, P2=patient 2, (blue 765 

triangles), MFI=mean fluorescence intensity. Controls = open circles. 766 

 767 
Fig 4. Tregs of patients with IKZF2 p.Y200X variant are activated and produce 768 

proinflammatory cytokines. 769 

(A) Proportion of regulatory T cells (Treg) of CD4+ cells gated as CD127-CD25+FOXP3+ to 770 

include also naive cells, CD127-CD25hiFOXP3hi or CD127-CD25hiFOXP3hiHELIOS+ in patients, 771 

healthy relatives and healthy controls. (B) Relative abundance of recent thymic emigrant 772 

CD45RAhiCD31+, naive CD45RA+, and memory CD45-CCR7+ and CD45RA-CCR7- cells in 773 

CD127-CD25+FOXP3+ Tregs in patients and healthy controls. (C) The suppression assay 774 

showing suppressive capacity of Tregs of patients and of healthy controls. (D) Expression of 775 

CTLA-4 and CD39 in CD127-CD25+FOXP3+ Tregs in patients and healthy controls. (E) Portion 776 

of IL-2+ and IFNγ+ cells, respectively, in both Helios- and Helios+ Treg subsets in patients and 777 

healthy controls after overnight stimulation with immobilized anti-CD3-CD28 antibodies. (F) 778 

Volcano plot showing differentially expressed genes (orange dots) between patients and 779 

healthy controls from EdgeR analysis of 3’RNA-seq data from purified CD4+CD25hiCD127- 780 

Tregs. (G) Portion of IL-2+ and IFNγ+ cells, respectively, in CD4+CD25+FOXP3+ Tregs and (H) 781 

CD4+FOXP3- effector cells of healthy donors (n=3) modified with control silencing RNA 782 

(siRNA) and Helios siRNA, respectively, and stimulated overnight with activating CD3-CD28 783 

beads. (I) Mean fluorescence intensity (MFI) of CD25 in CD4+ cells after same treatment. 784 

Gating strategy for A is shown in Fig S6A, for B and D in Fig S6B, for E in Figure S5A&B 785 

and for G-I in Fig S7A&B. P1=patient 1, P2=patient 2. 786 

 787 
Fig 5. Accumulation of Tfh cells in the perifollicular areas of lymph nodes. 788 

(A) Helios expression in lymph node CD3+CD4+ T cell was analyzed in FOXP3-789 

CXCR5lowPD1lowBCL-6- T non-follicular helper (Tnonf), CD4+FOXP3-CXCR5hiPD1hiBCL-6+ T 790 



follicular helper (Tfh), CD4+FOXP3+CXCR5lowPD1lowBCL-6- T non-follicular regulatory (Treg) 791 

and CD4+FOXP3+CXCR5hiPD1hiBCL-6+ T follicular regulator (Tfr) cells. Gating strategy in 19 792 

year old male and (B) mean fluorescence intensity (MFI) of Helios for four individual donors 793 

is shown. (C) Frequency of CD4+ T cells expressing follicular homing receptor CXCR5+ in 794 

PBMCs of patients and healthy controls. (D) Histological analysis of patients’ lymph nodes 795 

showed accumulation of CD3+ T cells (brown) in the perifollicular region around the B cell 796 

follicles containing CD20+ B cells (red). A more detailed immunohistochemistry staining of 797 

accumulated cells expressed with Tfh markers Bcl6 and PD-1 and Ki-67 indicating 798 

proliferation activity. (E) Auto-antibodies against cytokines in patient 2. Fold change compared 799 

to the mean of healthy controls (n=5) is shown. Gating strategy for A is shown in Fig S8A and 800 

for C in Fig S8B. Cont.= control, P1=patient 1, P2=patient 2 801 

 802 
Fig 6. Reduction of circulating MAIT cells. 803 

(A) Dot plots showing abundance of Vα7.2+CD161+ MAITs in the live CD3+ T cells from 804 

peripheral blood in patients and representative healthy control  and (B) their frequency in CD3+ 805 

T cells in patients, healthy relatives and healthy controls. (C) Mean fluorescence intensity 806 

(MFI) of Helios in MAITs. (D) Abundance of MR1+, CD4-CD8+ and CD69+ cells, respectively, 807 

in MAITs in patients and healthy controls. (E) Frequency MAITs in colon and (F) in duodenum 808 

samples obtained from patients and organ donors without any chronic inflammatory conditions. 809 

(G) Helios expression in MAITs from PBMC in response to stimulation with E. coli, Candida 810 

albicans or PMA. Gating strategy for D is shown in Fig S10A and for E&F in S10D. P1=patient 811 

