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ABSTRACT 

 

INVESTIGATION OF CELLULAR RESPONSES IN A PATIENT WITH 

STAT1 GAIN-OF-FUNCTION MUTATION SUCCESSFULLY 

TRANSPLANTED WITH RUXOLITINIB BRIDGE THERAPY AND 

CHARACTERIZATION OF ANTI-VIRAL IMMUNE RESPONSES IN 

DOCK8 DEFICIENCY  

 

 

 

 

Kayaoğlu, Başak 

Doctor of Philosophy, Biology 

Supervisor: Prof. Dr. Mesut Muyan 

 

 

January 2023, 128 pages 

 

 

Gain-of-function mutations (GOF) in the STAT1 gene are associated with impaired 

STAT1 phosphorylation/dephosphorylation cycle and Th17 deficiency. A sporadic 

T835M mutation in the STAT1 gene was detected in a patient with chronic 

mucocutaneous candidiasis (CMC), viral and bacterial infections accompanied by 

autoimmunity. Here, we aimed to investigate the cellular level defects in the patient 

and how they were affected by Ruxolitinib treatment and hematopoietic stem cell 

transplantation (HSCT). We showed that Ruxolitinib treatment partially restored the 

dysregulated STAT1 phosphorylation dynamics but failed to improve Th17 

deficiency, whereas both functions were normalized following HSCT. Furthermore, 

STAT1 GOF patient showed a dysregulated gene expression profile, which was 

partially improved with Ruxolitinib treatment and completely normalized with 

HSCT. Our results suggest that improved disease management and relatively 

normalized gene expression profile can be achieved with Ruxolitinib treatment 
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before transplantation and this would be beneficial to reduce the risk of adverse 

outcome of HSCT. Herein, we also investigated the underlying mechanisms leading 

to susceptibility to viral infections in DOCK8 deficiency. Differential gene 

expression analysis followed by principal component analysis (PCA) on 15 patients 

with DOCK8 deficiency revealed that the patients clustered into two distinct groups 

relative to healthy controls. One group of patients showed increased expression of 

interferon-stimulated genes (ISGs) and immune exhaustion markers but presented 

with compromised type I interferon response to stimulation with several different 

nucleic acid ligands. Our preliminary findings indicate that this dysregulated 

interferon response might be the consequence of the “exhausted phenotype” of innate 

immune cells caused by chronically elevated interferon signature. 

 

Keywords: STAT1 GOF, Ruxolitinib, DOCK8 deficiency, viral immunity, immune 

exhaustion 
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ÖZ 

 

RUXOLITINIB KÖPRÜ TERAPİSİ İLE BAŞARIYLA NAKLİ YAPILAN 

STAT1 İŞLEV KAZANIM MUTASYONLU BİR HASTADA HÜCRE 

YANITLARININ KARAKTERİZASYONU VE DOCK8 EKSİKLİĞİNDE 

BOZULMUŞ VİRAL İMMÜNİTE İLE İLİŞKİLİ SİNYAL 

YOLAKLARININ ANALİZİ 

 

 

Kayaoğlu, Başak 

Doktora, Biyoloji 

Tez Yöneticisi: Prof. Dr. Mesut Muyan 

 

 

Ocak 2023, 128 sayfa 

 

STAT1 genindeki fonksiyon kazanımı mutasyonları (GOF), bozulmuş STAT1 

fosforilasyon/defosforilasyon döngüsü ve Th17 eksikliği ile ilişkilidir. 

Otoimmünitenin eşlik ettiği kronik mukokutanöz kandidiyazis (CMC), viral ve 

bakteriyel enfeksiyonları olan bir hastada STAT1 geninde sporadik T835M 

mutasyonu tespit edildi. Bu çalışmada, bu mutasyon sonucunda ortaya çıkan 

hücresel düzeydeki bozuklukları ve Ruksolitinib tedavisi ile hematopoietik kök 

hücre transplantasyonunun (HKHT) bu bozuklukları nasıl etkilendiğini araştırmayı 

amaçladık. Ruksolitinib tedavisinin düzensiz STAT1 fosforilasyon dinamiklerini 

kısmen düzelttiğini, ancak Th17 eksikliğinin iyileşme göstermediğini saptarken, 

HKHT sonrasında bütün bozukların normale döndüğünü gösterdik. Ayrıca, STAT1 

GOF hastası, Ruxolitinib tedavisi ile kısmen iyileştirilmiş ve HKHT ile tamamen 

normale dönmüş, düzensiz bir gen ekspresyon profili göstermiştir. Sonuçlarımız, 

transplantasyon öncesi Ruksolitinib köprü tedavisi ile iyileştirilmiş hastalık yönetimi 

ve kısmi olarak düzelmiş gen ekspresyon profilinin elde edilebileceğini ve bunun 

HKHT'nin oluşabilecek olumsuz sonuçlarını azaltmada faydalı olabileceğini 
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göstermektedir. Bunun dışında, DOCK8 eksikliğinde gözlenen viral enfeksiyonlara 

yatkınlığa yol açan mekanizmaları, nükleik asit ligandları ile stimülasyon üzerine 

tehlikeli bir tip I interferon salgılanmasını öneren önceki bulgularımızın ışığında 

araştırdık. DOCK8 eksikliği olan 15 hasta, diferansiyel olarak eksprese edilen 

genlerinin temel bileşen analizine (TBA) göre iki gruba ayrıldı. Bir grup hastada, 

interferon ile uyarılan genlerin ve bağışıklık tükenme belirteçlerinin ekspresyonunda 

artış saptandı. Ön bulgularımız, DOCK8 eksikliği olan hücrelerden bozulmuş 

interferon üretiminin, kronik olarak yüksek olan interferon imzasının neden olduğu 

doğuştan gelen bağışıklık hücrelerinin "tükenmiş fenotipinin" bir sonucu 

olabileceğini göstermektedir. 

Anahtar Kelimeler: STAT1 GOF, Ruksolitinib, DOCK8 Eksikliği, viral bağışıklık, 

bağışıklık tükenimi 
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CHAPTER 1  

1 INTRODUCTION  

1.1 Innate and Adaptive Immune System 

The immune system is the body’s defense mechanism against infectious agents and 

other harmful substances. The protection against a potential danger can be achieved 

by a complex network of effector cells and molecules collectively named as the 

immune system. First, the presence of a danger such as infection is detected by the 

white blood cells of the innate immune system. This innate immune recognition is 

achieved through a multitude of sensors specialized to specifically bind to molecular 

patterns expressed by certain groups of pathogens. Next, the effector function of 

immunity comes into play to eliminate the source of danger through the recruitment 

of leukocytes and the release of effector molecules such as proteins of the 

complement system. The innate immune response is rapidly generated following an 

encounter with a foreign molecule and eliminates the danger before it accumulates. 

Occasionally innate immunity fails to eliminate infection or other sorts of dangers, 

in which case the adaptive immune system takes the wheel to generate a more 

targeted and effective immune response through the specific recognition function of 

lymphocytes. The antigen receptors generated by somatic gene-segment 

arrangements can achieve the specific recognition function of T-cells and B-cells 

(Gellert, 1992). Therefore, they can recognize billions of different antigens of foreign 

origin. The self-recognizing T-cell and B-cells were mostly eliminated in the course 

of development by means of negative selection in the thymus and bone marrow, 

respectively (Stritesky et al., 2012). The generation of a proper adaptive immune 

response takes several days. However, once produced, long-lasting protection is 

acquired. Adaptive immunity enables the establishment of immunological memory, 
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providing a rapid and more effective memory response to secondary and subsequent 

encounters. The cell-mediated adaptive immunity is driven by the activation of T-

lymphocytes through the recognition of specific antigens via T-cell receptors (TCR) 

expressed on their surface. Until the encounter of T-cells with their specific antigens, 

they are called naïve T-cells. The transformation of naïve T-cells to effector T-cells 

requires the presentation of processed antigens embedded in the major 

histocompatibility complex (MHC) on the surface of antigen-presenting cells 

(APCs). The signal coming from the interaction between MHC and TCR is not 

sufficient enough for the activation and differentiation of naïve T-cells. Additional 

stimuli including co-stimulatory molecules and cytokines are needed for this priming 

process. Cytotoxic (CD8+) T-cells recognize cytosolic antigens presented on MHC 

Class I molecules on target cells. Conversely, antigens internalized and processed in 

the endosomal/lysosomal compartment are presented on MHC Class II molecules on 

the surface of APCs, which are recognized by the helper (CD4+) T-cells (Guéguen 

& Long, 1996). Helper T-cells differentiate into a variety of subsets with distinct 

effector functions. In general, Th1 cells are responsible for activating the infected 

cells to facilitate the killing of intracellular pathogens, whereas Th2 cells activate B-

cells to induce class switching and IgE antibody production to fight against parasitic 

infections. Th17 cells, on the other hand, function in the clearance of extracellular 

bacteria and fungi. In addition, regulatory helper T-cells (Tregs) play a pivotal role 

in restraining immune response to prevent autoimmunity (Reiner, 2007). 

Furthermore, specific antibody molecules secreted from plasma cells provide the 

humoral part of immunity.  Upon binding an antigen to a B-cell receptor (BCR), B-

cells proliferate and differentiate into plasma cells with help from previously 

activated helper T-cells. All the components of the immune system work in harmony 

by interacting with each other. However, any impairment in this regulated system 

leads to immune-related diseases, including allergies, autoimmunity and 

immunodeficiency diseases.  
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1.1.1 Innate Immunity and Pattern Recognition 

Anatomical barriers, including epithelial cells and mucosal surfaces, prevent 

pathogens from entering and colonizing the body. If the pathogen can break through 

the first-line of defense, the antimicrobial peptides and complement system will 

come into play, limiting the colonization of pathogens. Simultaneously, the 

inflammatory response is initiated and effector cells are recruited to the site of 

infection (Murphy & Weaver, 2016). Innate immune cells include dendritic cells 

(DCs), monocytes, macrophages, granulocytes, natural killer (NK) cells and innate 

lymphoid cells (Marshall et al., 2018). Dendritic cells (DCs) are generally divided 

into two subsets according to their developmental lineages. The myeloid-derived 

DCs (mDCs) perform phagocytosis for the sampling of extracellular material to the 

T-cells, whereas lymphoid-originated ones, plasmacytoid dendritic cells (pDCs), are 

the professional IFN-α producers. The other phagocytotic cells of the immune 

system are monocytes, macrophages and granulocytes, which are essential in 

elimination of pathogens and apoptotic cells (Fond & Ravichandran, 2016).  NK 

cells are derived from the common lymphoid progenitor but are considered as part 

of the innate immune system due to their invariant receptors. In other words, the 

immune recognition by NK cells does not occur specifically by recognizing an 

antigen, but depends on the altered expression of MHC Class I molecules on the 

infected or tumor cell (Raulet, 2006).   

For the proper function of innate immunity, cells should be able to differentiate self 

from non-self both for the phagocytosis and the generation of an inflammatory 

response. This discrimination is provided by a variety of pattern recognition 

receptors (PRRs) that sense the presence of pathogen-associated molecular patterns 

(PAMPs) (Takeuchi & Akira, 2010).  The pathogens harbor certain repetitive 

molecular structures such as lipopolysaccharides (LPS) found in the cell wall of 

Gram-negative bacteria. Similarly, viral and bacterial nucleic acids have distinct 

properties that are not shared by mammalian cells. Additionally, the host-derived 

damage-associate molecular patterns (DAMPs) released from the damaged or dying 

cells can be recognized by certain PRRs to activate the immune system (Roh & Sohn, 
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2018). The inflammatory response triggered upon the recognition of 

PAMPs/DAMPs by PRRs includes the regulation of transcription, cytokine and 

chemokine secretion, the release of antimicrobial peptides and the recruitment of 

phagocytes (Saxena & Yeretssian, 2014). Toll-like receptors are a family of 

membrane-bound PRRs that recognize extracellular PAMPs. TLRs are composed of 

two main domains: a ligand-binding ectodomain and a TIR domain involved in 

downstream signaling. The binding of a corresponding ligand to the ectodomain of 

TLR molecule results in the recruitment of adaptor molecules to the cytoplasmic TIR 

domain, to initiate a signaling cascade (O’Neill & Bowie, 2007). The plasma 

membrane-bound TLRs are mainly responsible for the detection of the cell wall or 

membrane components of infectious agents. For instance, lipopolysaccharide (LPS), 

the outer membrane component of Gram-negative bacteria, is recognized by TLR4, 

whereas flagellin, the major structural protein of bacterial flagella, is sensed by TLR5 

(Kawai & Akira, 2006). In contrast, the recognition of pathogen-associated nucleic 

acids occurs in the endosomal compartments where the endosomal TLRs reside. 

General properties of TLR-mediated signaling is summarized in Figure 1-1.  
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Figure 1-1: TLR signaling pathway in innate immune cells. (Duan et al., 2022) 

 

Another transmembrane protein family, C-type lectin receptors (CLRs), primarily 

recognize fungal-derived PAMPs and modulate anti-fungal immune responses 

(Nikolakopoulou et al., 2020).  The detection of cytoplasmic PAMPs is performed 

by three main families of cytosolic PRRs, including the NOD-like receptors (NLRs), 

RIG-like receptors (RLRs) and cytosolic DNA sensors (CDS). The presence of 

bacterial-derived molecules such as peptidoglycan or flagella in the cytosol is 

detected by NLRs which results in the generation of inflammatory response, 

autophagy and cell death (Ting et al., 2008). Additionally, RLRs and CDS function 

in the recognition of nucleic acids in the cytosol. 
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1.1.1.1 Nucleic Acid Sensing  

The digestion of engulfed extracellular pathogen results in the localization of 

microbial nucleic acids in endosomal compartments where the nucleic acid sensing-

TLRs reside. The microbial DNA fragments containing unmethylated CpG motifs 

bind to TLR9, triggering the NF-κB and IRF-mediated production of pro-

inflammatory cytokines and type I interferons, respectively (Kumagai et al., 2008). 

The binding of unmethylated CpG-enriched DNA to TLR9 results in the 

dimerization and conformational change of TLR9, leading to the recruitment of an 

adaptor molecule, MyD88. Next, the interaction between MyD88 and TLR9 

subsequently recruits IRAK1 and IRAK4, forming a complex to activate TAK1. The 

activated TAK1 further phosphorylates the IKK complex, subsequently inducing 

NF-κB activation. Ligand-induced TLR9 signaling in pDCs results in IRF7-

mediated type I IFN production through the formation of TRAF6, IRAK1 and 

IRAK4 complex (Huang & Yang, 2010). In addition to TLR9, TLR7 is 

predominantly expressed in pDCs, whereas the expression of TLR8 is primarily 

observed in monocytes, macrophages and conventional DCs (Cervantes et al., 2012). 

Both TLR7 and TLR8 recognize single-stranded RNA molecules released into 

endosomes upon internalization of ssRNA viruses. The sequence-independent 

detection of ssRNA molecules by TLR7/8 triggers the transcription of pro-

inflammatory cytokines and type I IFNs via IRAK4-dependent signaling, similar to 

TLR9 (Cushing et al., 2017). Following the digestion of dsRNA viruses in 

phagosomes, dsRNA strings bind to endosomal TLR3 and induce a TRIF-mediated 

inflammatory response. Different from other endosomal TLRs, ligand-induced 

dimerization of TLR3 is followed by the recruitment of adaptor molecule TRIF, 

which interacts with TRAF3 and TRAF6. The downstream of TRAF6-depending 

signaling involves induction of inflammatory cytokines through the sequential 

activation of TAK1 and NF-κB signaling, whereas the TRAF3-mediated signaling 

mainly depends on the phosphorylation-induced activation of TBK1 and IRF3, 

resulting in the production of type I IFNs (Kawasaki & Kawai, 2014).  
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Viral RNAs produced within the cytosol are detected by a protein family called RIG-

like receptors (RLRs) with three members. The first identified member of the RLR 

family, RIG-I, bears a pocket in the carboxy-terminal domain (CDT) that senses the 

unmodified 5’triphosphate moieties on viral genomes. The recognition of the base-

pairing portion of dsRNA by the helicase domain of RIG-I is also required to achieve 

full activation (Rehwinkel & Gack, 2020). The second RLR, MDA5, senses viral 

genomic dsRNA delivered and/or replicated in the cytoplasm. Conversely, the 

recognition of dsRNA molecules does not require a specific motif but rather relies 

on the cooperative assembly of MDA5 filaments along the length of dsRNA (Peisley 

et al., 2011). Upon ligand binding, RIG-I and MDA5 interact with the mitochondrial 

antiviral-signaling protein (MAVS) via their caspase activation and recruitment 

domains (CARD), triggering TBK1/IKKε signaling cascade which in turn activates 

NF-κB and IRF3-mediated transcription of type I IFN (Reikine et al., 2014). The last 

member of the RLR family, LGP2 does not possess signal-transducing activity due 

to its missing CARD domain. The high-affinity binding of LPG2 to dsRNA 

facilitates the interaction between dsRNA and MDA5, enhancing MAVS activation 

and anti-viral signaling (Bruns & Horvath, 2015). In contrast, LPG2 has been shown 

to negatively regulate the activity of RIG-I, independent from the dsRNA binding 

capability of LGP2 (Li et al., 2009).  

Apart from the RLRs inducing antiviral immune response, there are several sensors 

with direct antiviral activity. For instance, the genomic viral ssRNA molecules 

bearing 5’ppp moieties are recognized by IFIT1, blocking its translation (Abbas et 

al., 2013). Another example for such a receptor is double-stranded RNA-dependent 

protein kinase R (PKR), which controls the replication of RNA viruses by negatively 

regulating mRNA translation in the host upon binding to dsRNA strings (García et 

al., 2006). The RNA recognition by anti-viral protein OAS1 promotes the generation 

of secondary messenger 2′-5′-oligoadenylate, which in turn activates RNase L, 

inducing the degradation of viral and host RNAs (Hornung et al., 2014).   

