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Novel Mutations of TYK2 Leading to Divergent Clinical Phenotypes
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Abstract
TYK2 de�ciency is a rare Primary immunode�ciency disease caused by loss of function mutations of TYK2 gene, which is initially proposed as a subset of
Hyper IgE syndrome (HIES). However, accumulating evidence suggest TYK2 de�cient patients do not necessarily present with HIES characteristics, indicating a
vacuum of knowledge on the exact roles of TYK2 in human immune system. Here we describe �ve more TYK2 de�cient cases presenting with or without hyper
IgE levels, atopy and distinct pathogen infection pro�le, which are caused by novel TYK2 mutations. These mutations were all found by high throughout
sequencing and con�rmed by Sanger sequencing. Pathogenic effects were con�rmed by qRT-PCR and western blot. Peripheral blood mononulear cells
(PBMCs) from these patients showed heterogenous responses to various cytokines treatment, including IFN-a/b/g, IL-6, IL-10, IL12 and IL-23. The
homeostasis of lymphocytes is also disrupted. Based on our �ndings, we propose that TYK2 works as a multi-tasker in orchestrating various cytokines
signaling pathways, differentially combined defects of which account for the expressed clinical manifestations. 

Introduction
The non-receptor tyrosine kinase 2 (TYK2) is a member of the Janus kinase (JAK) family consisting of three additional members (JAK1-3). Cytokine binding to
respective receptor complexes (type I or type II) activates JAKs, which subsequently phosphorylate intracellular receptor chain residues and activate a family
of transcription factors termed signal transducers and activators of transcription (STATs, comprised of STAT1-4, STAT5A, STAT5B and STAT6) [1].

Within the JAK-STAT family of proteins, several primary immunode�ciencies have been described, ranging from autosomal recessive severe combined
immunode�ciency (AR-SCID) in the case of JAK3 mutations, over a moderately severe phenotype in the case of autosomal dominant Hyper-IgE syndrome (AD-
HIES) involving STAT3 mutations, into a heterogeneous clinical presentation in STAT1 de�ciency with autosomal recessive Mendelian susceptibility to
mycobacterial disease (AR-MSMD), and �nally to a relatively mild phenotype in the case of TYK2 de�ciency [2].

To date, there are 13 cases in total in English literature [3-8]. The �rst TYK2-de�ciency patient was reported in 2006, a 22-years-old male Japanese, who
displayed BCG lymphadenitis, S. aureus infections and recurrent viral infection, which were attributed to almost abolished responses of patient’s cells to IL-23,
IL-12 and type I interferon (type I IFN) treatment, respectively [3]. Most interestingly, he also presented with the triad of signs characteristic of HIES: atopic
dermatitis, high circulating IgE levels, and recurrent cutaneous staphylococcal infections, which led to the proposal that TYK2-de�ciency should be a subset of
AR-HIES. However, this notion was challenged lately by a comprehensive study of seven TYK2-de�ciency patients showing normal IgE levels and absent of
atopic dermatitis or cutaneous staphylococcal infection [4]. Later on, both HIES-like and non-HIES TYK2-de�ciency cases were reported [5-8] and more
confusingly, it has been shown identical TYK2 mutation can result in both HIES-like and non-HIES phenotypes [5,7]. Thus, more cases and further investigations
are required to fully understand the nature of TYK2-de�ciency.

Here, we present �ve cases of TYK2-de�ciency with novel mutations from �ve unrelated Chinese families. Brie�y, a 2+-yr-old boy (P1) suffered from repeated
pneumonia, stomatitis, perilabial herpes and thrush since the age of 3 months; a 3-yrs-old boy (P2) suffered from recurrent respiratory tract infections and
diarrhea since the age of 6 months; a 10-yrs-old girl (P3) suffered from recurrent respiratory infection since 2 years old and she had a history of refractory
eczema; a 5-yrs-old boy (P4) suffered from recurrent suppurative otitis media and severe pneumonia and he also had a history of eczema and was highly
allergic; a 5-yrs-old boy (P5) suffered from recurrent pneumonia and refractory eczema and he also displayed hypothyroidism. By investigating these cases
and comparing with previously reported cases, we aim to uncover a more complete picture of TYK2 de�ciency. 

Methods
Patients

The ethics committee of Children’s Hospital of Chongqing Medical University approved the study. Written informed consent for participation in the study were
obtained from patients’ parents. Blood samples from patients and unaffected relatives were collected for molecular studies, which were performed in
accordance with the Declaration of Helsinki.

