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ABSTRACT 

 

CHARACTERIZATION OF INHERITED IRAK-4 DEFICIENCY IN A PATIENT 

WITH ACUTE HHV-6 ENCEPHALITIS 

 

Zeynep Güneş Tepe Demir 

M.Sc. in Molecular Biology and Genetics 

Advisor: Serkan Belkaya 

July 2023 

 

Human herpesvirus-6 (HHV-6), a ubiquitous virus among humans, typically causes acute 

febrile illness in children, whereas the majority remain asymptomatic. HHV-6 infection 

can rarely cause encephalitis, with unknown pathogenesis. We hypothesized that inborn 

single-gene defects may underlie susceptibility to HHV-6 encephalitis in otherwise 

healthy children. We performed whole-exome sequencing on genomic DNA of a male 

child diagnosed with acute HHV-6 encephalitis and found a novel homozygous missense 

variation (NM_016123.4:c.G236A:p.C79Y) in Interleukin-1 receptor-associated kinase 4 

(IRAK4), which is involved in the Toll-Interleukin-1 receptor signaling pathway. Sanger 

sequencing confirmed that both parents and the sibling were heterozygotes. The p.C79Y 

that affected an evolutionary conserved residue was predicted to be damaging by in silico 

algorithms. We found that IRAK-4 expression was severely reduced in patient’s 

leukocytes. There were similar levels of wild-type (WT) and mutant IRAK-4 when 

transiently over-expressed in HEK293 cells, however mutant IRAK-4 expression was 

dramatically decreased upon cycloheximide treatment, compared to the WT. This 

indicated that the p.C79Y might impair IRAK-4 stability. We found that patient’s 

leukocytes had diminished innate immune responses to various stimuli inducing different 
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Toll-like receptors and cytosolic nucleic acid sensors, compared to the healthy controls. 

We also generated IRAK4 knockout HEK293 cells by CRISPR-Cas9 genome editing. 

Transient expression of mutant IRAK-4 had significantly reduced NFκB-dependent 

luciferase activity, compared to the WT in IRAK4 knockout cells treated with IL-18. 

Collectively, the p.C79Y impaired both the expression and function of IRAK-4, leading 

to diminished immune responses against bacterial and viral stimuli in patient’s leukocytes. 

Overall, this was the first study demonstrating that inborn errors of immunity could 

underlie isolated acute HHV-6 encephalitis. Our findings also widened the known 

genotypic and phenotypic spectrum of inherited IRAK-4 deficiency in humans. 
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ÖZET 

 

AKUT HHV-6 ENSEFALİTİ GÖRÜLEN BİR HASTADA KALITSAL IRAK-4 

EKSİKLİĞİNİN KARAKTERİZASYONU 

 

Zeynep Güneş Tepe Demir 

Moleküler Biyoloji ve Genetik, Yüksek Lisans 

Tez danışmanı: Serkan Belkaya 

Temmuz 2023 

 

İnsanlar arasında sıkça karşılaşılan bir virüs olan İnsan herpesvirüs-6 (HHV-6), genel 

olarak çocuklarda akut ateşli hastalığa sebep olurken çocukların çoğunluğu asemptomatik 

kalmaktadır. HHV-6 enfeksiyonu nadiren ensefalite yol açabilmektedir, fakat patogenezi 

bilinmemektedir. Doğuştan gelen tek gen bozukluklarının aksi halde sağlıklı olan 

çocuklarda HHV-6 ensefalitine yatkınlığa neden olabileceği hipotezini ileri sürdük. Akut 

HHV-6 ensefalit teşhisi konan bir erkek çocuğun genomik DNA’sında tüm ekzom 

dizilemesi gerçekleştirdik ve hastada Toll/İnterlökin-1 reseptörü sinyal yolağında rolü 

olan İnterlökin-1 reseptör-ilişkili kinaz 4 (IRAK4) geninde daha önce görülmemiş yanlış 

anlamlı bir mutasyon (NM_016123.4:c.G236A:p.C79Y) bulduk. Hastanın ebeveynleri ve 

sağlıklı kardeşinde bu mutasyonun heterozigot olduğu Sanger sekanslaması ile 

doğrulandı. Evrimsel olarak korunan bir kalıntıyı etkileyen p.C79Y’nin in siliko 

algoritmalar tarafından hasar verici olacağı tahmin edildi. Hastanın lökositlerinde IRAK-

4 ekspresyonunun ciddi şekilde azaldığını bulduk. HEK293 hücrelerinde yapılan geçici 

aşırı ekspresyon sonucunda yabanıl (WT) ve mutant IRAK-4 düzeyleri benzerdi ancak 

siklohekzimid muamelesinden sonra mutant IRAK-4 ekspresyonu WT’ya kıyasla ciddi 

şekilde azaldı. Bu durum, p.C79Y’nin IRAK-4 stabilitesini bozabileceğini 
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göstermektedir. Hastanın lökositlerindeki, sağlıklı kontrollere kıyasla farklı Toll-benzeri 

reseptörler ve sitozolik nükleik asit sensörlerini indükleyen çeşitli uyaranlara karşı 

doğuştan gelen immün cevaplarının azaldığını bulduk. Ayrıca, CRIPSR-Cas9 genom 

düzenleme ile IRAK4 nakavt HEK293 hücre hatları oluşturduk. Mutant IRAK-4 

proteininin IL-18 ile muamele edilmiş IRAK4 nakavt hücrelerdeki geçici ekspresyonu 

sonucunda NFκB’ye bağlı lusiferaz aktivitesini WT’ya kıyasla anlamlı derecede 

azalttığını gördük. Sonuç olarak, p.C79Y IRAK-4’ün hem ifadesini hem de işlevini 

bozarak hastanın lökositlerinde bakteriyel ve viral uyaranlara karşı azalan immün 

yanıtlarına sebep oldu. Bu çalışma ilk kez izole akut HHV-6 ensefalitinin altında doğuştan 

gelen bağışıklık kusurlarının yatabileceğini göstermiştir. Bulgularımız ayrıca insanlarda 

kalıtsal IRAK-4 eksikliğinin bilinen genotipik ve fenotipik spektrumunu genişletmiştir. 
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CHAPTER 1  

 

 

   Introduction… 

 

1.1.Encephalitis 

Encephalitis is a life-threatening condition defined as the inflammation in the brain1–3. 

It is characterized by the central nervous system (CNS) inflammation in the brain 

parenchyma, more specifically perivenular or periventricular spaces depending on the 

inflammatory culprit presented2,4. If the CNS inflammation occurs outside of the brain 

parenchymal tissues, such as meninges, brain stem, spinal cord or nerve roots, they are 

identified as meningitis, rhombencephalitis, myelitis and radiculitis, respectively5–8. 

The onset of the disease is generally acute, whereas in some rare cases, progressive 

inflammation of the brain becomes chronic, particularly in children2,3,9. Although acute 

encephalitis has serious complications, chronic encephalitis develops more severely 

and presents with more devastating symptoms, such as epilepsy, mental deterioration 

and paraplegia3,9,10. 

1.1.1.Symptoms 

Common clinical symptoms of encephalitis include severe headaches, high fever, 

nausea, vomiting and seizures2,11,12. In some cases, impaired function of the nervous 

system disturbs other physiological systems that are mainly implicated by focal or 

multifocal neurological signs3. Depending on the extent of the inflammation, 

alterations in the mental status can also be observed, which may even progress to loss 
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of consciousness3. If it is not diagnosed and treated on time, it can lead to coma, the 

collapse of the CNS and eventually death2,3. 

1.1.2.Classification 

Viral infection and autoimmune reactions are the most common causes of encephalitis 

in humans13–15. Additionally, other causes, including metabolic disorders, toxins, organ 

failure, neoplastic formations and vascular changes can also induce encephalitis13,16,17. 

Imbalances in glucose or calcium metabolism affect the physiologic activity of the 

brain, which in turn can promote inflammation in the brain10,13. Toxin substances, such 

as ammonia, can disrupt neuronal signaling, which can create inflammatory responses 

in CNS13,18. Similarly, hepatic failure prevents the removal of toxins, and thus systemic 

transportation of toxins to the brain may promote inflammation13,19. Additionally, brain 

tumors, such as glioblastoma, could induce inflammation in the brain10,13. 

Autoimmune encephalitis is identified by the presence of autoantibodies against self-

proteins on neuronal cell surfaces and synaptic receptors20–22. It is seen predominantly 

in the younger population, such as adolescents and children with a lower incidence than 

infectious encephalitis20–22. However, the number of autoimmune encephalitis cases is 

increasing  rapidly by the identification and detection of novel autoantibodies21–23. 

The clinical diagnosis of autoimmune encephalitis relies on the presence of 

neurological deficits and the detection of previously identified autoantibodies in 

cerebrospinal fluid (CSF) or serum11,21,22. Since the production of autoantibodies is the 

main cause of the prognosis, immunotherapies are considered to be useful to suppress 

autoimmune responses20,21. Three major classes of antibodies are responsible for more 

than half of the cases in the general population21,22.  
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Autoantibodies against N-methyl-D-aspartate receptor (NMDAR) are the most 

common cause of autoimmune encephalitis in the general population20,22. Symptoms 

including seizure, dyskinesia and psychiatric disorders are frequently seen during the 

early onset of disease in both children and adults20,22. In some cases, antibody 

production is associated with the presence of tumors, such as ovarian teratoma20,21. 

Production of antibodies against Leucine-rich Glioma Inactivated 1 (LGI1) is another 

cause of autoimmune encephalitis, which is generally seen in the elderly15,21. In the 

course of LGI1 encephalitis,  rapid cognitive declines with drastic memory loss or high-

frequency focal seizures are commonly observed in the patients20,22. Third common 

autoantibodies are produced against Gamma-aminobutyric Acid (GABA) 

receptors22,23. Anti-GABA receptor encephalitis is less studied and the clinical 

symptoms are not distinctive21,22.  

Infectious encephalitis is characterized by the presence of infectious agents that invade 

the host organism11,12,24,25. Immune responses against those infectious microorganisms 

create an inflammatory environment in the brain11,12. This inflammation disturbs the 

physiological functioning of the brain, especially when the infection persists2,11,12. The 

main etiology of infectious encephalitis is viruses, whereas bacteria, fungi and parasites 

could induce encephalitis to a lesser extent7,8,11,26,27. 

Infectious encephalitis can also be divided into two subcategories based on the site of 

infection 24,28,29. Primary infectious encephalitis is caused by a direct infection of the 

CNS by the microbe 2,12,23,28. Mostly, gray matter is affected by the inflammation2,28. 

On the other hand, post-infectious or para-infectious encephalitis does not result from 

an infection of a CNS itself 24,28,29. In post-infectious encephalitis, systemic host 
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immune responses against infectious agents induce inflammation in the brain, 

particularly affecting white matter24,28. 

For primary infectious encephalitis, microorganisms must enter the brain in order to 

infect the neuronal tissues directly4,25,30. Several virus families are neurotrophic, 

indicating that they are capable of invading the brain and infecting the CNS cells12,30,31. 

