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Abstract 26 

Purpose. Human serine/threonine kinase 4 (STK4) deficiency is a rare, autosomal recessive 27 

genetic disorder leading to combined immunodeficiency. The extent to which STK4 deficiency 28 

impairs immune signaling and host defenses is unclear. We assessed the functional 29 

consequences of a novel, homozygous nonsense STK4 mutation (NM_006282.2:c.871C>T, 30 

p.Arg291*) found in a pediatric patient by comparing the patient’s innate and adaptive cell-31 

mediated and humoral immune responses with those of three heterozygous relatives and 32 

unrelated controls. 33 

Methods. The genetic etiology was identified by whole genome sequencing and confirmed by 34 

Sanger sequencing. STK4 gene and protein expression was measured by quantitative RT-35 

PCR and immunoblotting, respectively. Cellular abnormalities were assessed by high-36 

throughput RT-RCR, RNA-Seq, ELISA and polychromatic flow cytometry. Finally, antibody 37 

responses were delinated by ELISA and phage immunoprecipitation-sequencing. 38 

Results. The affected patient exhibited partial loss of STK4 expression and complete loss of 39 

STK4 function. The patient suffered from recurrent viral and bacterial infections, most notably 40 

persistent Epstein-Barr virus viremia and pulmonary tuberculosis. Cellular and molecular 41 

analyses revealed abnormalities to the fractions of T-cell subsets, plasmacytoid dendritic cells, 42 

and NK cells. The transcriptional responses of the patient’s whole blood and PBMC samples 43 

were reminiscent of dysregulated interferon signaling, impaired T immunity and increased T-44 

cell apoptosis. Nonetheless, the patient had detectable vaccine-specific antibodies and IgG 45 

responses to various pathogens, consistent with a normal CD19+ B-cell fraction, albeit with a 46 

distinctive antibody repertoire, largely driven by herpesvirus antigens. 47 

Conclusion. Patients with STK4 deficiency can exhibit broad impairment of immune function 48 

extending beyond lymphoid cells. 49 

 50 

 51 
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Introduction 56 

Human serine/threonine kinase 4 (STK4) deficiency is a rare autosomal recessive (AR) 57 

genetic disorder leading to a combined immunodeficiency with severe T cell lymphopenia. This 58 

condition is characterized by a predisposition to a wide range of bacterial and viral infectious 59 

diseases, mucocutaneous candidiasis, lymphomas and congenital heart disease (1). To date, 60 

STK4 deficiency has been reported in relatively few patients. Therefore, the extent to which 61 

immune signaling and host defense mechanisms are impaired or dysregulated in affected 62 

individuals remains incompletely understood. However, the spectrum of clinical manifestations 63 

associated with STK4 deficiency has been steadily increasing with each new case report. 64 

 65 

STK4 deficiency was first reported by Nehme et al. in two patients from unrelated Turkish 66 

families harboring a homozygous nonsense mutation in the STK4 gene (2). The patients 67 

experienced complications due to recurrent bacterial and viral infections, most notably 68 

persistent Epstein–Barr virus (EBV) viremia, which ultimately resulted in Hodgkin B cell 69 

lymphoma. Due to weak expression of the homing receptors CCR7 and CD62L, the authors 70 

attributed the underlying mechanism of STK4 deficiency to increased death of naïve and 71 

proliferating T cells, and impaired homing of CD8+ T cells to secondary lymphoid organs (2). 72 

Abdollahpour et al. reported the cases of three siblings of Iranian descent with a homozygous 73 

premature stop codon in the STK4 gene (3). These patients suffered from T and B cell 74 

lymphopenia, intermittent neutropenia, and atrial septal defects, as well as recurrent bacterial 75 

and viral infections, mucocutaneous candidiasis, cutaneous warts, and skin abscesses. 76 

Interestingly, Schipp et al. reported a Turkish patient with STK4 deficiency who developed a 77 

highly malignant B cell lymphoma at the age of 10 years and a second, independent Hodgkin 78 

lymphoma 5 years later. However, no detectable EBV or other common virus infection was 79 

detected in this patient. The authors speculated that the lymphoma may have developed due 80 

to the lack of the tumor suppressive function of STK4, or perturbed immune surveillance due 81 

to the diminished CD4+ T cell compartment (4). In contrast, most malignancies reported in 82 
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patients with STK4 deficiency are associated with prolonged EBV viremia, ultimately leading 83 

to the development of B cell lymphomas (2, 5-7). More specifically, patients present with 84 

Hodgkin B cell lymphoma (2), extranodal marginal zone lymphoma of mucosa-associated 85 

lymphoid tissue (8), Burkitt’s lymphoma (7), or maxillary sinus diffuse large B-cell lymphoma 86 

(9). Additional clinical features in patients with STK4 deficiency include salt-losing tubulopathy, 87 

suggestive of an acquired Gitelman syndrome, immune complex glomerulonephritis, and 88 

Castleman-like disease (10), juvenile idiopathic arthritis (11), human betapapillomavirus-89 

associated epidermodysplasia verruciformis (11, 12) and primary cardiac T cell lymphoma (6). 90 

 91 

Studies in mice and humans have shown that STK4 plays a pivotal role in lymphocyte function 92 

by regulating integrin-dependent T lymphocyte trafficking, proliferation and differentiation (13, 93 

14). Of note, the STK4 protein is broadly expressed in various human haemopoietic cells, most 94 

notably monocytes, and is not restricted to lymphocytes 95 

(https://www.proteinatlas.org/ENSG00000101109-STK4). However, its role in T cell-96 

independent functions is less well understood. Recently, Jørgensen et al. studied innate 97 

immune signaling in the context of STK4 deficiency by in vitro stimulation or infection of 98 

PBMCs obtained from an 11-year-old female STK4-/- patient of a consanguineous Syrian 99 

family. These studies revealed defective type I/II and III interferon (IFN) responses to a variety 100 

of purified Toll-like receptor (TLR) agonists, live viruses or bacterial lysates due to impaired 101 

phosphorylation of the kinase TBK1 and the transcription factor IRF3 (15). The results also 102 

revealed increased apoptosis in STK4-deficient T cells and neutrophil granulocytes, as well 103 

as a decreased FoxO3a expression in STK4-deficient T cells, further supporting the important 104 

role of STK4 in T cell survival. 105 

 106 

In this study, we identified an AR STK4 deficiency in a child from consanguineous parents, 107 

which was due to a novel homozygous stop-gain mutation in a region encoding a coiled-coil 108 

domain located downstream of the kinase domain. We investigated the functional 109 

consequences of the new variant on innate and adaptive cell-mediated, as well as humoral 110 
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immune responses. 111 

  112 
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Methods 113 

Whole-genome sequencing 114 

Genomic DNA (gDNA) was isolated from the peripheral blood of the subjects using DNeasy® 115 