The recognition of cytosolic RNA molecules by NLRP3 inflammasomes plays a 

pivotal role in anti-viral and anti-bacterial immunity. NLRP3 inflammasomes are 
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capable of sensing a variety of RNA molecules, including bacterial mRNAs, tRNA 

and rRNAs, viral-originated RNAs and RNA:DNA hybrids, triggering 

inflammasome assembly and caspase 1-dependent pro-inflammatory cytokine 

secretion (Choudhury et al., 2021; Kailasan Vanaja et al., 2014; Sha et al., 2014). 

The principles of  RNA recognition by endosomal TLRs and cytosolic sensors is 

outlined in Figure 1-2. 

 

 

Figure 1-2: RNA sensing receptors (Schlee & Hartmann, 2016) 

 

Presence of dsDNA in the cytoplasm is observed under certain conditions, including 

endogenous DNA leakage from nucleus caused by damage and during infections 

with an intracellular pathogen. Cytoplasmic DNAs are sensed by a variety of DNA 

receptors within the cell inducing an immune response. The detection of dsDNA in 

cytoplasm induces the activation of several cytosolic DNA sensors, cGAS, IFI16 and 

DDX41, leading to STING-mediated interferon response and autophagy (Gui et al., 

2019). The most predominantly found cytosolic DNA sensor, cyclic GMP-AMP 
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(cGAMP) synthase, cGAS, binds to DNA in the cytosol and catalyze the synthesis 

of cyclic GMP-AMP (cGAMP) from ATP and GTP. The endoplasmic reticulum 

(ER) membrane-associated adaptor molecule STING senses this secondary 

messenger cGAMP, leading to the activation of type I interferon production in a 

TBK1/IRF3-dependent manner (Chen et al., 2016). Additionally, cGAMP-induced 

LC3 lipidation, a hallmark of autophagy, occurs through the cGAS-STING signaling 

pathway, resulting in the clearance of DNA viruses and intracellular bacteria (Gui et 

al., 2019).  

The DNA-induced inflammasome activation involves the recognition of cytosolic 

long dsDNA strings by AIM2, IFI16 and NLRP3. The PYHIN family protein, AIM2, 

interacts with the adaptor molecule ASC upon binding to dsDNA, inducing 

pyroptosis (Hornung et al., 2009). Another PYHIN family member, IFI16, can also 

induce the inflammasome assembly upon dsDNA binding, in addition to its role in 

the induction of interferon response (Kerur et al., 2011). The DNA sensing molecules 

and mechanisms are summarized in Figure 1-3. 

 

 

Figure 1-3: DNA sensing receptors (Schlee & Hartmann, 2016) 
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1.1.1.2 JAK/STAT Signaling 

In the previous section, the generation of cytokine response following PRR 

activation was covered. The cytokines can be defined as secreted effector molecules 

that regulate major cell functions including survival, proliferation, differentiation, 

immune response and cell death. Cytokines that bind to the largest class of cytokine 

receptors, the type I/II cytokine receptor, include most of the interleukins (ILs), 

growth hormones, colony-stimulatory factors and interferons (O’Shea et al., 2019). 

Each of these cytokines binds to a distinct receptor inducing diverse outcomes but 

they all use the same signal transduction mechanism, the JAK/STAT pathway. 

 Type I/II cytokine receptors lack the intrinsic enzymatic activity that can drive 

signaling events. Ligand-induced dimerization of these receptors brings the Janus 

Kinases (JAKs) into close proximity and allows the auto and transphosphorylation 

(Jamilloux et al., 2019). Activated JAKs phosphorylate the cytoplasmic tail of 

cytokine receptors, creating a docking site for the recruitment of other signaling 

proteins, most importantly the members of STAT family (O’Shea et al., 2019). The 

members of JAK family, JAK1, JAK2, JAK3 and TYK2, selectively associate with 

certain cytokine receptors, leading to the recruitment of specific STAT molecules. 

The phosphorylated STATs dimerize and translocate to the nucleus, where they 

regulate the expression of target genes (Murphy & Weaver, 2016). There are seven 

members of the STAT family, STAT1, STAT2, STAT3, STAT4, STAT5A, 

STAT5B and STAT6, each with diverse target genes. All JAKs and STATs play a 

pivotal role in the regulation of cellular events which can be understood from the 

defects of these signaling molecules leading to a variety of conditions including 

immunodeficiency, autoimmunity and cancer (O’Shea et al., 2013). The cytokines, 

their corresponding receptors, their signaling partners and the expected outcomes of 

their defects are outlined in Figure 1-4.  
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Figure 1-4: JAK/STAT signaling and disorders associated with the pathway (O’Shea et al., 

2013) 

 

One such signaling event is the binding of interferon-α/β to IFNAR1 and IFNAR2, 

inducing phosphorylation of JAK1 and TYK2, resulting in the phosphorylation-

induced dimerization of STAT1 and STAT2. The STAT1/2 heterodimer complex 

with IRF9 and translocate to the nucleus, where the complex binds to the IFN-

stimulated response element (ISRE) triggering the expression of antiviral genes 

(Pestka et al., 2004). Similarly, the binding of IFN-γ (type II IFN) to 

IFNGR1/IFNGR2 induces the JAK1/2-dependent STAT1 phosphorylation, resulting 

in the binding of STAT1 homodimer to IFN-γ activated sequence (GAS) to induce 

the expression of antiviral genes (Schneider et al., 2014). Interferon signaling 

pathway is summarized in Figure 1-5.   
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Figure 1-5: Interferon signaling cascade (W. Wang et al., 2017).  

 

1.1.1.3 Interferon Stimulated Genes (ISGs) and Interferon Signature 

The power of interferons stems from the diverse effector function of ISGs. 

Interferons can induce the expression of ISGs in both an autocrine and a paracrine 

manner, limiting the viral infection in already infected cell and providing resistance 

against infection in neighboring cells, respectively (Crosse et al., 2018). The OAS 

and IFIT family proteins, a group of ISGs, are involved in the degradation of viral 

RNAs, whereas certain ISGs, including ISG15, ISG20, GBP and IFI proteins inhibit 

viral translation and replication (Goraya et al., 2020). Apart from the mechanism 

limiting the viral infection in the already infected cells, another group of ISGs, 

IFITM proteins prevent the entry of virus into the host cell by inhibiting the 

membrane fusion between the viral envelope and cellular membranes (Bailey et al., 
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2014). MX1, one of the first identified ISGs, interacts with viral components 

including, nucleocapsid and capsid proteins, restraining the infection (Verhelst et al., 

2013). Furthermore, several ISGs, including ISG15 also play a role in the inhibition 

of viral packaging and egress (Perng & Lenschow, 2018). ISGs and their targets in 

viral life cycle are summarized in Figure 1-6. In general, interferon signaling 

triggered by viral infection results in the transcription of ISGs, providing anti-viral 

immunity. However, a variety of immune-system related diseases lead to persistent 

expression of ISGs, and are depicted to have an elevated interferon signature. This 

interferon signature serves as a relevant biomarker of certain diseases including, 

rheumatoid arthritis, and systemic lupus erythematosus (SLE) and monogenic type I 

interferonopathies. TREX1 deficiency is an example of a single gene defect leading 

to the accumulation of cytosolic DNA, inducing continuous interferon signaling 

(Rodero & Crow, 2016).  Similarly, gain-of-function (GOF) mutations in STING1 

and IFIH1 (MDA5) result in enhanced cytosolic nucleic acid recognition and 

interferon signature (Jang et al., 2015; Rice et al., 2014).  

Apart from ISGs with direct anti-viral activity, interferon signaling also enhances the 

expression of MHC Class I and facilitates antigen processing in newly infected cells 

to make these cells the target of cytotoxic T cells (Keskinen et al., 1997). 

Furthermore, type I interferons also play a pivotal role in the maturation and 

activation of NK cells during viral infections (Müller et al., 2017). Additionally, type 

I IFNs can enhance the expansion of NK cells, providing resistance to viral infection-

induced fratricide (Madera et al., 2016). However, the chronically elevated interferon 

signature in NK cells impairs their effector functions (Krämer et al., 2021).  
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Figure 1-6: Targets for interferon-stimulated genes within viral life cycle (Schneider et al., 

2014b) 

1.2 Inborn Errors of Immunity 

Primary immunodeficiency diseases (PIDs) are a heterogenous group of inherited 

disorders that are characterized by increased susceptibility to infections, 

autoimmunity, allergy and/or malignancy.  To date, defects in nearly 500 genes have 

been shown to cause PIDs and this number is growing by leaps and bounds (Tangye 

et al., 2022). Identifying the genetic cause of an immune-related disease is not only 

important for development of targeted therapies but also guides us uncovering 

unknown or partially known molecular and immunological mechanisms.  
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1.2.1 PIDs Leading to Increased Susceptibility to Viral Infections 

Multiple mechanisms are involved in inhibition and/or clearance of viral infections. 

First, the anatomical barriers and anti-viral factors prevent the entry and localization 

of viruses in the host’s cells. If this is breached, the PRRs come into play to trigger 

an anti-viral immune response to call all effector cells such as NK cells to kill 

infected cells. If the innate immune cells fail to eliminate the infection, the 

established anti-viral response drives the generation of an adaptive immune 

response, activating cytotoxic T cells and inducing neutralizing antibody production 

from plasma cells. Almost all viral infections can be controlled by this complex anti-

viral network unless a defect is present in this web. 

Increased susceptibility to viral infections is primarily associated with inborn errors 

of both innate and adaptive immunity. Depending on the compromised component/s 

of the immune system, susceptivity may vary from a specific virus to multiple 

families of viruses. One such defect is the IRF7 deficiency, resulting in impaired 

type I interferon production from pDCs in response to viral, predominantly 

influenza, infections (Ciancanelli et al., 2015). The viral susceptibility in common 

variable immunodeficiency (CVID) stems from defective B-cell differentiation and 

lack of antibody production accompanied by T-cell defects (Dropulic & Cohen, 

2011). Recurrent and persistent herpes simplex virus (HSV) infections are 

commonly observed in a variety of PIDs including STAT1 GOF and deficiencies of 

DOCK8, NEMO, GATA2, CARMIL2, TYK2 and STAT1 (Jouanguy et al., 2020).   

1.2.1.1 PID associated with STAT1 Gain-of-function (GOF) Mutations  

Gain-of-function mutations in STAT1 gene result in elevated phosphorylated STAT1 

levels and delayed dephosphorylation, inducing amplified STAT1-dependent gene 

expression. This enhanced STAT1 signaling overrides the STAT3 pathway, which 

is required for Th17 differentiation, resulting in Th17 deficiency. As a consequence 

of impaired Th17 immunity, STAT1 GOF patients suffer from chronic 

mucocutaneous candidiasis (CMC) (Van De Veerdonk et al., 2011). Recent findings 
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also suggest that augmented Th1 responses caused by enhanced STAT1 signaling 

contributes to susceptibility to cutaneous candida infections (Break et al., 2021). 

Furthermore, autoimmunity and increased viral susceptibility are the other well-

known characteristics of STAT1 GOF mutations. The most frequently observed viral 

infections in patients with STAT1 GOF mutations are HSV, Varicella-zoster, 

molluscum contagiosum, CMV and EBV (Toubiana et al., 2016) Although the 

underlying causes of viral infections and autoimmune manifestations are less 

understood, the involvement of chronically elevated interferon signaling has been 

speculated by multiple groups (Weinacht et al., 2017). As reviewed earlier, the 

increased interferon signature is associated with type I interferonopathies, 

manifesting diverse autoinflammatory and autoimmune diseases. At the end of a 

long-standing debate, in the last review on the subject, STAT1 GOF was classified 

as a type I interferonopathy (Crow & Stetson, 2021). However, direct evidence of 

the link between elevated interferon signature and autoimmunity is still missing. 

Furthermore, the increased interferon signature and susceptibility to viral infection 

are two contradictory concepts. One proposed mechanism for increased viral 

susceptibility is the defective NK cell function in STAT1 GOF patients (Tabellini et 

al., 2017). Of note, it has been shown that the chronically elevated interferon 

signaling impairs NK cell functions (Krämer et al., 2021). Therefore, this 

consistently elevated interferon signature may lead to increased viral susceptibility 

in STAT1 GOF patients in a NK-cell-dependent and possibly independent manner.  

The most prevalent treatment modality in STAT1 GOF is the utility of Ruxolitinib, 

a JAK1/2 inhibitor (Olbrich & Freeman, 2018). Ruxolitinib inhibits JAK activity by 

competitively occupying the ATP-binding site on JAK1 and JAK2 (Mascarenhas & 

Hoffman, 2012). Studies emphasize the importance of long-term use for a successful 

outcome however possible adverse side effects and drug sensitization pose a danger 

in long-term administration (Weinacht et al., 2017; Zimmerman et al., 2017). 

Another treatment option is hematopoietic stem cell transplantation (HSCT). 

However, the success rate of HSCT in STAT1 GOF has been reported to be low due 

to increased incidence of graft versus host disease (GvHD) (Leiding et al., 2018). 
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Therefore, treatment strategies for STAT1 GOF patients require further 

optimization.   

1.2.1.2 DOCK8 Deficiency 

Hyper immunoglobulin E syndrome (HIES) is a primary immunodeficiency 

characterized by recurrent infections, eczema and elevated concentration of serum 

IgE. The autosomal dominant hyper IgE syndrome (AD-HIES) is caused by 

dominant-negative mutations in STAT3 genes, whereas mutations in DOCK8, IL6ST, 

PGM3 and ZNF431 result in the autosomal recessive form of hyper IgE syndrome 

(AR-HIES) (Al-Shaikhly & Ochs, 2019; Bergerson & Freeman, 2019). Apart from 

other forms of HIES, the Dedicator of Cytokinesis 8 (DOCK8) immunodeficiency 

syndrome (DIDS) is classified as a combined immunodeficiency due to defects in 

both innate and adaptive immune systems of the patients. Furthermore, increased 

viral susceptibility is a distinctive characteristic of DOCK8 deficiency among other 

forms of HIES (Su, 2010). More than half of the patients with DIDS have large 

deletions in one or both alleles of DOCK8 whereas some have point mutations and 

small indels (Su et al., 2019).  Most of the mutations in DOCK8 gene have been 

shown to lead to complete loss of expression but there are some reported cases with 

low but detectable levels of DOCK8 expression (Engelhardt et al., 2015). 

Furthermore, somatic reversion, spontaneous correction of a germline pathogenic 

allele, is commonly observed in DOCK8 deficiency, leading to subsequent re-

expression of a functional protein (Pillay et al., 2021a). Depending on the nature of 

mutations and the presence or absence of residual DOCK8 expression, disease 

manifestations in DIDS range from mild to severe.  

DOCK8 protein is a member of the DOCK180-related family of atypical guanine 

nucleotide exchange factor (GEF) highly expressed in immune cells. DOCK8 

specifically regulates the activity of the Rho family of small GTPases including 

CDC42 and RAC1, controlling a variety of processes such as migration, adhesion 

and phagocytosis. Therefore, the absence of a functional DOCK8 protein causes 

diverse cellular defects in different immune cells (Su et al., 2011). The immune 
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synapses are tight appositions formed between APCs or target cells and lymphocytes 

and are required for establishing a proper immune activation in lymphocytes. 

Immune synapse formation is linked to actin cytoskeleton re-organization which is 

controlled by CDC42, downstream of DOCK8. Therefore, DOCK8 deficiency 

results in defective immune synapse formation in B-cells, cytotoxic T-cells and NK-

cells, impairing long-lived antibody production from plasma cells, cytotoxic activity 

of CD8+ T-cells and NK-cells, respectively (Kearney et al., 2017). Furthermore, it 

has been shown that DOCK8-deficient lymphocytes exhibit normal chemotaxis but 

they get elongated and shattered during migration within dense environments such 

as a synthetic collagen matrix or dermal layer of skin (Q. Zhang et al., 2014). 

Additionally, DOCK8 deficiency causes a defect in STAT3 signaling, impairing 

Th17 differentiation since it regulates the STAT3 phosphorylation and translocation 

to the nucleus (Keles et al., 2016). Apart from its tasks associated with GEF activity, 

the DOCK8 protein has been shown to have an adaptor role in the TLR9-MyD88 

signaling pathway. Due to its adaptor function, DOCK8 deficiency has been 

speculated to attenuate type I interferon production following TLR9 ligand 

stimulation and to weaken TLR9-driven B-cell proliferation, consequently impairing 

antibody production (Jabara et al., 2012). 