Genetic Analyses

Genomic DNA were isolated from peripheral blood samples. Disease-causing mutations were screened using whole genome sequencing (WES) or targeted
next generation sequencing (NGS) (MyGenostics, Inc. and Chigene, Inc.). Candidate mutations were con�rmed by Sanger sequencing (primer sequences were
listed Supplementary table 1).

Western blotting

PBMCs were stimulated with various cytokines for indicated time. The extracted protein were subjected to 10% SDS-PAGE and transferred onto PVDF
membranes (Millipore). The following primary antibodies were used: rabbit anti-phosphorylated STAT1 (Cell Signaling Technology) and rabbit anti-STAT1 (Cell
Signaling Technology), rabbit anti– phosphorylated STAT3 (Cell Signaling Technology), mouse anti-STAT3 (BD), rabbit anti-TYK2(Abcam, cat223733), and
that against β-actin rabbit mAb horseradish peroxidase (HRP)-conjugated (Cell Signaling Technology). The HRP-conjugated goat anti-rabbit IgG secondary
antibody (Cell Signaling Technology) and the HRP-conjugated goat anti-mouse IgG secondary antibody (ZSGB-BIO, China).

Flow Cytometry Assay

The following antibodies were used: CD3-PerCP (HIT3a), CD4-FITC (RPA-T4), CD8-BV510 ( RPA-T8), CD45RA-PE-Cy7 ( HI100), CD27-APC ( M-T271), TCR aβ-PE
( IP2b), TCR γδ-BV421 ( B1), CD19-APC ( HIB19), CD27-V450 ( M-T271), IgD-AF488 ( IA6-2), CD24-PE ( ML5), and CD38-PerCP ( HIT2), CD4-PE-Cy7 ( RPA-T4),
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CXCR5-BV421 ( J25ID4), CD25-APC ( MT271, ), CD127-PE ( A019D5, ), CCR6-PE ( G034E3, ), CD25-BV421 ( BC96, ), Helios-PerCP-cy5.5 ( 22F6, ), CD19-PerCP-
Cy5.5 ( SJ25C1, ), CD27- PE-Cy7 ( MT271). All were from Biolegend.

CD45RO-APC (UCHL 1), CD45RA-FITC (HI100), CXCR3-APC (1C6), and FOXP3-PE (PCH101), CD152-APC (BNI3), IgM-APC (G20-127) and IFN-γ-APC (4S.B3). All
were from BD Bioscicences.

Th1 was de�ned as CD4+CD45RA-CXCR5-CXCR3+CCR6-, Th2 was de�ned as CD4+CD45RA-CXCR5-CXCR3-CCR6-, Th17 cells CD4+CD45RA-CXCR5-CXCR3-

CCR6+, Th1/17 cells CD4+CD45RA-CXCR5-CXCR3+CCR6+, Th1-like cells CD4+CD45RA-CXCR5+CXCR3+CCR6-, Th2-like cells CD4+CD45RA-CXCR5-CXCR3-CCR6-,
Th17-like cells CD4+CD45-CXCR5+CXCR3-CCR6+, Th1/17-like cells CD4+CD45RA-CXCR5+CXCR3+CCR6+, T follicular helper cell CD3+CD4+CD45RA-CXCR5+,
circulating follicular regulatory T CD3+CD4+CD45RA+CXCR5+, Treg CD3+CD4+CD25 -FOXP3+, IgMhi B cells (CD19+CD27-IgM+), MZ-like B (CD19+CD27+IgM+),
switched-memory B (CD19+CD27+IgM-).

The intracellular production of IFN-γ was investigated in PBMCs by �ow cytometry. PBMCs (2 × 106 cells/ml) were either unstimulated or stimulated with BCG
(MOI = 20) or 100 ng/ml BCG + IL-12 for 48h, in 24-well plates. All the samples were treated with 1 μg/ml GolgiPlug (BD) for the last 6 h of culture.

The staining was performed according to manufacturers’ guides. The samples were acquired on a FACSCanto II �ow cytometer, and the data were analyzed
using FlowJo.

Real-Time Quantitative PCR

Total RNA was extracted from peripheral blood with the Blood Total RNA Miniprep Kit (Axygen). The cDNA was transcribed by the Transcriptor cDNA Synth. Kit
(Roche). Levels of targeted mRNA were determined using a Bio-rad CFX96 Touch (BIO-RAD) machine. The results of each gene were determined with the
2−ΔΔCt method, and data was expressed as fold induction. Primers were listed in Supplementary table 2.