The blood-brain barrier is an anatomic barrier that protects the brain from invading 

microorganism28,31–33. In order to evade blood-brain barrier, those neurotropic viruses 

evolutionarily developed various strategies28,32–35. Arboviruses, located in the 

bloodstream, can be transported to the CNS by infecting endothelial cells or they are 

carried as a cargo inside the cells translocating to CNS28,33. Moreover, herpesviruses 

and polioviruses are capable of entering the CNS through retrograde transportation 

from neurons28,36,37. By these mechanisms, not only the entrance into CNS, but also the 

avoidance of immunosurveillance can be achieved28,36,37. Overall, the etiopathogenesis 

of primary infectious encephalitis is diverse, yet other mechanisms employed by 

different types of viruses are not well understood4,12,25,28,30.  

In addition to viruses, bacterial, fungal and protozoal infections could induce 

inflammation in the brain indirectly, and subsequently cause post-infectious 

encephalitis in humans12,24. The presence of an infection throughout the organism 

triggers immune system robustly and may induce inflammation in the brain 

parenchyma8,12,26. Major syndromes associated with post-infectious encephalitis are 

acute disseminated encephalomyelitis, acute hemorrhagic leukoencephalitis and 

Bickerstaff's brainstem encephalitis24,26. Although no infectious agents from neural 
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tissue could be isolated in those cases, severe inflammation in the brain mimics primary 

encephalitis and therefore symptoms presented are similar24,29,38. 

  

In the general population, encephalitis is a rare condition that can be seen in 

approximately every 3.5 and 7 cases per 100,000 individuals per year in Europe and 

USA, respectively39,40. However, in children, the incidence is much higher with more 

than 16 cases per 100,000 patients per year worldwide4,25. 

 

1.2.Viral encephalitis 

Viral encephalitis is the most frequently seen type of encephalitis in the human 

population2,25,30. It is described by the presence of inflammation in the brain 

parenchyma caused by a viral agent2,25. This neuropathology has high morbidity and 

mortality rates affecting both immunocompetent and immunocompromised 

individuals3,12,25,30.  

Figure 1. 1 Etiopathogenesis of infectious encephalitis (Adapted from Bohmwald K 

et al., 202115) 
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1.2.1.Etiology 

Various virus families are able to cause encephalitis in humans12,25,27,39. The most 

common virus families are Herpesviridae, Arboviruses, Rhabdoviridae, 

Picornaviridae, Retroviridae, Orthomyxoviridae, Orthopneumoviridae and 

Coronoviridae12,25. The first four families are responsible for primary viral encephalitis, 

whereas the latter three can spread into the CNS from their original sites of infection, 

such as respiratory system12,25,27. 

Herpesviruses are the most common viruses causing viral encephalitis in the human 

population, particularly Herpes Simplex Virus-1 (HSV-1)12,41. Most clinically relevant 

strains of the Herpesviridae are HSV-1, HSV-2, Varicella Zoster Virus (VZV), 

Epstein-Barr Virus (EBV), Cytomegalovirus (CMV), Human Herpesvirus-6 (HHV-6) 

and Human Herpesvirus-7 (HHV-7)29,42–44. Herpesviruses are accountable for 

approximately half of the cases of viral encephalitis in the human population12,25,42,45. 

In the general population, HSV encephalitis (HSE) is diagnosed in approximately every 

1 to 2 cases per 500,000 people per year in Europe, predominantly in children under 

the age of 346. Since individuals in early childhood are more susceptible to encephalitis, 

primary infection of HSV is considered as the cause of the inflammation29,44,47.  HHV-

6 and HHV-7 show similar characteristics and clinical presentations in humans48–50. 

HHV-7 has the ability to invade the brain, but primary infection with HHV-7 rarely 

leads to encephalitis in children44,48. When the immune system is compromised, 

reactivation of HHV-7 can lead to severe CNS diseases, such as encephalitis49,50. 

Furthermore, HHV-7 infection can also activate other viruses, such as HHV-6 and 
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human parvovirus B1949–51. In some patients with myalgic encephalitis, co-infection of 

HHV-6, HHV-7, and Parvovirus-B19 (PV-B19) were observed51,52. 

Arboviruses, Rhabdoviruses, Orthomyxoviruses and Coronaviruses are the zoonotic 

viral agents that can cause viral encephalitis in humans11,12,25. Arboviruses are 

transmitted through blood-feeding arthropods, such as ticks and mosquitos25. The most 

common strains of this family causing viral encephalitis are dengue virus (DENV), 

tick-borne encephalitis virus (TBEV), Zika virus (ZIKV), West Nile virus (WNV) and 

Japanese encephalitis virus (JEV)11,12. Orthomyxoviruses and Coronaviruses are 

respiratory viruses causing post-infectious encephalitis12,24. Influenza viruses (IV) 

belonging to Orthomyxoviridae target respiratory tissues as sites of infection24,25. 

Figure 1. 2 Virus families and strains causing viral encephalitis in humans (Adapted 

from Bohmwald K et al., 202112) 

 

s 
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However, the infection could spread to the CNS in severe cases and the induced 

inflammation is described as influenza-associated encephalitis25,53. Similarly, human 

coronaviruses target respiratory and enteric tissues as sites of infection14,25. Middle East 

respiratory syndrome coronavirus (MERS-CoV), severe acute respiratory coronavirus-

1 (SARS- CoV-1) and SARS-CoV-2 can cause post-infectious encephalitis in cases 

with poor prognosis12,25.  

1.2.2.Epidemiology 

Viral encephalitis is observed in the human population at an annual incidence of 7 cases 

per 100,000 people in USA23,40. On the other hand, in some European countries, such 

as England and France, lower incidence rates of viral encephalitis are observed ranging 

from 1.5 to 2.2 per 100,000 people53,54. The total number of reported viral encephalitis 

cases remain similar, but incidence rates of certain viral causes are continuously 

changing over time12,25,38,53. For instance, cases of measles and mumps-associated 

encephalitis have decreased in the last decades thanks to the application of national 

vaccination programs, particularly in Europe25,55. On the other hand, the cases of CMV 

and EBV-associated encephalitis have increased in the human population due to an 

increase in the number of immunocompromised individuals, such as transplant 

recipients, cancer patients, and patients with acquired immunodeficiency syndrome 

(AIDS)38,53. Additionally, seasonal, geographical and climate-related changes are 

important factors affecting the epidemiology of viral encephalitis38,53,56,57. For instance, 

arboviruses are transmitted via mosquitoes, and therefore arbovirus-associated 

encephalitis cases increase in summer seasons when mosquitoes are more 

abundant38,53. Although there are no age limitations, viral encephalitis is more 
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prominent in the pediatric population12,25. Likewise, both genders are affected 

similarly, whereas a slight disposition is observed in males12,25. 

1.2.3.Pathophysiology 

Viral neuroinvasion can be accomplished by two major pathways, which are direct 

neuronal transport and transportation via hematogenous route33,38,58,59. Neuronal 

transport is mostly employed by rabies viruses and HSV38,59. For instance, HSV spread 

among neuronal cells through cell junctions or extracellular spaces upon CNS 

invasion38,60. If the spread is restricted by neuronal cells, they can also reside in the 

infected tissue in a quiescent state waiting for reactivation38,60. What determines the 

restriction of HSV spread is still unknown38. The hematogenous route is typically 

employed by viruses transmitted with arthropod-borne infection, such as 

arboviruses11,61. For instance, TBEV invades the skin of the host organism through the 

tick bites and they replicate under subcutaneous tissues11,61. Unless primary viremia 

was kept in the subcutaneous tissues, TBEV infection can spread into other organs 

through transport via bloodstream, including CNS11,61. 

 

1.3.HHV-6 encephalitis  

1.3.1.HHV-6 

HHV-6 is a lymphotropic double-strand DNA (dsDNA) virus, which was isolated from 

patients suffering from lymphoproliferative disorders and characterized for the first 

time in 198648,62,63. Later, it was recognized as a medical condition for the first time by 

its association with roseola infantum, a childhood disease presented with high fever 

and rash64. It was found to have a wide tropism for not only hematopoietic cells, but 

also CNS cells65–67. 
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HHV-6 belongs to the β-human Herpesviridae, where they share linearized dsDNA and 

an outer envelope48,68,69. They have relatively small genome size when compared with 

other virus families, which is approximately 150 kilobases68,69. The most distinguished 

characteristic of β-human Herpesviridae is their tendency to become latent in immune 

cells63,68,69. Similar to other herpesviruses, HHV-6 can reside in the host in a latent state 

after primary infection68,69. This persistence can be presented as no or low-level viral 

replication63,68. After the acute phase of HHV-6 infection in immune cells, the virus 

enters a quiescent state where it ceases replication and resides silently in the immune 

cells63,68. The most common sites for latency of HHV-6 are hematopoietic stem cells 

in bone marrow, brain parenchyma and salivary glands63,64,69,70. 

Cellular entry of HHV-6 is accomplished by the interaction with the CD46 receptor on 

the nucleated cells and further induction of the membrane fusion69,71. CD46 is a surface 

receptor responsible for the suppression of complement system activation against the 

host cells69,71. It was shown that the human CD46 receptor on leukocytes recognizes 

gH-gL-gQ glycoprotein complex on HHV-6 and this interaction initiates HHV-6 

envelope fusion with the leukocyte membrane70,71. Following fusion, transportation of 

the nucleocapsid from the cytoplasm to the nucleus facilitates with the help of 

microtubule network of the host cells63,69,71. HHV-6 dsDNA enters nucleus, where it 

starts to replicate itself and integrates into the host genome69,70,72.     

Up to now, two variants of HHV-6, HHV-6A and HHV-6B, are identified based on 

their genomic differences and cell tropism48,52,64. They have structural differences in 

their genome, particularly in IE-1 region, which is believed to responsible for the 

functional differences between HHV-6 variants64. Additionally, there are some splicing 

differences in the U97-U100 region in the genome of both of the variants that could 
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affect their CD46 interactions and possibly cell tropisms64. In vitro studies 

demonstrated that although both HHV-6A and HHV-6B are lymphotropic viruses, 

HHV-6A is the only variant capable of infecting CD8+ cytotoxic T cells, gamma/delta 

T cells and natural killer cells efficiently48,52,69. Additionally, only HHV-6A was found 

to persist in CSF after acute infection, suggesting that HHV-6A latency was more 

common than HHV-6B48,73. Therefore, HHV-6B is thought to be the dominant variant 

for primary infection49,74,75. 

1.3.2.Pathophysiology 

Active HHV-6 infection can occur in a host in one of the three possible ways, which 

are primary acute infection of the virus, reactivation of a prior quiescent infection, and 

activation of the chromosomally integrated HHV-672,75,76. In either ways; active HHV-

6 infects target cells, primarily mature CD4+ T cells, through receptor mediated 

endocytosis via CD46 receptors on the surface of lymphocytes69,71,77. After lymphocyte 

infection, virus replicates itself using the host cellular machinery63,70,77. Through 

inducing expression of CD4 receptors, other lymphocyte populations, such as CD8+ 

cytotoxic T cell, gamma/delta T cells and natural killer cells were shown to sustain and 

induce HHV-6 replication and proliferation77,78. Therefore, CD4 expression is thought 

to be crucial for the targeting and replication of HHV-669,77,78. On host lymphocytes, 

the replicated virus causes cytopathogenic effects, particularly a phenomenon called 

ballooning degeneration characterized by swollen lymphocytes77,78.  