The underlying cause of the increased viral susceptibility in DOCK8 deficiency has 

been studied extensively from the day it was first identified. One clue is that 

interferon alpha-2b treatment clears persistent infections in DOCK8 deficiency, 

implying a defect in type I interferon production in these patients. The decreased 

number of pDCs in DOCK8 deficiency has been proposed to cause viral susceptibly 

whereas the most commonly observed infections are HSV infections, where the 

impact of pDC depletion on HSV infections was shown to be partial (Swiecki et al., 

2013). Given the diverse consequences of DOCK8 deficiency at the cellular level, 

the involvement of a possible defect of innate immunity leading to enhanced 

susceptibility to viral infections should be explored. 
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1.3 Immune Exhaustion 

During certain conditions such as cancer and chronic infections, T-cells are 

chronically exposed to antigen and inflammatory signals, inducing a state of T -cell 

dysfunction, called exhaustion. The exhausted T-cells are characterized by poor 

effector function accompanied by elevated surface expression of co-inhibitory 

receptor (Wherry, 2011). T-cells require two simultaneous signals from APCs or 

target cells for optimal activation. The first signal is received from antigen 

recognition through the TCR whereas the second one is the co-stimulatory signal 

engaging CD28 on T-cells (Murphy & Weaver, 2016). Nuclear factor of activated 

T-cells (NFAT), downstream of TCR, is activated in a calcium-dependent manner 

and translocated to the nucleus. Simultaneously, the AP-1 signaling pathway is 

initiated by a co-stimulatory signal, inducing its nuclear transport. NFAT and AP-1 

interact with each other in the nucleus and as a complex, bind to a composite DNA 

motif responsible for the transcription of activation-related genes such as interleukin-

2. However, in the absence of AP-1, NFAT alone binds to a monomeric motif on 

DNA, inducing the expression of co-inhibitory receptors such as PD-1, TIM-3, LAG-

3 and CTLA4 (Martinez et al., 2015). The expression of co-inhibitory receptors on 

T-cells results in an “exhausted phenotype” with reduced effector function including, 

IL-2 production and cytotoxicity, resulting in the ineffective clearance of viruses or 

tumor cells (Saeidi et al., 2018). One critical point regarding T-cell exhaustion is that 

the phenotype is not terminal, blockage of co-inhibitory receptor signaling has been 

shown to reverse this state of dysfunction (Nguyen & Ohashi, 2014).  
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Figure 1-7: Effector T-cell activation vs T-cell exhaustion (Bengsch & Wherry, 2015) 

 

Immune exhaustion is well-studied in T-cells, however, more recently, exhaustion 

in other cells, particularly innate cells, have also been considered.  Similar to T-cells, 

elevated interferon signature has been suggested to induce exhausted phenotype, 

impairing the effector functions of innate immune cells including, type I interferon 

production (Greene et al., 2021). However, the exact mechanisms leading to 

“exhausted phenotype” in innate cells are largely unknown. It has been known that 

co-inhibitory receptor expression is not restricted to T-cells. For instance, expression 

of LAG-3 in plasmacytoid dendritic cells has been shown to be 10-fold higher than 

in any type of T-cells (Workman et al., 2009). Furthermore, TIM-3 is known to be 

expressed by a variety of innate immune cells, negatively regulating immune 

responses (Yang et al., 2013). However, to date, the link between immune exhaustion 

in innate cells and co-inhibitory receptor expression has not been addressed. By 
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deciphering the underlying mechanisms and the molecules playing a role in this 

process, new targeted therapy options can be explored. 

1.4 Aim of the Study 

STAT1 GOF patients are characterized by CMC and increased susceptibility to viral 

and bacterial infections accompanied by autoimmune manifestations. The 

underlying cause of CMC has been shown to stem from as Th17 deficiency. 

However, mechanisms leading to immunodeficiency and autoimmunity are less 

clear. Here, we aimed to investigate the gene expression profile of immune-related 

pathways to expand our knowledge of the underlying mechanisms contributing to 

disease progression. Furthermore, treatment options in STAT1 GOF are limited to 

long-term use of JAK inhibitors and HSCT. However, both have distinct drawbacks. 

Due to the possible complications including adverse side effects and drug 

desensitization in long-term use, patients are unlikely to use Ruxolitinib throughout 

their lifetime. Alternatively, HSCT, providing a definite solution, is a practice with 

a very low success rate in STAT1 GOF patients. Therefore, we proposed to develop 

a strategy combining both options for optimal patient treatment. Herein, we first 

verified the cellular level defects in the patient including impaired STAT1 

phosphorylation dynamics and Th17 deficiency. Next, we investigated the impact of 

Ruxolitinib treatment and HSCT following Ruxolitinib bridge therapy on cellular-

level defects. Furthermore, we utilized the PanCancer Immune Profiling gene 

expression panel to assess immune-related gene expression profiles of the patient, 

prior to, during Ruxolitinib treatment and post-HSCT. To this extent, we identified 

the dysregulated pathways in the patient and their improvement in the course of 

treatment.  

Herein, we also aimed to investigate the defects related to interferon signaling and 

viral infections in DOCK8 deficiency. In our preliminary work, we observed this 

impaired type I IFN production in DOCK8-deficient patients in response to various 

cytoplasmic and endosomal nucleic acid ligand stimulation. Therefore, we planned 

to explore the underlying cause of impaired type I interferon response. For this, we 
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performed immune-related transcriptome analysis using the Host Response Panel in 

15 patients with DOCK8 deficiency. According to principal component analysis, as 

the patients were clustered into two distinct groups. We identified the dysregulated 

pathways in these two groups and associated certain pathways with compromised 

type I IFN response and increased viral susceptibility. Additionally, we investigated 

the normalization of dysregulated immune-related gene expression profile in one 

DOCK8-deficient patient post-HSCT. 
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CHAPTER 2  

2 MATERIALS & METHODS 

2.1 Materials 

2.1.1 Chemicals 

RPMI 1640 with L-glutamine (Biological Sciences, Isreal, cat. # 01-100-1A) was 

used as cell culture media for all experiments. Cell culture grade water (cat. # 03-

055-1A), DPBS (cat. # 02-023-1A) and media supplements; heat-inactivated Fetal 

Bovine Serum (FBS, cat. # 04-121-1A),  HEPES buffer (cat. # 03-025-1B), MEM 

non-essential amino acid solution (cat.# 01-340-1B), Sodium pyruvate solution (cat. 

# 03-042-1B), Penicillin/Streptomycin solution (cat. # 03-031-1B) were purchased 

from Biological IIndustries(Isreal). Lymphocyte separation medium (LSM-A) was 

purchased from Capricon (Germany).  

2.1.2 Antibodies and Related Reagents 

Fluorochrome-conjugated antibodies targeting cell surface or intracellular antigens 

used in flow cytometric analysis are listed in Table 2-1.  Fixation Medium (cat. # 

GAS001S-100) and Permeabilization Medium (cat. # GAS002S-100) were 

purchased from Thermo Fisher Scientific (USA). Methanol was purchased from 

Merck (Germany).  
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Table 2-1: List of fluorochrome-conjugated antibodies used in flow cytometry 

Antibody 
Fluoro-

chrome 
Company Cat. # 

Working 

Conc. 

Anti-human CD3 FITC Immunostep 3F1-100T 5µl/test 

Anti-human CD4 PE Immunostep 4PE-100T 5µl/test 

Anti-human CD4 APC/Cy7 Biolegend 300517 2µl/test 

Anti-human CD8a FITC Biolegend 300905 2µl/test 

Anti-human CD14 APC Biolegend 301808 1µl/test 

Anti-human CD19 PE Immunostep 
19PE1-

100T 
5µl/test 

Anti-human 

CD123 
PerCP/Cy5.5 Biolegend 306016 5µl/test 

Anti-human 

CD303(BDCA2) 
FITC Biolegend 354208 5µl/test 

Anti-human 

CD45RA 
PE/Cy7 Biolegend 304125 5µl/test 

Anti-

humanCD45RO 
PE Biolegend 304205 5µl/test 

Anti-human IL-

17A 

Alexa 

Fluor® 488 
Biolegend 512307 10µl/test 

Anti-human IFN-γ APC Biolegend 502511 5µl/test 

Anti-human 

pSTAT1(pY701) 

Alexa 

Fluor® 488 
Bioscience 612596 5µl/test 

Anti-human 

pSTAT1(pY701) 

Alexa 

Fluor® 647 
Bioscience 612597 5µl/test 

Anti-human 

pSTAT3(pY705) 

Alexa 

Fluor® 647 
Bioscience 557815 5µl/test 

Anti-human IP-10 PE Bioscience 555049 10µl/test 

Anti-human ISG15 PE 
R&D 

systems 
IC8044P 5µl/test 
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Enzyme-Linked Immunosorbent Assay (ELISA) was performed using 96-well, flat 

bottom, maxibinding Immunoplates (SPL Life Sciences, Korea, cat. # 32296). 

Antibody pairs utilized in sandwich ELISA were from Mabtech (Sweden) 

(summarized in Table 2-2). Alkaline phosphatase-conjugated streptavidin (Strep-

ALP, cat. # 3310-8-1000) were purchased from Mabtech (Sweden). 4-Nitrophenyl 

phosphate disodium salt hexahydrate (pNPP, cat. # 4264-83-9) was obtained from 

VWR Life Sciences (Ireland). Diethanolamine substrate buffer for pNPP (cat. # 

34064) and Tween 20 detergent (cat. # BP-337-500) were purchased from Thermo 

Fisher Scientific, USA. Buffer recipes for ELISA are given in Appendix A.  

Table 2-2: List of cytokine ELISA kits 

Cytokine Company Kit Cat. # 

IFN-γ Mabtech ELISA Flex: Human IFN-γ (ALP) 3420-1A-6 

IL-17A Mabtech 
ELISA Flex: Human IL-17A 

(ALP) 
3520-1A-6 

IL-10 Mabtech ELISA Flex: Human IL-10 (ALP) 3430-1A-6 

IFN-α Mabtech ELISA Flex: Human IFN-α (ALP) 3425-1A-6 

TNF-α Mabtech 
ELISA Flex: Human TNF-α 

(ALP) 
3512-1A-6 

IL-1β Mabtech ELISA Flex: Human IL-1β (ALP) 3416-1A-6 

 

2.1.3 Stimulants and Related Reagents 

Opti-MEMTM Reduced Serum Medium (cat. # 31985070) and LipofectamineTM 2000 

Transfection Reagent (cat. # 11668019) were purchased from Thermo Fisher 

Scientific (USA). Protein transport inhibitors monensin (cat. # 554724, BD 

Bioscience, USA) and Brefeldin A ( cat. # 420601, Biolegend, USA) were purchased 

from) were used for intracellular cytokine stainings. Identity of stimulants and their 

working concentrations used in cell stimulation experiments are given in Table 2-3. 
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Table 2-3 List of stimulants utilized in cellular activation experiments 

Stimulant Pathway 
Working  

Concentration 
Company Cat. # 

PMA PKC 50ng/ml Invivogen tlrl-pma 

Ionomycin NFAT 1µg/ml Invivogen Inh-ion 

HKCA Dectin-1 4x106 cell/ml  Invivogen tlrl-hkca 

Zymosan TLR2/Dectin-1 10µg/ml Invivogen tlrl-zyn 

IFN-β 
IFNAR1/2-

JAK/STAT 
100ng/ml 

Merck-

Serono 

- 

R848 TLR7/TLR8 5µg/ml Invivogen tlrl-r848 

D-ODN 

(D35) 
TLR9 3µM - 

- 

HSV-60 CDS 5µg/ml Invivogen 
tlrl-

hsv60n 

PolyI:C 
TLR3/RIG-I 

/MDA5 
10µg/ml Invivogen tlrl-pic 

 

 

2.1.3.1 Materials Used in RNA Isolation and Gene Expression Analysis 

Reagents and Kits used for RNA isolation and Gene Expression Analysis are given 

in Table 2-4. RNA purity and quantity were assessed via BioDrop (BioChrom, UK) 

or NanoDrop™ 2000 (Thermo Fisher Scientific, USA). 
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Table 2-4 List of Reagents and Kits used in RNA isolation and Gene Expression 

Product Company Cat. # 

TRIzolTM Reagent Thermo Fisher Scientific 15596026 

RNaseZAPTM Merck R2020-250ML 

Chloroform Merck 102431 

Isopropanol Merck 101040 

Ethanol Merck 32221 

RNA Clean & Concentrator Zymo Research R1018 

DNase I (RNase-free) NEB M0303S 

nCounter Human PanCancer 

Immune Profiling Panel 
NanoString 

XT-CSO-

HIP1-12 

nCounter Human Host 

Response Panel 
NanoString XT-HHR-12 

2.2 Methods 

2.2.1 Isolation of Human Peripheral Blood Mononuclear Cells (hPBMC) 

from Whole Blood 

Experiments involving human participants have been approved by the Ethics 

Committee of Marmara University, School of Medicine. Blood samples from 

patients and healthy controls were collected in EDTA-coated blood collection tubes 

(BD Bioscience, USA). Blood collection process was carried out at Marmara 

University, Pendik Training and Research Hospital, Pediatric Allergy and 

Immunology Department. Blood samples were diluted with an equal volume of PBS 

and then slowly layered on top of Lymphocyte Separation Medium (LSM) at a ratio 

of 3:2. Centrifugation was performed at 1800 rpm for 30 minutes at room 

temperature with the brake-off, to maximize layer separation. Then, PBMC layer in 

between LSM and plasma fraction was harvested and transferred into a clean Falcon 
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tube with the help of a sterile Pasteur Pipette. Recovered PBMCs were washed twice 

with 2% FBS containing RPMI 1640 Medium (wash medium) by centrifugation at 

1800 rpm for 10 minutes. Final PBMC pellet was resuspended in 1ml of 10% FBS 

containing RPMI 1640 Medium (complete medium). To determine PBMC count, 

20µl of cell suspension was diluted in 1ml of PBS and 20µl of diluted sample was 

acquired using a flow cytometer (Novocyte 2060, Agilent Technologies, USA). 

PBMCs were gated according to forward and side scatters, based on their size and 

granularity. Event number in PBMC gate was multiplied with dilution factor 

(2500X) to find the number of cells in 1ml.  

2.2.2 Stimulation of PBMCs 

For determination of STAT1 phosphorylation/dephosphorylation cycles, PBMCs 

(1x106 cells/ml) were stimulated with IFN-β for 15, 60 and 120 minutes or left as 

such. For the assessment of STAT1 and STAT3 phosphorylation in T and B-cells, 

PBMCs (1x106 cells/ml) were stimulated with IFN-β for 30 minutes or left as such. 

Following incubations, PBMCs were centrifuged at 300g for 10 minutes. Cell pellets 

were resuspended in 100µl Fixation Medium (Medium A; containing formaldehyde) 

and incubated for 15 minutes at room temperature. Cells were washed twice with 

FACS buffer (Appendix A) by centrifugation at 400g for 10 minutes and stored at 

+4°C until utilized in further experiments.  For the intracellular assessment of T-cell 

specific cytokines, PBMCs (1x106 cells/ml) were stimulated with PMA and 

Ionomycin. Simultaneously, unstimulated and stimulated PBMCs were treated with 

protein transport inhibitor Monensin (1000X) and incubated for 6-hour at 37°C. At 

the end of the incubation, cells were fixed and stored as explained above. Similarly, 

for the measurement of intracellular IP-10 amounts, PBMCs (1x106 cells/ml) were 

stimulated with Lipofectamine 2000 transfected HSV-DNA for 5 hours. At the end 

of the 5-hour incubation at 37°C, cells were treated with Brefeldin A (1000X) and 

incubated further for 3 hours at 37°C. Next, cells were fixed and stored as explained 

above. PBMCs (1x106 cells/ml) were stimulated with various PRR ligands for the 

assessment of intracellular ISG15. After overnight incubation, cells were fixed and 
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stored as explained above. For the measurement of secreted cytokine levels, PBMCs 

(4x105 cells/well) were layered into flat bottom 96-well tissue culture plates and 

stimulated with various PRR ligands or PMA/Ionomycin for 24 hours at 37°C. 

Culture supernatants were collected and stored at -20°C for ELISA.  

2.2.3 Flow Cytometric Analysis 

2.2.3.1 Determination of pDC population within PBMCs 

Cell surface staining was performed with live cells on ice. PBMCs (1x106 cells/ml) 

were centrifuged at 300g for 10 minutes at 4°C. The live cell pellet was resuspended 

in 100µl FACS buffer containing fluorochrome-conjugated anti-CD123 and anti-

CD303 (BDCA2). Cells were incubated for 30 minutes on ice and washed twice. A 

minimum of 20,000 events were acquired and cells were analyzed in the CD123+ 

CD303+ gate on a Novocyte 2060 Flow cytometer. 

2.2.3.2 Intracellular Phospho-STAT Staining 

Fixed PBMCs (unstimulated or IFN-β stimulated) were permeabilized with 95% ice-

cold methanol for 20 minutes on ice. Permeabilized cells were washed twice with 

FACS buffer to recover from residual methanol prior to the addition of 

fluorochrome-conjugated antibodies. Next, the cell pellet was resuspended in 100 µl 

FACS buffer containing fluorescent-labeled anti-pSTAT1 (pY701) or anti-pSTAT3 

(pY705) antibodies together with antibodies against cell surface markers and 

incubated for 45 minutes at room temperature in dark. Labeled cells were washed 

twice and final cell pellet was resuspended in 300µl of FACS buffer. A minimum of 

20,000 events were acquired and cells were analyzed in the CD4+ gate on a Novocyte 

2060 Flow cytometer. Gating strategies are given in Appendix B. 
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2.2.3.3 Intracellular Cytokine Staining 

For T-cell specific cytokine measurements, unstimulated and PMA/ionomycin 

stimulated PBMCs were treated with protein transport inhibitor and fixed as 

described above. The fixed cell pellet was resuspended in 100µl of fluorochrome-

conjugated antibody (anti-IL-17A or anti-IFN-β) containing Permeabilization 

Medium (Medium B; containing saponin) and incubated for 45 minutes at room 

temperature in dark. Next, labeled cells were washed twice and cell surface staining 

was performed with fluorescent-labeled antibodies against CD4, CD45RA and 

CD45RO molecules. A minimum of 40,000 events were acquired and cells were 

analyzed in the CD4+CD45RO+CD45RA− gate on a Novocyte 2060 Flow cytometer. 

Gating strategies are given in Appendix B. 

For intracellular IP-10 staining, PBMCs treated with protein transport inhibitor were 

fixed as described above. The fixed cell pellet was resuspended in 100µl of 

fluorochrome-conjugated anti-IP-10 containing Permeabilization Medium (Medium 

B; containing saponin) and incubated for 45 minutes at room temperature in dark. 

Then, IP-10 labeled cells were washed twice and monocytes were stained with 

fluorochrome-conjugated anti-CD14 for 30 minutes. A minimum of 20,000 events 

were acquired and cells were analyzed in the CD14+ gate on Novocyte 2060 Flow 

cytometer. Gating strategies are given in Appendix B. 