Construction of plasmids

Full length human TYK2 cDNA template (NM003331) was purchased from YouBio (G114136), Shanghai China and subcloned to 7.1-3×Flag-CMV expression
plasmid as wild type TYK2 (WT) using Seamless Cloning kit from Biomed (CL116), Beijing China. Various missense and nonsense mutation mutants of TYK2
were generated by PCR method using WT as template. Mutations were con�rmed by Sanger sequencing.

Cycloheximide Chase Assay

This assay is adapted from previous report[9]. Brie�y, HEK293T cells were plated and transfected with various WT and mutant expression plasmids. 24 hours
later, cycloheximide was added (1ug/ml) and cells were collected at different time point for western blot detection.

mRNA Stability Assay

This assay is adapted from previous report[10]. Brie�y, HEK293T cells were plated and transfected with various WT and mutant expression plasmids. 24 hours
later, Actinomycin D was added (100ng/ml) and cells were collected at different time point for qRT-PCR quanti�cation.

Analysis of TCR-Vβ Diversity

Each TCR-Vβ fragment was ampli�ed by Vβ- speci�c primer and a 5′FAM- labeled primer which was described previously [11] .The PCR system consisted of
cDNA, 1 μL; upstream and downstream primers of TCR-Vβ-FAM, 0.5 μL respectively (the primer concentration was 10 μmol/L); 2× Master Mix, 12.5 μL; and
DEPC water, 10.5 μL. The ampli�cation was conducted with denaturation for 1 min at 94 °C followed by 45 cycles of 65 °C for 15 s and 72 °C for 1 min. The
target gene was sent to the Shanghai Sangon Biotech Company for further analysis. A complicated scoring system was used to assess the TCR- Vβ diversity
(a score of less than 4 indicated a skewed subfamily).

Statistical analysis

Samples were compared using two-tailed, unpaired Student’s t-test with GraphPad Prism 7.00 if applicable, unless otherwise stated. Error bars were
represented by SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Results
Clinical courses strongly favor a diagnosis of PID (Table 1).

Patient 1 is a 2+-yrs-old boy who suffered from perianal abscess at 26 days and repeated pneumonia, stomatitis (SupFig. 1A), perilabial herpes (SupFig. 1B)
and thrush since the age of 3 months. In addition, he also developed suppurative meningitis with unknown pathogen at 9 months old, salmonella enteritidis
and hand-foot-and-mouth disease at 1 year old. He had a history of eczema and was allergic to pollen. He had received the following vaccinations Bacille
Calmette-Guérin (BCG) Hepatitis B, Polio, Diphtheria-pertussis-tetanus (DPT). BCG vaccination site was in�amed and purulent, and scab was formed after 9
months (SupFig. 1C). Laboratory �ndings included mild elevated IgE level (330IU/mL, 516.3IU/mL) and positive viremia of EBV, CMV and HSV-1.

Patient 2 is a 3-yrs-old boy who suffered from recurrent respiratory tract infections and diarrhea since the age of 6 months. Pathogens found during multiple
hospitalizations included Salmonella, Mycoplasma pneumonia, and Mycobacterium Bovis BCG. No signs of viral or fungal infections were noticed. No high
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serum IgE concentration, atopy, staphylococcal illness, or lymphopenia were found. Additionally, he also had language delay and was diagnosed of autism at
the age of 3. Detailed clinical manifestations of this patient have been published elsewhere recently [8].

Patient 3 is a 10-yrs-old girl who suffered from recurrent respiratory infection with unknown pathogens since she was 2 years old. She was vaccinated with
hepatitis B, BCG, Polio, DPT and measles vaccines and showed no abnormal responses. She had a history of refractory eczema. Laboratory �ndings included
low levels of immunoglobulin IgG 1.55g/L, IgA 0.0667g/L, IgM 0.172 g/L, IgE 0.6 IU/mL, increased eosinophils and negative evidence of tubercle bacilli.

Patient 4 is a 5-yrs-old boy who suffered from recurrent suppurative otitis media and severe pneumonia. He was vaccinated with BCG and hepatitis B vaccine
and there was pus at the BCG inoculation site. Pathogens found during multiple hospitalizations included Staphylococcus haemolyticus, Staphylococcus
epidermidis, Mycoplasma pneumoniae and HSV-II. He had a history of eczema and was highly allergic. Laboratory �ndings included high level of IgE
(756.83~1392 IU/mL) and increased eosinophils.