After primary HHV-6 infection, various host immune responses were observed in 

individuals63,79. Regarding interferons (IFNs), only IFN-α levels were found to be 

increased in the plasma of patients with acute HHV-6 infection80. Similarly, an increase 

in the IFN-α production was observed in HHV-6-infected peripheral blood 
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mononuclear cells (PBMCs) in vitro81,82. Indeed, induced IFN-α production in infected 

PBMCs was shown to suppress replication of HHV-681,82. Moreover, HHV-6 infection 

induces expression of several pro-inflammatory interleukins (ILs), such as IL-1β, IL-

6, IL-8 and IL-1869,83. Similarly, TNF-α production was shown to be upregulated by 

HHV-6 infection in PBMCs84. It was demonstrated that the induction of IL-1β and 

TNF-α depends on the viral entry into the host cell rather than de-novo viral protein 

synthesis by host cell75,85. Thus, induction of those pro-inflammatory cytokines was 

seen during the primary HHV-6 infection69,85. Upon primary infection, HHV-6 also 

modulates the host cell immune responses through a variety of routes in order to evade 

the detection by immune system or create an environment advantageous for its 

survival63,86,87. It was reported that HHV-6 infection of PBMCs led to increased IL-10 

but reduced IL-12 production, inducing a skewing towards TH2 cell differentiation88. 

However, other studies revealed that IL-10 production was decreased in HHV-6-

infected T cells and IL-6 production was increased in HHV-6-infected monocytes83,89. 

Collectively, HHV-6 modulate cytokine production with respect to the cell type it 

infects89. Furthermore, HHV-6 could induce the expression of human leukocyte 

antigen (HLA) class I and II molecules on immature dendritic cells while impairing the 

antigen presentation and processing90. Without antigen presentation to T cells, HHV-6 

could survive, replicate and spread more easily in the host organism69,90. 

It was demonstrated that upon HHV-6 infection of activated lymphocytes, virus 

replication impaired proliferation of T cells, resulting in immunosuppression of the 

host organism91. Likewise, reduced IFN-γ production contributed to the suppression of 

T cell responses upon HHV-6 infection81. As a result of immune suppression, HHV-6 

might be able to persist in the host69,81,91. 
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After the course of primary infection, viral DNA of HHV-6 might persist inside the 

lymphocytes and can become integrated into the host genome, which is known as 

chromosomal integration of HHV-692,93. In dividing cells, integrated viral DNA is 

subsequently passed on to the daughter cells, resulting in a substantial number of 

lymphocytes having the integrated viral DNA72. After integration into the host genome, 

viral DNA remains dormant, where no viral replication or infectious viral particle 

production was seen72,94. Although the virus is not active, the presence of the virus 

could still be detected by molecular testing49,72. Clinical presentations of 

chromosomally integrated HHV-6 (ciHHV-6) and its significance are still not well 

understood72,75,94. In most cases, individuals with ciHHV-6 remain asymptomatic, yet 

several cases of infertility, autoimmune or hematological disorders have been 

associated with ciHHV-674,95. Under immunosuppression, ciHHV-6 could become 

activated, leading to the production of infectious virions in the affected individuals72,95. 

The ciHHV-6 represents a hallmark of HHV-6 biology, with that its long-term effects 

could impact on the host immunity and overall health of affected individuals72,75,94. 

1.3.3.Epidemiology  

Although HHV-6 is a ubiquitous virus found in the human population worldwide, 

frequency of encephalitis upon primary HHV-6 infection is extremely low, particularly 

in children29,64,74,75. While primary infection with HHV-6 is more commonly seen 

during childhood, HHV-6 reactivation is more prevalent in immunocompromised 

adults, such as cancer patients70,74. Since HHV-6 is also neurotropic, it was reported 

that HHV-6 DNA was detected in 85% of post-mortem brain biopsies from patients 

with no viral or CNS-related diseases68,96. It could be deduced from the high incidence 

of both peripheral and neuronal positivity of HHV-6 that life-threatening complications 
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are rare and vast majority of infected people remain asymptomatic64,97. On the other 

hand, only 1% of the human population was found to have ciHHV-6, which is relatively 

low compared with its seropositivity72,75.  

1.3.4.Clinical presentations 

Primary HHV-6 infection occurs mainly during childhood mostly without any 

accompanying symptoms48,64,75. Others commonly experience acute febrile illness, and 

a distinctive phenotype called as roseola infantum, which is characterized by high 

temperature followed by rashes all over the body48,50,98. In a previous study, early 

immune responses to primary HHV-6 infection were assessed by measuring IFN levels 

during the acute and recovery phases in patients presenting roseola infantum80. Only 

plasma IFN-α levels were elevated significantly in acute phases when compared to the 

recovery period80. No significant change was observed in other interferons80. 

Moreover, they reported that IFN-α and IFN-β inhibited the replication of HHV-6 in 

cord blood mononuclear cells80. Therefore, induction of IFN-α production and its anti-

viral activity was thought to be crucial for the acute phases of roseola infantum in 

children80.  

Acute febrile illness is another common symptom seen in children with primary HHV-

6 infection87,99,100. The presence of high temperature in children is generally 

accompanied by seizure episodes during the acute phase of HHV-6 infection87,99. 

Primary HHV-6 infection frequently manifests as a febrile disease with no rash101. 

Occasionally, the rash appears shortly after the fever has passed101. Additionally, in 

rare cases, acute encephalitis can occur during childhood49,64,75,102. Other associated 

symptoms of primary HHV-6 infection can include hepatitis and idiopathic 

thrombocytopenic purpura103–105. 
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After the primary infection, HHV-6 can enter a latent status, which can reactivate in 

immunocompromised individuals, such as individuals undergoing transplantation, 

cancer patients and individuals with AIDS48,63,75,87. Commonly, patients remained 

asymptomatic upon HHV-6 reactivation after bone marrow transplantations49,106. 

However, there were some cases reporting that HHV-6 reactivation could lead to bone 

marrow suppression, encephalitis and pneumonitis107–110. In liver transplant recipients, 

HHV-6 infection can cause severe febrile illnesses characterized by thrombocytopenia, 

encephalopathies, and skin rashes due to post-operative immunosuppression111–113. It 

was reported that only suppressed memory responses against HHV-6 may contribute 

to the progression of HHV-6 reactivation in those patients112,113. In another study, 

HHV-6 infection has been associated with hepatitis and pyrexia after liver 

transplantation51,63.  

 

1.4.Human inborn errors of immunity and viral encephalitis 

The occurrence of viral infection affecting the CNS is approximately 1 in 100,000 

people annually12,39,45,57. As mentioned above, encephalitis can be caused by several 

viruses, such as HSV, IV and DENV12,25,55. Surprisingly, many of these viruses are 

typically self-limited and rarely lead to encephalitis in otherwise healthy 

individuals43,67,114. On the other hand, primary infection of the CNS with viruses occurs 

predominantly during childhood, which results in high mortality rates and severe long-

term complications27,30,114. It was unclear why only some children develop viral 

encephalitis, whereas vast majority remain asymptomatic despite being exposed to 

same viruses43,45,114. However, several studies demonstrated that isolated cases of HSE 

could result from monogenic inborn defects of innate immunity46,115–119. Previously, 
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inherited deficiencies of genes involved in IFN-α/β immunity, such as X-linked NEMO 

deficiency and autosomal recessive STAT1 deficiency, were associated with HSE in 

children117,120,121. Furthermore, mono-allelic and bi-allelic defects in genes involved in 

Toll-like receptor 3 (TLR3)/IFN signaling cascade were identified in patients presented 

with isolated forebrain HSE46,115,119,122,123. Inborn genetic lesions in TLR3, UNC93B1, 

TRIF, TRAF3, TBK1 and IRF3 were found to underlie HSE in otherwise healthy 

children115–117,121–123 (Figure 1.3). All these human genetic studies of children with HSE 

revealed that TLR3-dependent IFN-α/β immunity is critical for primary HSV-1 

infection in the CNS119,121,124–126. Interestingly, PBMCs from TLR3-deficient children 

with HSE demonstrated normal IFN production upon HSV-1 infection as healthy 

controls127,128. However, impaired IFN production upon HSV-1 infection was observed 

in the fibroblasts, induced pluripotent stem cell (iPSC)-derived cortical neurons and 

oligodendrocytes from TLR3-deficient children with HSE128,129. Therefore, TLR3 

signaling was suggested to generate protective cell-intrinsic immune responses in the 

CNS  against HSV-1128,129. Strikingly, HSE resulting from congenital defects of TLR3 

signaling exhibited brain lesions confined to the frontal and temporal lobes, suggesting 

that impaired cellular immunity within the forebrain contributes to the development of 

HSE in these children114. Similarly, HSE usually affects children who do not show any 

susceptibility to other manifestations of HSV-1. Indeed, viral dissemination to other 

tissues was not observed in those children with HSE43,130. 
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Additionally, in a study including 5 patients with forebrain HSE, 4 rare heterozygous 

variants of Small Nucleolar RNA, H/ACA Box 31 (SNORA31) were identified131. 

snoRNA31 directs the conversion of uridine residues to pseudouridine in ribosomal 

RNA132. SNORA31 knockout (KO) in iPSC-derived cortical neurons induced 

susceptibility to HSV-1 infection131. The analysis of gene expression patterns at the 

transcriptome level in SNORA31 KO neurons revealed impaired responses to HSV-1 

infection, whereas normal responses were seen upon induction of TLR3 and IFNα/β131. 

However, the exact molecular mechanism underlying the role of snoRNA31 in 

controlling HSV-1 infection in neurons is still unknown and requires further 

Figure 1.3 TLR signaling pathway in innate immune cells. Pathogen-associated 

molecular patterns: PAMPs, Lipopolysaccharide: LPS, IkB kinase-ε: IKKε, Interferon 

regulatory factors: IRF. Adapted from Duan T. et al., 2022125 Created in BioRender. 
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investigation124,131. Furthermore, in children with brainstem viral encephalitis (BVE ) 

upon infection with different viruses including HSV-1, IV and NV, partial Debranching 

enzyme 1 (DBR1) deficiency was discovered114. DBR1, which is an enzyme 

responsible for removing specific RNA structures called lariats in humans, is highly 

abundant in brainstem-resident cells133,134. DBR1-deficient fibroblasts showed high 

susceptibility to HSV-1 infection with higher level accumulation of RNA lariats 

compared to the controls114. Similar to snoRNA31, the precise molecular mechanisms 

underlying the connection between DBR1 deficiency and susceptibility to viral 

infection remain unclear114,124. It was suggested that cell-intrinsic anti-viral immune 

responses were compromised because of the impaired virus recognition upon 

accumulation of RNA lariats114,124. Finally, it was recently demonstrated that inherited 

General Transcription Factor IIIA (GTF3A) deficiency could lead to HSE. GFT3A 

encodes transcription factor IIIA135,136. GTF3A deficiency impaired the production of 

RNA5SP141, activator of the immune receptor RIG-I, thereby attenuated the innate 

immune response against HSV-1 infection135. This study revealed that inborn genetic 

lesions in GTF3A resulted in compromised innate immune responses against HSV-1, 

thereby leading to encephalitis135. 