Blood & Tissue Kits (Qiagen LLC, Germantown, MD, USA) according to the manufacturer’s 116 

instructions. Whole genome sequences were obtained using a standard library preparation 117 

protocol and an Illumina HiSeq-X platform to generate 150-bp paired-end sequences. The raw 118 

sequencing reads were mapped to the reference genome (GRCh37, hg19) using BWA 119 

(version 0.7.15) (16), and genetic variants were called with the HaplotypeCaller in the GATK 120 

suite (v.4.0) (17). The Variant Call Format (VCF) file, containing variants, was annotated using 121 

SnpEff v.4.3 (18) and filtered for the candidate fitting the following criteria: (1) Being in the 122 

coding region including the exonic, splice-site region, (2) being rare (<1%) in all mutation 123 

databases (i.e., 1,000 genomes, gnomAD, ExAC, and ESP6500), and (3) co-segregates with 124 

the phenotype in the family and follows a specific mode of inheritance (for example, AR). The 125 

final list of variants was prioritized based on the literature search and whether any of the 126 

associated genes had been linked to the patient’s symptoms, such as known Mendelian genes 127 

(https://omim.org). 128 

 129 

Sanger sequencing. Primers seq_STK4_Ex8F (5’-GTCCGAAGCACAAAGAGAAAGA-3’) 130 

and seq_STK4_Ex8R (5’-CCAGCTCCAAGTTGATCCAATA-3’) were designed to flank exon 131 

8 of the STK4 gene (NM_006282.5; LRG_535t1), checked for underlying single nucleotide 132 

polymorphisms, and synthesized as described previously (19). The forward and reverse 133 

primers were tailed with M13 sequences: CACGACGTTGTAAAACGAC (added to the 5’ end 134 

of the forward primer), and CAGGAAACAGCTATGACC (added to the 5’ end of the reverse 135 

primer). DNA was extracted from peripheral blood using a QIAsymphony® SP and 136 

QIAsymphony DSP DNA Midi Kit (Qiagen Pty Ltd). DNA quantity and quality were assessed 137 

using a NanoDrop® ND-1000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA). 138 

Genomic DNA (50ng) was subjected to conventional PCR using the following conditions: 95°C 139 
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for 10 minutes, then 34 cycles of 95°C for 30 seconds, 60°C for 30 seconds and 72°C for 45 140 

seconds, with a final incubation at 72°C for 5 minutes. Amplicons were checked for correct 141 

size and non-specific amplification prior to ExoSAP-IT cleanup, cycle sequencing using 142 

primers comprising the M13 tails, and BigDyeXTerminator cleanup followed by loading onto 143 

an Applied Biosystems model 3500XL Genetic Analyzer. Sequence data were analyzed using 144 

Applied Biosystems Sequence Analysis software, and Mutation Surveyor software. 145 

 146 

RT-qPCR analysis of STK4 gene expression levels. For STK4 gene expression analysis, 147 

PBMCs were isolated from the patient, parents and healthy donors by Ficoll-gradient 148 

centrifugation. Cells were then incubated with T cell activation and expansion beads (anti-149 

CD2/CD3/CD28; Miltenyi Biotec, Gaithersburg, MD, USA) for 10 days in 5% CO2 at 37°C. On 150 

day 3, the medium was supplemented with IL-2 (100 U/ml) to promote cell proliferation. RNA 151 

was extracted from 1 million cells using TRIzol lysis reagent (Thermo Fisher Scientific, 152 

Carlsbad, CA, USA) according to the manufacturer’s instructions. Briefly, 1 million cells were 153 

lysed in 1ml of TRIzol for 3 minutes, then 140  µl of chloroform were added, and the phases 154 

were separated by centrifugation at 4°C and 16000 x g. RNA-containing liquid phase was 155 

mixed to an equal volume of isopropanol and the mixture was incubated for 10 minutes at 156 

room temperature for RNA precipitation. After centrifugation, precipitated RNAs were de-157 

salted by incubation with 1/10 volume of 5 M NH4OAc and 2.5 volumes of 100% cold ethanol, 158 

followed by washing with 75% ethanol and final elution in nuclease free water. The STK4 159 

transcript was quantified using Fast SYBR Green Master Mix (Applied Biosciences) with the 160 

following primers: forward 5’-TGGAGACGGTACAGCTGAGG-3’; reverse 5’-161 

ATAGCAACAATCTGGCCGGT-3’. All reactions were performed in triplicate using a 162 

QuantStudio 6K Flex real-time PCR System (Applied Biosciences). Data were normalized to 163 

the expression of the housekeeping gene RPLP0 (Ribosomal protein, large, P0) and mean 164 

ΔCt -1 values were plotted. 165 

 166 
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Western blot analysis. T cells were derived from PBMCs as described above and T cell 167 

lysates (containing 20  µg total protein) were separated using 4%–15% tris-glycine Bis-Tris 168 

Gels (BioRad). Following electrophoresis, proteins were transferred to a polyvinylidene 169 

fluoride (PVDF) membrane. After blocking with 5% non-fat milk in tris-buffered saline (TBS) 170 

for 1 h, the membrane was incubated overnight at 4°C in TBS in the presence of anti-171 

recombinant STK4 antibody (diluted 1:5,000) (Abcam, clone EP1465Y, catalog no. ab51134), 172 

a-tubulin monoclonal antibody (diluted 1:10,000) (Cell Signaling Technology, Denvers, MA, 173 

USA, catalog no. 3873), or anti-b-actin antibody (diluted 1:5,000) (Santa-Cruz Biotechnology, 174 

Dallas, TX, USA, catalog no. sc-47778). Membranes were then washed (3 x 5 min) with TBS 175 

with 0.1% Tween-20 (TBS-T) and then incubated in TBS with a 1:5,000 dilution of either horse-176 

radish peroxidase (HRP)-conjugated goat anti-rabbit (Invitrogen, Frederick, MD, USA, catalog 177 

no. 65-6120), or goat anti-mouse (Invitrogen, Frederick, MD, USA, catalog no. 31430) 178 

secondary antibody, for 1 h at room temperature. Membranes were washed again (3 x 5 min) 179 

in TBS-T. Immunoreactive proteins were visualized using enhanced chemiluminescence 180 

(ECL™) (Amersham) according to the manufacturer’s instructions. Images were acquired on 181 

ChemiDoc MP imaging system (BioRad). 182 

 183 

In vitro stimulation of whole blood and high-throughput gene expression analysis. 184 

Peripheral blood was collected into sodium heparin vacutainer tubes. After incubation for 2 h 185 

at room temperature, 2 ml WB was diluted with an equal amount of RPMI 1640 media 186 

containing GlutaMaxTM (Gibco). The samples were then stimulated for 2 h at 37°C with the 187 

following agonists (final concentrations are shown): ultrapure LPS of E. coli K12 (InvivoGen) 188 

at 10 ng/ml; R848 (InvivoGen) at 3 μg/ml; Poly(I:C) (high molecular weight) (InvivoGen) at 25 189 