2.2.4 Cytokine Measurement from Cell Culture Supernatant 

The amounts of secreted cytokines were determined using ELISA kits described in 

Table 2-2. First, capture antibodies were diluted in PBS as suggested in the 

manufacturer’s protocol. Next, SPL immunoplates were coated with 50μl/well 

monoclonal capture antibody specific to the target cytokine. Following overnight 

coating at +4°C, plates were emptied by gentle flicking. Then, plates were blocked 

with the addition of 200μl/well of blocking buffer and incubated for 2 hours at room 

temperature. After the blocking buffer was discarded, plates were washed 4 times 

each for 3 minutes by soaking in wash buffer. Plates were left to air-dry and then 
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50μl/well samples or 50μl/well recombinant cytokine standards (prepared by 2-fold 

serial dilution in PBS) were added to corresponding wells. Culture supernatants were 

diluted with PBS for the detection of IFN-γ (1:2), whereas for other cytokines, 

undiluted supernatants were used. Plates were incubated for 2 hours and washed as 

described previously. Next, 50µl/well biotinylated detection antibodies diluted in T-

cell buffer (at a concentration suggested in the manufacturer’s protocol) were added 

and left for overnight incubation at +4°C. Streptavidin conjugated alkaline 

phosphatase (ALP) was prepared in T-cell buffer at a dilution of 1:1000. Following 

washing steps, streptavidin-AP solution was distributed to wells and incubated for 1 

hour at room temperature. After a final wash cycle, 50µl/well enzyme substrates 

were added to each well and color development was monitored. For the preparation 

of PNPP solution, 1 PNPP tablet was dissolved in 4 ml of distilled water and 1 ml of 

diethanolamine substrate buffer was added to the solution. For color development, 

freshly prepared PNPP solution was used and absorbances were recorded at 405nm 

with 30 minutes intervals.  

2.2.5 RNA Isolation and Quantification for Gene Expression Analysis 

Freshly isolated PBMCs (2-4 × 106 cells) were centrifuged at 300g for 10 minutes. 

Cell pellets were suspended in 1 ml of TRIzolTM reagent with vigorous pipetting.  

and stored at -80°C. Prior to RNA isolation procedure, all surfaces and equipment 

were cleaned with RNaseZAPTM to avoid RNase contamination. One week before 

the Nanostring Assay, homogenized samples were thawed and incubated for 5 

minutes at room temperatures. After the incubation, 200µl of chloroform was added 

to each tube and mixed by vortexing until a homogenous mixture was achieved.  

Tubes were left for incubation for 2-3 minutes at room temperature and centrifuged 

at 12,000g for 15 minutes at +4°C. The clear upper aqueous phase containing RNA 

was collected and transferred into a new RNase-free Eppendorf tube. An equal 

volume of isopropanol was added to each tube and incubated for 10 minutes at room 

temperature. Next, tubes were centrifuged at 12,000g for 10 minutes at +4°C and 

supernatants were decanted. RNA pellets were washed with 1ml of pre-chilled 70% 
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ethanol at 8,000g for 6 minutes. Washing step was repeated with 1ml of cold 100% 

ethanol. Ethanol was removed carefully and RNA pellets were air-dried. RNA pellets 

were then dissolved in 20µl of DNase/RNase-free water. Alternatively, RNA 

isolation after phase separation was achieved by using RNA Clean & ConcentratorTM 

kit. For this, the clear upper aqueous phase was mixed with an equal volume of 

absolute ethanol. The mixture was applied to the column and centrifuged at 16,000g. 

Flow-through was discarded and in-column DNase I digestion was performed 

according to the manufacturer’s protocol. Next, 400µl of RNA Prep Buffer was 

added to each tube and centrifuged. Flow-through was discarded again and filters 

were washed twice with RNA Wash Buffer. Columns were centrifuged to remove 

residual ethanol. Finally, 25µl of DNase/RNase-free water was applied to the 

columns and elution was performed by centrifugation.  

2.2.6 Gene Expression Analysis using Nanostring nCounter® panel 

The nCounter Human PanCancer Immune Profiling and the nCounter Human Host 

Response panels were used for gene expression analysis. All the components of the 

nCounter® XT Assay were removed from the freezer to thaw at room temperatures. 

RNA samples were adjusted to 50ng/5µl with the addition of an appropriate volume 

of DNase/RNase-free water. Master mix was obtained by the addition of 70µl 

hybridization buffer to thawed Reporter CodeSet. 8µl of Master Mix was introduced 

to each tube and mixed with 5µl of sample. Next, 2µl of Capture ProbeSet was added 

and final volume reached to 15µl/tube. Tubes were sealed and hybridization reaction 

was performed at 65°C for 18 hours. Following overnight hybridization, samples and 

cartridge were transferred to nCounter Analysis System for the fully automated 

process of cartridge loading. After immobilization and alignment of hybridized 

probes were achieved in Prep Station, the cartridge was transferred to Digital 

Analyzer for probe counting. The raw count data were normalized via housekeeping 

gene expression with the use of nSolver Analysis Software version 4.0. Logarithmic 

transformation was performed on GraphPad Prism 8 (GraphPad Software Inc, USA). 

The nSolver Analysis Software version 4.0 and nCounter Advanced Analysis 
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Software 2.0 were used to obtain fold change values of differentially expressed 

genes, pathway z scores and cell type scores. 

2.2.7 Statistical Analysis 

Statistical analysis was performed using GraphPad Prism 8. Student unpaired two-

tailed t test, one-way ANOVA with Tukey posttest analysis and two-way ANOVA 

with Tukey posttest analysis were performed for the comparisons between healthy 

controls and patient groups as indicated in figure legends. Student paired two-tailed 

t-test was preferred for the comparisons within STAT1 GOF patient groups. 

Differences in means were accepted as statistically significant at a p value of less 

than 0.05 or q value (Bonferroni corrected p-value) of less than 0.05 as indicated in 

figure legends.  
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CHAPTER 3  

3 RESULTS & DISCUSSION  

                                                  PART ONE     

The antiviral immune response is largely driven by STAT1-mediated IFN signaling.  

Upon binding to their receptors, interferons initiate the phosphorylation-dependent 

activation of Janus Kinases (JAKs), which in turn phosphorylates STAT1 at tyrosine 

residue (Lurie & Platanias, 2005). The activated forms of STATs dimerize and are 

translocated to the nucleus where they regulate the transcription of target genes, 

mainly IFN-stimulated genes with antiviral activity (Tolomeo et al., 2022). The 

pivotal role of STAT1 in host defense can be appreciated based on microbial 

susceptibilities of patients with three types of primary immunodeficiencies that result 

from diverse inborn errors in the STAT1 gene. Autosomal recessive and dominant 

versions of STAT1 deficiency were commonly characterized by persistent 

mycobacterial and/or viral infections (Mizoguchi & Okada, 2021). Autosomal 

dominant (AD) gain-of-function (GOF) STAT1 mutations are predominantly 

characterized by chronic mucocutaneous candidiasis (CMC). Additionally, patients 

with STAT1 GOF mutations may suffer from various forms of autoimmunity as well 

as viral, bacterial and fungal infections (Toubiana et al., 2016).  

3.1 Assessment of STAT1 Phosphorylation/Dephosphorylation Levels in 

Healthy and Patient PBMCs 

A patient with GOF mutation in the STAT1 gene presented with CMC, viral and 

bacterial infections accompanied by autoimmune manifestations. Next-generation 

sequencing (NGS) revealed a de novo heterozygous mutation in the DNA-binding 

domain (DBD) of STAT1 (c.1154C > T; p.T385M). This amino acid substitution has 

previously been shown to induce hyperphosphorylation at Tyr701 and impair the 

dephosphorylation of STAT1 (Sampaio et al., 2013). Enhanced phosphorylation and 
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delayed dephosphorylation of STAT1 observed in these patients likely contribute to 

the pathogenesis of this disease. Ruxolitinib usage and benefits have been reported 

in multiple studies for the treatment of patients with STAT1 GOF mutations 

(Weinacht et al., 2017). Additionally, multiple groups emphasized that 

Hematopoietic stem cell transplantation (HSCT) can be considered for these patients, 

but post-transplant complications are very severe and difficult to manage (Leiding et 

al., 2018). In this thesis, we planned to investigate the potential use of Ruxolitinib 

treatment as a bridge therapy for HSCT in a STAT1 GOF patient. With the use of 

Ruxolitinib treatment, we anticipated to normalize the STAT1 phosphorylation 

kinetics and consequently manage the infections and autoinflammatory 

manifestations in the patient, which would provide a better outcome after HSCT.  

For this purpose, first, we aimed to confirm the defect in STAT1 

phosphorylation/dephosphorylation cycle in patient helper T-cells. To assess the 

STAT1 phosphorylation kinetics, patient and control PBMCs were stimulated with 

IFN-β for 15, 60 and 120 minutes. Typically, STAT1 phosphorylation starts 

immediately after IFN stimulation, which would be followed by dephosphorylation. 

In the first 15 minutes upon IFN stimulation, phosphorylation will predominate in 

the environment and over time, phosphorylated Tyr701 residues would be 

dephosphorylated, resulting in a reduction in the amount of phosphorylated STAT1. 

Therefore, we would expect to observe maximal phosphorylation at 15 minutes 

followed by a gradual decline of levels at 60 and 120 minutes. By the end of 2 hours, 

as the interferon in the environment is depleted, the phosphorylated STAT1 levels 

recede to basal levels. This expected phosphorylation/dephosphorylation cycle in 

helper T cells was confirmed in PBMCs obtained from healthy controls (Figure 3-

1A and B). In contrast, when patient-derived PBMCs were stimulated with an 

equivalent dose of IFN-β, STAT1 phosphorylation in helper T-cells at 15 minutes 

was robust (˜5-fold higher than healthy controls) and dephosphorylation was 

delayed. Specifically, by 120 minutes, pSTAT1 levels in patient cells persisted (˜6.3-

fold higher than the unstimulated baseline level) whereas in healthy controls, 
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dephosphorylation was almost complete (1.7- and 1.9-fold above basal levels of HC1 

and HC2, respectively; Figure 3-1A and 3.1B).  

 

 

Figure 3-1: Representative flow cytometric analysis of STAT1 phosphorylation kinetics in 

the patient (P-Baseline) CD4+ T-cells compared to controls 

PBMCs (1x106) were stimulated with IFN-β (100ng/ml) for 15, 60 and 120 minutes. Time-

dependent change in pSTAT1 levels were analyzed within CD4+ T-cell gate via flow 

cytometry. (A) Phosphorylation/dephosphorylation patterns are presented as overlays of 

the mean fluorescence intensity (MFI) histograms in the patient compared to healthy 

controls. (B) Enhanced phosphorylation and delayed dephosphorylation in the patient are 

illustrated as line graph of pSTAT1 (MFI) at different time points compared to healthy 

controls (P-Baseline: Patient before Ruxolitinib treatment and HSCT, HC: Healthy 

Controls). 
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3.2 Assessment of IL-17 Production in Healthy and Patient PBMCs 

The balance between STAT1 and STAT3 signaling is pivotal in regulation of helper 

T-cell differentiation. STAT1 and STAT3 activation is reciprocally regulated and 

impairments in this balance may lead to various conditions including 

immunodeficiency, autoimmunity and cancer (Regis et al., 2008a). As a 

consequence of gain-of-function mutations in the STAT1 gene, it is speculated that 

hyperactivation of STAT1, negatively regulates the STAT3-dependent signaling. 

Enhanced STAT1 signaling in response to IL-17 inducer cytokines IL-6, IL-21 and 

IL-23 antagonize with STAT3 activation which results in impaired Th17 

differentiation. A reduced number of circulating IL-17 producing helper T-cells has 

been associated with the pathogenesis of CMC disease in STAT1 GOF patients (Liu 

et al., 2011). Here, we aimed to confirm the IL-17 deficiency in helper T-cells in 

patient PBMCs to account for the disease manifestations, including CMC and 

susceptibility to various infections. For this, PBMCs from patient and controls were 

treated with PMA (50ng/ml) and Ionomycin (1µg/ml) for 6 hours in the presence of 

protein transport inhibitor monensin. IFN-γ production in patient’s CD4+ T-cells was 

similar to healthy controls whereas the frequency of IL-17 producing CD4+ T-cells 

in the patient was severely compromised when compared to healthy controls (Figure 

3-2).  
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Figure 3-2: Flow cytometry density plots illustrating IL-17 deficiency in patient CD4+ T-

cells 

PBMCs (1x106) were stimulated with PMA (50ng/ml) and ionomycin (1µg/ml) for 6 hours 

in the presence of Monensin. IL-17 and IFN-γ producing CD4+ T-cells were assessed via 

intracellular cytokine staining from the PBMCs of patient (P-Baseline) and healthy 

controls (HC). 

 

3.3 Assessment of Therapeutic Benefit of Ruxolitinib Treatment and 

Hematopoietic Stem Cell Transplantation (HSCT) on Dysregulated 

STAT1 Dephosphorylation  

Dysregulated STAT1 phosphorylation/dephosphorylation cycles and deficiency in 

IL-17 producing helper T-cells were confirmed with comprehensive functional 

assays as discussed before. Following confirmation of these defects, the use of 

Ruxolitinib, a JAK inhibitor, was decided due to the severity of clinical 

manifestations and dependency on immunosuppressant agents in this patient. The 

initial dose for oral Ruxolitinib was determined as 5mg/m2/dose twice a day. After 1 

month of the therapy, the Ruxolitinib dose was increased to 10mg/m2/dose twice a 

day due to the persistent dysregulation in STAT1 dephosphorylation and lack of 

adverse side effects of Ruxolitinib. By the end of 6 months under Ruxolitinib 

therapy, delayed dephosphorylation of STAT1 was normalized and pSTAT1 levels 

were comparable to those observed in healthy controls (Figure 3-3).  
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Figure 3-3: Line graph illustrating the change in STAT1 phosphorylation/ 

dephosphorylation pattern during Ruxolitinib treatment and following HSCT 

PBMCs (1x106) were stimulated with IFN-β (100ng/ml) for 15, 60 and 120 minutes. 

Change in pSTAT1+ cell percentages in CD4+ T-cell population in the patient, before (P-

Baseline), 1 month and 6 months after Ruxolitinib treatment (P-Ruxo 1 month and P-Ruxo 

6 months) and 6 months post-transplantation (P-HSCT) in comparison to healthy controls 

(HC) were assessed via flow cytometry. Two-way ANOVA with Tukey’s posttest was used 

to compare patient groups to healthy controls. (n.s., not significant, **p < 0.01 and **** p 

< 0.0001) 

 

The patient benefited greatly from Ruxolitinib treatment. However, since long-term 

use of ruxolitinib can cause complications such as adverse side effects or induction 

of drug desensitization, it was decided that the patient would benefit from a 

hematopoietic stem cell transplantation in the long term. While the patient was under 

Ruxolitinib treatment, HSCT was conducted from a full-matched unrelated donor 

and thus, Ruxolitinib was utilized as a bridge therapy for transplantation and was 

discontinued one day after HSCT. 100% donor chimerism was achieved within one 

month after transplantation. The patient experienced mild complications of HSCT 

which were resolved with commonly administered interventions. 6 months after the 

transplant, delayed dephosphorylation and enhanced phosphorylation of STAT1 
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were resolved and levels returned to those comparable to healthy controls (Figure 3-

3 and Figure 3-4).  

 

 

Figure 3-4: Representative flow cytometric analysis of STAT1 phosphorylation kinetics in 

patient (P-HSCT) CD4+ T-cells after transplantation compared to healthy controls 

PBMCs (1x106) were stimulated with IFN-β (100ng/ml) for 15, 60 and 120 minutes. Time-

dependent change in pSTAT1 levels was analyzed via flow cytometry. The data are 

presented as overlays of the mean fluorescence intensity (MFI) histograms. (P-HSCT: 

Patient post-HSCT, HC: Healthy Control) 

 

3.4 Assessment of Therapeutic Benefit of Ruxolitinib Treatment and 

Hematopoietic Stem Cell Transplantation (HSCT) on Dysregulated 

Th17 differentiation 

At the beginning of the study, we assessed the percentage of IL-17 producing cells 

in CD4+ T-cells from patient versus healthy control PBMCs and confirmed the 

absence of circulating Th17 cells in the patient. However, as expected, the frequency 

of IL-17 producing helper T-cell population in healthy controls was also very low. 

To better evaluate this population, we included additional cell surface markers to 

differentiated naïve versus memory cells, using anti-CD45RA and anti-CD45RO, 



 

 

42 

respectively. With the use of CD45RO together with CD4, we have determined 

memory Th-cells within the PBMC fraction. This gating strategy, enriched the 

intended target population and enabled more sensitive identification of the Th17 

population frequency. Based on this method, analysis of the Th17 population even 

after 6 months of Ruxolitinib treatment, showed no improvement in IL-17 production 

(Figure 3-5, Figure 3-6A and Figure3-6B). 

 

 

Figure 3-5: Representative flow cytometry density plots showing persistent IL-17 

deficiency in patient CD4+CD45RO+ T-cells at 6 months of Ruxolitinib therapy and 

recovery after transplantation   

PBMCs (1x106) were stimulated with PMA (50ng/ml) and ionomycin (1µg/ml) for 6 hours 

in the presence of Monensin . IL-17 and IFN-γ producing CD4+CD45RO+ T-cells were 

assessed via intracellular cytokine in PBMCs of the patient, after 6 months of Ruxolitinib 

treatment (P-Ruxo) and post-transplantation (P-HSCT), and healthy controls (HC). 