HHV-6 is a widely prevalent virus in the human population, where 70% to 95% of 

individuals older than 2 years are seropositive for HHV-6137–139. Most individuals 

remain asymptomatic during the acute infection and severe outcomes, such as 

encephalitis, are exceedingly rare44,63,76,121. Although reactivation of HHV-6 is a 

common occurrence upon immunosuppression, just a small number of infected 

individuals develops encephalitis49,140,141. In rare cases, individuals with specific 

immunodeficiencies have presented severe symptoms like hemophagocytic 
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lymphohistiocytosis (HLH), colitis and hepatitis upon HHV-6 infection121. In one 

report, reactivation of the ciHHV-6 was associated with HLH in a patient with X-linked 

SCID72. Additionally, colitis and hepatitis were reported in a patient with ICOS 

deficiency,  who was found to be PCR-positive for HHV-6 DNA in his intestines142. 

Recently, anti-NMDAR encephalitis followed by HHV-6 reactivation was reported in 

a child with autosomal recessive (AR) Interluekin-1 receptor associated kinase-4 

(IRAK-4) deficiency143. IRAK-4 is a kinase that involves in the signaling pathway 

triggered by the activation of TLRs and interleukin-1 receptors (IL-1Rs), which are 

crucial to recognize and initiate immune responses against various pathogens126,144. 

Upon stimulation, IRAK-4 forms a complex with IRAK-2 and they are recruited to the 

receptor via adaptor molecule, myeloid differentiating factor 88 (MyD88)126,144. 

Following the recruitment of the IRAK complex, IRAK-4 undergoes 

autophosphorylation, leading to its activation126,144. IRAK-4 then phosphorylates and 

activates IRAK-1, another downstream molecule, initiating a cascade of events, leading 

to the activation of nuclear factor kappa B (NF-κB) and activator protein 1 (AP-1)126,144 

(Figure 1.3). AR IRAK-4 deficiency in humans confers predisposition to life-

threatening recurrent pyogenic bacterial infections due to defective Toll-Interleukin-1 

receptor (TIR) signaling145–147. Furthermore, severe encephalitis associated with HHV-

6 or HHV-7 has also been reported in otherwise healthy individuals, indicating the 

involvement of host genetic factors underlying susceptibility to life-threatening 

diseases upon infection with these viruses76,102,143. Intriguingly, there has not been any 

report of isolated acute HHV-6 encephalitis in an inherited primary 

immunodeficiency121.  
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1.5.Aim of the Study 

Although HHV-6 is a ubiquitous virus in human population , acute HHV-6 encephalitis 

is an extremely rare condition in children64,137–139. Why only some children develop 

encephalitis upon primary infection with HHV-6 is still unclear75,76. Inborn errors of 

immunity are known to predispose otherwise healthy children to severe infectious 

diseases, including viral encephalitis121,124,148–151. Particularly, single-gene defects of 

tissue-intrinsic anti-viral innate immunity were shown to cause HSE in 

children115,119,122,123,131,135,152. Therefore, we hypothesized that monogenic defects 

might underlie inter-individual variability among children in susceptibility to HHV-6 

encephalitis. In this study, we investigated a child who was diagnosed with isolated 

acute HHV-6 encephalitis and who was homozygous for a novel missense mutation in 

IRAK4, identified by whole-exome sequencing. We tested the damaging impact of this 

mutation in vitro by biochemical and functional assays utilizing cell lines and patient’s 

cells. 

 

The work presented in this thesis was originally published as “Tepe ZG, Yazıcı YY, 

Tank U, Köse LI, Özer M, Aytekin C, Belkaya S. Inherited IRAK-4 Deficiency in 

Acute Human Herpesvirus-6 Encephalitis. J Clin Immunol. 2023;43(1):192-205. 

doi:10.1007/S10875-022-01369-4.” and reproduced with permission from Springer 

Nature (Appendix E). 
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CHAPTER 2 

 

 

Materials and Methods 

 

2.1.Materials 

All materials used in this study are declared in the sections below. 

2.1.1.Cell culture media and solutions 

Table 2. 1. Cell culture media and solutions 

Liquid consumable Catalog # Manufacturer 

DMEM High Glucose w/stable 

glutamine wo/Sodium pyruvate 

L0107-500 Biowest, USA 

RPMI 1640 w/stable glutamine L0498-500 Biowest, USA 

Fetal Bovine Serum, European 

Grade, South America origin 

BI0-007-1A Biological Industries, Israel 

Trypsin-EDTA Solution 03-050-1B Biological Industries, Israel 

Dulbecco's PBS (dPBS) w/o Ca2+ 

& Mg2+ 

02-023-1A Biological Industries, Israel 

EDTA solution SE3976102 Serva, USA 

Dimethyl sulphoxide A3672-0100 AppliChem, USA 

Cell Culture Water Pyrogen free L0970-500 Biowest, USA 

Opti-MEM™ I Reduced Serum 

Medium 

31985062 Thermo Scientific, USA 

Lymphoprep™ Density Gradient 

Medium, Sterile, pH 6.3 - 7.3, 

Liquid 

07801 STEMCELL Technologies, 

USA 

RBC Lysis solution 01-888-1B Biological Industries, Israel 
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2.1.2.Contents of buffers 

Table 2. 2  Contents of buffers 

Buffer Contents Amount 

10X TBS 1M Tris HCl pH 7.5 

5M NaCl 

ddH2O 

100 mL 

300 mL 

600 mL 

1X TBS-T 10X TBS 

Tween-20 

ddH2O 

100 mL 

900 mL 

1 mL 

10X Running buffer Tris base 

Glycine 

20% SDS 

ddH2O 

30 g 

144 g 

50 mL 

complete to 1 L 

10X Transfer buffer Tris base 

Glycine 

ddH2O 

30 g 

144 g 

complete to 1 L 

1X Transfer buffer 10X Transfer buffer 

%100 Methanol 

ddH2O 

110 mL 

165 mL 

825 mL 

2X RIPA Lysis buffer NaCl 

EDTA 

Triton X-100 

Sodium deoxycholate 

SDS 

1M Tris-HCl, pH 7.6 

ddH2O 

0.88 g 

0.15 g 

1 g 

1 g 

0.1 g 

2.5 mL 

complete to 100 mL 

Complete RIPA Lysis 

buffer 

2X RIPA Lysis buffer 

7X Protease inhibitor 

10X Phosphatase inhibitor 

ddH2O 

700 µL 

200 µL 

140 µL 

360 µL 

FACS buffer dPBS solution 

FBS 

1 L 

2 mL 

PBS-EDTA solution dPBS solution 

EDTA solution 

1 L 

1 mL 

1.5 M Tris-HCl pH 8.8 Tris base 

ddH2O 

Adjust pH with HCl 

ddH2O 

6.06 g 

60 mL 

… 

complete to 100 mL 

0.5M Tris-HCl pH 6.8 Tris base 

ddH2O 

Adjust pH with HCl 

ddH2O 

12.11 g 

80 mL 

… 

complete to 100 mL 
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20% SDS solution Sodium dodecyl sulphate 

ddH2O 

2 g 

complete to 100 mL 

10% APS solution APS 

ddH2O 

1 g 

complete to 10 mL 

Mild Stripping Buffer Glycine 

SDS 

Tween-20 

ddH2O 

Adjust pH to 2.2 with HCl 

ddH2O 

7.5 g 

0.5 g 

5 mL 

400 mL 

… 

complete to 500 mL 

5% Stacking gel ddH2O 

40% Bis-acrylamide 

0.5 M Tris-HCl pH 6.8 

20% SDS 

10% APS 

TEMED 

4.2 mL 

623 µL 

630 µL 

25 µL 

50 µL 

5 µL 

12% Separating gel ddH2O 

40% Bis-acrylamide 

1.5 M Tris-HCl pH 8.8 

20% SDS 

10% APS 

TEMED 

4.3 mL 

3 mL 

2.5 mL 

50 µL 

100 µL 

4 µL 

1% Agarose gel Agarose (Biomax) 

0.5X TBE buffer 

SafeView Classic 

1 g 

100 mL 

5 µL 

10X TBE buffer Tris base 

Boric acid 

Na2EDTA 

ddH2O 

108 g 

55 g 

9.3 g 

complete to 1 L 

LB Broth Medium NaCl 

Tryptone 

Yeast extract 

ddH2O 

4 g 

4 g 

2 g 

400 mL 

LB Agar Medium NaCl 

Tryptone 

Yeast extract 

Agar 

ddH2O 

100 mg/mL Ampicillin  

(if applicable) 

 

4 g 

4 g 

2 g 

6 g 

400 mL 

400 µL  
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2.1.3.Stimulatory reagents 

Table 2. 3 Reagents used for in vitro stimulation experiments 

Ligand Catalog # Manufacturer Target 

Pathway 

Working 

concentration 

Pam3CSK4 tlr-pms Invivogen, 

USA 

TLR1/TLR2 100 ng/mL 

poly (I:C) 

LMW 

tlr-picw Invivogen, 

USA 

TLR3 10 µg/mL 

20 µg/mL 

LPS-EB tlr-3pelp Invivogen, 

USA 

TLR4 1 µg/mL 

100 ng/mL 

Flagellin tlr-epstfl Invivogen, 

USA 

TLR5 100 ng/mL 

R848-

Resiquimod 

tlr-848 Invivogen, 

USA 

TLR7 

TLR8 

2 µg/mL 

5 µg/mL 

CpG ODN 

2395 

tlr-2395 Invivogen, 

USA 

TLR9 1 µM 

2.5 µM 

poly (dA:dT) tlrl-patn Invivogen, 

USA 

cGAS-

STING 

AIM2 

RIG-I/MAVS 

DAI-STING 

1 µg/mL* 

3 µg/mL* 

2’3’-cGAMP tlrl-

nacga23 

Invivogen, 

USA 

STING 1 µg/mL* 

3 µg/mL* 

Phorbol-12-

myristate13-

acetate (PMA) 

1652981 Peprotech, 

USA 

PKC 50 ng/mL 

Ionomycin 

Ca2+ salt 

5608212 Peprotech, 

USA 

Endoplasmic 

reticulum 

Ca2+ channels 

500 ng/mL 

Recombinant 

human IL-18 

9124-IL R&D Systems, 

USA 

Toll-

Interleukin 1 

receptor 

(TIR) 

100 ng/mL 

 

* Stimulants were transfected with Lipofectamine 2000 reagent according to the 

manufacturer’s instructions. 
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2.1.4.Chemicals and reagents 

Table 2. 4 Chemicals and reagents 

Product name Catalog # Manufacturer 

Lipofectamine 2000 reagent 11668019 Thermo Scientific, 

USA 

X-tremeGene 9 DNA Transfection 

reagent 

XTG9-RO Roche, USA 

Agarose (Biomax) BHE500 Prona, USA 

NaCl 31434-1KG-R  Sigma Aldrich, USA 

Tryptone 48647.02 Serva, USA 

Yeast extract 1.03753.0500  Merck, USA 

Tween-20 777 Ambresco/VWR, 

USA 

Trizma Base T1503 Sigma Aldrich, USA 

Glycerol 15524 Sigma Aldrich, USA 

Sodium dodecyl sulphate 822050 Merck, USA 

Hydrochloric acid (HCl) 30712-2.5L Sigma Aldrich, USA 

Sodium hydroxide (NaOH) O6203 Sigma Aldrich, USA 

Glycine GLN001.1  BioShop, Canada 

Ethanol 32221 Sigma Aldrich, USA 

Methanol 24229-2.5L-R Sigma Aldrich, USA 

Ethylenediaminetetraacetic Acid 

(EDTA) 