μg/ml; recombinant human IL-1β (R&D Systems) at 20 ng/ml; a 1:1 mix of recombinant human 190 

IFN-a2 and IFN-β (R&D Systems) at 1,000 IU/ml each; recombinant human IFN-γ (R&D 191 

Systems) at 1,000 IU/ml; recombinant human TNF-α (R&D Systems) at 20 ng/ml; 5'ppp-192 

dsRNA/LyoVec™ (InvivoGen) at 1 μg/ml; Poly(dA:dT)/LyoVec™ (InvivoGen) at 10 ng/ml; 3'3'-193 
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cGAMP/LyoVec™ (InvivoGen) at 10 μg/ml; MDP (InvivoGen) at 10 ng/ml; Dynabeads™ 194 

Human T-Activator CD3/CD28 (Invitrogen) at 400,000 beads/ml; AffiniPure F(ab')₂ fragment 195 

goat anti-human IgG + IgM (H+L) (Jackson ImmunoResearch) at 10 μg/ml; or PMA/ionomycin 196 

calcium salt (Sigma) at 40 ng/ml and 1μg/ml. Similarly, cells were incubated for 2 h at 37°C 197 

with LyoVec™ alone or RPMI media as unstimulated control samples. Subsequently, three 198 

volumes of TempusTM solution (Applied Biosystems) were added for cell lysis and RNA 199 

stabilization before total RNA was isolated using the TempusTM Spin RNA isolation kit (Applied 200 

Biosystems). RNA quality and quantity were assessed using an Agilent 2100 Bioanalyzer 201 

(Agilent Technologies) and NanoDrop 1000 (Thermo Fisher Scientific). The cDNA of all 180 202 

target genes and six housekeeping genes was generated from 40 ng total RNA using a reverse 203 

transcription master mix (Fluidigm) and quantified using custom Delta Gene™ assays in 204 

combination with 96.96 Dynamic Array™ IFCs and the BioMark™ HD microfluidic system 205 

(Fluidigm) in accordance with the manufacturer’s instructions. All 180 target genes and six 206 

housekeeping genes (Supplemental Table S3) were selected a priori from a larger set of 207 

1,088 transcripts, represented by 66 sets of co-expressed genes (transcriptional modules), 208 

which had previously been found to be responsive in WB stimulation with purified PRR 209 

agonists, recombinant cytokines and pyogenic bacteria (20). We selected three representative 210 

genes per transcriptional module for a total of 60 modules based on their closeness to the 211 

median absolute expression of all transcripts assigned to a given module. Six modules were 212 

excluded from the analysis due to limited functional annotation. Housekeeping genes were 213 

selected from the same dataset (GSE25742) as previously described (21). Expression levels 214 

of the 180 target genes were quantified relative to the six housekeeping genes using the 2–
215 

∆∆Ct method (22). We evaluated fold changes in expression as log2-transformed expression 216 

level (log2FC) for each target gene under each stimulation condition and filtered for genes with 217 

a |log2FC| ³1 in at least two samples. Next, we computed z-score values of the log2FC for 218 

each gene and condition in the patient using two unrelated control subjects and the three 219 

heterozygous family members as controls. Finally, we used principal component analysis to 220 

estimate the variance in z-scores across samples. The first two principal components 221 
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described approximately 75% of the variance in the z-score profile of samples and a distinct 222 

segregation of patient and control subjects was observed (Supplemental Figure S3). We 223 

extracted the contribution factor for each gene from the PCA and filtered for pairs of target 224 

gene and stimulation condition that showed a variance of |log2FC| >1 between the patient and 225 

control subjects, resulting in the identification of 28 target genes that were differentially 226 

expressed under one or more (i.e. up to eight) in vitro stimulation conditions (Figure 4 and 227 

Supplemental Table S3). 228 

 229 

PBMC stimulation and RNA-Seq analysis. Peripheral blood was collected into sodium 230 

heparin vacutainer tubes, PBMCs were isolated by Ficoll-Paque (GE Healthcare) density 231 

gradient centrifugation according to the manufacturer’s instructions and frozen in fetal bovine 232 

serum containing 20% dimethyl sulfoxide. For in vitro stimulation, PBMCs where thawed, 233 

rested for 24 h and then stimulated with a 1:1 mix of recombinant human IFN-a2 and IFN-β 234 

(R&D Systems), PMA/ionomycin, or left unstimulated as described for the stimulation of whole 235 

blood samples. Total RNA was isolated using the RNeasy Mini Kit (QIAGEN) according to the 236 

manufacturer’s instructions. RNA integrity and purity were evaluated using a Bioanalyzer 2100 237 

(Agilent Technologies Genomics). cDNA was generated using the SMARTer v4 Ultra® Low 238 

Input RNA for Sequencing Kit (Takara Bio). Resulting cDNA was quantified and size-controlled 239 

using a Bioanalyzer 2100 (Agilent Technologies Genomics). cDNA was normalized to 1 ng/µl 240 

and libraries were prepared using the Nextera XT DNA Library Preparation Kit (Illumina) and 241 

the Nextera XT Index Kit v2 set A (Illumina), respectively, in accordance with the 242 

manufacturer’s instructions. 150 bp paired-end sequencing to approximately 20 million reads 243 

per sample was performed using a HiSeq4000 system (Illumina). Raw reads were aligned to 244 

the UCSC human genome assembly version hg38 using STAR aligner (23). The HTSeq-count 245 

(24) tool was used to count the number of reads that mapped to each gene feature. Read 246 

counts were adjusted to mitigate batch effects by negative binomial regression models using 247 

comBat-Seq (25). After read counts were normalized, we removed genes expressed at low 248 
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levels using the HTSFilter and the default protocol. We finally calculated log2FC values for 249 

each subject and stimulation condition relative to the unstimulated condition of the same 250 

subject using edgeR (26). Genes with a |log2FC| ³1 were considered differentially expressed. 251 

Residual responses were calculated as described previously (27). Gene enrichment analysis 252 

was performed using the QIAGEN IPA software application. 253 

 254 

Phage immunoprecipitation-sequencing (PhIP-Seq). The VirScan phage library used for 255 

PhIP-Seq in the present study was obtained from S. Elledge (Brigham and Women’s Hospital 256 

and Harvard Medical School, Boston, MA, USA). PhIP-Seq was performed as described 257 

previously (28-30) using an expanded version of the original VirScan phage library (31). We 258 

computed species-specific adjusted score values as described earlier (30, 32). Pooled human 259 

plasma used for IVIg (Privigen® CSL Behring AG) and human IgG-depleted serum (Molecular 260 