1, P2=patient 2. 812 

 813 
Table 1. Clinical presentation and immunological phenotype of patients with the IKZF2 814 

p.Y200X variant 815 
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Table 1 1089 

        

Patient 

1 

Patient 

2 

Reference 

values 

(unit) 

Sex     F M   

Age     44 66   

Clinical features         

Aphtous ulcers (vaginal/oral) x x   

Thrush (oral/vaginal)   x x   

Recurrent respiratory infections x x   

Hypothyreosis   x x   

Vitiligo   x    

Lichen     x   

Lymphadenopathy   x x   

Lymphoma     x   

Lymphocytes (% of leukocytes) 23 18 

(% of 
parent) 

T cells   74 51 66-88 

 CD4+   55 48   

    CCR7+CD45RA+ naive 23 3 21-55 

  CCR7+CD45RA- central memory 50 35 8-33 

    CCR7-CD45RA- effector memory 24 55 20-52 

  CCR7-CD45RA+ effector memory RA+ 3 8 1-17 

    CD38+HLADR+ activated 7 9 1-5 

  CD31+CD45RA+ recent thymic emigrant 11 0,4 14-38 

  CD8+   42 50   

  CCR7+CD45RA+ naive 16 2 19-71 

    CCR7+CD45RA- central memory 11 4 1-7 

  CCR7-CD45RA- effector memory 29 54 15-63 

    CCR7-CD45RA+ effector memory RA+ 44 40 4-34 

  CD38+HLADR+ activated 29 22 1-22 

    CD31+CD45RA+ recent thymic emigrant 12 0,5 17-65 

 TCRgd   1,4 0,7 2-12 

  TCRab+CD4-cd8-   1,4 0,2 3-9 

NK cells   10 33 4-25 

B cells   16 15 6-19 

  CD27-IgD+ naive 78 85 43-82 

    CD27+IgD+ unswitched memory 16,9 4,5 7,2-31 

  CD27+IgD- class-switched memory 1,9 8,4 6,5-29 

    CD38lowCD21low CD21low 18,8 2,9 1,1-6,9 

  CD38++IgM++ transtitional 7,7 11 0,6-3,5 

    CD38++IgM- plasmablast/-cell 0 1,2 0,4-3,6 

Antibody levels     (g/l) 
IgG     4,32 10,16 6,77-15,0 



 IgG1   3,6 7,48 5,2-12,7 

  IgG2   0,64 1,84 1,43-5,6 

 IgG3   0,17 0,19 0,11-0,85 

  IgG4   <0,02 0,0003 0,03-2 

IgM    0,22 1,82 0,88-4,84 

IgA     0,59 0,69 0,36-2,59 

IgE    3 <1 <1 

Vaccine responses   low normal   
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Supplementary Clinical Data 
Patient 1 is a woman that was admitted to immunodeficiency clinic at the age of 39. She has 

suffered from recurrent Candida albicans vulvovaginitis with painful genital ulcerations since 

the age of 30. The patient has had occasional aphthae also in her mouth and recurrent 

sinusitis. The diagnosis of common variable immunodeficiency was made when she was 39 

years old and hypothyroidism diagnosis a year after that. The same year, some round, mildly 

enlarged lymph nodes were found in the right armpit and under the right pectoralis major 

muscle, histology showed cortical follicular hyperplasia. Immunoglobulin replacement therapy 

was started two years after the diagnosis: with a weekly dose of 30‒40 ml the situation got 

significantly better and yeast infection relapses are now rare. After initiation of the 

immunoglobulin replacement therapy, she had a herpes zoster infection in the left chest area 

and she had two sinusitis with continuous sensation of nasal fullness. Weekly SCIG dose 

elevation to 60 ml did not help and antrostomy (FESS) on both sides was performed. While 

on SCIG, patient has been treated succesfully for Helicobacter pylori. Fecal parasites were 

examined due to persistent diarrhea and Dientamoeba fragilis was found and treated. 

Diarrhea persisted after succesfull eradication and a colonoscopy was made with normal 

macroscopic and histological findings. 
Patient 2 is the father of Patient 1 and he was examined at the immunodeficiency clinic 

first time at the age of 63 years. During his working years, he had approximately two 

pneumonias yearly, after he has been examined for immunodeficiency he had one 

radiologically confirmed pneumonia two years ago. He has had a mild wound infection twice 

after surgery. Lichen planus of the upper extremities and gluteal area has reappeared over 

the years. At the age of 35, Morbus Hodgkin was diagnosed in a lymph node of the left armpit. 