E-5134 Sigma Aldrich, USA 

Bovine Serum Albumin 

(BSA) 

BSA-1T Capricorn, USA 

Isopropanol 100995 Sigma Aldrich, USA 
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0.5 N Sulphiric acid 117655 Norateks, TR 

Ammonium persulphate  

(APS) 

7727-54-0 Sigma Aldrich, USA 

N,N,N',N'-Tetramethyl 

ethylenediamine (TEMED) 

1610801 BioRad, USA 

Triton X-100 A1694.0250 Applichem, USA 

Sodium deoxycholate 302-95-4 Sigma Aldrich, USA 

SafeView Classic G108 ABM, USA 

Orange G Sodium Salt (High Purity 

Grade) 

E783-50G Amresco, USA 

cOmplete™, Mini, EDTA-free 

Protease Inhibitor Cocktail 

11836170001 Roche, USA 

Pierce™ Phosphatase Inhibitor Mini 

Tablets 

A32957 Thermo Scientific, 

USA 

Ampicillin sodium salt BP1760-25 Fisher Bioreagents, 

USA 

Skimmed Milk - Pınar, TR 

 

2.1.5.Antibodies 

Table 2. 5 Antibodies 

Antibody Clone or  

Catalog # 

Manufacturer Purpose 

anti-FLAG M2 Sigma-Aldrich, USA Immunoblotting 

anti-human GAPDH 1E6D9 Proteintech, USA Immunoblotting 

anti-GFP JL-8 Clontech, Japan Immunoblotting 

Goat anti-Mouse IgG 72-8062-

M001 

Tonbo Biosciences, 

USA 

Immunoblotting 

anti-human IRAK4 

Alexa Fluor 647 

L29-525 BD Biosciences, USA Immunoblotting 

Flow cytometry 

anti-human CD3 

Pacific Blue 

OKT3 Biolegend, USA Flow cytometry 
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anti-human CD4 FITC OKT4 Biolegend, USA Flow cytometry 

anti-human CD8 PE HIT8a Biolegend, USA Flow cytometry 

anti-human CD14 

FITC 

M5E2 Biolegend, USA Flow cytometry 

anti-human CD19 PE HIB19 Biolegend, USA Flow cytometry 

anti-human TNF APC MAb11 Biolegend, USA Flow cytometry 

anti-mouse IgG1 APC MOPC-21 Biolegend, USA Flow cytometry 

anti-mouse IgG1 

Alexa Fluor 647 

MOPC-21 BD Biosciences, USA Flow cytometry 

 

2.1.6.Enzymes and enzyme buffers 

Table 2. 6 Enzyme and enzyme buffers 

Enzyme Catalog # Manufacturer 

BamHI-HF R3136S NEB, UK 

XhoI R0146S NEB, UK 

EcoRI-HF R3101S NEB, UK 

XbaI R0145S NEB, UK 

HindIII-HF R3104S NEB, UK 

BsmBI-V2 R0739S NEB, UK 

T4 DNA Ligase M0202S NEB, UK 

AQ97 Hi-Fi DNA Polymerase A767501 Ampliqon, Denmark 

Taq DNA Polymerase LSG-EP0406 Thermo Scientific, USA 

T7 Endonuclease I M0302S NEB, UK 
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r3.1 buffer B6003S NEB, UK 

r2.1 buffer B6002S NEB, UK 

rCutSmart buffer B6004S NEB, UK 

NEBuffer 2 B7002S NEB, UK 

T4 DNA Ligase Reaction Buffer B0202S NEB, UK 

 

2.1.7.Plasmids 

All constructed plasmid maps were shown in the Appendix B. 

Table 2. 7 Plasmids 

Plasmid Antibiotic Resistance Manufacturer 

pcDNA3.1(+) Ampicillin Invitrogen, USA 

pCI-neo-N-3xFLAG Ampicillin Promega, USA 

pCI-neo-C-3xFLAG Ampicillin Promega, USA 

pCMV6 Ampicillin OriGene, USA 

pLentiCRISPR.v2 Ampicillin Addgene plasmid # 

52961 

pNiFty-SEAP Ampicillin Invivogen, USA 

 

2.1.8.Primers 

Table 2. 8 Primers 

Name Sequence Purpose 
IRAK4 gDNA 

Fwd 

 

CAGAACCGTGAGCCAAATTAAC Sanger sequencing 

for C79Y 

IRAK4 gDNA 

Rev 

 

CCTAATTGTGGACACCCTGG Sanger sequencing 

for C79Y 
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IRAK4 WT Fwd 

BamHI 

GACGGATCCATGGATTACAAGGATGA

CGACGATAAGATGAACAAACCCATA

ACACC 

Cloning into 

pcDNA3.1(+) 

IRAK4 WT 

XhoI Rev 

 

GCATCTCGAGTTAAGAAGCTGTCAT

CTCTTG 

Cloning into 

pcDNA3.1(+) 

IRAK4 Seq1 

Fwd 

 

CCACCTGACTCCTCAAGTCC Sanger sequencing 

of IRAK4 ORF 

IRAK4 Seq2 

Rev 

 

GGACTTGAGGAGTCAGGTGG Sanger sequencing 

of IRAK4 ORF 

IRAK4 Seq3 

Fwd 

 

GACTAGCAGAATTGTGGGAAC Sanger sequencing 

of IRAK4 ORF 

IRAK4 Seq4 

Rev 

 

GTTCCCACAATTCTGCTAGTC Sanger sequencing 

of IRAK4 ORF 

VP1.5 Seq Fwd 

 

CGGGACTTTCCAAAATGTCGT Sanger sequencing 

of IRAK4 ORF 

SV40 Seq Rev GCATTCTAGTTGTGGTTTGTCC Sanger sequencing 

of IRAK4 ORF 

IRAK4 C79Y 

SDM Fwd 

 

GCACCACAAATTACACAGTTGGTG SDM in 

pcDNA3.1(+) 

IRAK4 C79Y 

SDM Rev 

 

CACCAACTGTGTAATTTGTGGTGC SDM in 

pcDNA3.1(+) 

IRAK4 R12C 

SDM Fwd 

 

CCATCAACATATGTGTGCTGCCTC SDM in 

pcDNA3.1(+) 

IRAK4 R12C 

SDM Rev 

 

GAGGCAGCACACATATGTTGATGG SDM in 

pcDNA3.1(+) 

IRAK4 SDM 

Fwd 

 

CGGGACTTTCCAAAATGTCGT SDM in 

pcDNA3.1(+) 

IRAK4 SDM 

Rev 

 

GGCACCTTCCAGGGTCAAGG SDM in 

pcDNA3.1(+) 

IRAK4 EcoRI 

N-3xFLAG Fwd 

 

GCTGGAATTCGATGAACAAACCCAT

AACACC 

Subcloning into 

pCI-neo-N-

3xFLAG 

IRAK4 XbaI N-

3xFLAG Rev 

 

CTTCTAGATTAAGAAGCTGTCATCT

CTTGC 

Subcloning into 

pCI-neo-N-

3xFLAG 
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IL18RAP 

HindIII Fwd 

 

ACGAAGCTTCAATGCTCTGTTTGGG

CTG 

Cloning into 

pCMV6 

IL18RAP XhoI 

Rev 

 

AGGGCTCGAGTCACCATTCCTTAGG

CTGG 

Cloning into 

pCMV6 

IL18RAP Seq1 

Fwd 

 

CCTACTTCTTGGGAGCACTG Sanger Sequencing 

of IL18RAP ORF 

IL18RAP Seq2 

Rev 

 

CAGTGCTCCCAAGAAGTAGG Sanger Sequencing 

of IL18RAP ORF 

IL18RAP Seq3 

Fwd 

 

GAAATAGTGCTGCTGTACCG Sanger Sequencing 

of IL18RAP ORF 

IL18RAP Seq4 

Rev 

 

CGGTACAGCAGCACTATTTC Sanger Sequencing 

of IL18RAP ORF 

IRAK4 gRNA1 

Fwd153 

 

CACCGTATGTGCGCTGCCTCAATG Cloning into 

pLentiCRISPR.v2 

IRAK4 gRNA1 

Rev153 

 

AAACACATTGAGGCAGCGCACATAC Cloning into 

pLentiCRISPR.v2 

IRAK4 gRNA2 

Fwd153 

 

CACCGAGGCAGCGCACATATGTTGA Cloning into 

pLentiCRISPR.v2 

IRAK4 gRNA2 

Rev153 

 

AAACTCAACATATGTGCGCTGCCTC Cloning into 

pLentiCRISPR.v2 

IRAK4 CRISPR 

Out Fwd 

 

GTGGAAAAAGGAAGCAAACC Competitive PCR 

for CRISPR 

IRAK4 CRISPR 

Out Rev 

 

AGCAACAACTTTAAAACGTCA Competitive PCR 

for CRISPR 

IRAK4 

CRISPR1 In 

Fwd (F1) 

GTGCGCTGCCTCAATGT Competitive PCR 

for CRISPR 

IRAK4 

CRISPR1 In 

Rev (R1) 

 

CAGCTTCCTAATTAGTCCAACA Competitive PCR 

for CRISPR 

IRAK4 

CRISPR2 In 

Fwd (F2) 

 

GAACAAACCCATAACACCATCA Competitive PCR 

for CRISPR 
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IRAK4 

CRISPR2 In 

Rev (R2) 

 

GCAGCGCACATATGTTGA Competitive PCR 

for CRISPR 

IRAK4 cDNA 

Fwd* 

 

TGGCAAAGTGTCAACATGAAAAC Gene expression by 

RT-qPCR 

IRAK4 cDNA 

Rev* 

 

GGTGGAGTACCATCCAAGCAA Gene expression by 

RT-qPCR 

HPRT1 cDNA 

Fwd154 

 

CTGGCGTCGTGATTAGTGATGATG Gene expression by 

RT-qPCR 

HPRT1 cDNA 

Rev154 

 

TTGAGCACACAGAGGGCTACAATG Gene expression by 

RT-qPCR 

 

*Primer Bank ID: 223671887c2 

 

2.1.9.Kits 

Table 2. 9 Kits 

Kit Catalog # Manufacturer 

NucleoSpin Blood, Mini kit for DNA 

from blood 

740951.50 Macherey-Nagel, 

Germany  

iScript™ cDNA Synthesis Kit 1708891 Bio-Rad, USA 

RevertAid First Strand cDNA Synthesis 

Kit 

K1622 Thermo Scientific, 

USA 

NucleoSpin Gel and PCR Clean-up, Mini 

kit 

740609.5 Macherey-Nagel, 

Germany 

GeneJet Plasmid Miniprep Kit K0502 Thermo Scientific, 

USA 

GeneJET Plasmid Midiprep Kit K0481 Thermo Scientific, 

USA 

Phire Tissue Direct PCR Master Mix F170S Thermo Scientific, 

USA 

GeneJet RNA Purification Kit K0731 Thermo Scientific, 

USA 

RapidOut DNA removal Kit K2981 Thermo Scientific, 

USA 
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Secreted Alkaline Phosphatase Reporter 