Innovations, Inc.) served as additional controls. 261 

 262 

Flow cytometry. Lymphocyte subsets were assessed using Duraclone assays (Beckman 263 

Coulter) to delineate major lymphocyte subsets (IM Phenotyping Basic) and more specifically, 264 

T cell and dendritic cell subsets (IM T cell and IM DCs) according to the manufacturer’s 265 

protocol. Samples were analyzed with a FACSymphony A5 Flow Cytometer (BD Biosciences) 266 

and FlowJo 10.5.2 software. 267 

 268 

Absolute blood cell counts, total immunoglobulin levels, vaccine-specific antibody 269 

measurements and QuantiFERON-TB Gold ELISA 270 

Complete blood cell and lymphocyte counts, total immunoglobulin measurements (i.e., IgG, 271 

IgA, IgM), vaccine-specific antibody measurements (i.e., anti-diphtheria toxoid IgG, anti-272 

Haemophilus influenzae Type B, anti-pneumococcus capsular poly Ab, anti-tetanus toxoid 273 

antibody) and whole blood IFN-γ measurements in response to Mtb peptide antigens 274 

(QuantiFERON-TB Gold ELISA, QIAGEN, Germantown, MD, USA) were carried out and 275 

interpreted by laboratories accredited by the College of American Pathologists (CAP) following 276 
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the manufacturer’s instructions and clinical guidelines. Normal ranges were provided in tables 277 

and figures as appropriate. An “indeterminate” test result of the QuantiFERON-TB Gold ELISA 278 

indicated the patient’s lymphocytes also did not respond to mitogen stimulation (can be seen 279 

in immunodeficiency, lymphopenia, overwhelming infection, malnutrition, and with 280 

immunosuppressive medications). 281 

 282 

Statistical analysis. For PhIP-Seq experiments, we imputed -log10(P-values) by fitting a zero-283 

inflated generalized Poisson model to the distribution of output counts followed by regression 284 

of the parameters for each peptide sequence based on the input read count. Peptides that 285 

passed a reproducibility threshold of -log10(P-value) ³2.3 in two technical sample replicates 286 

were considered significantly enriched. 287 

  288 
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Results 289 

Clinical description of the case and family members. The patient was the third child of 290 

consanguineous parents (first-degree cousins). The patient had a younger sibling who was 291 

healthy, as were both parents. Of note, the parents reported the death of the two elder siblings 292 

of the patient. One died with a history of chronic headache, coughing and lymphoma, while 293 

the other died with a history of chronic coughing (Figure 1A). However, no detailed medical 294 

records or genetic data were available for the two deceased siblings. 295 

 296 

The patient suffered from recurrent skin rashes starting from infancy, recurrent chest infections 297 

since early childhood, and an overall failure to thrive with low weight gain and short stature 298 

(data not shown). The patient’s early medical history included a productive cough of 299 

yellow/white mucoid sputum associated with on/off fever, which was more common at bedtime; 300 

however, early medical records were very limited and likely to be incomplete. The patient was 301 

more closely followed clinically starting at elementary school age. He was diagnosed with 302 

bronchiectasis and asthma, and started on asthma control medication, including Ventolin. He 303 

also experienced complications due to recurrent viral and bacterial infections, chronic 304 

suppurative otitis media and recurrent pneumonia. The patient was also diagnosed with 305 

tuberculosis (TB), which was confirmed by Mycobacteria tuberculosis complex positive culture, 306 

while a QuantiFERON assay, performed in parallel, had an “indeterminate” test result (see 307 

methods for details). The patient was subsequently treated for pulmonary TB for approximately 308 

one year. After being off treatment for another year, the patient suffered from TB reactivation, 309 

and was again put on anti-TB medication (cycloserine, linezolid, moxifloxacin and 310 

pyrazinamide) for two years. He also presented with a lower chest infection as a teenager and 311 

a chest X-ray confirmed lower left consolidation. A sputum culture revealed heavy growth of 312 

Haemophilus influenzae and Streptococcus pneumoniae, as well as light growth of methicillin-313 

resistant Staphylococcus aureus. About a year later, the patient was hospitalized again with a 314 

second episode of lower chest infection by H. influenzae and multiple-drug resistant Klebsiella 315 
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pneumoniae. EBV viremia was detected during early teenage years, and repeated testing 316 

confirmed persistent EBV viremia up to the most recent follow-up.  During the teenage years, 317 

he also suffered from intermittent neutropenia and severe lymphopenia (Supplemental 318 

Figures S1A, S1B and S1C) with markedly decreased naïve CD45RA+ cells (11.1%; normal 319 

range: 46%–77%); the onset may have been earlier but was not detected due to the late 320 

diagnosis. Antibody responses to childhood vaccination were within the normal range 321 

(Supplemental Table S1). 322 

 323 

Homozygosity for a stop-gain mutation in the STK4 gene. We performed whole genome 324 

sequencing on the patient and all of his immediate family members, except the deceased 325 

sisters. The analysis revealed a rare, homozygous nonsense mutation in the STK4 gene 326 

(NM_006282.2:c.871C>T, p.Arg291*) in the patient, whereas both parents and the younger 327 

sibling were identified as heterozygous carriers, suggesting an AR inheritance pattern (Figure 328 

1A). The STK4 genotypes of the patient and his family members were confirmed by clinical 329 

Sanger sequencing (Figure 1B). The combined annotation-dependent depletion (CADD) 330 

score of the variant was 42, providing further evidence of its deleteriousness (Figure 1C and 331 

D). 332 

 333 

The mutant STK4 allele is a loss-of-function (LOF) variant. The mutant STK4 protein was 334 

not detected in PBMC-derived T cells from the patient by Western blot analysis using a 335 

monoclonal antibody directed against the N-terminus of the protein, whereas intermediary 336 

levels of the STK4 protein were found in the parents compared to two unrelated healthy 337 

controls (Figure 1E). We also assessed the impact of the STK4 variant at the transcript level. 338 

A STK4 transcript was detectable in PBMC-derived T cells of the patient, albeit at reduced 339 

levels compared to controls with a wild-type genotype and the heterozygous parents 340 

(Supplemental Figure S2A and B). 341 

 342 
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Reduced fractions of naïve T helper, and dendritic cell subsets, as well as increased 343 

effector memory and apoptotic T helper and precursor NK cells in the PBMCs of the 344 

patient. We performed polychromatic flow cytometric analyses of PBMCs obtained from the 345 

patient at middle-school-age in order to compare the lymphocyte subset distribution with that 346 

of his parents, his younger sibling and one unrelated control (Figure 2). As expected, we found 347 

a lower fraction of T cells in the patient compared to the controls (Figure 2A, B and C), which 348 

was mainly attributed to selective CD4+ T cell lymphopenia (Figure 2C). The CD19+ B cell 349 

population was not affected in the patient (11.7%) when compared to the controls (range 350 