 

To confirm the intracellular cytokine staining results, we also investigated the 

secreted IL-17 from overnight culture of PMA (50ng/ml) and Ionomycin (1µg/ml) 

stimulated PBMCs. The amount of IL-17 in the culture supernatant was lower than 

detectable levels for the patient before and after Ruxolitinib treatment (Figure 3-6C 

& D), indicating that long-term management of all symptoms would not be possible 

through ruxolitinib treatment alone, justifying the decision to administer HSCT.  
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The success of HSCT has also been proven by its effect on the IL-17 deficiency in 

patient’s helper T-cells. We have shown an increase in the frequency of circulating 

IL-17 producing memory T-cells after transplantation (Figure 3-5, Figure 3-6A & 

B). We have also detected normal levels of secreted IL-17 from PMA/Ionomycin 

stimulated PBMCs of the patient post-HSCT (Figure 3-6C & D). Collectively, these 

results suggest that Ruxolitinib treatment would be a viable choice in maintenance 

treatment of STAT1 GOF patients until a suitable bone marrow donor is identified. 

 

 

Figure 3-6: Bar graphs showing persistent IL-17 deficiency in patient at 6 months of 

Ruxolitinib therapy and recovery after transplantation 

(A) The percentage of IL-17A producing CD4+ T cells before and after PMA (50ng/ml) 

and ionomycin (1µg/ml) stimulation was determined by intracellular cytokine staining. (B) 

Percentage of IFN-γ producing CD4+ T cells before and after PMA (50ng/ml) and 

ionomycin (1µg/ml) stimulation was determined by intracellular cytokine staining (C) IL-

17A secretion from PBMCs stimulated with PMA (50ng/ml) and ionomycin (1μg/ml) for 24 

hours was detected by sandwich ELISA. (D) IFN-γ secretion from PBMCs stimulated with 

PMA (50ng/ml) and ionomycin (1μg/ml) for 24 hours was detected by sandwich ELISA. 

One-way ANOVA with Tukey’s posttest was used to compare patient groups to controls. 

(n.s., not significant, **p < 0.01 and **** p < 0.0001) 
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3.5 The Effect of Ruxolitinib Treatment and HSCT on Dysregulated Gene 

Expression 

Defect in Th17 immunity has been considered the main reason for the CMC 

pathogenesis in STAT1 GOF patients (Huppler et al., 2012). However, underlying 

mechanisms causing the susceptibility to viral infections and autoimmune 

phenomena remained unexplored. To expand our knowledge of disease 

pathogenesis, we studied the differential expression of immune-related genes in the 

patient in comparison to healthy controls. For this, transcriptome analysis of 730 

genes found in the nCounter PanCancer Immune Profiling Panel was performed 

using total RNA samples isolated from healthy controls versus the patient prior to or 

7 months post-Ruxolitinib treatment in addition to 6 months post-HSCT. Using the 

gene expression analysis, we also aimed to investigate the effect of Ruxolitinib 

treatment and HSCT at the transcriptional level. Figure 3-7 presents volcano plots 

depicting the differential expressed genes in patient samples (Baseline, Ruxo and 

HSCT) in comparison to healthy controls. These results imply that, Ruxolitinib 

treatment ameliorated dysregulated gene expression but HSCT essentially 

normalized the dysregulated expression pattern back to healthy control levels.  

A similar pattern of amelioration and normalization could be observed when the 

immune-related pathway z-scores were compared between untreated versus 

Ruxolitinib and HSCT groups, respectively (Figure 3-8). A few immune-related 

pathways returned to normal levels upon Ruxolitinib therapy, whereas HSCT 

pathway scores were similar to healthy controls, confirming the success of this 

treatment.  

 

 



 

 

45 

 

Figure 3-7: Volcano plots illustrating differentially expressed PanCancer Immune 

Profiling panel genes between patient and controls (n=3) before (P-Baseline vs HC), after 

7 months of Ruxolitinib treatment (P-Ruxo vs HC) and 6 months post-HSCT (P-HSCT vs 

HC) 

 Upregulated genes with log2(fold change) ≥ 1and p < 0.01 (red) and downregulated 

genes with log2(fold change) ≤ -1and p <0.01 (blue) are shown. Names of the most 

differentially expressed genes are given on the plot. 
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Dysregulated STAT1 signaling resulted in the upregulation of multiple pathways 

related to regulation, cytokine and chemokine signaling, pathogen defense, antigen 

processing, T- and B-cell functions (Figure 3-8). Relatively fewer pathways were 

found to be downregulated in the patient compared to healthy controls. These 

pathways were related to NK-cell function, cytotoxicity, adhesion, senescence and 

cell cycle.  

 

 

Figure 3-8: Heatmap illustrating the changes in z-score for immune-related pathways in 

the patient, before (P-Baseline), at 7 months of Ruxolitinib therapy (P-Ruxo) and 6 months 

post-transplantation (P-HSCT), and controls (HC) relative to mean of healthy controls 

 Z-scores were obtained from the differential expression of corresponding genes for each 

immune-related pathway presented above. 

 

In addition to these pathways classified by the Nanostring nSolver software, we 

identified a global upregulation in genes related to type I IFN signaling. Consistent 

with the enhanced STAT1 signaling, most of the type I IFN-related genes found in 

our panel have been determined to be upregulated in the patient (Figure 3-9).  
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Figure 3-9: Heatmap illustrating the log2(fold change) of differentially expressed 

interferon-related genes in the patient, before (P-Baseline), at 7 months of Ruxolitinib 

therapy (P-Ruxo) and 6 months post-transplantation (P-HSCT), relative to healthy 

controls (n = 3) 

 

Upon 7 months of Ruxolitinib therapy, certain interferon-related genes including, 

ISG15, ISG20, MX1, OAS3, IFIT1 and LAMP3 were partially downregulated 

compared to baseline, however, they had higher expression levels when compared 

to controls. In contrast, dysregulated expression of almost all type I IFN-related 

genes was completely normalized after HSCT.  
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Figure 3-10: Line graph illustrating the log2(fold change) of differentially expressed 

interferon-related genes in the patient, before (P-Baseline), at 7 months of Ruxolitinib 

therapy (P-Ruxo) and 6 months post-transplantation (P-HSCT), and healthy controls 

(HC1, HC2 and HC3) 

 

In addition to these IFN-related genes, T- and B- cell function and antigen processing 

related genes were found to be upregulated in the patient. Proteins encoded by these 

upregulated genes include the surface molecules CD19, MS4A1 (CD20), CD27, 

CD79B, CD274 (ICOS), CD80 and IL12RB2, which are required for the activation 

and differentiation of T- and B- cells (Figure 3-11).  

 

 

Figure 3-11: Heatmap illustrating the log2(fold change) of differentially expressed B- and 

T- cell function related genes in the patient, before (P-Baseline), at 7 months of Ruxolitinib 

therapy (P-Ruxo) and 6 months post-transplantation (P-HSCT), relative to healthy 

controls (n = 3) 
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TAP complex (TAP1 and TAP2) function in peptide transport from cytosol to ER 

for processing and loading onto MHC Class I molecules. Expression of TAP1 and 

TAP2 genes are enhanced upon IFN stimulation under normal circumstances to 

increase antigen presentation (Ritz & Seliger, 2001). In this context, 

immunoproteasome genes PSMB8, PSMB9 and PSMB10 are pivotal for the 

generation of peptides suitable for loading onto MHC Class I molecules. These 

PSMB genes are considered as interferon-stimulated genes (ISG) since their 

expression is mostly regulated by IFN signaling (Tripathi et al., 2016).  All these 

TAP and PSMB genes, together with certain HLA genes encoding MHC Class II 

molecules were found to be upregulated in the patient (Figure 3-12).  

 

 

Figure 3-12: Heatmap illustrating the log2(fold change) of differentially expressed antigen 

processing related genes in the patient, before (P-Baseline), at 7 months of Ruxolitinib 

therapy (P-Ruxo) and 6 months post-transplantation (P-HSCT), relative to healthy 

controls (n = 3) 
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These results indicate that the patient has an elevated ISG signature. In order to 

assess whether this upregulation is statically significant, we calculated the IFN scores 

using the expressions of 30 genes in the patient and healthy controls (Mistry et al., 

2019). The IFN scores of patient samples before and after Ruxolitinib treatment were 

significantly higher than healthy controls (Figure 3-13A). Although the IFN score 

after Ruxolitinib therapy was still higher than the healthy controls, when we perform 

a comparison within patient groups, we observed that the IFN score of the patient 

samples obtained 7 months after Ruxolitinib treatment was significantly lower than 

baseline. These findings suggest that Ruxolitinib therapy provided a partial 

improvement in dysregulated IFN-related gene expression. In addition to IFN scores, 

we also investigated the z-scores of antigen processing, T- and B-cell function 

pathways. Z-scores of these pathways were also significantly elevated in the patient 

and remain unchanged upon Ruxolitinib therapy (Figure 3-13B, C and D). Z-scores 

of antigen processing, T- and B-cell function pathways were normalized post-HSCT, 

indicating that HSCT but not Ruxolitinib treatment improved T- and B-cell related 

functions. 
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Figure 3-13: Bar graphs illustrating the IFN score (A), antigen processing (B), T-cell 

function (C) and B-cell function (D) pathway z-scores in the patient, before (P-Baseline), 

at 7 months of Ruxolitinib therapy (P-Ruxo) and 6 months post-transplantation (P-HSCT), 

versus healthy controls (HC, n = 3) 

 IFN score was calculated using median fold change relative to healthy controls for the 

expression of 30 interferon-related genes given in Figure 3-9 Paired two-tailed t-test for 

comparison within patient groups and unpaired two-tailed t-test for comparison between 

patient and healthy controls were used. Comparison between patient groups and controls 

was indicated with asterisks (*) on bars. (n.s., Not significant, **p <0.01, ***p <0.001 

and ****p<0.0001) 

 

The main aim of our study was to investigate the mechanisms that could account for 

the autoimmune/autoinflammatory manifestations observed in the patient. 

Collectively, our results demonstrated a global upregulation in type I IFN-related 

genes, antigen processing, T- and B-cell function pathways.  The elevated expression 

of IFN-related genes can be considered an IFN signature which may be speculated 

to contribute to autoimmune manifestations observed in the patient.  
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A number of monogenic disorders characterized by persistent upregulation of type I 

IFN related genes and autoimmunity are classified under the umbrella of Type I 

interferonopathies. Some well-known examples of Type I interferonopathy are 

associated with the Loss-of-function (LOF) mutation in TREX1 and RNASEH2B 

genes, which cause a disease phenotype better known as  the Aicardi-Goutières 

syndrome (AGS) (Rodero & Crow, 2016a). Another example is the STING-

associated vasculopathy with onset in infancy (SAVI), which is caused by GOF 

mutations in the TMEM173 gene. Unusual neurological manifestations are 

commonly observed in AGS, but not SAVI. Neurological dysfunction is not 

observed in STAT1 GOF patients. Presence of a high type I interferon signature 

coupled with various autoimmune/autoinflammatory manifestations, suggest that 

STAT1 GOF could be classified as an interferonopathy.  However, some researchers 

oppose this idea since a link between ISG upregulation and disease phenotype has 

not been experimentally proven (Rodero & Crow, 2016a). In this respect, our 

findings provide preliminary evidence for this link since autoimmunity seen in the 

patient regressed with the use of Ruxolitinib. This regression is consistent with 

partial improvement in the IFN signature upon Ruxolitinib treatment. Indeed, in his 

recent review of Type I interferonopathy, Crow et. al. have finally classified the 

STAT1 GOF as a Type I interferonopathy with the accumulation of evidence 

showing the link between IFN signature and disease pathogenesis in STAT1 GOF 

(Crow & Stetson, 2021).  

Antigen processing is another pathway that shows a significant increase in the z-

score in the patient compared to controls (Figure 3-13B). This increment in z-score 

is consistent with the IFN signature since the upregulated genes (TAP1, TAP2, 

PSMB8, PSMB9 and PSMB10) in this pathway are largely controlled with IFN-

dependent STAT1 signaling (Satoh & Tabunoki, 2013).  Interestingly, we did not 

observe any improvement in the z-score of the antigen processing pathway after 

Ruxolitinib therapy. This was unexpected since the expressions of these genes are 

regulated by STAT1 signaling and we have shown that Ruxolitinib inhibits this 

signaling pathway. Furthermore, z-scores of T- and B-cell function pathways are 
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elevated in the patient compared to healthy controls (Figure 3-13C & D). All of these 

upregulations, which were normalized after HSCT, might be relevant in 

understanding of the mechanisms underlying autoimmune manifestations in STAT1 

GOF patient.  

 

 

Figure 3-14: Heatmap illustrating the log2(fold change) of differentially expressed NK cell 

function and cytotoxicity related genes in the patient, before (P-Baseline), at 7 months of 

Ruxolitinib therapy (P-Ruxo) and 6 months post-transplantation (P-HSCT), relative to 

healthy controls (n = 3) 

 

Transcriptome analysis has also demonstrated downregulation in NK cell function 

and cytotoxicity pathway related genes (Figure 3-14). The expression of genes 

encoding the cell surface molecules found on NK cells as well as the effector 

molecules mostly secreted from NK cells were downregulated in the patient. Our 

findings were in line with previous studies showing impaired effector function of 

NK cells and its relevance to viral susceptibility in STAT1 GOF patients (Tabellini 

et al., 2017, Vargas-Hernández et al., 2018). At baseline, z-scores of NK-cell 

function and cytotoxicity pathways were significantly low compared to healthy 

controls (Figure 3-15A & B). Ruxolitinib treatment significantly upregulated the 

expression of genes related to cytotoxicity which might contribute to the resolution 
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of persistent viral infections observed in patient following Ruxolitinib therapy 

(Figure 3-15B).  Moreover, after transplantation, z-scores of NK-cell function and 

cytotoxicity pathways were recovered and become similar to healthy controls. 

 

 

Figure 3-15: Bar graphs illustrating NK cell function and cytotoxicity pathway z-scores in 

the patient, before (P-Baseline), at 7 months of Ruxolitinib therapy (P-Ruxo) and 6 months 

post-transplantation (P-HSCT), and controls (HC, n = 3) 

Paired two-tailed t-test for comparison within patient groups and unpaired two-tailed t-

test for comparison between patient and healthy controls were used. Comparison between 

patient groups and controls was indicated with asterisks (*) on bars. (n.s., Not significant, 

*p <0.05, **p <0.01 ***p<0.001 and ****p<0.0001) 

 

In addition to pathway specific analysis of gene expression, dysregulated expression 

of two genes; SOCS1 and PD-L1 has intrigued us. SOCS1 is known as the negative 

regulator of STAT1 signaling (Liau et al., 2018). SOCS1 was upregulated in response 

to hyperactivation of STAT1 signaling in the patient, possibly to suppress this 

hyperactivation (Figure 3-16A). Dysregulated SOCS1 expression partially benefitted 

from Ruxolitinib treatment and was completely normalized upon HSCT (Figure 3-

16A). Similarly, PD-L1 was also upregulated in patient at baseline (Figure 3-15B). 

It is known that overexpression of PD-L1 can inhibit Th17 differentiation (Y. Zhang 

et al., 2017). Our initial findings suggested a persistent Th17 deficiency upon 

Ruxolitinib treatment. In line with this, PD-L1 expression did not decrease with 
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Ruxolitinib therapy. However, both dysregulated PD-L1 expression and Th17 

deficiency were normalized post-HSCT.  

 

 

Figure 3-16: Bar graphs illustrating the number of probes detecting SOCS1 and PD-L1 

mRNAs in the total RNA samples of the patient, before (P-Baseline), at 7 months of 

Ruxolitinib therapy (P-Ruxo) and 6 months post-transplantation (P-HSCT), and controls 

(HC, n = 3) 

 Paired two-tailed t-test for comparison within patient groups and unpaired two-tailed t-

test for comparison between patient and healthy controls was used. Comparison between 

patient groups and controls was indicated with asterisks (*) on bars. (n.s., Not significant, 

**p <0.01 ***p<0.001 and ****p<0.0001) 

 

In this study, the reversal effect of Ruxolitinib treatment and transplantation on 

impaired STAT1 phosphorylation/dephosphorylation cycle, defective IL-17 

production from helper T-cells and dysregulated gene expression profiles observed 

in STAT1 GOF patient were investigated. We demonstrated the utility of Ruxolitinib 

as a bridge therapy to stabilize the STAT1 GOF patient before HSCT. While 

Ruxolitinib treatment partially corrected the impaired STAT1 phosphorylation 

kinetics, HSCT fully corrected this impairment. However, the defect in IL-17 

production persisted after Ruxolitinib treatment, but was normalized post- 

transplantation. Immune transcriptome analysis revealed that upregulation in the 

genes related to interferon signaling were partially normalized upon Ruxolitinib 
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treatment and completely recovered after HSCT. Pathways related to antigen 

processing, T- and B-cell function were also upregulated, which were normalized 

after HSCT. These upregulations were considered the underlying reason for the 

autoimmunity in the patient which is resolved with Ruxolitinib treatment and HSCT. 

Transcriptome analysis also showed downregulation in the genes related to NK-cell 

function and cytotoxicity pathways. These pathways are important to constitute a 

proper immune response to viral infections and dysregulated expressions in these 

pathways can be related to the persistent viral infections observed in the patient. 