Gene Assay Kit (Luminescence) 

600260 Cayman, USA 

Cyto-Fast™ Fix/Perm Buffer Set 426803 Biolegend, USA 

The Dual-Glo® Luciferase Assay System E2920 Promega, USA 

FastStart Essential DNA Green Master 06402712001 Roche, USA 

WesternBright ECL HRP substrate kit K-12045-D50 Advansta, USA 

LEGENDplex™ Human Anti-Virus 

Response Panel (13-plex) with V-bottom 

Plate 

740349 Biolegend, USA 

IL-6 ELISA MAX™ Standard ELISA 

Kit 

430501 Biolegend, USA 

IFN-α2 ELISA MAX™ Deluxe ELISA 

Kit 

446404 Biolegend, USA 

 

2.1.10.Equipment 

Table 2. 10 Equipment 

Equipment Model Manufacturer 

The LightCycler® 96 Instrument 05 815 916 001 Roche, USA 

CytoFLEX S A00-1-1102 Beckman Coulter, 

USA 

NovoCyte® Flow Cytometer NovoCyte 3000 ACEA Biosciences, 

USA 

Thermal cycler 2720 Thermal cycler Applied Biosystems, 

USA 

Thermal cycler TC-512 Techne, USA 

pH meter S-610L Peak Instruments, 

USA 

AmershamTM Luminescent Image 

Analyzer 

AmershamTM Imager 

600 

GE Healthcare Life 

Sciences, USA 

2.5 Megapixel HD 

Microscope Camera 

 

Leica MC120 HD Leica Microsystems, 

USA 
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Inverted Fluorescent Microscope DMi8 S Leica Microsystems, 

USA 

Eclipse Inverted Light Microscope TS100 Nikon, USA 

NanoDrop Microvolume UV-Vis 

Spectrophotometer 

NanoDrop One Thermo Scientific, 

USA 

Microplate Reader SynergyTM HT BioTek, Tr 

Liquid Nitrogen Refrigerator LS4800 Worthington 

Industries, USA 

Universal Orbital Shaker OS-20 BOE 8059000      BOECO, Germany 

   

2.1.11.Other materials 

Table 2. 11 Other materials 

Product Catalog # Manufacturer 

WesternBright PVDF‑FL membrane 

roll, 0.45 μm, 26 cm x 3.3 m 

L-08025-001 Advansta, USA 

PageRuler™ Prestained Protein 

Ladder, 10 to 180 kDa 

26616 Thermo Scientific, USA 

GeneRuler 1 kb DNA Ladder SM0311 Thermo Scientific, USA 

Molecular Biology grade water 01-869-1B Biological Industries, 

Israel 

Diethyl pyrocarbonate (DEPC) water

  

01-852-1A Biological Industries, 

Israel 

IDTE, 1X TE Solution 11-01-02-05

  

Integrated DNA 

Technologies, USA 

0.45μm filter FJ25ASCCA

004FL01 

GVS, Germany 

1 mL syringe 70575 Ayset, Tr 

10 mL syringe 70607 Ayset, Tr 

Mr. FrostyTM Freezing 

Container 

5100-0001 Thermo Scientific, USA 

Cryovials, 2 mL 122263 Greiner, USA 
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BD Vacutainer® Heparin Tubes 367874 BD Biosciences, USA 

Mini Trans-Blot® Cell 1703930 BioRad, USA 

Mini-PROTEAN Tetra Handcast 

Systems 

1658007FC BioRad, USA 

Hemacytometer Neubauer C962010 Marienfeld Superior, 

Germany 
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2.2.Methods 

2.2.1.Patient recruitment and ethics 

Clinical history and biological specimens were obtained from the referring clinician, 

with oral and written informed consents obtained from the patient’s parents and healthy 

donors. All the experiments involving human subjects were conducted in accordance 

with the institutional, local and national ethical guidelines, and approved by İhsan 

Doğramacı Bilkent University Ethics Committee (#2022_04_28_01). 

2.2.2.Genomic DNA isolation from whole blood 

2.2.2.1.Red blood cell lysis 

Whole blood samples were received in Heparin containing blood collection tubes and 

processed immediately on the same day. Approximately 1 mL of blood samples were 

first transferred into 10 mL conical centrifuge tubes. 9 mL of 1X red blood cell (RBC) 

lysis solution was added onto the blood samples and mixed by inversion. After 20 

minutes of incubation at RT, they were centrifuged at 400 g at RT for 5 minutes. Next, 

supernatants were removed and pellets were resuspended in 3 mL of 1X RBC lysis 

solution. After 10 minutes of incubation at RT, they were centrifuged at 400 g at RT 

for 10 minutes. Supernatants were then removed and pellets were resuspended in 1 mL 

of 1X RBC lysis solution. Cells were transferred into 1.5 mL centrifuge tubes and 

centrifuged at 13,000 rpm for 1 minute. Supernatants were removed and pellets were 

used immediately for genomic DNA (gDNA) isolation. 

2.2.2.2.gDNA isolation 

gDNA isolation was performed using NucleoSpin Blood mini kit for DNA. Pellets 

obtained from RBC lysis were resuspended in 200 µL of 1X dPBS. 20 µL of Proteinase 

K solution was added to the cells and mixed by vortexing. Immediately after that, 400 



36 

µL of Lysis solution was added and mixed thoroughly by vortexing. Samples were 

incubated in previously heated heat-block at 56°C for 10 minutes. Next, 200 µL of 

absolute ethanol was added and mixed by pipetting. Samples were transferred into a 

spin columns and centrifuged at 8,000 rpm for 1 minute. Flow-through in the collection 

tubes were discarded. 500 µL of Wash Buffer WB I was added into spin columns and 

centrifuged at 10,000 rpm for 1 minute. Flow-through in the collection tubes was 

discarded. After that, 500 µL of Wash Buffer II was added into spin columns and 

centrifuged at 13,000 rpm for 3 minutes. Flow-through in the collection tubes was 

discarded and samples were centrifuged at 13,000 rpm for 1 minute to dry out. Next, 

spin columns were transferred into 1.5 mL centrifuge tubes. 50 µL of Elution buffer 

was added into the center of spin columns and incubated at RT for 2 minutes. Samples 

were then centrifuged at 10,000 rpm for 1 minute. Another 50 µL of Elution buffer was 

added into the center of spin columns and incubated at RT for 2 minutes. Samples were 

centrifuged at 10,000 rpm for 1 minute. Spin columns were discarded and the 

concentration of purified gDNAs collected in 1.5 mL centrifuge tubes was measured 

using NanoDrop™ One/OneC Microvolume UV-Vis Spectrophotometer. Purified 

gDNAs were stored at -20°C for further use. 

2.2.3.Peripheral blood mononuclear cell isolation 

Whole blood was received in Heparin containing blood collection tubes in varying 

volumes ranging from 6 to 10 mL and processed immediately on the same day. Blood 

samples were transferred into 15 mL conical centrifuge tubes and diluted with pre-

warmed 1x dPBS at 1:1(v/v) ratio at RT. Next, Lymphoprep™ Density Gradient 

Medium were added into empty 15 mL conical centrifuge tubes at final ratio of the 

diluted blood:Lymphoprep™ as 2:1(v/v). The diluted blood was layered on top of 
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Lymphoprep™ separation media, and samples were centrifuged at 800 g for 20 minutes 

at RT with deceleration adjusted to zero. After centrifugation, 4 distinct layers were 

formed (Figure 2.1). PBMCs were collected by taking up the cloudy layer using sterile 

Pasteur pipettes and transferred into 15 mL conical centrifuge tubes containing 3 mL 

Wash medium (RPMI supplemented with 2% FBS). Next, 15 mL conical centrifuge 

tubes were filled up to 14 mL Wash medium. Samples were centrifuged at 250 g for 

10 minutes and supernatants were removed. PBMCs were washed with 8 mL Wash 

medium and counted using hemocytometer. Samples were centrifuged at 250 g for 10 

minutes and supernatants were removed. PBMC aliquots were resuspended in Freezing 

medium (FBS + 10% DMSO) in a density of 5x106 cell/mL and transferred into 

cryovials for cryopreservation using Mr. Frosty™ Freezing Container at -80°C 

overnight. Next day, cryovials were placed at Nitrogen tank (-196°C) for further use. 

Figure 2. 1 Representative illustration of PBMC isolation from whole blood using 

density gradient centrifugation. The top-most yellow part is the layer of plasma. The 

bottom-most red part is the layer of red blood cells and granulocytes. The bottom middle 

colorless part is the separation media and the upper middle part is PBMCs, seen as a 

cloudy layer. Created in BioRender 
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2.2.4.Genetic analysis 

2.2.4.1.Whole exome sequencing 

Whole exome sequencing (WES) on isolated patient gDNA was performed by WES 

service provider, Genoks (Ankara, Turkey). Collection of raw sequencing data, 

sequence alignment to a reference human genome, refinement, variant detection and 

annotation were done by the service provider. Briefly, WES was performed on 

DNBSEQ-G400 System (MGI Tech, China) using Human Comprehensive Exome 

panel (Twist Bioscience, USA) together with paired-end sequencing of 150 base-paired 

ends. For further processing, data obtained was converted into FASTQ format using 

BCL2Fastq2 v2.20 conversion software. Mapping of reads in the FASTQ format were 

performed using two-step alignment and refinement to filter the high occurrence of 

mismatch pairing. The human genome reference sequence GRCh37 was used for 

alignments. First alignment was performed with BWA-MEM software and further 

refinement with Genome Analysis Toolkit was employed. For variant calling and 

annotations, Genome Analysis Toolkit and SnpEff were used. Additionally, allele 

frequencies were included in the processed data using the publicly open databases: 

gnomAD 2.1.1 (https://gnomad.broadinstitute.org/) including subpopulations of 

African, Ashkenazi Jewish, Finnish, non-Finnish European, South Asian, East Asian, 

and Latino, and 1000 Genomes Project (http://grch37.ensembl.org/). 

2.2.4.2.Variant filtering 

Initial filtering of the annotated variations on the patient’s WES data was performed 

with the help of Yılmaz Yücehan Yazıcı. Briefly, low quality variants (identified as 

variants with mapping quality (MQ) <40 and genotype quality (GQ) <30) with low 

depth coverage (identified as variants with reads (DP) <5) were excluded. Next, 
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nonsynonymous variations including insertion, deletion, missense, start-lost, stop-lost 

and stop-gain, and essential splicing variants (located in the 2 base-pair range of exon-

intron boundaries) were selected. Last, variants with minor allele frequency (MAF) 

higher than 1% in public databases were filtered out. 