10.9%–20.8 %) (Figure 2A). Similarly, CD56+CD3- NK cells of the patient (4.59%) were within 351 

the normal range compared to the control subjects (range 1.87%–6.82%) (Figure 2B). 352 

However, we noticed a significant increase of the CD56bright NK cell subset in the patient 353 

(1.78%) compared to all controls (range 0.058%–0.42%) (Figure 2B). We then assessed 354 

CD4+ T cell subsets and found an increase in programmed death-1 (PD-1)-expressing T helper 355 

cells in the patient (Figure 2D). Next, we analyzed PBMCs expression of CD45RA and CCR7 356 

and detected low frequencies of CD45RA+CCR7+ double-positive naïve T cells in the patient, 357 

while his CD45RA-CCR7- effector memory population was increased (Figure 2E). Similarly, 358 

the CD27+CD28+ T cell subset, which consists mainly of naïve T cells, was also slightly 359 

decreased in the patient (Figure 2F). Finally, assessment of the dendritic cell (DC) subsets 360 

showed a decrease of CD11c-CD123+ plasmacytoid DCs (pDCs) in the patient, while his 361 

CD11c+CD123- myeloid DCs (mDCs) population remained normal (Figure 2E). 362 

 363 

The patient has a distinct antiviral antibody repertoire. To further assess the humoral 364 

immunity status of the patient, we performed large-scale antibody profiling by phage 365 

immunoprecipitation-sequencing (PhIP-Seq) using serum samples obtained from the patient. 366 

We found the patient to be seropositive for antibodies specific to a variety of common viruses 367 

and bacteria, including human herpesviruses (HHV)-4 (EBV), -5 (CMV) and -8, enterovirus 368 

(EV)-B, and human respiratory syncytial virus (HRSV), human rhinoviruses (HRV) A and B, S. 369 

pneumoniae and S. aureus (Figure 3A). The antibody repertoire breadth in the patient was 370 
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similar to that of the controls (Figure 3B). Nevertheless, principal component analysis of the 371 

enriched antibody-antigen interactions showed an overall distinct antibody repertoire in the 372 

patient compared to those of his family members and unrelated controls (Figure 3C), which 373 

was largely driven by antibodies targeting HHV-4 and -5 antigens (Figure 3D). 374 

 375 

Gene expression signatures suggest dysregulated interferon signaling and impaired T 376 

cell activation, inhibition of T cell proliferation and increased T cell apoptosis. To further 377 

elucidate the functional consequences of STK4 deficiency at the molecular level, we 378 

performed gene expression analyses using either whole blood (WB) samples or PBMCs 379 

isolated from the patient and control subjects following in vitro stimulation with a variety of 380 

immune activators. First, we stimulated WB of the patient, his family members and an 381 

unrelated control subject with purified pattern recognition receptor (PRR) agonists 382 

[lipopolysaccharides of E. coli K12 (LPSK12) (a TLR4 agonist), muramyl dipeptide (MDP) (a 383 

NOD2 agonist), Poly(I:C) (a TLR3 agonist), Poly(dA:dT) (a multiple-PRR agonist), resiquimod 384 

(R848) (a TLR7/8 agonist), cyclic guanosine monophosphate-adenosine monophosphate 385 

(cGAMP) (a STING agonist), and 5' triphosphate double-stranded RNA (5'ppp-dsRNA) (a RIG-386 

I agonist)], cytokines [IFN-a/IFN-b (an interferon-α/β receptor IFNAR agonist), IFN-g, IL-1b and 387 

TNF-a], a potent mitogen [phorbol 12-myristate 13-acetate (PMA)/ionomycin] and BCR or 388 

TCR activators. We measured the expression of 180 functionally well-annotated target genes, 389 

which we had selected a priori from a larger set of genes responsive to WB stimulation with 390 

purified PRR agonists, recombinant cytokines and pyogenic bacteria (20) (see methods and 391 

Supplemental Table S3 for further details); mock stimulations served as controls. We then 392 

filtered for differentially expressed genes (DEGs) among the 180 target genes for which the 393 

transcriptional responses in the patient’s WB samples to any of the in vitro stimulation 394 

conditions showed high variance in comparison to those of the other family members and the 395 

unrelated control (Supplemental Figure S3). The identified DEGs were associated with 396 

caspases and apoptosis, type I and II interferon signaling, inflammation, cell signaling, and 397 
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ubiquitination, as well as cell movement and phagocytosis (Figure 4 and Supplemental Table 398 

S4). 399 

Finally, we performed mRNA-Seq of PBMCs isolated from the patient and following stimulation 400 

with PMA/ionomycin, IFN-a/IFN-b, or unstimulated. Both parents and three unrelated, healthy 401 

controls were assessed for comparison. We filtered for DEGs in response to each stimulation 402 

condition and found a profound dysregulation of IFN-regulated gene expression, although IFN-403 

induced gene expression was not completely abrogated (Figure 5A). We then performed a 404 

gene enrichment analysis on the identified DEGs using the QIAGEN Ingenuity Pathway 405 

Analysis (IPA) software application. We focused our downstream analysis on canonical 406 

pathways that were differentially activated or inhibited in the patient’s cells, compared to those 407 

of the controls. In response to IFNAR activation, nine pathways were differentially regulated in 408 

the patient compared to the controls, most of which are linked to T cell signaling and apoptosis, 409 

cell proliferation, oxidative stress and interestingly, IL-23 signaling (Figure 5B). Similarly, we 410 

observed several pathways that are normally repressed following mitogen activation, but 411 

instead were highly activated or dysregulated in the patient’s cells. These included pathways 412 

primarily involved in T cell effector functions, T and B cell activation, cell cycle arrest and 413 

apoptosis (Figure 5B). Given the apparent dysregulation of IL-23 signaling in the patient’s 414 

cells, we also examined absolute IL-23 and IFNG gene expression, either at baseline, or 415 

following stimulation with PMA/ionomycin. We found that in comparison to the control subjects, 416 

IL-23 gene expression in the patient was highly impaired at baseline and largely unresponsive 417 

to PMA/ionomycin stimulation, whereas IFNG gene expression appeared normal 418 

(Supplemental Figure S3C and D).  419 



 19 

Discussion 420 

Due to the relatively small number of patients reported to date, the extent to which immune 421 

signaling and host defense mechanisms are impaired or dysregulated in patients with STK4 422 

deficiency remains incompletely understood. Here, we describe a male pediatric patient with 423 