Patient 5 was a 5-yrs-old boy who suffered from recurrent pneumonia with unknown pathogens and refractory eczema. BCG was injected immediately after
birth and he also developed BCG-itis (SupFig. 1D). Laboratory �ndings included high level of IgE (1325~2030 IU/mL), increased eosinophils and negative
evidence of TB infection. The patient also displayed secondary hypothyroidism: T3 1.55nmol/L, FT 33.71pmol/L, FT4 11.53pmol/L, TPOAb 177.1U/mL.

All patients were born to non-consanguineous and healthy parents. They were all clinically diagnosed with PID.

Novel mutations identi�ed by WES or targeted NGS lead to TYK2 de�ciency

The mutations were identi�ed by whole exome sequencing (WES) for P1, P3 and P5 or targeted next generation sequencing (NGS, PID gene panel) for P2 and
P4 (Fig. 1A-1C). P1 carried novel compound heterozygous mutations, c.3041T>C, p.L1014P (MAF: EXAC 0.000008; CADD score 32, pathogenic) and
c.1253C>A, p.S418X (pathogenic) in TYK2 (Fig. 1D). P2 carried a novel homozygous mutation, c.2395G>A, p.G799R (MAF: EXAC 0.000008; CADD score 28.5,
pathogenic) in TYK2 (Fig. 1D). P3 carried novel compound heterozygous mutations, c.1621G>A, p.G541R (MAF: EXAC 0.000058; CADD score 23, pathogenic)
and c.704G>A, p.R235Q (MAF: EXAC 0.000114653; CADD score 22.4, pathogenic) in TYK2 (Fig. 1D). P4 carried compound heterozygous mutation, c.2269C>G,
p.L757V (MAF: no recorded; CADD score 33, pathogenic) and c.149delC p. S50CfsX2 (pathogenic) in TYK2 (Fig. 1D). P5 carried a novel homozygous
mutation, c.1507C>T, p.R503X (pathogenic) in TYK2 (Fig. 1D). These mutations were all further con�rmed by Sanger sequencing (Fig. 1D). According to
inhouse prediction algorithm developed by the sequencing companies, these mutations were all predicted to be pathogenic to the expression or function of
TYK2 protein (Fig. 1B and 1C). Other candidate variations in known PID genes were shown in supplementary table 3. To con�rm this, we then determined the
mRNA and protein levels of TYK2 in patients’ PBMCs and we found decreased mRNA levels (Fig. 1E-1G) and almost abolished expression of TYK2 (Fig. 1H-
1K) in all patients except for P4, whose blood sample was not available. The anti-TYK2 antibody recognizes 200-400 amino acids of TYK2. It is worth
mentioning that S418X truncated TYK2 generated in P1 and R503X truncated TYK2 generated in P5 were not detected at predicted location, too (Data not
shown), indicating signi�cantly decreased stability of the truncated proteins.

To further understand and con�rm the pathogenicity of these mutations, we performed both Cycloheximide Chase Assay and mRNA Stability Assay to test the
protein stability and mRNA stability, respectively. We found that these mutations indeed impaired the protein or mRNA stability or both (SupFig. 2). Please note
that mutation in P2 has been tested to impaired the protein and mRNA stability previously[8]. Taken together, these �ve patients from �ve unrelated families all
had TYK2 de�ciency.