Upon Ruxolitinib treatment, persistent viral infections were resolved which is 

consistent with the normalized expression of NK-cell function and cytotoxicity 

related genes after Ruxolitinib therapy.  
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CHAPTER 4  

4 RESULTS & DISCUSSION 

                                                PART TWO     

Hyper-IgE syndrome (HIES) is a primary immunodeficiency characterized by 

recurrent infections, eczema and very high IgE concentrations in serum. While 

transcription factor STAT3 gene mutations cause autosomal dominant (AD-HIES) 

form of this disease, mutations in other genes lead to autosomal recessive hyper IgE 

syndrome (AR-HIES) (Q. Zhang et al., 2018). Majority of patients with AR-HIES 

carry mutations in the DOCK8 (Dedicator of Cytokinesis 8) gene. AR-HIES caused 

by mutations in the DOCK8 gene is classified as combined immunodeficiency since 

both cellular and humoral immunity are affected. Unlike other inborn errors that 

cause HIES, DOCK8 mutation leads to persistent viral infections, severe allergies 

and asthma  (Su, 2010).  The DOCK8 protein is an atypical guanine nucleotide 

exchange factor (GEF) highly expressed in immune cells. Due to GEF activity, 

DOCK8 protein is involved in many important cellular events such as migration, 

phagocytosis and adhesion (Su et al., 2011). Apart from its role associated with GEF 

activity, the DOCK8 protein was shown to act as an adaptor in the TLR9-MyD88 

signaling pathway in B-cells (Jabara et al., 2012). However, DOCK8 gene mutation-

related pathological mechanism underlying the persistent viral infections seen in 

these patients remain largely unexplored. Although it is a rare genetic disease, 

DOCK8 mutation frequency in our country is quite high compared to other countries 

due to consanguineous marriages (Engelhardt et al., 2009). Hematopoietic stem cell 

transplantation is the only treatment available for these patients. Given the role of 

serious infections in transplant rejection, investigating the role of DOCK8 protein in 

viral infections would expand our understanding of the disease and contribute to 

finding new treatment options.                                       
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4.1 Assessment of Anti-viral Responses from PBMCs of Healthy Controls 

and Patients with DOCK8 Deficiency 

Our initial aim was to investigate a potential defect in the anti-viral mechanism. For 

this, with the first patient that we worked on, we checked the STAT1 and STAT3 

phosphorylation in response to interferon stimulation. It was previously shown that 

the DOCK8 protein has a regulatory role in STAT3 activation and translocation in 

response to IL-6 or IL-21 stimulation (Keles et al., 2016b).  It is also known that 

STAT1 and STAT3 signaling are closely linked and cross-regulate each other 

(Schindler et al., 2007). Our preliminary findings showed that IFN-β-mediated 

STAT1 phosphorylation in helper T-cells of the patient was more robust whereas 

STAT3 phosphorylation was reduced when compared to healthy controls (Figure 4-

1). Similarly, IFNβ-induced pSTAT1 levels in patient B cells was higher than 

healthy controls but pSTAT3 levels were lower (Figure 4-2).  

 

 

Figure 4-1: Determination of STAT1 and STAT3 phosphorylation in helper T-cells of 

patient D1 and healthy controls. 
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PBMCs (1x106) were stimulated with IFN-β (100ng/ml) for 30 minutes. Phosphorylated 

STAT1 (A) and STAT3 (B) levels in untreated or IFNβ treated CD3/CD4 double-positive 

cells were analyzed. Fold change in response values are indicated on each histogram. 

(Patient: D1, Healthy Controls: H1 & H2) 

 

 

Figure 4-2: Determination of STAT1 and STAT3 phosphorylation in the B-cells of patient 

D1 and healthy controls. 

PBMCs (1x106) were stimulated with IFN-β (100ng/ml) for 30 minutes. Phosphorylated 

STAT1 (A) and STAT3 (B) levels in untreated and IFNβ treated CD19le-positive cells were 

analyzed. Fold changes were indicated on each histogram. (Patient: D1, Healthy 

Controls: H1 & H2) 

 

Phospho STAT1 and STAT3 levels are is strongly cross-regulated in immune cells. 

Any possible dysregulation on one pathway is counteracted by an enhanced or 

diminished response on the other pathway. In other words, if the STAT3 activation 

upon IFN-β stimulation is downmodulated in DOCK8-deficient cells due to the 

missing GEF activity of DOCK8 protein, then, IFN-β-induced STAT1 

phosphorylation would increase. Such a mechanism is consistent with the enhanced 

phosphorylation of STAT1 observed in helper T- and B-cells of patient D1.  



 

 

60 

 

Next, we aimed to measure the amount of IFNα produced by PBMCs of DOCK8-

deficient patients D1 and D2 following stimulation with various nucleic acid sensor 

agonists. Upon stimulation of patient and healthy cells with R484 (TLR7), D35 

(TLR9), transfected polyI:C (RIG-I/MDA5) and HSV (cGAS) for 24 hours, cytokine 

amounts in cell culture medium was measured. Interestingly, type I interferon 

responses triggered by these nucleic acid ligands were significantly diminished in 

both patients (D1 & D2) compared to healthy controls (Figure 4-3).  

 

 

 

Figure 4-3: IFN-α responses to nucleic acid ligands in PBMCs of patients (D1 & D2) and 

healthy controls 

PBMCs (0.4x106/well) were stimulated with various nucleic acid ligands and cell culture 

supernatant was collected after 24 hours. IFN-α amounts in supernatants were determined 

by sandwich ELISA. 

 

To confirm that patient-derived cells are capable of responding to activating stimuli 

and are still viable, we next assessed the proinflammatory cytokine production in 

response to R848. The TNF-α and IL-1β production from R848 stimulated PBMCs 

were similar for both patients and healthy controls (Figure 4-4).  
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Figure 4-4 : R848-induced TNF-α and IL-1β production in PBMCs of patients (D1 & D2) 

and healthy controls 

PBMCs (0.4x106/well) were stimulated with R848, a synthetic TLR7/8 agonis,t and cell 

culture supernatant was collected 24 hours later. TNF- α and IL-1β amounts in 

supernatants were determined by sandwich ELISA. 

 

Previous reports showed a similar decrease in type I IFN production in response to 

TLR9 stimulation in patient PBMCs. The suggested explanation for impaired type I 

IFN response to CpG-ODNs in DOCK8 immunodeficiency syndrome (DIDS) was 

the decreased number of plasmacytoid dendritic cells (pDC), which are considered 

as professional type I interferon producers (Al-Zahrani et al., 2014, Keles et al., 

2014). The hypothesis was based on the fact that pDCs are the major producers of 

type I IFNs. They selectively express nucleic acid sensors TLR7 and TLR9 that can 

recognize viral nucleic acids in the endosomal compartments and consequently 

secrete type I IFNs (Haeryfar, 2005). However, herein, we have investigated RIG-

I/MDA5-mediated type I interferon production, which is not restricted to 

plasmacytoid dendritic cells. Type I IFN production in response to transfected 

dsRNA (RIG-I/MDA5) and viral DNA (cGAS) was also impaired in these patients. 

Moreover, when we evaluated the number of pDCs in six DOCK8 patients, only 

three of them (D2, D3 & D4) exhibited a reduced number of pDCs while the other 

three patients (D1, D5 & D6) had normal pDCs counts (Figure 4-5).  
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Figure 4-5: Determination of the pDC percentages in PBMCs of patients and healthy 

controls.  

pDC population was determined as CD123 and BDCA2(CD303) co-expressing cells via 

flow cytometry. Patient samples (D) were presented in each row with corresponding 

healthy controls (H). Red squares indicate the patient samples with normal pDC count. 
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Of interest, although a decrease in interferon responses was observed in the patients 

D1 and D2, the pDC percent of patient D1 was normal whereas the pDC population 

was significantly reduced in patient D2. Therefore, we speculated that a possible 

defect in the downstream nucleic acid sensing pathways likely exists rather than a 

pDC-related reduction.  

To further assess response of cells to nucleic acid sensor ligands, we investigated the 

capability of IP-10 production in monocytes of two DOCK8-deficient patients (D3 

& D4) upon transfection with HSV-DNA which activates the cGAS-STING 

pathway. IP-10 production in response to transfected HSV-DNA was normal in 

monocytes of both patients (Figure 4-6). In order words, the signaling pathway 

involved in sensing of dsDNA in the cytosol (cGAS-STING pathway) was intact in 

the monocytes of the patients. Typically, IFN-α production from pDCs in response 

to dsDNA stimulation may contribute to IP-10 production from monocytes. 

Although pDC percentages in PBMCs of patients D3 and D4 were lower than healthy 

controls, IP-10 production in their monocytes were comparable to healthy controls.  
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Figure 4-6: IP-10 production in the monocytes of patients and controls upon HSV-DNA 

stimulation.  

PBMCs (1x106) were stimulated with Lipofectamine 2000 transfected HSV-DNA for 5 

hours. Following 5-hour incubation, cells were treated with Brefeldin A and incubated 

further for 3 hours. IP-10 production was determined via intracellular cytokine staining 

within the CD14+ cell gate. (A) Mean fluorescence intensities (MFI) in each sample and 

fold changes in MFI upon stimulation were presented in the figure. (B) Percent of IP-10 

positive monocytes before and after stimulations were given on dot plots. (Patients: D3 & 

D4, Healthy Controls: H3 &H4) 

 

IP-10 production from monocytes might be considered an indirect interferon 

response triggered by nucleic acid ligands. To confirm our previous finding that 

DOCK8-deficienct monocytes can can respond to nucleic acid ligands, we evaluated 
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the total ISG15 levels in the monocytes as a proxy to type I IFN signaling. 

Stimulation of PBMC of patient D7 and healthy control H11 with  TLR4 (LPS), 

TLR7/8 (R848), TLR9 (D35 ODN), RIG-I (5’pppRNA) or cGAS (HSV DNA)  

ligands resulted in comparable levels of total intracellular ISG15 upregulation in 

monocytes of both subjects (Figure 4-7A) and within limits of between-subject 

variability, a similar pattern of response was also observed for the T-cells (Figure 4-

7B). Almost all of the T-cells of the patient and healthy control were ISG15 positive 

upon stimulation with D35-ODN, R848, 5’pppRNA and HSV-DNA. These results 

indicate that  the patient’s monocytes and T-cells  were not compromised in their 

response to various nucleic acid ligands .  

 

 

Figure 4-7: Percent of ISG15-producing cells upon stimulation with various PRR ligands.  

PBMCs (0.5x106) were stimulated with several PRR ligands for 18 hours. Following 

overnight incubation, the percent of ISG positive Monocytes (A) and T-cells (B) were 

determined via intracellular cytokine staining. (Patient: D7, Healthy Control:H11) 

 

In summary, the functional assays conducted on a very limited number of DOCK8 

deficient patient samples generated contradictory data, showing either compromised 

or normal response to stimulation with nucleic acid ligands.  
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4.2 Assessment of The Gene Expression Profiles of DOCK8-Deficient 

Patients 

To gain further insight as to why DOCK8 deficiency is often accompanied by 

recurrent viral infections, we decided to investigate gene expression profiles of 

patients with DOCK8 deficiency. For this, we performed a transcriptome analysis 

for PBMCs of 15 DOCK8-deficient patients (D1 to D15) using the nCounter Host 

Response Panel in comparison to samples collected from 24 healthy individuals 

selected from different age groups. 

4.2.1 Principle Component Analysis (PCA) and Clustering 

Firstly, we investigated the gene expression levels of patients in comparison to 

healthy controls using the nSolver Analysis Software version 4.0 and nCounter 

Advanced Analysis Software 2.0. Then, we performed principal component analysis 

(PCA) on log-transformed data to observe the spatial distribution of patients based 

on the differential expressions of 770 genes found in the panel. The findings 

suggested that these 15 patients were clustered into 2 distinct groups according to 

their gene expression profiles (Figure 4-8). Group1 includes patients coded by D2, 

D5, D6, D7, D8, D9, D10, D11 and D12 while Group2 covers the patients coded by 

D1, D3, D4, D13, D14 and D15. 
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Figure 4-8: The principal component analysis (PCA) score plot of the first two PCs of 

differentially expressed genes in DOCK8-deficient patients in comparison to healthy 

controls (A) and within two groups (B). 

Differential expression data from the comparison between DOCK8-deficient patients and 

healthy controls were log transformed. PCA was performed on log-transformed data. The 

score plot of PC1 and PC2 shows a clear separation of patients into 2 groups; Group1 

(blue dots), Group2 (red dots) and Healthy Controls (HC: black dots).  

 

When we compared the clinical presentations of these two groups of patients, the 

most apparent difference was the incidence of infections. In Group2, viral and 

bacterial infections were observed in 5 out of 6 patients whereas half of the patients 

were suffering from fungal infections. In Group1, the percentages of viral, bacterial 

and fungal infections were 55%, 78% and 11%, respectively. Therefore, the overall 

incidence of infections was higher in Group2 patients, especially those of viral and 

fungal origin. Moreover, all the patients in Group2 were suffering from eczema 
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whereases 67% of patients in Group1 had eczema. The incidence of food allergies 

was similar in both groups (~50%) and autoimmune manifestations were not 

observed in the patient cohort. 

The genes that contributed to the clustering are mostly chemokines including CCL2, 

CXCL3, CCL7 and CXCL10. These chemokines are mainly expressed in monocytes 

within the PBMC population. Furthermore, ALPL and CSF3R genes were identified 

as two of the top contributors to this clustering, which are known to be expressed 

specifically in neutrophils. Therefore, we next assessed the cell type scores of these 

patient groups compared to healthy controls. Neutrophil scores of patients in Group1 

were found to be significantly higher than patients in Group2 and healthy controls 

(Figure 4-9A). In contrast, macrophage scores of group1 and group2 were not 

statistically different but were significantly higher for both patient groups compared 

to healthy controls (Figure 4-9B). Macrophage score calculation depends on the 

expression of CD68, CD84, CD163 and MS4A4A genes which are differentially 

expressed in monocyte/macrophages. Even though the cell type scores analysis 

demonstrated similar macrophage scores for both groups, the clustering of the 

patients mainly originated from monocyte-specific chemokine encoding genes. 

Upregulated expression of monocyte-specific chemokines in the Group2 patients 

could be related to activation status of monocytes/macrophages. 
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Figure 4-9: Neutrophil and Macrophage scores of Group1 and Group2 compared to 

Healthy Controls. 

Neutrophil (A) and Macrophage/Monocyte (B) scores were calculated via nSolver 

advanced analysis software. One-way ANOVA with Tukey’s posttest was used for the 

comparison of patient groups and healthy controls. Comparison between Group1 and 

Group2 was indicated on bars. (n.s., Not significant, *p <0.05, **p <0.01 ***p<0.001 

and ****p<0.0001) 

4.2.2 Assessment of Differential Gene Expression  

Volcano plots were generated to visualize the differentially expressed genes in 

Group1 and Group2 patients in comparison to healthy controls (Figure 4-10A and 

B). Comparison of the two volcano plots using the same scale reveals that differential 

expression in Group2 versus healthy controls was more striking than in Group1 

versus healthy controls. Some of the most upregulated genes in Group2 were 

interferon stimulated genes (ISG) such as MX1, OAS1, IFI16, RSAD2 and CXCL10, 

which implies an elevated interferon signature for these patients (Figure 4-10B). 

Furthermore, the genes encoding the AP-1 transcription factor subunits including 

JUN, JUNB and FOS were found to be downregulated in Group2 patients (Figure 4-

10B). The importance of upregulation of ISGs and downregulation of AP-1 subunit 

genes in disease progression will be discussed later in detail.  

ALOX5 and ALOX5AP, required for the synthesis of leukotrienes, were significantly 

upregulated in Group1 patients. Both of these enzymes are expressed by all 

leukocytes, however, the level of expression changes according to the type of cell. 
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The expression levels of ALOX5 and ALOX5AP are higher in granulocytes and 

upregulated during inflammation (Bonyek-Silva et al., 2021). These results are 

consistent with the elevated neutrophil score observed in group1. 

 

 

Figure 4-10: Volcano plots illustrating differentially expressed Host Response panel genes 

in (A) Group1(n=9) and (B) Group2(n=6) in comparison to healthy controls (n=24) 

 Upregulated genes with log2(fold change) ≥ 0.6 and p-value < 0.01 (red) and 

downregulated genes with log2(fold change) ≤ -0.6 and p-value<0.01 (blue) are shown. 

Identities of the most differentially expressed genes are given on the plot. 
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Of note, two genes; IL6ST and GATA3 were downregulated in both patient groups 

(Figure 4-10A and B). IL6ST gene encodes for Glycoprotein 130 (also known as 

gp130, IL6ST, UL6R-beta or CD130) which is the signaling co-receptor of IL-6 

family of cytokines (Hunter & Jones, 2015). Upon IL-6 family of cytokine binding 

to its corresponding receptor, gp130 dimerizes with this specific receptor, which 

consequently activates the JAK/STAT signaling pathway (Regis et al., 2008). Gp130 

signaling is involved in a wide range of cellular processes, including T-cell 

differentiation and regulation of inflammatory responses (Nishihara et al., 2007). It 

is interesting that dominant negative and biallelic loss-of-function mutations in 

IL6ST gene encoding for gp130, result in different forms of hyper IgE syndrome 

(Shahin et al., 2019, Béziat et al., 2020). In fact, DOCK8 deficiency and gp130 

deficiency share several clinical symptoms including elevated IgE levels, eczema, 

food allergies and most importantly higher incidence of respiratory tract infections 

(Shahin et al., 2019, Béziat et al., 2020). Interestingly, there are no previous reports 

showing a decreased expression of gp130 in DOCK8 deficiency. However, Keles et 

al.(2016) state that gp130 expression was normal in these patients and the defect in 

STAT3 phosphorylation was not due to a deficiency in this co-receptor. In contrast, 

our findings suggest that IL6ST downregulation was consistently observed in all 

patients in Group1 and 2, and further studies are required to verify this result at 

protein level. Of interest, the pivotal role of gp130 in helper T-cell dependent anti-

viral immunity has been reported previously (Harker et al., 2013, Harker et al., 

2015). Therefore, the investigation of IL6ST downregulation in DOCK8 deficiency 

could be a promising future perspective.  

It was unexpected to observe a consistent downregulation of GATA3 gene within the 

DOCK8 cohort since this gene encodes for the well-known transcription factor 

GATA3, involved in Th2 differentiation. Therefore, this finding paradoxical in view 

of the fact that DOCK8 deficiency characterized by a Th2 skewed response (Zhou 

& Ouyang, 2003, Tangye et al., 2017). One possible explanation for GATA3 
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downregulation might be the use of intravenous immunoglobulin (IVIG) 

replacement therapy that all the patients were receiving (Bozza et al., 2019). 