AR complete STK4 deficiency and a clinical history of recurrent viral and bacterial infections, 424 

persistent EBV viremia and pulmonary TB. The underlying stop-gain mutation was found to be 425 

located in a genomic region that encodes the coiled-coil domain of STK4, downstream of its 426 

protein kinase domain. We were unable to detect even a truncated STK4 protein in the patient 427 

using a monoclonal antibody to the N-terminal region of STK4, suggesting that protein 428 

expression of the mutated allele is completely abrogated due to nonsense-mediated decay. 429 

 430 

In accordance with earlier case reports (5, 8, 33), we found that the PBMCs isolated from the 431 

patient in this study had reduced fractions of CD4+ naïve but increased effector memory T 432 

helper cell subsets compared with those in the STK4wt/mut family members and an unrelated 433 

STK4wt/wt control. Furthermore, flow cytometric analysis showed a considerable proportion of 434 

the remaining T helper cell subset in the patient expressed higher levels of PD-1, and our 435 

RNA-Seq analyses revealed dysregulation of several pathways in the patient, suggesting 436 

elevated T cell exhaustion and impaired effector functions of the residual T cells. Whether this 437 

is a consequence of persistent EBV viremia (34-36) or an intrinsic feature of STK4 deficiency, 438 

or perhaps both, remains to be established. Previous studies have shown that EBV 439 

reactivation correlates with the expression of PD-1/PD-L1 antigens in patients with proliferative 440 

glomerulonephritis (37). On the other hand, CD4+ T cell lymphopenia has also been reported 441 

in STK4-deficient patients in the absence of detectable EBV infection (4). In addition, the 442 

patient presented with episodes of intermittent neutropenia, which is consistent with previous 443 

observations (2, 3, 6, 9). 444 

 445 
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Our results also highlight that STK4 deficiency can lead to the impairment of a variety of T cell-446 

independent and innate immune responses. Indeed, we detected a considerable proportion of 447 

CD56bright NK cells in the PBMCs isolated from the patient. While these cells constitute only a 448 

small fraction of NK cells in the peripheral blood in healthy individuals, they represent the 449 

majority of NK cells in secondary lymphoid tissues. CD56bright NK cells are thought to be the 450 

precursors of NK cells (38) and may have immunoregulatory properties (39). We also 451 

observed a decreased fraction of pDCs in the patient’s peripheral blood. Whether this is an 452 

indirect consequence of active EBV infection, as shown in mouse studies (40), or whether low 453 

levels of pDCs contribute directly to a lack of EBV control, remains unclear. In accordance with 454 

the recent findings reported by Jørgensen et al. (15), we observed dysregulated type I and II 455 

IFN signaling in the patient’s cells. Interestingly, transcriptomic analysis of the patient’s PBMCs 456 

in response to IFNAR activation in vitro revealed a profound dysregulation of IFN-regulated 457 

gene expression, affecting interferon-stimulated genes (ISGs) that are primarily associated 458 

with T cell activation and proliferation, although IFN-induced gene expression was not 459 

completely abrogated. This suggests that suboptimal IFN signaling may contribute to the T 460 

cell immunodeficiency and the vulnerability of STK4-deficient patients to viral infection and 461 

cancer development. However, overall fractions of CD19+ B cells (Figure 2A) and IgG 462 

antibody responses to childhood vaccination (Supplemental Table S1) or common microbial 463 

infection (Figure 3) did not appear to be diminished in our patient, apart from our observation 464 

that antibody specificities were largely targeting HHV-4 and -5 antigens. Of note, a recent 465 

study in STK4-/- mice and nine patients from five unrelated families with STK4 deficiency has 466 

suggested that STK4 is required for normal humoral immunity, since KO mice and patients 467 

had reduced marginal zone B (MZB) cells, as well as reduced numbers of innate-like B-1b cell 468 

subsets, while the overall fractions of circulating CD19+ B cells were normal as in our patient 469 

(41). This raises the question whether patients with STK4 deficiency may also be selectively 470 

impaired to mount robust T cell-independent, polysaccharide-specific antibody responses to 471 

control natural infection with encapsulated bacteria, such as H. influenzae, K. pneumoniae 472 

and S. pneumoniae, which would be consistent with the clinical history of our patient. 473 
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Polysaccharide-specific antibody responses (or the lack thereof) would have been 474 

undetectable by the PhIP-Seq assay performed in this study, as it exclusively detects 475 

antibodies that target protein antigens and has limitations for the detection of conformational 476 

as well as post-translationally modified epitopes (28). High efficacy of plain polysaccharide-477 

based vaccines also depends on the maturation of MZB cells, which usually does not occur 478 

until the second year of life (42). In our patient, the specific antibody responses were at the 479 

lower end of our laboratory reference range (Supplemental Table S1). However, anti-480 

pneumococcal polysaccharide antibodies cannot necessarily be utilized as markers of MZB 481 

cell-mediated immunity, due to the introduction of the conjugate pneumococcal vaccine into 482 

the local routine immunization schedule. The literature shows variability for specific antibody 483 

responses in STK4-deficient patients, ranging from normal to absent (41). The infection history 484 

of our patient with H. influenzae, K. pneumoniae and S. pneumoniae could have also interfered 485 

with the utility and interpretation of vaccine response tests using plain polysaccharide 486 

vaccines. Therefore, humoral immunity of patients with STK4 deficiency towards encapsulated 487 

bacteria requires further investigation. 488 

 489 

We also demonstrated a profound impairment of IL-23 gene expression in the patient’s 490 

PBMCs, both at baseline and following in vitro stimulation. IL-23 is produced by innate 491 

lymphoid cells, gamma-delta T cells, DCs and macrophages, and it has been shown that IL-492 

23-dependent IFN-g immunity plays a pivotal role in controlling Mycobacterium tuberculosis 493 

(Mtb) infection (43). It is therefore tempting to speculate that impaired IL-23 gene expression 494 

may have contributed to the susceptibility of the patient to pulmonary TB, confirmed on sputum 495 

culture. Despite the clinical evidence of pulmonary TB, the patient’s QuantiFERON test result 496 

was indeterminate, i.e., the patient’s lymphocytes did not respond to mitogen stimulation. This 497 

is likely to reflect a combination of the cellular dysfunction and profound lymphopenia. Of note, 498 

Radwan et al. (7) also speculated that complications in a 9-year-old Egyptian boy with STK4 499 

deficiency were associated with mycobacterial infection, albeit tuberculin skin-test results were 500 
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negative and the results from QuantiFERON tests were also inconclusive in this Egyptian 501 

patient. 502 

 503 

It remains unclear whether malignancies in STK4-deficient patients are a secondary 504 

consequence of persistent EBV viremia, or whether patients with STK4 deficiency are 505 

inherently prone to malignancies due to dysregulation of oncogenes even in the absence of 506 