For  in silico prediction of variant impact, gene damaging index (GDI)155 based on the 

1000 Genomes Project database, Combined annotation-dependent depletion (CADD) 

v1.6 (https://cadd.gs.washington.edu/score)156, Mutation Significance Cutoff 

(MSC)157, Sorting intolerant from tolerant (SIFT)158 and Polymorphism Phenotyping 

v2 (PolyPhen-2)159 tools were utilized. We also checked whether any homozygote 

carriers for the filtered homozygous variants in the patient were listed in the gnomAD 

2.1.1 database. In addition to in silico damage prediction tools, expression profiles, 

known functions and clinical significance of the mutated genes were obtained from 

Human Protein Atlas (https://www.proteinatlas.org/), NCBI 

(https://www.ncbi.nlm.nih.gov/) and OMIM (https://www.omim.org/) databases.  

2.2.5.Sanger sequencing of gDNA 

Validation of the IRAK4 mutation status in the patient and his family was performed 

by the amplification of around 300 bp region encompassing the target IRAK4 mutation 

using gDNA samples as DNA template for the PCR reaction.  Primers recognizing the 

indicated gDNA region were listed in the Table 2.1.8 as IRAK4 gDNA Fwd and 

IRAK4 gDNA Rev.   
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Table 2. 12 gDNA sequencing reaction 

Component Volume ( µL) 

Taq Polymerase 0.2 

10x Taq Buffer  5 

dNTP mix 1 

IRAK4 gDNA Fwd 2 

IRAK4 gDNA Rev 2 

MgCl2 4 

Gdna 75 ng 

Molecular Biology grade water up to 50 

Total volume 50 

 

Table 2. 13 gDNA sequencing reaction conditions 

Step Temperature (°C) Duration (s) Cycle 

Initial Denaturation 95 180 1 

Denaturation 95 30 

35 Annealing 60 30 

Extension 72 30 

Final extension 72 300 1 

Final hold 4 - Hold 

 

The expected size of the PCR amplicons (303 bp) was confirmed with agarose gel 

electrophoresis. After confirmation of the size, PCR amplicons were purified using 

NucleoSpin Gel and PCR Clean-up, Mini kit. Purified amplicons were Sanger 
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sequenced by the service provider, Macrogen (Europe). Sequence analysis were 

performed by using Unipro UGENE software (Unipro, Russia). 

2.2.6.Agarose gel electrophoresis 

1% Agarose gel was prepared as indicated in Table 2.2. 10% (v/v) of PCR products 

were mixed with 10X Orange loading dye and loaded into 1% agarose gel and run at 

120V for 30 minutes. Visualization was performed using AmershamTM Imager 600. 

2.2.7.Cloning of IRAK4 Constructs 

2.2.7.1.Generation of cDNA template   

RNA isolation of THP-1 cells was performed with GeneJet RNA isolation kit. THP-1 

cell pellet was lysed with 600 µL Lysis buffer on ice and vortexed for 10 seconds. 360 

µL 99% Ethanol was added onto the cell lysate and mixed with pipetting. 700 µL of 

the mixture was transferred into a spin column inserted into a collection tube and 

centrifuged at 13,000 rpm for 1 minute. Flow through was discarded and same step was 

applied to the remaining 260 µL of mixture. Spin column was washed with 700 µL 

Wash Buffer 1 and centrifuged at 13,000 rpm for 1 minute. Flow through was 

discarded. Spin column was washed with 700 µL Wash Buffer 2 and centrifuged at 

13,000 rpm for 1 minute. This step was repeated with 250 µL Wash Buffer 2. After 

flow through was discarded, spin column was re-centrifuged at 13,000 rpm for 1 

minute. Next, spin column was inserted into an empty 1.5 mL centrifuge tube. 50 µL 

Elution buffer was added into the spin column and incubated for 2 minutes at RT. It 

was centrifuged at 13,000 rpm for 2 minutes. Spin column was discarded and 

concentration of isolated total RNA was measured using NanoDrop™ One/OneC 

Microvolume UV-Vis Spectrophotometer. Isolated RNA samples were stored at -80°C 

for further use. 
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Next, cDNA from the isolated total RNA was synthesized using iScript™ cDNA 

Synthesis Kit. Generated cDNA was used immediately. 

Table 2. 14 Reaction for cDNA synthesis from THP-1 RNA 

Component Volume ( µL) 

5X  iScript Reaction Mix 4 

iScript Reverse Transcriptase 1 

Nuclease-free water 13.5 

RNA template (600 ng) 1.5 

Total volume 20 

 

Table 2. 15 Conditions of reaction for cDNA synthesis from THP-1 RNA 

Step Temperature (°C) Duration (s) 

Priming 25 5 

Reverse transcription 46 20 

RT inactivation 95 1 

Final hold 4 Hold 

  

2.2.7.2.Generation of IRAK4 open reading frame 

The human canonical IRAK4 cDNA (ENST00000613694.5, NM_016123.4) open 

reading frame (ORF) was obtained from THP-1 cDNA. IRAK4 ORF was obtained 

using forward primer IRAK4 WT Fwd BamHI including a BamHI restriction site and 

a FLAG (DYKDDDDK)-tag sequence, together with the reverse primer, IRAK4 WT 

Rev XhoI, including a XhoI restriction site. 
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Table 2. 16 Reaction for generation of full length IRAK4 ORF  

Component Volume ( µL) 

Q5 HiFi DNA Polymerase 0.5 

5X Q5 Buffer 5 

dNTP mix (10 µM) 1 

IRAK4 WT Fwd BamHI 5 

IRAK4 WT Rev XhoI 5 

cDNA 5 

Q5 Enhancer 10 

Molecular Biology grade water up to 50 

Total volume 50 

 

Table 2. 17 Reaction conditions for generation of full length IRAK4 ORF 

Step Temperature (°C) Duration (s) Cycle 

Initial Denaturation 98 45 1 

Denaturation 98 10 

38 Annealing 60 20 

Extension 72 45 

Final extension 72 120 1 

Final hold 4 - Hold 

 

The expected size of the PCR product (1,427 bp) was confirmed with agarose gel 

electrophoresis. After that, the PCR product was extracted from agarose gel using 

NucleoSpin Gel and PCR Clean-up, Mini kit. 
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2.2.7.3.Restriction digestion of PCR products and vectors 

Whole purified PCR amplicon and 700 ng of pcDNA3.1(+) mammalian expression 

vector were digested using BamHI and XhoI restriction enzymes for 3 hours at 37°C 

water bath.  

Table 2. 18 Restriction enzyme digestion reaction for pcDNA3.1 vector and purified 

PCR products 

Component Volume ( µL) 

Purified PCR product/ plasmid DNA 700 ng 

10X rCutSmart Buffer 5 

XhoI 1 

BamHI-HF 1 

Molecular Biology grade water up to 50 

Total volume 50 

 

After digestion, products were purified using NucleoSpin Gel and PCR Clean-up, Mini 

kit. After that, the concentration ratio of the digested products was determined with 

agarose gel electrophoresis. 

2.2.7.4.Ligation of digested products 

The digested IRAK4 WT ORF fragment was inserted into the digested pcDNA3.1(+) 

mammalian expression vector using T4 DNA Ligase for 15 minutes at RT.  
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Table 2. 19 Ligation reaction for digested pcDNA3.1 vector and PCR products 

Component Volume ( µL) 

10X T4 DNA Ligase Buffer 0.5 

Vector DNA 1.0 

Insert DNA 3.0 

T4 DNA Ligase 0.5 

Total volume 10 

 

2.2.7.5.Transformation of the ligation products 

The ligation product was transformed into DH5α competent cells. Generation of DH5α 

competent cell stocks were described in Appendix C. First, 5 µL of ligation product 

was added onto 50 µL of competent cells and mixture was incubated on ice for 15 

minutes. Next, heat shock was performed at 42°C for 45 seconds followed by 

incubation on ice for 2 minutes. After that, 800 µL LB Broth media was added and 

incubated in an orbital shaker incubator for 45 minutes at 37°C. After incubation, 100 

µL bacteria was spread on LB Agar plates containing Ampicillin. Plates were incubated 

overnight at 37°C. 

2.2.7.6. Colony PCR and selection of positive colonies 

Single colonies of competent bacteria were selected and diluted with 50 µL Molecular 

Biology grade water. Colony PCR was performed by bacteria dilutions as template 

DNA using Taq polymerase. 
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Table 2. 20 Colony PCR reaction 

Component Volume ( µL) 

Taq DNA polymerase 0.1 

5X Red Buffer 5 

10 µM dNTP mix 0.5 

VP1.5 Seq Fwd 1 

SV40 Seq Rev 1 

Bacterial sample 2.5 

Molecular biology grade water up to 25 

Total volume 20 

 

Table 2. 21 Colony PCR reaction conditions 

Step Temperature (°C) Duration (s) Cycle 

Initial Denaturation 95 300 1 

Denaturation 95 25 

30 Annealing 60 20 

Extension 72 120 

Final extension 72 300 1 

Final hold 4 - Hold 

  

The expected size of the bands with colonies containing the plasmid with IRAK4 WT 

insert (1,730 bp) were confirmed with agarose gel electrophoresis. After confirmation, 

positive colonies were selected for the generation and isolation of plasmids. 3 mL LB 
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Broth containing ampicillin was added onto bacteria dilutions of selected colonies and 

incubated in an orbital shaker incubator overnight at 37°C. 

2.2.7.7.Isolation of plasmid DNA 

Plasmid isolation from insert-positive plasmid containing bacteria was performed using 

GeneJET Plasmid Miniprep kit. First, overnight incubated bacteria were centrifuged at 

13,000 rpm for 1 minute in RT. Supernatant was removed and the bacteria pellet was 

completely resuspended in 250 µL Resuspension buffer. Bacteria solution was then 

transferred into a 1.5 mL centrifuge tube and 250 µL Lysis solution was added. 

Immediately, tube was inverted 5 times. 350 µL of Neutralization solution was added 

and again tube was inverted 5 times. Next, bacteria solution was centrifuged at 13,000 

rpm for 5 minutes and supernatant was transferred into a GeneJET spin column. It was 

centrifuged at 13,000 rpm for 1 minute and flow-through was discarded. 500 µL Wash 

solution was added to the column and centrifuged at 13,000 rpm for 1 minute. Flow-

through was discarded and wash step was repeated. Spin column was centrifuged at 

13,000 rpm for 1 minute. After that, it was transferred into an empty 1.5 mL centrifuge 

tube. 50 µL Elution buffer was added and incubated at RT for 2 minutes. Last, plasmid 

DNA is eluted by centrifugation at 13,000 rpm for 1 minute. Concentration of purified 

plasmid DNAs were measured using NanoDrop™ One/OneC Microvolume UV-Vis 

Spectrophotometer and stored at -20°C for further use. 

2.2.7.8.Sanger sequencing of purified plasmids 

All plasmids were confirmed by Sanger Sequencing provided by the service provider, 

Macrogen (Europe). Primer sequences are provided in Table 2.1.8. 
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2.2.7.9.Site-directed mutagenesis 

Site-directed mutagenesis (SDM) was used to generate IRAK4 variants (p.C79Y and 

p.R12C) by performing a modified overlap-extension PCR-based method160.  IRAK4 

p.C79Y was amplified with IRAK4 SDM Fwd/IRAK4 C79Y SDM Rev and IRAK4 

C79Y SDM Fwd/IRAK SDM Rev primers in two separate reactions, using pcDNA3.1-

IRAK4 WT plasmid as the template. Likewise, IRAK4 p.R12C was amplified with 

IRAK4 SDM Fwd/IRAK4 R12C SDM Rev and IRAK4 R12C SDM Fwd/IRAK SDM 

Rev primers in two separate reactions, using pcDNA3.1-IRAK4 WT plasmid as the 

template. 