TYK2-de�cient PBMC showed divergent responses to IFN-a/b/g

Type I IFNs signal through IFNAR1 and IFNAR2, which associate with TYK2 and JAK1, respectively. STAT1 and STAT2 are the major signal transducing STATs
in response to type I IFNs [12,13]. Nevertheless, also all other STATs can be activated and contribute to responses in a cell type-speci�c manner. IFN-g signals
through IFNGR1 and IFNGR2, which are associated with JAK1 and JAK2, respectively [14] and then STAT1 is activated. Often STAT3 [15,16] and sometimes
STAT5 [17] are also activated by IFN-g. To further investigate the functional effects of TYK2 de�ciency, we tested the responses of PBMC from TYK2-de�cient
patients to type I and type II interferons. For P1, the phosphorylation of STAT1 and STAT3 induced by IFN-a and IFN-b were both abolished, while the
phosphorylation of STAT1 induced by IFN-g was comparable with that of healthy control (Fig. 2A). Reduced STAT1 expression is believed to be partially
responsible for reduced phosphorylation of STAT1 in response to type I interferons in TYK2 de�cient cells. Consistently, RT-qPCR showed decreased
transcription of various ISGs (Fig. 2D). P2 also showed impaired responses to IFN-a/b but normal response to IFN-g (Fig. 2B), which was also consistent with
ISG expression (Fig. 2E). Expression of STAT1 was almost abolished in PBMC from P2 (Fig. 2B), unlike P1 (Fig. 2A), who only showed reduced STAT1
expression. PBMC from P3 showed complex responses to interferons. Similar to P1 and P2, P3 showed normal response to IFN-g (Fig. 2C). However, we could
not get consistent responses of P3 to IFN-a and P3 seemed to respond normally to IFN-b in terms of STAT1 phosphorylation (Fig. 2C). Meanwhile we could
see impaired responses of P3 to IFN-a and IFN-b in terms of STAT3 phosphorylation (Fig. 2C). This complexity is re�ected by the varied induction change of
ISGs (Fig. 2F). Taken together, our data indicates that TYK2 de�ciency results in divergent responses to IFN-a/b/g.

TYK2-de�cient PBMC showed divergent responses to IL-10 and IL-6

IL-10 signals via IL-10R1 and IL-10R2, which associate with JAK1 and TYK2, respectively [18]. IL-6 can also induce phosphorylation of TYK2. Similarly, we
assessed the responses of PBMC from TYK2-de�cient patients to IL-10 and IL-6. PBMC from P1 showed intact response to IL-6 but abolished response to IL-
10 as evidenced by the phosphorylation of STAT3 (Fig. 3A). PBMC from P2 showed signi�cantly impaired responses to both IL-6 and IL-10 as evidenced by
the phosphorylation of STAT3 (Fig. 3B) and the transcription of SOCS3 (Fig. 3C), a STAT3 target gene, in contrary to P3, whose responses to IL-10 and IL-6
seemed normal (Fig. 3D and 3E). These data again showed the role of TYK2 in IL-10 and IL-6 signaling was complicated as previously reported.

TYK2-de�cient PBMC showed similar responses to IL-12 and IL-23
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TYK2 associates with IL-12Rβ1, a receptor chain that is shared by IL-12 and IL-23. The second receptor chain for both cytokines (IL-12Rβ2 and IL-23R,
respectively) associates with JAK2. Biological responses are mainly mediated by STAT4 in response to IL-12 and STAT3 in response to IL-23 [18]. We then
assessed the responses of PBMC from TYK2-de�cient patients to IL-12 and IL-23. In contrast to the responses to IL-6 and IL-10, PBMC from P2 and P3
showed similar impairment in response to IL-12 and IL-23 treatment (Fig. 4A-4D). Consistently, IFN-g production by T cells from P3 was also much less
compared to healthy control when treated with BCG alone or BCG plus IL-12 (Fig. 4E and 4F). Collectively, these data shown so far indicate TYK2 de�ciency
can lead to divergent clinical phenotypes possibly due to divergent signaling defects.

TYK2 de�ciency disturbs homeostasis of lymphocytes

Cytokines signaling plays essential roles in controlling homeostasis of immune system [19]. The impairment of various cytokines signaling in TYK2 de�cient
patients could lead to disruption of this balance. Indeed, we found decreased CD4+ T cells (especially CD4 naïve cells) and total B cells, increased CD4 CM
(central memory), CD4 EM (effector memory) cells, naïve B cells and transitional B cells in P1 and P5 (Supplementary table 4). Subsets of T cells and B cells
were normal in P2 (Supplementary table 4). Normal subsets of T cells were observed while decreased total B cells, memory B cells and plasmablasts B cells
and increased naïve B cells and the transitional B cells were noticed too in P3 (Supplementary table 4).

Further analysis of CD4+T cell subsets showed that frequencies of Th1 and Th1-like cells were increased in P1 and P2 (SupFig. 3 and Fig. 5A-5F), while
frequency of Th2 cells was decreased in P1, P2 and P3 compared to healthy controls (Fig. 5A-5F). Th17 cells seemed unaffected in all three patients tested.
The frequencies of Tfh cells were elevated in P1 and P3, but normal in P2 (Fig. 5G). We further analyzed the Tfh subsets showing normal Tfr frequency and
increased CXCR5+PD-1+ cells (Fig. 5H-5L and 5N). The proportion of Treg were comparable to that of healthy controls in P2 and P3, consistent with the
expression of CTLA-4 and Helios (signature marker of Tregs), but increased in P3 (Fig. 5H-5L and Sup Fig. 4A, 4B). TCR repertoire seemed normal in three
patients tested (Sup Fig. 5A-5D).