EBV infection (4). Interestingly, our RNA-Seq experiments revealed upregulation of mitogen-507 

induced B cell-activating factor (BAFF) receptor gene (TNFRSF13C) expression in the patient, 508 

suggesting activation of BAFF signaling, in contrast to the controls where this pathway was 509 

inhibited following PMA/ionomycin stimulation (Figure 5 and Supplemental Table S2). 510 

Studies in vitro and in mice have shown that EBV drives autonomous B cell proliferation (44), 511 

which also depends on T cell-independent survival signals provided by the BAFF receptor. 512 

Excessive BAFF levels have been implicated in several B-lineage malignancies (45-48), which 513 

have also been reported in the context of STK4 deficiency with or without EBV viremia (2, 5-514 

8, 10). Our observations provide further mechanistic insights into the susceptibility of STK4-515 

deficient patients to malignancies, although they do not allow firm conclusions about the role 516 

of EBV in this process. Nonetheless, it is tempting to speculate that STK4-deficient patients, 517 

particularly those with persistent EBV viremia, may benefit from treatment with immune 518 

checkpoint inhibitors. Using a humanized mouse model, Ma et al. (49) demonstrated a direct 519 

beneficial effect of PD-1/CTLA-4 blockade mediated by monoclonal antibodies against PD-1 520 

or CTLA-4 alone, or in combination, on EBV-associated B cell lymphomas, thereby providing 521 

further evidence in support of this hypothesis. On the other hand, several research groups 522 

have reported TB reactivation or primary Mtb infections in cancer patients who received 523 

checkpoint inhibitors (50-52). Therefore, the potential benefit of the use of checkpoint inhibitors 524 

in patients with STK4 deficiency requires further investigation. 525 

  526 
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Figures 721 

 722 
Figure 1 Identification of a homozygous STK4 gene mutation in a patient from 723 

consanguineous parents. (A) Pedigree and segregation of the STK4 gene mutation. The 724 

patient (P) is homozygous for the mutation. Question marks (?) indicate individuals whose 725 

genetic status could not be evaluated. (B) Electropherograms of partial sequences of STK4 726 

corresponding to the mutation in a healthy control (bottom), patient (up) and one of the 727 

patient’s STK4wt/mut relatives (middle), representative for any of the three healthy family 728 

members. The reference vs. altered nucleotide position is indicated by a black arrow. (C) 729 

Schematic illustration of the protein encoded by the STK4 gene, with domain boundaries and 730 

other features retrieved from the UniProtKB (www.uniprot.org) (entry Q13043). Blue arrows 731 

indicate previously reported variants (2-5, 9-12, 15, 33). The variant of the patient in the 732 

present study is indicated in red text. CC, coiled coil domain; SARAH, Sav/Rassf/Hpo domain 733 

(IPR024205). (D) Combined annotation-dependent depletion score (CADD) serves as a 734 

measure to predict the functional impact of the variant. Data from the gnomAD database were 735 

used to plot minor allele frequency (MAF) against the CADD score values of all known variants 736 

in STK4 and the patient’s variant. (E) Western blot analysis of STK4 protein expression in 737 

PBMC-derived T lymphocytes from the patient (P), two STK4wt/mut heterozygeous relatives (R1 738 

and R2) and two unrelated STK4wt/wt, healthy controls (C1 and C2); a-tubulin and b-actin 739 

antibodies were used as controls.  740 
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 741 
Figure 2 Leukocyte subsets in the STK4-deficient patient, his parents and sibling, 742 

and one unrelated healthy control. For all experiments, subjects are presented in the 743 

following order from left to right: Unrealted control, the patient’s three relatives, and the patient. 744 

(A) Frequency of B (CD3-CD19+) and T lymphocytes (CD3+CD19-) among CD45+ 745 

lymphocytes. (B) Frequency of T lymphocytes (CD3+) and NK cell immunophenotyping, 746 

showing the frequency of CD56bright (CD3+CD56bright) and CD56dim (CD3+CD56dim) NK cells 747 

among CD45+ lymphocytes. (C) Frequency of cytotoxic (CD3+CD8+) and helper (CD3+CD4+) 748 

T lymphocytes among the CD3+ lymphocyte subset. (D) Frequency of PD-1+ T lymphocytes 749 

(CD4+PD-1+) among the CD4+ T cell subset. (E) Frequency of naïve (CD45RA+CCR7+), central 750 

memory (CD45RA-CCR7+), effector memory (CD45RA-CCR7-) and effector memory cells re-751 

expressing CD45RA (TEMRA) (CD45RA+CCR7-) cells among the CD4+ T cell compartment. (F) 752 

Frequency of CD27+ and CD28+ T helper subsets within the CD4+ compartment. (G) 753 

Frequency of myeloid dendritic cells (mDCs) (CD123-CD11c+) and plasmacytoid dendritic cells 754 

(pDCs) (CD123+CD11c-) among the CD45+HLA-DR+CD3-CD14-CD19-, CD20-CD56- dendritic 755 

cell population.  756 
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 757 
Figure 3 Microbial exposure profile and antiviral antibody repertoire in the STK4-758 

deficient patient. (A) Antibody profile in the STK4-/- patient (P), his STK4WT/- family members 759 

(R1, R2 and R3) as well as two unrelated STK4WT/WT controls (C1 and C2). Pooled human 760 

plasma used for intravenous immunoglobulin therapy (IVIg), human IgG-depleted serum (IgG-761 

depl.) and mock-IP samples served as additional controls. The heatmap plot shows species-762 

specific adjusted score values, which served as a quantitative measure of the number of 763 

antibody specificities targeting a given microbial species. (B) Bar plot depicting, for each 764 

sample shown in (A), the number of species for which peptides were significantly enriched by 765 

PhIP-Seq (i.e., at least one antibody specificity was detected) (light blue) and number of 766 

species for which the adjusted virus score values passed the significance cut-off (i.e., the 767 

sample was considered seropositive for that given species) (dark blue). (C) Principal 768 

component analysis (PCA) of the -log10(P-values) of significantly enriched peptides for each 769 

sample as shown in (A). The scatter plot shows the contribution of the significantly enriched 770 

peptides to principal component (PC)1 and PC2. (D) Scatter plot showing the contribution of 771 

enriched peptides in the patient’s sample to PC1 and PC2. Peptides are color-coded by 772 

species. Peptides shown in grey correspond to species for which less than two peptides had 773 

a delta (PC1-PC2) of more than the 70th percentile (top).  774 
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 775 
Figure 4 Unique gene expression signature in whole blood samples from the 776 

STK4-deficient patient following in vitro stimulation. The heatmap shows the log2-777 

transformed fold change values (log2FC) of the differentially expressed genes (DEGs) among 778 

the 180 target genes for which transcriptional responses in the patient’s (P) whole blood 779 

samples to in vitro stimulation showed a variance of |log2FC| >1 compared to those of the 780 

other family members (R1, R2 and R3) and an unrelated control (C1). Gene-stimuli pairs are 781 

grouped according to the functional annotation of the gene cluster as described previously 782 