The lymphoma was treated with splenectomy and radiation therapy that resulted in 

hypothyroidism and mild fibrosis of the lungs, for which he uses intermittent glucocorticoid 

inhalations and gets occasional oral candidiasis. 16 years later, an enlarged lymph node was 

removed from the right inguinal area, histology showed lymphatic hyperplasia. Helicobacter 

pylori has been cleared with antibiotics. The patient has always had loose stools several times 

a day, colonoscopy two years after diagnosis showed mild irritation of the ileum but histology 

was normal. 

The mother of patient 2 was tested negative for IKZF2 mutation. The father of patient 

2 had died several years prior and according to information given by patient 2 did not present 

with any signs of immune dysregulation. 
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further identified from the T cell population. (E) Histogram showing Helios expression in two healthy relatives of patients and 
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Figure S2: Gating strategy to measure different T and B cell maturation phases and HELIOS expression in them
(A) Gating strategy to identify T and B cell maturation phases from peripheral blood depicted in Figure 2A&B and to measure their 
HELIOS expression. CD4+CD8- and CD8+CD4- T cells were gated from live CD14-CD19-CD3+ cells. These populations were 
divided by the expression of CD27 and CD28. CD27+CD28+CCR7+CD45RAhi naive (red) CD27+CD28+CCR7+CD45RA- central 
memory (blue), CD27+CD28+CCR7-CD45RA- effector memory (orange), CD27-CD28-CCR7-CD45RA-CD57+ effector memory 
(light green) and CD27-CD28-CCR7-CD45RA+CD57+ effector memory RA+ (dark green) cells were identified. Gating strategy in 
CD8+ cells is shown for healthy 45 years old male. This gating strategy was also utilized to identify T cell populations depicted in Fig 
2A&B. Dump = dead cell marked, CD19, CD14. (B) Cells of B cell lineage were identified as live CD3-CD14-CD19+cells. 
Transitional B cells were defined CD20+CD27-IgD+CD38hiCD24hi (violet), naive B cells CD20+CD27-IgD+CD38medCD24med 
(red) and memory B cells CD20+CD27- (blue). Plasma cells and -blasts were CD20-Cd38hiCD24-IgD- (orange). Gating strategy is 
shown for a healthy 38 years old female. Dump = dead cell marked, CD14, CD3. (C) Mean fluorescence intensity of HELIOS in 
respective lymphocyte populations in healthy controls (n=6) and patients. (D) Histograms depicting HELIOS expression in respective 
lymphocyte populations in representative healthy control. 
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Figure S3: Inflammasome activation in patients 
with the IKZF2 p.Y200X variant
(A) PBMC of patients and healthy controls (n=4) were 
stimulated with LPS or combination of LPS and ATP, 
and IL-1β and (B) lactate dehydrogenase (LDH) were 
measured from culture supernatants. (C) Expression of 
IL1B and IFNB1  were measured by quantitative PCR 
from PBMC without or with LPS stimulation. P1=patient 
1, P2=patient 2.
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Figure S4: Gating strategy and volcano plots of T cell activation experiments
(A) Gating strategy to evaluate changes in activation markers after anti-CD3/CD28 stimulation. From live CD19-CD14-CD3+ 
lymphocytes with CD4+CD8- and CD4-CD8+ T cells were identified. Doublet discrimination was not performed as this would have 
resulted to unwanted exclusion of stimulated dividing cells. Expression of CD69, PD-1, Ki67 and CD25 was measured in different time 
points, here expression in CD4+CD8- cells ex vivo (black) and after 48h of stimulation (light gray) is shown in a representative control. 
Cut-off for positive cells was determined from expression of said markers in live CD19-CD14-CD3+CD4+CD8-CCR7+CD45RAhi 
naive T cells ex vivo (light blue). (B) Helios expression in CD8+ T cells in representative healthy control (orange), patient 1 and patient 
2 (blue), respectively, in unstimulated sample and after 6, 24 and 48 hours of stimulation. (C) Additionally, the purity of CD3+ T cells 
was evaluated after bead purification. Gating strategy is shown with samples from a healthy 38 years old female (A, C). (D) Volcano 
plot of differentially expressed genes (red dots) in patients compared to healthy controls (n=5) in 3’RNA-seq data from purified CD3+ 
T cells without or (E) with anti-CD3-CD28 stimulation. (F) Volcano plot showing differentially expressed genes in anti-CD3-CD28 
stimulated cells compared to unstimulated cells. (G) CCR6 and CXCR3 expression in CD4+CD45RA- memory helper T cells in 
patients 1 and 2 and healthy controls (n=3). Patients show a marked accumulation of CCR6-CXCR3+ Th1 cells in expense of other 
Th subsets, especially CCR6+CXCR3- Th17 cells. (H) CFSE staining of CD4+CD25-CD127+ effector T cells after 6 days of 
stimulation with anti-CD3/CD28 beads in patients 1 (red) and 2 (blue) and two healthy controls (light and dark green), respectively. 