For B cell compartment, naïve B cells were both elevated in P2 and P3. MZ-like cells and Sm-B cells were normal in P2, but decreased in P3 (Fig. 5M and 5O-P).

Discussion
Clinical primary immunode�ciency cases caused by TYK2 mutations are very rarely reported. To our best knowledge, there are 13 cases in total in English
literature not including ours. Because of this, the exact roles of TYK2 in the development, function and regulation of immune cells in human remain largely
unknown. In clinical setting, it is extremely di�cult to raise a speci�c suspicion of TYK2 de�ciency when there is no clear full picture of its clinical
manifestations which are closely related to the roles TYK2 plays in various immunologic processes. A recent study showed the P1104A TYK2 common variant
predisposes host to mycobacteria infection by selectively disrupting IL-23–dependent antimycobacterial IFN-γ immunity, which also contributed to our
understanding of TYK2 function[20]. In this study, we presented �ve more cases of TYK2 de�ciency and investigated many aspects of the effects TYK2
de�ciency brings, which we think would further improve our understanding of TYK2 de�ciency.

The �rst TYK2-de�cient patient to be described was Japanese and had HIES as the main clinical feature, associated with numerous intracellular infections.
Since then TYK2 de�ciency was considered a subset of AR-HIES. However, newly identi�ed TYK2 de�cient patients did not necessarily present with hyper-IgE.
A comprehensive comparison of various immunologic defects between the �rst reported patient and seven patients without hyper-IgE was reported, which
proposed that intact IL-6/STAT3 signaling in patients without hyper-IgE might be responsible for this phenotypic difference [4]. As defects in STAT3-mediated
signaling play a key role in the development of HIES [21] and IL-6 signaling is TYK2 independent in mice [22]. Another TYK2 de�cient patient without HIES was
also reported to show normal IL-6 signaling[6]and a TYK2 de�cient patient with HIES showing impaired IL-6 signaling was reported[5](Table 1). Recently,
autosomal recessive and dominant mutations in IL6ST, which encodes gp130, a subunit of cytokine receptor for IL-6, IL-11, IL-27 and some others, have been
reported in patients with HIES[23,24]. Thus, this idea seems to be plausible according to these previously reported cases. Surprisingly, however, our data did not
support this hypothesis. As shown in Fig. 3, PBMC from P1 with mildly elevated IgE and P3 with low IgE both responded to IL-6 treatment normally in terms of
STAT3 activation. Furthermore, PBMC from P2 with normal IgE level showed impaired response to IL-6 treatment. These �ndings strongly suggest the relation
between hyper-IgE and TYK2 de�ciency cannot be explained by dysregulated IL-6/STAT3 signaling.

Actually, mechanisms underlying increased IgE production are variable and complicated [25]: a) enhanced class switching to IgE and the Th2 bias. B cell class
switching to IgE is tightly regulated by interaction with CD4 T cells and the cytokine microenvironment. It is well established that IL-4 and IL-13, cytokines
produced by Th2 cells and B cells, promote isotype class switching to IgE in B cells. Meanwhile, IL-10 and IL-21 act directly upon activated B cells to reduce the
e�ciency of class switching towards IgE. In addition, the engagement of CD40 on B cells by CD40L provides a second signal for IgE class switching [26]. Th
bias towards a Th2 phenotype can indirectly promote a cytokine milieu capable of enhancing IgE production. b) defects in general tolerance, meaning the Th2
response is increased concurrently with Th1 and Th17 responses in cases of cataclysmic tolerance failure, which is seen in IPEX [27]. Intriguingly, P1, P2 and
P3 in our cohort all showed Th1 bias instead, with variable IgE levels, indicating involvement of other mechanisms. c) defects in barrier. While the majority of
patients with atopy begin with elevated IgE, a minority of patients develop atopic dermatitis with normal IgE levels but experience elevated IgE after prolonged
disease, indicating increased IgE levels can be a result of disrupted barriers. So, it seems that in the case of TYK2 de�ciency, disrupted cytokines signaling
network is key to the normal, increased or decreased IgE levels.