In addition to these common downregulated genes, patients in both groups had 

upregulated expression of CAP1, CD79B and TCL1A genes. Adenylate cyclase-

associated protein 1 (CAP1) is involved in the regulation of actin filament 

organization and facilitates actin filament turnover (H. Zhang et al., 2013). Depletion 

of CAP1 induces the accumulation of F-actin and lamellipodia formation. DOCK8 

plays a pivotal role in actin cytoskeleton organization through the activation of 

CDC42. The absence of DOCK8 protein results in defective F-actin polymerization 

during immunological synapse formation and migration (Q. Zhang et al., 2016). The 

defect in actin filament formation in DOCK8-deficient cells might induce CAP1 

expression to facilitate the F-actin turnover.  

CD79B was one of the most significantly upregulated genes in both patient groups. 

Additionally, the signaling partner of CD79B, CD79A, was also upregulated in both 

patient groups. Together, these molecules act as a signaling unit of the BCR complex 

for the maturation and activation of B cells (Burger & Wiestner, 2018). In DOCK8 

deficiency, B cell maturation and memory B cell formation are impaired due to the 

defects in immunological synapse formation and TLR/MyD88 signaling (Randall et 

al., 2009, Jabara et al., 2012). Therefore, the upregulation of CD79 could be a 

compensatory mechanism for B-cell activation.  

Another gene that is upregulated in both patient groups is TCL1A.  Under normal 

circumstances, the expression of TCL1A is restricted to embryonic stages and pre-

mature T- and B-cells. However, certain conditions such as malignancies and viral 

infections may induce the expression of TCL1A in mature T- and B-cells (Aggarwal 

et al., 2008). Overexpression of TCL1A has been shown to result in enhanced ROS 

production and consequently induce genomic instability in the context of 

malignancies (Stachelscheid et al., 2021, 2022). The overexpression of proto-

oncogene TCL1A may be related to the increased risk of cancer observed in DOCK8 

patients (Biggs et al., 2017). Of note, somatic reversion is a common phenomenon 
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observed in certain primary immunodeficiency diseases including DOCK8 

deficiency (Pillay et al., 2021b; Revy et al., 2019). It has been stated that genomic 

instability would increase the chance of somatic reversion in PIDs which results in a 

milder clinical outcome (Miyazawa & Wada, 2021). Therefore, the upregulated 

expression of TCL1A might be important to understand the high frequency of somatic 

reversions observed in DOCK8 deficiency.  

4.2.3 Assessment of Upregulated and Downregulated Pathways in Two 

Patient Groups 

The clustering of two groups was also observed with the heatmap of pathway scores 

for the comparison of the patient groups with healthy controls (Figure 4-11). While 

all the patients in Group2 clustered together, some patients in Group1 were located 

within health controls in the heatmap of pathway scores. Two patients in Group1 

clustered differently than the other patients within the heatmap of pathway scores, 

which could affect the pathway scores of this group. Additionally, pathways 

upregulated in Group2 were generally downregulated in Group1 or vice versa. It was 

interesting to observe a reverse pattern between patient groups. With the inverse gene 

expression profiles of two patient groups, it would be difficult to study all the patients 

as one group. Thus, in line with our initial findings, it would be more beneficial to 

evaluate the patients as two groups to find clues on molecular mechanisms 

underlying DIDS.  
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Figure 4-11: Heatmap of pathway scores for the comparison of two patient groups and 

healthy controls. 

 The heatmap shows the clustering of patient groups according to their pathway score 

profiles. Blue indicates a low score while orange indicates a high score (Group 1: D2, D5, 

D6, D7, D8, D9, D10, D11 and D12; Group2: D1, D3, D4, D13, D14 and D15). Scores 

are displayed on the same scale via a Z-transformation. 
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4.2.3.1 Assessment of Dysregulated Pathways Related to Viral Immunity in 

DOCK8-deficient Patients 

The heatmap showed a general upregulation in Group2 for the pathways related to 

viral immunity including, Interferon Response Genes, Interferon Type I, II & III 

signaling, DNA and RNA sensing pathways. Therefore, we next, compared the z-

scores of patient groups and healthy controls for each viral immunity-related 

pathway. The z-score of Interferon Response Genes were significantly higher for 

both patient groups when compared to healthy controls (Figure 4-12A). Furthermore, 

Group2 patient scores were strikingly higher than Group1. Consistently, most of the 

interferon response gene members were significantly upregulated in this group. A 

similar pattern was observed for the Type I, II and III Interferon signaling pathways. 

Compared to healthy controls, z-scores for Interferon signaling pathways were 

higher for both patient groups and Group2 scores were consistently higher than 

Group1 (Figure 4-12B, C and D).  

The overall increase in expression of type I interferon associated genes in both group 

of patients could stem from the recurrent viral infections, particularly those 

commonly caused by HSV. Although interferon stimulated gene signature was 

elevated, our preliminary results indicate that type I interferon secretion is 

compromised.  Evidence suggests that following an initial viral infection, innate 

immune cells robustly respond to this insult by producing large amounts of type I 

interferons. However, after this initial wave, the cells tune down this response, 

producing lower levels of type I interferons in response to both the ongoing infection 

and to unrelated secondary stimuli (Greene et al., 2021). This exhausted state, favors 

virus persistence and is associated with decreased response to PRR agonists. This 

“exhausted phenotype” is in line with our findings  
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Figure 4-12: Bar graphs illustrating the Interferon Response Genes, Type I, II & III 

Signaling pathway z-scores in groups and healthy controls. 

The z-scores of Interferon Response Genes (A), Type I (B), II (C) and III (D) IFN signaling 

were calculated via nSolver advanced analysis software. One-way ANOVA with Tukey’s 

posttest was used for the comparison of patient groups and healthy controls. Comparison 

between Group1 and Group2 was indicated on bars. (n.s., Not significant, *p <0.05, **p 

<0.01 ***p<0.001 and ****p<0.0001) 

 

However, to confirm that the diminished response we observed at the protein level 

does not stem from a reduction in expression of nucleic sensors, we next analyzed 

the z-scores for DNA and RNA sensing pathways to see if there is any 

downregulation that may cause a diminished interferon response to nucleic acid 

ligands in these patients. The results showed that z-scores of both DNA and RNA 

sensing pathways were significantly higher than that of healthy controls in both 

patient groups and greatly elevated in Group2 (Figure 4-13).  
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Figure 4-13: The comparison of z-scores of the DNA & RNA Sensing pathways for the 

patient groups and healthy controls. 

The z-scores of DNA (A) and RNA (B) sensing pathways were calculated via nSolver 

advanced analysis software. One-way ANOVA with Tukey’s posttest was used for the 

comparison of patient groups and healthy controls. Comparison between Group1 and 

Group2 was indicated on bars. (n.s., Not significant, *p <0.05, **p <0.01 ***p<0.001 

and ****p<0.0001) 

 

We also investigated the differential expression of each sensor for both patient 

groups (Figure 4-14). The expression of DNA sensor cGAS was similar to healthy 

controls for both group of patients (Figure 4-14A). The expression of other DNA 

sensors ZBP1 (DAI), IFI16 and AIM2 were upregulated in both groups. Specifically, 

IFI16 and AIM2 expressions in Group2 were ~4-fold higher than healthy controls. 

The expression of these sensors are known to be upregulated with interferon 

signaling (Kumari et al., 2020, Karki et al., 2021). The enhanced interferon signaling 

in these patients may explain the upregulation of these genes. In conclusion, these 

findings favor the exhausted phenotype mechanism and rules out the possibility that 

the diminished interferon production stems from a decreased expression of cytosolic 

DNA sensors.  

However, our findings also revealed a significant downregulation in STING1 gene 

in Group2 patients. STING is a central molecule for the inhibition of HSV replication 

(Sharma et al., 2021). As mentioned above, most of the DOCK8 patients suffer from 

infections caused by HSV, which is a double-stranded DNA (dsDNA) virus. 
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Decreased expression of STING1 might accounts for the persistent HSV infections 

observed in these patients. Of interest, HSV infection itself can also downmodulate 

STING expression. HSV evades anti-viral response by preventing STING protein 

translation through the induction of miR-24 expression, which binds to the 3’UTR 

region of STING1 mRNA and causes translational repression (Sharma et al., 2021).  

 

 

Figure 4-14: Differential expression of the cytosolic DNA and RNA sensing molecules in 

patient groups. 

Change in gene expression was calculated as Log2(Fold Change) of healthy controls and 

presented with lower and upper limits. Dotted lines indicate log2(Fold Change) =0.6 for 

upregulated genes and log2(Fold Change) =-0.6 for downregulated genes (n.s., Not 

significant, *q<0.05, **q <0.01 ***q<0.001 and ****q<0.0001) 

.  

The expressions of RIG-I-like receptors (RLR) and their adaptor protein MAVS 

were also upregulated in Group2 patients. DDX58 (RIG-I) and IFIH (MDA5) are the 

two major RNA sensors responsible for the recognition of viral RNA and the 

generation of anti-viral immune response. They are not only responsible for the 

detection of ssRNA and dsRNA viruses, but also play role in recognition of DNA 

viruses like HSV. Since their expression are dependent on interferon signaling 

pathway, their upregulation in this patient group is expected due to the enhanced 

interferon signature. In summary, our findings suggest once again that the reduced 
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type I interferon secretion in response to cytosolic polyI:C, does not stem from a 

reduced expression of RNA sensors, but is consistent with the exhausted phenotype 

view.  

The type I IFN production in response to R848 (TLR7/TLR8) and D35 (TLR9) was 

also lower in patients compared to healthy controls. Therefore, we also compared the 

expression of endosomal TLRs in the patient groups relative to healthy controls. In 

Group2, there was no significant change in the expression of endosomal TLRs 

(Figure 4-15).  The expression of TLR8 was upregulated ~2.4-fold in Group1 

compared to healthy controls. Therefore, we can conclude that the aberrant interferon 

response to these nucleic acid ligands is not due to the decreased expression of their 

cognate sensors but is consistent with the exhausted state of responding cells.   

 

 

Figure 4-15 Differential expression of the endosomal TLRs in patient groups. 

Change in gene expression was calculated as Log2(Fold Change) of healthy controls and 

presented with lower and upper limits. Dotted lines indicate log2(Fold Change) =0.6 for 

upregulated genes and log2(Fold Change) =-0.6 for downregulated genes (n.s., Not 

significant, *q<0.05, **q <0.01 ***q<0.001 and ****q<0.0001) 
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4.2.3.2 Assessment of Dysregulated Pathways Related to MAPK and AP-1 

signaling in DOCK8-deficient Patients 

Most of the immune related pathways were upregulated in Group2 patients whereas 

a few pathways were observed to be downregulated. Particularly, the MAPK 

signaling pathway was found to be downregulated only in the Group2 patients. The 

z-scores of MAPK signaling in both patient groups in comparison to healthy controls 

showed a significant downregulation in Group2 but a significant upregulation in 

Group1 (Figure 4-16). MAP kinases are activated by phosphorylation following 

cellular stimulation and phosphorylate  transcription factors to regulate gene 

expression (Qi & Elion, 2005). MAP kinases are divided into three subfamilies; 

ERK, JNK and p38. Certain cytokines and/or stress, generally induces the activation 

of JNK and p38 cascades, whereas ERK signaling is initiated by growth factors and 

mitogens  ERK signaling is associated with cell growth and differentiation whereas, 

JNK and p38 signaling pathways primarily induce cytokine production, 

inflammation and apoptosis (Morrison, 2012).  

 

 

Figure 4-16: The comparison of z-scores of the MAPK signaling pathway for the patient 

groups and healthy controls. 

The z-scores of the MAPK signaling pathway were calculated via nSolver advanced 

analysis software. One-way ANOVA with Tukey’s posttest was used for the comparison of 

patient groups and healthy controls. Comparison between Group1 and Group2 was 

indicated on bars. (n.s., Not significant, *p <0.05, **p <0.01 ***p<0.001 and 

****p<0.0001) 
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To gain further insight into which components are responsible for this dysregulated 

MAPK signaling, we evaluated the most differentially expressed genes related to the 

MAPK signaling pathway for both patient groups. Results showed that JUN (~5.2 

fold), JUNB (~4.8 fold) and FOS (~15.4 fold) genes were significantly 

downregulated in Group2 patients (Figure 4-17). These genes encode for a family of 

DNA binding proteins that function as the subunits of the AP-1 complex. Upon 

activation of JUN and FOS protein by certain MAP kinases, AP-1 complex regulates 

the expression of inflammatory genes in response to a variety of stimuli, including 

growth factors, cytokines and stress signals (Gazon et al., 2018). The well-known 

functions of AP-1 signaling in the immune system are the regulation of cytokine 

production and T-cell activation (Katagiri et al., 2021a). For example, upon 

activation of MAPK cascade with a certain stimulus, MAP kinase JNK (MAPK8) 

phosphorylates JUN and activated JUN dimerizes with FOS to promote transcription 

of target genes including, IL-2 which is required for T cell activation and its effector 

function (Murphy & Weaver, 2016a). Although MAPK8 is not differentially 

expressed in these patients, upstream of MAPK8, MAP3K1 (MEKK1) was also ~2 

fold downregulated in Group2 patients (Figure 4-17). Decreased expression of AP-

1 subunit genes and MAP3K1 are consistent with the defect of T cell activation and 

differentiation observed in DOCK8 deficiency (Lambe et al., 2011, Randall et al., 

2011).  Furthermore, it has been shown that JUNB , one of the subunits of AP-1 

complex, plays a pivotal role in T-cell differentiation, especially the Treg subset 

(Katagiri et al., 2021).  In fact, the absence of JUNB, the expression of certain 

effector molecules of Tregs such as CTLA4 and ICOS is downregulated, which 

restricts the suppressive function of regulatory T-cells. Both CTLA4 (~2.3 fold in 

Group1 and ~1.6 fold in Group2) and ICOS (~2.7 fold in Group1 and ~2. 6 fold in 

Group2) were also downregulated in both patient groups, which is consistent with 

the impaired suppressive ability of regulatory T-cells in DOCK8 deficiency (Singh 

et al., 2017).  
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Figure 4-17: Differential expression of the AP-1 signaling molecules in patient groups. 

Change in gene expression was calculated as Log2(Fold Change) of healthy controls and 

presented with lower and upper limits. Dotted lines indicate log2(Fold Change) =0.6 for 

upregulated genes and log2(Fold Change) =-0.6 for downregulated genes (n.s., Not 

significant, *q<0.05, **q <0.01 ***q<0.001 and ****q<0.0001) 

 

TRAF6/MEKK1-mediated signaling also plays a pivotal role in the production of 

type I IFNs in response to viral infections and dsRNA ligands (Yoshida et al., 2008). 

Downregulated expressions of both TRAF6 and MAP3K1 (MEKK1) in Group2 

patients may indicate a possible defect in the downstream of RLR/MAVS pathway 

(Figure 4-17). Another example of the involvement of AP-1 in anti-viral immunity 

is that Influenza A infections induce AP-1 dependent anti-viral cytokine production 

from infected cells through the activation of JNK signaling pathway (Ludwig et al., 

2001). Furthermore, during viral infection, IFN-β transcription is activated and 

amplified by IFN-β enhanceosome, which consists of NF-κB, AP-1, IRFs and CBP, 

which is pivotal for the clearance of viral infection (Merika et al., 1998). 

Furthermore, it has been shown that TLR9 induced interferon response in pDCs is 

linked to the function of AP-1 transcription factors (Mann-Nüttel et al., 2021). 

Therefore, the consistent downregulation in AP-1 subunits in Group2 patients might 

be relevant to the aberrant type I interferon production from patient PBMCs and 

needs to be further investigation.  
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4.2.3.3 Assessment of Dysregulated Pathways Related to Immune 

Exhaustion and Apoptosis in DOCK8-deficient Patients 

T-cell activation requires the combined effort of NFAT and AP-1 signaling. AP-1 

and NFAT forms a heterodimer which binds to DNA for the promotion of target gene 

transcription (Murphy & Weaver, 2016a). In the absence of AP-1, signaling through 

the NFAT results in the suppression of target gene expression and impairment in T 

cell activation and proliferation, leading to T-cell exhaustion (Atsaves et al., 2019). 

T-cell exhaustion is a common phenomenon observed in the case of chronic viral 

infections. Exhaustion can be defined as the state of T-cells with decreased capacity 

of effector cytokine production and increased surface expression of inhibitory 

receptors (Wherry & Kurachi, 2015). Of note, the expression of AP-1 subunits has 

been reported to be downregulated in the context of T-cell exhaustion (Wherry et al., 

2007). Due to the correlation between AP-1 signaling and T-cell exhaustion, we 

investigated the z-scores of the immune exhaustion pathway in patient groups 

compared to healthy controls. The z-score of the immune exhaustion pathway was 

found to be elevated in both group of patients compared to healthy controls and the 

z-score of Group2 was significantly higher than Group1 (Figure 4-18). Our findings 

are consistent with previous reports showing an increased percentages of exhausted 

effector memory T-cells (CD45+CCR7-) in DOCK8 deficiency (Janssen et al., 2014; 

Randall et al., 2011). Of interest, Pillay et al. have proposed that the exhausted 

phenotype is T-cell intrinsic and caused by DOCK8 deficiency. The exhausted 

phenotype possibly contributes to failure of the capability of viral clearance and 

results in persistent infections.  
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Figure 4-18: The comparison of z-scores of the immune exhaustion pathway for the patient 

groups and healthy controls. 