Fraction of proliferating cells is shown. Dump = dead cell marked, CD19, CD14. P1=patient 1, P2=patient 2.
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Figure S5: Gating strategy to intracellular cytokine 
staining
(A) Gating strategy to evaluate changes in cytokine 
production in T cells after anti-CD3/CD28 stimulation. 
From live lymphocytes CD8+CD4- and CD8-CD4+ T 
c e l l s w e r e i d e n t i f i e d . A l s o C D 8 -
C D 4 + C D 2 5 h i F O X P 3 h i H e l i o s - a n d C D 8 -
CD4+CD25hiFOXP3hiHelios+ Tregs were gated. (B) 
Gating to identify fraction of cells positive for IL-2 and 
IFNγ in these populations is shown in unstimulated 
representative control and stimulated patients and 
controls. Cut-off for IL-2 and IFNγ positive cells, 
respectively, was determined according to cytokine 
expression in unstimulated cells. These results are also 
displayed in Fig 3C and 4E. (D) Mean fluorescence 
intensity (MFI) of IFNγ and IL-2, respectively, in different 
T cell subsets in patients and controls. These graphs 
display results from the same experiment as Fig3C and 
4E, respectively, but readout is MFI instead of a fraction 
of positive cells. 
Doublet discrimination was not performed as this would 
have resulted to unwanted exclusion of stimulated 
dividing cells. As CD3 expression was downregulated 
secondary to stimulation it was not utilized in gating. 
DCM = dead cell marker.
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Figure S6: Gating strategy to regulatory T cell experiments
(A) Gating strategy to identify Tregs from peripheral blood. Live CD14-CD19-CD3+ T lymphocytes were gated as in Suppl Fig 2A. 
CD4+CD127-CD25+FOXP3+, CD4+CD127-CD25hiFOXP3hi and CD4+CD127-CD25hiFOXP3hiHelios+ Tregs were identified 
(displayed in Fig 4A). Cut-off for FOXP3 and Helios positive cells, respectively, was determined with the help of fluorescence 
minus one staining (FMO) (light gray). (B) In a different panel with same gating strategy live CD14-CD19-CD3+CD4+CD127-
CD25+FOXP3+ Tregs were identified and their maturation phase was evaluated (displayed in Fig 4B). CD45RA+ cells shown in 
Fig 4B account for all the other CD45RA+ cells except CD45RAhiCD31+ cells and CCR7+CD45RA- and CCR7-CD45RA- were 
gated as shown above. Additionally, the proportion of Tregs cells expressing CTLA-4 and CD39 (displayed in Fig 4D), and, Ki67 
and PD-1 was measured. Cut-off for CTLA-4 and Ki-67 positive cells, respectively, was determined with the help of FMO (light 
gray) and for CD39 and PD-1 positive cells, respectively, with the help of expression of said markers in CD4+CD45RAhiCD31hi 
cells recent thymic emigrant T cells (light blue). Gating strategy is shown for healthy 45 years old male (A&B). (C) Expression of 
different surface markers of CD4+CD127-CD25hiFOXP3hi Tregs in patients and controls.  Gating for CTLA-4, Ki-67, CD39 and 
PD-1 was done as shown in B. (D) Sorting strategy to CD4+CD127-CD25hi Tregs and purity in representative healthy control and 
patient 2 (P2). (E) Degree of methylation in CD4+CD127-CD25hi Tregs in patient 1 and three healthy controls. The data are 
shown on a relative scale as change of Ct: ΔCt = Ct(demethylated DNA) - Ct(methylated DNA). (F) STAT5 MFI in response to 
IL-2 stimulation at different time points in patients and healthy controls (n=3). P1=patient 1, P2=patient 2.
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Figure S7: Gating strategy to siRNA experiment
(A) Gating strategy to evaluate changes in cytokine production of siRNA treated cells after 24 hour anti-CD3/CD28 stimulation 
and with Brefeldin A for the last 6 hours of incubation. From live lymphocytes CD3+CD4+ T cells FOXP3- T cells and 
CD25+FOXP3+ Tregs were identified. (B) Gating to identify fraction of cells positive for IL-2 and IFNγ in these populations is 
shown in control siRNA and Helios siRNA conditions, respectively, for subject 1 and in Helios siRNA condition for subjects 2 and 
3. Cut-off for IL-2 and IFNγ positive cells, respectively, was determined according to cytokine expression of stimulated negative 
control siRNA treated cells. Results from all subjects are displayed in Fig 4 G-I. (C) Helios expression in stimulated live 
CD3+CD4+CD25+FOXP3+ Tregs in control siRNA and Helios siRNA conditions, respectively, for subject 1 and in Helios siRNA 
condition for subjects 2 and 3. (D) Mean fluorescence intensity (MFI) of IFNγ and IL-2, respectively, in CD3+CD4+ T cells 
FOXP3- T cells and CD25+FOXP3+ Tregs. These graphs display results from the same experiment as Fig4 G-H, but readout is 
MFI instead of a fraction of positive cells. (E) Log2 fold change of IKZF2 expression in Helios siRNA treated cells compared to 
control siRNA treated cells (n=4) as measured by Nanostring. Only samples with over -0.8 log2 fold change reduction were 
qualified for further analysis (n=3).
Doublet discrimination was not performed as this would have resulted to unwanted exclusion of stimulated dividing cells. DCM = 
dead cell marked.