The viral infections can probably be accounted for by defects of IFN-a/b/g signaling. Similar to the �rst described TYK2 de�cient patient, P1 in our cohort
suffered repeated viral infection possibly due to abolished responses to IFN-a/b. Although impaired but not abolished IFN signaling does not necessarily lead
to severe viral infection as the case of P2, P3 (Table 1) and previously reported cases [4].
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IL-12 signaling induced IFN-g production is believed to be responsible for the susceptibility to intracellular bacterial infection in TYK2 de�cient patients, while
IL-23 signaling induced IL-17 production for extracellular bacterial infection [3]. However, again our data present challenges to this notion as P3 showed no
evidence of intracellular bacterial infection such as mycobacteria and salmonella in spite of impaired IL-12 signaling and P2 and P3 showed no evidence of
extracellular bacterial infection such as S. aureus in spite of impaired IL-23 signaling.

Cytokine signaling not only affects the function of various immune cells but also plays essential roles in regulating homeostasis of immune system [19]. The
effects of TYK2 de�ciency on the homeostasis of lymphocytes compartment is unclear. In investigating this, we noticed that patients with elevated IgE (P1, P4
and P5) levels shared similar pro�le of disrupted T and B cell compartment and patient with normal IgE level (P2) shared similar pro�le of T cell compartment
but distinct pro�le of B cell compartment with patient with low IgE level (P3).

The divergent cellular responses to cytokines, which is probably responsible for the divergent clinical phenotypes, might be resulted from residual expression
of mutant TYK2. The effects of these mutations on TYK2 protein and mRNA stability could be due to disrupted post-translation modi�cation of the protein
and post-transcription modi�cation of the mRNA.

In summary, we presented �ve more TYK2 de�ciency cases caused by different novel mutations displaying divergent cellular defects and variable clinical
phenotypes, which demonstrated that the correlation of cellular defects and clinical phenotypes is far more complicated than previously thought. In view of
this, here we propose a new model that TYK2 works as a multi-tasker in orchestrating various cytokines signaling pathways, differentially combined defects of
which account for the expressed clinical manifestations. Furthermore, we speculated that the discrepancies in cellular defects could at least partially be
explained by different mutational effects to TYK2 protein, which needs to be investigated in the future. Nevertheless, our �ndings might lead us further
towards more accurate understanding of TYK2 function in human immune system and a more timely diagnosis of TYK2 de�cient patients.
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  First Author Nationality Age Sex Intracellular

Infection

Extracellular

Infection

Virus Fungal Atopy/

Allergic

IgE
Level

Gene

mutation

P1 Minegishi Japan 22 M BCG,
Salmonella

S. aureus HSV C.albicans Atopy High c.550_553delGCT

P2 Kreins Turkey 17 M BCG,Brucella No VZV No No Normal c.2303_2311del

P3 Kreins Morocco 14 F M.tuberculosis No No No     No Normal c.3318_3319insC

P4 Kreins Morocco 14 M unknown No Unknown No No Normal c.3318_3319insC

P5 Kreins Iran 5 M BCG No No No No Normal c.462G>T

P6 Kreins Iran 2 F BCG No Unknown No No Normal c.462G>T

P7 Kreins Iran 9 F M.tuberculosis No No No No Normal c.149delC

P8 Kreins Argentina 11 M No No HSV No No Normal c.1912 C>T

P9 Sarrafzadeh Iran 7 M BCG No No No No Normal c.647delC

P10 Nemoto Japan 15 M No No EBV-
associated
B cells
lymphoma

No No Normal c.209_212 del
GCTT /c.691 C > 

P11 Nemoto Japan 14 F unknown No EBV-
associated
B cells
lymphoma

No No Normal c.209_212 del
GCTT /c.691 C > 

P12 Fuchs Kurdish 5 M No S. aureus No No Atopy High c.647delC

P’1 Lv China 2 M Salmonella;BCG-
itis

No EBV, CMV,
HSV

C.albicans Eczema;
allergic

Mild
elevated

c.3041T>C.
c.1253C>A

P’2 Wu, Lv China 3 M BCG, MP No No No Allergic Normal c.2395G>A

P’3 Lv China 10 F No Unknown No No Eczema Low c.1621G>A,
c.704G>A

P’4 Lv China 5 M Salmonella;BCG-
itis

S. aureus HSV C.albicans Eczema;
allergic

High c.2269C>G
C.149delC 

P’5 Lv China 5 M No Unknown Unknown No Eczema High c.1507C>T

ND: not determined.