(20).783 



 36 

 784 
 785 

Figure 5 RNA-Seq and gene enrichment analysis of stimulated PBMCs. (A) The 786 

heatmaps show log2-transformed fold change values (log2FC) of differentially expressed 787 

genes (DEGs) following in vitro stimulation of PBMCs obtained from the STK4-deficient patient 788 

(P), two of his family members (R1 and R2) and three unrelated controls (C1, C2 and C3) with 789 

either recombinant human IFN-a and IFN-b (left), or PMA and ionomycin (right). Pink indicates 790 

activated genes and green indicates repressed genes. (B) Heatmaps show the activation z-791 

score values of a canonical pathway comparison analysis using the QIAGEN Ingenuity 792 

Pathway Analysis software for stimulation with recombinant human IFN-a and IFN-b (top), or 793 

PMA and ionomycin (bottom). Red indicates activated pathways and blue indicates repressed 794 

pathways. 795 
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Figure 1

Identi�cation of a homozygous STK4 gene mutation in a patient from consanguineous parents. (A)
Pedigree and segregation of the STK4 gene mutation. The patient (P) is homozygous for the mutation.
Question marks (?) indicate individuals whose genetic status could not be evaluated. (B)
Electropherograms of partial sequences of STK4 corresponding to the mutation in a healthy control
(bottom), patient (up) and one of the patient’s STK4wt/mut relatives (middle), representative for any of



the three healthy family members. The reference vs. altered nucleotide position is indicated by a black
arrow. (C) Schematic illustration of the protein encoded by the STK4 gene, with domain boundaries and
other features retrieved from the UniProtKB (www.uniprot.org) (entry Q13043). Blue arrows indicate
previously reported variants (2-5, 9-12, 15, 33). The variant of the patient in the present study is indicated
in red text. CC, coiled coil domain; SARAH, Sav/Rassf/Hpo domain (IPR024205). (D) Combined
annotation-dependent depletion score (CADD) serves as a measure to predict the functional impact of the
variant. Data from the gnomAD database were used to plot minor allele frequency (MAF) against the
CADD score values of all known variants in STK4 and the patient’s variant. (E) Western blot analysis of
STK4 protein expression in PBMC-derived T lymphocytes from the patient (P), two STK4wt/mut
heterozygeous relatives (R1 and R2) and two unrelated STK4wt/wt , healthy controls (C1 and C2); a-
tubulin and b-actin antibodies were used as controls.



Figure 2

Leukocyte subsets in the STK4-de�cient patient, his parents and sibling, and one unrelated healthy
control. For all experiments, subjects are presented in the following order from left to right: Unrealted
control, the patient’s three relatives, and the patient. (A) Frequency of B (CD3- CD19+ ) and T lymphocytes
(CD3+ CD19- ) among CD45+ lymphocytes. (B) Frequency of T lymphocytes (CD3+ ) and NK cell
immunophenotyping, showing the frequency of CD56bright (CD3+ CD56bright) and CD56dim (CD3+



CD56dim ) NK cells among CD45+ lymphocytes. (C) Frequency of cytotoxic (CD3+ CD8+ ) and helper
(CD3+ CD4+ ) T lymphocytes among the CD3+ lymphocyte subset. (D) Frequency of PD-1+ T
lymphocytes (CD4+ PD-1+ ) among the CD4+ T cell subset. (E) Frequency of naïve (CD45RA+ CCR7+ ),
central memory (CD45RACCR7+ ), effector memory (CD45RACCR7- ) and effector memory cells
reexpressing CD45RA (TEMRA) (CD45RA+ CCR7- ) cells among the CD4+ T cell compartment. (F)
Frequency of CD27+ and CD28+ T helper subsets within the CD4+ compartment. (G) Frequency of
myeloid dendritic cells (mDCs) (CD123- CD11c+ ) and plasmacytoid dendritic cells (pDCs) (CD123+
CD11c- ) among the CD45+ HLA-DR+ CD3- CD14- CD19- , CD20- CD56- dendritic cell population.

Figure 3

Microbial exposure pro�le and antiviral antibody repertoire in the STK4- de�cient patient. (A) Antibody
pro�le in the STK4-/- patient (P), his STK4WT/- family members (R1, R2 and R3) as well as two unrelated
STK4WT/WT controls (C1 and C2). Pooled human plasma used for intravenous immunoglobulin therapy
(IVIg), human IgG-depleted serum (IgG depl.) and mock-IP samples served as additional controls. The
heatmap plot shows species speci�c adjusted score values, which served as a quantitative measure of
the number of antibody speci�cities targeting a given microbial species. (B) Bar plot depicting, for each



sample shown in (A), the number of species for which peptides were signi�cantly enriched by PhIP-Seq
(i.e., at least one antibody speci�city was detected) (light blue) and number of species for which the
adjusted virus score values passed the signi�cance cut-off (i.e., the sample was considered seropositive
for that given species) (dark blue). (C) Principal component analysis (PCA) of the -log10(P-values) of
signi�cantly enriched peptides for each sample as shown in (A). The scatter plot shows the contribution
of the signi�cantly enriched peptides to principal component (PC)1 and PC2. (D) Scatter plot showing the
contribution of enriched peptides in the patient’s sample to PC1 and PC2. Peptides are color-coded by
species. Peptides shown in grey correspond to species for which less than two peptides had a delta (PC1-
PC2) of more than the 70th percentile (top).



Figure 4

Unique gene expression signature in whole blood samples from the STK4-de�cient patient following in
vitro stimulation. The heatmap shows the log2- transformed fold change values (log2FC) of the
differentially expressed genes (DEGs) among the 180 target genes for which transcriptional responses in
the patient’s (P) whole blood samples to in vitro stimulation showed a variance of |log2FC| >1 compared



to those of the other family members (R1, R2 and R3) and an unrelated control (C1). Gene-stimuli pairs
are grouped according to the functional annotation of the gene cluster as described previously (20).

Figure 5

RNA-Seq and gene enrichment analysis of stimulated PBMCs. (A) The heatmaps show log2-transformed
fold change values (log2FC) of differentially expressed genes (DEGs) following in vitro stimulation of
PBMCs obtained from the STK4-de�cient patient (P), two of his family members (R1 and R2) and three



unrelated controls (C1, C2 and C3) with either recombinant human IFN-a and IFN-b (left), or PMA and
ionomycin (right). Pink indicates activated genes and green indicates repressed genes. (B) Heatmaps
show the activation z score values of a canonical pathway comparison analysis using the QIAGEN
Ingenuity Pathway Analysis software for stimulation with recombinant human IFN-a and IFN-b (top), or
PMA and ionomycin (bottom). Red indicates activated pathways and blue indicates repressed pathways.
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