The z-scores of the immune exhaustion pathway were calculated via nSolver advanced 

analysis software. One-way ANOVA with Tukey’s posttest was used for the comparison of 

patient groups and healthy controls. Comparison between Group1 and Group2 was 

indicated on bars. (n.s., Not significant, *p <0.05, **p <0.01 ***p<0.001 and 

****p<0.0001) 

 

In order to further evaluate the exhausted phenotype in the two patient groups, we 

next investigated the most differentially expressed immune exhaustion markers in 

both patient groups. The analysis revealed that three of the co-inhibitory receptors, 

TIGIT, LAG3 and HAVCR2 (TIM-3), were significantly upregulated in Group2 

whereas only HAVCR2 (TIM-3) was upregulated in Group1 patients (Figure 4-19). 

Interestingly, the major co-inhibitory receptor and exhaustion marker CTLA4, was 

downregulated in both patient groups, especially in Group1. Targeting the co-

inhibitory receptors to overcome T-cell exhaustion and consequently clear persistent 

viral infections is a promising approach that multiple research groups have been 

working on (Pauken & Wherry, 2015). Our findings are significant in terms of 

identifying a possible target for the reversal of T-cell exhaustion in DOCK8 

deficiency. Due to the decreased expression of CTLA4 in these patients, targeting 

other co-inhibitory receptors such as TIGIT could be of considerable interest. 

Ongoing trials in TIGIT blockage of human T-cells might be adapted for the 

management of DOCK8 deficiency in the future (Harjunpää & Guillerey, 2020).  
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Figure 4-19:Differential expression of the immune exhaustion markers in patient groups. 

Change in gene expression was calculated as Log2(Fold Change) of healthy controls and 

presented with lower and upper limits. Dotted lines indicate log2(Fold Change) =0.6 for 

upregulated genes and log2(Fold Change) =-0.6 for downregulated genes (n.s., Not 

significant, *q<0.05, **q <0.01 ***q<0.001 and ****q<0.0001) 

 

Although immune exhaustion is generally used in the context of T-cells, it is known 

that increased expression of co-inhibitory receptors involved in exhaustion can also 

be observed in other immune cell types, including monocytes/macrophages and 

dendritic cells. For example, TIM-3 is expressed by multiple immune cells including, 

NK cells, Dendritic cells, monocytes and macrophages. TIM-3 has been shown to 

play a pivotal role in the regulation of innate immune responses to TLR stimulation 

(Yang et al., 2013). The upregulation of TIM-3 in DOCK8-deficient PBMCs is 

consistent with in the exhausted immune phenotype of innate immune cells, 

accounting for the decreased production of type I IFN in response to endosomal TLR 

stimulation.  

Another gene product with a regulatory function is the lymphocyte activation gene 

3 (LAG-3). Workman et al. have reported high expression of LAG3 in plasmacytoid 

dendritic cells and demonstrated that deletion of LAG-3 resulted in increased 

proliferation and expansion of pDCs (Workman et al., 2009). Therefore, the 
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upregulated expression of LAG3 in DOCK8-deficient PBMCs might be relevant to 

the decreased number and impaired function of pDCs in these patients.  

Our data also revealed that apoptosis pathway was upregulated in Group2 but not 

Group1 patients (Figure 4-20). In Group2 patients, the most differentially expressed 

gene in the apoptosis pathway was CSTL (Cathepsin L), a cysteine protease, involved 

in antigen processing whose expression is upregulated in chronic inflammation (Cao 

et al., 2017).  The expression of CTSL was ~36 fold upregulated in Group2 patients, 

possibly correlated with the recurrent chronic viral infections. Of note, DOCK8-

deficient cells are known to be more prone to apoptosis than wild-type cells (Kearney 

et al., 2017). Therefore, targeting CTSL with specific inhibitors might be a viable 

treatment option for DOCK8 deficiency.  

 

 

Figure 4-20:The comparison of z-scores of the apoptosis pathway for the patient groups 

and healthy controls. 

The z-scores of the apoptosis pathway were calculated via nSolver advanced analysis 

software. One-way ANOVA with Tukey’s posttest was used for the comparison of patient 

groups and healthy controls. Comparison between Group1 and Group2 was indicated on 

bars. (n.s., Not significant, *p <0.05, **p <0.01 ***p<0.001 and ****p<0.0001) 
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4.2.4 Assessment of Normalization in Dysregulated Gene Expression 

Profile of a Patient with DOCK8 Deficiency Following 

Hematopoietic Stem Cell Transplantation (HSCT) 

Hematopoietic stem cell transplantation (HSCT) is the only curative treatment 

available for DOCK8-deficient patients (Haskologlu et al., 2020). One patient in the 

cohort that had clustered in Group2 underwent a successful bone marrow 

transplantation. Post-transplantation, patient’s overall health improved and persistent 

viral infections were cleared. To investigate the impact of HSCT on the dysregulated 

gene expression profile of this DOCK8-deficient patient, RNA samples of the patient 

prior to and 1-year post-transplant were isolated from fresh PBMCs and gene 

expression analysis was performed simultaneously. Volcano plots were generated to 

visualize the differentially expressed genes in the patient prior to (D1) and 1 year 

after HSCT (D1-HSCT) in comparison to healthy controls (Figure 4-21A and B). 

The overall variation in gene expression profiles of patient in comparison to healthy 

controls significantly normalized after HSCT. Upregulated expressions of ISGs, 

chemokines and exhaustion markers were normalized post-HSCT. Furthermore, 

downregulated expressions of AP-1 subunit genes were upregulated and become 

similar to healthy controls.  



 

 

88 

 

Figure 4-21: Volcano plots illustrating differentially expressed Host Response panel genes 

in the patient (A) prior to transplantation (D1) and (B) 1 year after HSCT (D1-HSCT) in 

comparison to healthy controls (n=24) 

 Upregulated genes with log2(fold change) ≥ 0.6 and p-value < 0.01 (red) and 

downregulated genes with log2(fold change) ≤ -0.6 and p-value<0.01 (blue) are shown. 

Identities of the most differentially expressed genes are given on the plot. 
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In Group2 patients, we previously showed that interferon-stimulated genes were 

upregulated, implying an elevated interferon signature. In order to investigate the 

effect of HSCT on this elevated interferon signature, we next evaluated the 

differential expression of interferon-stimulated genes in the patient before and after 

bone marrow transplant (Figure 4-22). The expression of most ISGs in the patient 

(D1) was found to be significantly upregulated and normalized following HSCT.   

 

 

Figure 4-22: Heatmap illustrating the log2 (fold change) of Interferon-induced genes 

differentially expressed in the patient, prior to (D1) and 1-year post-transplantation (D1-

HSCT) relative to healthy controls (n=24). 

 

Furthermore, we also showed that the expression of genes associated with MAP 

kinase and AP-1 signaling pathways was decreased in Group 2 patients. Considering 

the clustering of patient D1 within Group2, we observed a similar degree of 

downregulation in these genes including FOS, JUN, JUNB and MAP3K1 (MEKK1) 

in this patient, as expected (Figure 4-23A). The drastic downregulation in AP-1 

subunit genes was normalized after HSCT. However, the MAP3K1 expression, 

which was 2.2-fold lower before the transplant in comparison to healthy controls, 
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was partially normalized 1 year after the transplant. Additionally, our previous 

analysis revealed a significant upregulation in the expression of three immune 

exhaustion markers, TIGIT, LAG3 and HAVCR2 (TIM-3) in Group2 patients. In 

patient D1, similarly, TIGIT and LAG3 were significantly upregulated and 

normalized after the bone marrow transplant (Figure 4-23B).  

 

 

Figure 4-23: Heatmap illustrating the log2 (fold change) of differentially expressed MAPK 

signaling and Immune Exhaustion related genes in the patient, prior to (D1) and 1-year 

post-transplantation (D1-HSCT) relative to healthy controls (n=24). 

 

Collectively, our results suggested that the dysregulated gene expression observed 

in the patient D1 clustered within Group2 was normalized 1-year after the successful 

bone marrow transplant, which is in line with the improved overall health of the 

patient post-HSCT. 
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CHAPTER 5  

5 CONCLUSION 

The scope of our lab is to gain insight on underlying mechanisms contributing to the 

progression of diseases associated with a variety of inborn errors of immunity. Our 

main focus in this study was the primary immunodeficiency diseases (PIDs) that lead 

to susceptibility to viral infections. First, we aimed to unravel the utilization of 

Ruxolitinib as a bridge therapy in a patient with a gain-of-function mutation in the 

DNA-binding domain of the STAT1 gene to manage disease manifestations including 

viral and fungal infections. In line with this, we investigated the dysregulated gene 

expression profile of STAT1 GOF patient prior to, during Ruxolitinib and after 

HSCT. Secondly, in light of our preliminary findings suggesting the compromised 

type I IFN production in response to viral mimicry ligands, we investigated the 

deregulated immune-related pathways that can be associated with viral immunity in 

DOCK8 deficiency.  

The primary immunodeficiency disease caused by the gain-of-function (GOF) 

mutations in the STAT1 gene is characterized by chronic mucocutaneous candidiasis 

(CMC), chronic viral infections and autoimmunity. These gain-of-function 

mutations result in enhanced STAT1 phosphorylation and impaired 

dephosphorylation accompanied by defective Th17 differentiation.  Herein, we 

confirmed the pre-defined cellular level defects in a patient with sporadic STAT1 

T385M mutation, who presented with CMC, recurrent respiratory tract infections 

and autoimmunity. The disease manifestations that the patient suffered from were 

resolved with the 6 months use of Ruxolitinib treatment. In line with the improved 

health status of the patient, impaired STAT1 phosphorylation dynamics were 

partially normalized following Ruxolitinib treatment. Interestingly, the Th17 

deficiency persisted after Ruxolitinib treatment despite the clearance of CMC; this 
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may imply the involvement of pathways other than defective Th17 immunity in 

susceptibility to fungal infections for STAT1 GOF patients (Break et al., 2021b).  

We also evaluated the gene expression profile of the patient in comparison to healthy 

controls to determine which pathways were dysregulated because of the gain-of-

function mutation in the DNA binding domain of STAT1 gene. Firstly, interferon-

stimulated genes were found to be consistently upregulated in the patient, implying 

an interferon signature. Furthermore, the antigen processing, T- and B-cell function 

related genes were also significantly upregulated. The identification of these 

upregulated pathways has pivotal importance to uncover the underlying causes of 

autoimmune manifestations observed in STAT1 GOF patients. Autoimmune 

hemolytic anemia, the major manifestation of autoimmunity in the patient, has been 

shown to be triggered by interferon alpha/beta treatment as an adverse side effect (S. 

Wang et al., 2017). This may suggest that the elevated interferon signature has a role 

in the emergence of the patient’s autoimmune manifestations. Consistent with this 

view, autoimmunity in the patient resolved following Ruxolitinib treatment, which 

resulted in partial downregulation of elevated interferon signature.  

Viral infections are known to trigger elevated interferon signature. Interestingly, the 

elevated interferon signature in chronic viral infections results in an exhausted 

phenotype. With constant stimulation, exhausted cells exhibit a compromised 

interferon response to infections and unrelated secondary stimuli (Greene et al., 

2021). The partial improvement in elevated interferon signature together with the 

clearance of persistent viral infections with Ruxolitinib treatment implies a role of 

overwhelming interferon signaling in the persistency of viral infections. 

Additionally, NK cell function and cytotoxicity pathways were found to be 

downregulated in the patient. The pivotal role of NK cells and its cytotoxicity 

function in the elimination of viral infections is well-known. The impaired 

cytotoxicity and NK cell functions have been speculated to lead to compromised 

viral clearance in STAT1 GOF patients (Tabellini et al., 2017). Of note, the perforin 

encoding gene PRF1 was also downregulated and its expression was significantly 

elevated following Ruxolitinib treatment. The defective perforin function has been 
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shown to lead to susceptibility to respiratory viral infection (Cunningham et al., 

2020). A modest downregulation in elevated ISG expression and partial 

improvement in reduced  expression of cytotoxicity related genes including the 

PRF1 can be speculated to aid in the clearance of chronic viral infections following 

Ruxolitinib treatment (Vargas-Hernández et al., 2018).  

Collectively, our results indicate that the utilization of Ruxolitinib as a bridge therapy 

would reduce the risk of adverse outcome of HSCT through the improvement of 

disease management and dysregulated gene expression (Kayaoglu et al., 2021). 

In the second part of our study, we aimed to investigate the underlying mechanisms 

that result in viral susceptibility in DOCK8 deficiency. Our preliminary results 

indicated that DOCK8-deficient PBMCs secreted lower levels of type I interferons 

following stimulation with various nucleic acid ligands. To gain further insight on 

this impaired interferon response, we performed gene expression analysis on RNA 

samples isolated from PBMCs of 15 DOCK8-deficient patients. The principal 

component analysis (PCA) conducted on differentially expressed genes in these 

patients in comparison to healthy controls revealed a clustering of patients into two 

distinct groups. The patients with PC1 smaller than zero were designated as Group1 

whereas patients with PC1 larger than zero were assigned to Group2. Group2 

patients were clustered together in a distant location than healthy controls and 

Group1 patients on the PCA plot whereas Group1 and healthy controls were located 

closely. Therefore, our analysis was mainly focused on Group2 patients in order to 

acquire new insights on defective pathways in DOCK8 deficiency. Among the most 

differentially expressed genes in Group2, interferon-stimulated genes predominated, 

indicative of an elevated interferon signature similar to that seen in the STAT1 GOF 

patient. Although an elevated interferon signature in these patients can be associated 

with chronic viral infections, the poor type I IFN response to nucleic acid ligands is 

more likely indicative of an “exhausted phenotype” in the innate immune cells with 

a role in type I interferon production. To further investigate the pathways involved 

in this impairment, we evaluated the MAPK and AP-1 signaling related gene 

expression in patient groups. The results showed that the MAPK signaling was 
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downregulated in Group2 patients and this downregulation mainly stemmed from 

the decreased expression of AP-1 subunit genes. The combined effort of NFAT and 

AP-1 is required for proper T-cell activation. In the absence of AP-1, NFAT 

signaling results in the expression of exhaustion-related genes, which mainly encode 

co-inhibitory receptors (Martinez et al., 2015). Therefore, the decreased expression 

of AP-1 subunit genes in these patients may induce exhaustion-related genes in T-

cells. As expected, most of the co-inhibitory receptors TIGIT, LAG3 and HAVCR2 

(TIM-3) were found to be upregulation in Group2 patients. Interestingly, the well-

known exhaustion marker and co-inhibitory receptor CTLA4, was downregulated in 

both groups of patients. The downregulation in CTLA4 can be associated with 

impaired regulatory T-cell differentiation and function observed in DOCK8 

deficiency (Alroqi et al., 2017). Therefore, the speculated “exhausted phenotype” of 

the DOCK8 deficient cells should stem from co-inhibitory receptors with elevated 

expression. The term “exhaustion” is predominantly used in the context of T-cells. 

However, immune exhaustion can be observed in other immune cells, including 

those that are part of innate immunity. LAG-3, one of the upregulated co-inhibitory 

receptors, is known to be expressed by mainly T-cells and pDCs (Workman et al., 

2009). The function of LAG3 expression in pDCs is to regulate proliferation and 

expansion in response to certain stimuli. Of note, depletion of LAG-3 has been 

shown to result in enhanced proliferation and expansion of pDCs (Workman et al., 

2009). Furthermore, increased expression of LAG3 in DOCK8-deficient patients can 

be associated with the reduced number of pDCs and compromised type I interferon 

production from pDCs in response to endosomal TLR ligand stimulation. 

Furthermore, TIM-3, another upregulated co-inhibitory receptor, can be expressed 

by a variety of immune cells including monocytes, macrophages, NK and T-cells. 

TIM-3 has been shown as the negative regulator of immune response to TLR 

stimulation (Yang et al., 2013). 

Collectively, our findings suggest that impairment in type I interferon secretion in 

response to viral mimicry ligands can be explained by “exhausted phenotype” of 

innate immune cells as a consequence of chronically elevated interferon signature. 
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Furthermore, the identification of upregulated exhaustion markers in DOCK8 

deficiency is pivotal in terms of proposing potential novel targets for therapeutic 

interventions to overcome chronic infection.
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 APPENDICES 

A. Culture Media, Buffers and Solutions 

RPMI-1640 (Gibco) supplemented with L-Glutamine 

2 % :10 ml heat-inactivated FBS  

10 %: 50 ml heat-inactivated FBS 

5 ml Penicillin/Streptomycin (final concentration: 50μg/ml) 

5 ml HEPES (final concentration: 10mM) 

5 ml Na Pyruvate, (final concentration: 0,11 mg/ml) 

5 ml Non-Essential Amino Acids Solution, (diluted into 1x from 100x stock) 

FACS Buffer 

500 ml 1x PBS 

5g BSA (1%) 

125mg (0,25%) 

Blocking Buffer (ELISA) 

500ml 1x PBS 

25 grams BSA (5%) 

250μl Tween20 (0,025%) 

Wash Buffer (ELISA) 

500 ml 10x PBS 

2,5 ml Tween20 

4,5lt ddH2O 
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B. Gating Strategies for Flow Cytometric Analysis 

 

Figure B-1: Gating Strategies for Memory Helper T-cells used in intracellular IL-17A vs 

IFN-γ staining for STAT1 GOF patient and corresponding healthy controls. 

 

 

Figure B-2:Gating strategies for B-cells and Helper T-cells used in IFN-β induced STAT1 

and STAT3 phosphorylation analysis in DOCK8 deficient patient (D1) and corresponding 

healthy controls (H1 & H2).  
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Figure B-3: Gating strategies for Monocytes used in intracellular IP-10 staining upon 

stimulation with transfected HSV in DOCK8 deficient patients (D3 & D4) and 

corresponding healthy controls (H3 & H4). 

 

 

Figure B-4:Gating strategies for Monocytes and T-cells used in intracellular ISG15 

staining upon stimulation with a variety of ligands (e.g., D35) in DOCK8 deficient patient 

(D7) and corresponding healthy control (H11). 
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C. Supplementary Table 

Table B. 1 Clinical Presentations of DOCK8 Deficient Patients 
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