Figures
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Figure 1

Identi�cation of TYK2 mutations and TYK2 de�ciency. (A) Pedigrees of the TYK2-de�cient families. Square and circle represent male and female respectively.
The probands (P1, P2, P3, P4 and P5) in the �ve families are indicated by an arrow. (B) and (C) Schematic diagram of TYK2 gene and its 23 coding exons (B),
TYK2 protein and its different domains (Ferm, SH2, Pseudokinase and Kinase) (C). The positions of the TYK2 mutations of the �ve patients are indicated by
black arrows. (D) Con�rmation by Sanger sequencing of the TYK2 gene in the patients and their parents. (E-H) qRT-PCR analysis of TYK2 transcription in P1,
P2 and P3. Data are derived from 2-3 independent experiments. (I-L) Western blot analysis of TYK2 expression in P1, P2, P3 and P5. Representative images
from 2-3 independent experiments.
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Figure 2

Analysis of cellular response to type I IFNs in TYK2-de�cient patients. (A-C) Total STAT1, STAT3 and tyrosine-phosphorylated STAT1(pSTAT1) and STAT 3
(pSTAT3) protein level were analyzed by western blot in P1, P2, P3 and healthy control. The patients’ PBMC were stimulated with IFN-α (100ng/μL), IFN-β
(500IU/mL) or IFN-γ (100ng/μL) for 15 min. Representative images from 2-3 independent experiments. (D-F) Analysis of type I IFN-inducible gene induction in
PBMCs from healthy control and P1, P2 and P3. Cells were stimulated with IFN-α (100ng/μL), IFN-β (500IU/mL) or without IFN for 4 h. Data are derived from 2-
3 independent experiments.

Figure 3

Analysis of cellular response to IL-6 and IL-10 in TYK2- de�cient patients. (A, B and D) Total STAT3 and pSTAT3 protein level were analyzed by western blot in
P1, P2, P3 and healthy control. The patients’ PBMC were stimulated with IL-6 (100ng/μL) or IL-10 (100ng/μL) for 15 min. Representative images from 2-3
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independent experiments. (C and E) SOCS3 induction was analyzed by RT-qPCR after 6 h of treatment with 100 ng/ml IL-10, in PBMC from healthy controls,
P2 and P3. Data are derived from 2-3 independent experiments.

Figure 4

Analysis of cellular response to IL-12 and IL-23 of TYK2- de�cient patients. (A and B) Total STAT4 and tyrosine-phosphorylated STAT4 (pSTAT4) protein level
were analyzed by western blot in P2, P3 and healthy control. The patients’ PBMC were stimulated with IL-12 (100ng/μL) for 15 min. (C and D) Total STAT3 and
pSTAT3 protein level were analyzed by western blot in P2, P3 and healthy control. The patients’ PBMC were stimulated with IL-23 (100ng/μL) for 15 min. (E)
Flow cytometry analysis showing intracellular IFN-γ production in PBMCs after stimulation in the absence or presence of BCG or BCG and 100 ng/ml IL-12 for
48 h. An anti-CD3 Ab was used to identify CD3+ T cells in P3 and healthy control. (F) Flow cytometry analysis showing intracellular IFN-γ production in PBMCs
after stimulation with PMA (100ng/mL) and inonmycin (500ng/mL) for 5h in P3 and healthy control. Representative images from 2-3 independent
experiments.
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Figure 5

Characterization of T-cell and B-cell subsets in TYK2- de�cient patients. (A and B) Gating strategy for identifying Th1/2/17 (A), and Th1/2/17-like cells (B) by
�ow cytometry in healty control and patients. (C-F) Percentage of Th1/2/17, and Th1/2/17-like cells in P1, P2, P3 and healthy control (n=6). (G- J) Gating
strategy for identifying Tfh (G), Tfh expressing PD-1 (H), Tfr (I) and Treg (J) by �ow cytometry in healty control and patients. (K, L and N) Percentage of Tfh,
Tfh expressing PD-1, Tfr and Treg in P1, P2, P3 and healthy control (n=6). (M) Gating strategy for identifying IgMhi (M), MZ-like (M) and Sm B cells (M) by �ow
cytometry in healty control and patients. (O and P) The frequency of B cell subsets in P2 (O), P3 (P) and healthy control (n=6).
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