A

B

C

D

E

Fig S7

Donor 1 Donor 2 Donor 3 Donor 4

IKZF2 -0,83 -0,94 -0,87 -0,57

Helios siRNA Log2 fold change compared to control siRNA



FSC-A

C
D

4

FOXP3CXCR5

IF
N
α2

IF
N
α8

IF
N
ω

IF
N
β1

IF
N
γ

IF
N
κ

IL
-1
α

IL
-1
β

IL
-6

IL
-1

2α
IL

-1
2β

IL
-1

7A
IL

-1
7F

IL
-2

0
IL

-2
1

IL
-2

2
IL

-2
3

IL
-2

8A
IL

-2
8B

IL
-2

9
IL

-3
1

0.0

0.5

1.0

1.5

2.0

Fo
ld

 c
ha

ng
e

B

Fig S8

C

Figure S8: Gating strategy to follicular T helper cell quantification and auto-antibodies in patient 1
(A) Gating strategy to identify TfH cells from lymph nodes. Gating to identify CD14-CD19-CD3+CD4+ T lymphocytes is shown 
in 19 years old male. Rest of the gating strategy is shown in Fig 5A. (B) Gating strategy to identify TfH cells from peripheral 
blood. Live CD14-CD19-CD3+ T lymphocytes were gated as in Suppl Fig 2A. CD4+ cells expressing CXCR5 and FOXP3 were 
identified from them with help of fluorescence minus one stainings (FMO; gray). Gating strategy is shown for healthy 45 years 
old male. (C) Auto-antibodies against cytokines in patient 1. Fold change compared to the mean of healthy controls (n=5) is 
shown.
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Figure S9: NK cell phenotype in patients with the IKZF2 p.Y200X variant
(A) Proportions of CD56brightCD16- and CD56dimCD16+ NK cells in controls and patients, (B) Proportions of fully mature 
CD57+, naïve NKG2A+, and adaptive-like NKG2C+ CD56dim NK cells in patients and controls. 
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Figure S10: Gating strategy to MAIT experiments
(A) Functional characteristics of MAITs were analyzed from freshly isolated PBMCs. From live CD3+Vα7.2+CD161+ MAITs 
expression of MR-1 and CD69 and the proportion of CD8+CD4- cells were evaluated (displayed in Fig 6D). (B) From duodenum 
and colon live CD19-CD3+ were first gated and MAITs identified as Vα7.2+CD161hi cells as shown in Fig 6 D&E. (C) Developing 
MAITs were identified from thymus as live CD19-CD14-CD3+Vα7.2+MR-1+ thymocytes. Cut-off for HELIOS positive cells was 
determined from Helios expression of all live CD3+ thymocytes (light gray). (D) Histograms showing Helios expression in all 
CD3+ thymocytes (light gray) and CD3+Vα7.2+MR-1+ thymocytes (black). Gating strategy is shown with PBMC from a healthy 
44-year-old female (A) with a thymic sample from a 15 days old male (B) and duodenal sample from a 34-year-old female (D). 
Gating to identify live CD19-CD14-CD3+ T cells from peripheral blood to gate MAITs in Fig 6A-C was done as in Fig S2A.
Dump = dead cell marker, CD19 and CD14.
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