Table 2. 22 SDM PCR reaction 

Component Volume ( µL) 

Q5 HiFi DNA Polymerase 0.5 

5X Q5 Buffer 5 

10 µM dNTP mix  0.5 

IRAK4 SDM Fwd 2.5 

IRAK4 SDM Rev 2.5 

pcDNA3.1(+)-IRAK4 WT 2.5 ng 

Molecular Biology grade water up to 25 

Total volume 25 
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Table 2. 23 SDM PCR reaction conditions 

Step Temperature (°C) Duration (s) Cycle 

Initial Denaturation 98 30 1 

Denaturation 98 10 

35 Annealing 60 15 

Extension 72 30 

Final extension 72 120 1 

Final hold 4 - Hold 

 

The expected sizes of the PCR amplicons (for p.C79Y DNA fragment 1: 480 bp, DNA 

fragment 2: 1,274 bp; and for p.R12C DNA fragment 1: 275 bp, DNA fragment 2: 

1,479 bp) were checked with agarose gel electrophoresis. Next, amplicons were 

purified using NucleoSpin Gel and PCR Clean-up, Mini kit. After that, amplicons were 

annealed by one-step overlap extension reaction. 
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Table 2. 24 One-step overlap extension PCR reaction 

Component Volume ( µL) 

Q5 HiFi DNA Polymerase 1 

5X Q5 Buffer 10 

10 µM dNTP mix  1 

DNA fragment 1 1 

DNA fragment 2 1 

Molecular Biology grade water up to 40 

VP1.5 Seq Fwd 5 

SV40 Seq Rev 5 

Total volume 25 
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Table 2. 25 Conditions for one-step overlap extension PCR reaction 

Step Temperature (°C) Duration (s) Cycle 

Initial Denaturation 98 30 1 

Annealing 50 20 1 

Extension 72 30 1 

Primers were added. 

Initial Denaturation 98 30 1 

Denaturation 98 10 

38 Annealing 60 15 

Extension 72 60 

Final extension 72 120 1 

Final hold 4 - Hold 

 

The expected size of the PCR amplicons (1,730 bp) was confirmed with agarose gel 

electrophoresis. After confirmation of the size, annealed PCR products were purified 

using NucleoSpin Gel and PCR Clean-up, Mini kit. After that, for both mutants, 

restriction digestion, ligation, transformation and colony PCR were performed 

following the protocols as described above. All plasmids were confirmed by Sanger 

Sequencing. 

2.2.7.10.Subcloning of IRAK4 constructs 

In order to generate constructs encoding IRAK-4 with an in-frame N-terminal 3xFLAG 

tag, pcDNA3.1-IRAK4 WT, pcDNA3.1-IRAK4 C79Y and pcDNA3.1-IRAK4 R12C 
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plasmids were then used as DNA templates and amplified by using the forward primer 

IRAK4 EcoRI N-3xFLAG Fwd and the reverse primer IRAK4 XbaI N-3xFLAG Rev.  

Table 2. 26 PCR reaction for IRAK4 subcloning into pCI-neo-N-3xFLAG vector 

Component Volume ( µL) 

AQ97 HiFi DNA Polymerase 0.5 

5X AQ97 Buffer 10 

10 µM dNTP mix  1 

IRAK4 EcoRI Fwd 5 

IRAK4 XbaI Rev 5 

pcDNA3.1(+)-IRAK4 WT or 

pcDNA3.1(+)-IRAK4 C79Y or 

pcDNA3.1(+)-IRAK4 R12C 

10 ng 

Molecular Biology grade water up to 50 

Total volume 50 
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Table 2. 27 PCR reaction conditions for IRAK4 subcloning into pCI-neo-N-3xFLAG 

vector 

Step Temperature (°C) Duration (s) Cycle 

Initial Denaturation 98 120 1 

Denaturation 98 20 

40 Annealing 56 15 

Extension 72 60 

Final extension 72 300 1 

Final hold 4 - Hold 

 

The expected size of the PCR amplicons (1,401 bp) was checked with agarose gel 

electrophoresis. After that, amplicons were purified using NucleoSpin Gel and PCR 

Clean-up, Mini kit.  

Purified amplicons and 500 ng of empty pCI-neo-N-3xFLAG mammalian expression 

vectors were digested with EcoRI and XbaI restriction enzymes at 37°C for 3 hours. 

Next, ligation, transformation and colony PCR were performed following the protocols 

as described above. All plasmids, named as pCI-neo-N-3xFLAG-IRAK4 WT, pCI-

neo-N-3xFLAG-IRAK4 C79Y and pCI-neo-N-3xFLAG-IRAK4 R12C, were 

confirmed by Sanger Sequencing. 

In order to generate constructs encoding IRAK-4 without a tag, 3 µg of pCI-neo-N-

3xFLAG-IRAK4 WT, pCI-neo-N-3xFLAG-IRAK4 C79Y and pCI-neo-N-3xFLAG-

IRAK4 R12C plasmids and empty pCI-neo-C-3XFLAG mammalian expression 

vectors were digested with EcoRI and XbaI restriction enzymes at 37°C for 3 hours. 

Next, digested empty pCI-neo-C-3xFLAG was purified using NucleoSpin Gel and 
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PCR Clean-up, Mini kit. Additionally, the size of the digested IRAK4 constructs (1394 

bp) were determined by agarose gel electrophoresis. After that, IRAK4 DNA fragments 

with a stop codon but no N-terminal FLAG tag (lower band, 1,394 bp) were purified 

from agarose gel using NucleoSpin Gel and PCR Clean-up, Mini kit. Next, ligation, 

transformation and colony PCR were performed following the protocols as described 

above. All plasmids, named as pCI-neo-No tag-IRAK4 WT, pCI-neo-No tag-IRAK4 

C79Y and pCI-neo-No tag-IRAK4 R12C, were confirmed by Sanger Sequencing. 

2.2.8.Cell culture 

2.2.8.1.Maintenance and propagation of cell lines 

Mammalian cells were maintained in an incubator supplied with 5% CO2 at 37°C. 

HEK293 cells were cultured with DMEM High Glucose growth medium supplemented 

with 10% (v/v) FBS. IRAK4 KO HEK293 cell lines were cultured with under selection 

with puromycin at a final concentration of 4 µg/mL in DMEM High Glucose growth 

medium supplemented with 10% (v/v) FBS. THP-1 cells were cultured with RPMI 

1640 growth medium supplemented with 20% (v/v) FBS. 

HEK293 cells and IRAK4 KO HEK293 cell lines maintained in T75 culture flasks were 

passaged every 2 days with a 1:8 ratio (v/v). Passaging was performed by following 

these steps; removing the old culture media, washing by 4 mL dPBS solution, 

detachment by 4 mL Trypsin-EDTA solution with an incubation in the incubator for 3 

minutes, collection of cells by adding 6 mL fresh culture media and final centrifugation 

at 300 g for 5 minutes. After centrifugation, cell pellet was resuspended in fresh culture 

medium and appropriate volume according to the passage ratio was transferred to the 

same T75 culture flask. 
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THP-1 cells maintained in T25 culture flasks were passaged every 3 days with 1:1.5 

(v/v) ratio. Passaging was performed by adding fresh medium onto the suspension 

cells.  

PBMCs from the patient, his healthy family members including the parents (26 and 30 

years old) and his 2 years older sister, and unrelated healthy donors who were male and 

between 20 and 25 years of age, were cultured with RPMI 1640 medium supplemented 

with 10% (v/v) FBS. 

2.2.8.2.Cryopreservation of cells 

When adherent cells become confluent, old medium was removed and cells were 

washed with dPBS solution. Adherent cells were detached by Trypsin-EDTA solution. 

After trypsinization, cells were collected by 6 mL fresh culture media and centrifuged 

at 300 g for 5 minutes. After centrifugation, supernatant was discarded and cell pellets 

were resuspended in freezing medium composed of FBS solution with 10% (v/v) 

DMSO. 1 mL of cell suspension (7 million cells/mL for HEK293 cells) was transferred 

into each cryovial and placed at -80°C in a Mr. Frosty Cell Freezing Container 

overnight. THP-1 cells were collected and centrifuged at 300 g for 5 minutes. After 

centrifugation, the supernatant was discarded and cell pellets were resuspended in a 

freezing medium composed of FBS solution with 10% (v/v) DMSO. 1 mL of cell 

suspension (10 million cells/mL for THP-1 cell line) was transferred into each cryovial 

and placed at -80°C in a Mr. Frosty Cell Freezing Container overnight. Last, cryovials 

were transferred into liquid nitrogen for long-term storage. 

2.2.8.3.Thawing of frozen cell lines 

Cryovials containing frozen cells were taken from liquid nitrogen tank and rapidly 

thawed at 37°C water bath. Fresh growth medium was added to collect thawed cells 
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from cryovials. Cell suspension was transferred into a 15 mL canonical centrifuge tube 

and centrifuged at 300 g for 5 minutes. Supernatant was discarded and cell pellet was 

resuspended in fresh growth medium. Cell suspension was transferred into appropriate 

culture flask and maintained in an incubator supplied with 5% CO2 at 37°C. 

2.2.8.4.Transient transfection of mammalian cell lines 

HEK293 cells were seeded on 24-well plates at a density of 1.5 x 105 cells/mL (500 

μL/well) and incubated overnight at 37°C, 5% CO2. After 16-18 hours of incubation, 

cells with 70%-80% confluency were transfected with a total amount of 500 ng plasmid 

per one well of a 24-well plate.  

For transfection using Lipofectamine 2000 reagent, desired amounts of plasmids were 

transferred into a 1.5 mL centrifuge tube and plasmids were diluted with 25 µL Opti-

MEM. In another centrifuge tube, 1.5 µL of Lipofectamine 2000 transfection reagent 

was diluted with 25 µL Opti-MEM. The diluted Lipofectamine-Opti-MEM mixture 

was added onto the diluted plasmids and mixed well by pipetting. The complete 

mixture was incubated at RT for 20 minutes. Next, diluted transfection complexes were 

added onto wells of 24-well plate drop by drop. Cells were incubated for 48 hours at 

37°C, 5% CO2 until further use. 

For transfection using XtremeGene-9 reagent, desired amounts of plasmids were 

transferred into a centrifuge tube and plasmids were diluted with 25 µL Opti-MEM. In 

another centrifuge tube, 1.5 µL of XtremeGene-9 transfection reagent was diluted with 

25 µL Opti-MEM. The diluted reagent-Opti-MEM mixture was added onto the diluted 

plasmids and mixed well by pipetting. The complete mixture was incubated at RT for 

15 minutes. Next, diluted transfection complexes were added onto wells of 24-well 
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plate drop by drop. Cells were incubated for 48 hours at 37°C, 5% CO2 until further 

use. 

Transient transfection with both reagents were performed with a ratio of 1:3 (3 μL of 

reagent for 1 μg DNA). Total DNA amount and the volume of transfection reagent was 

adjusted according to the size of the cell culture plate used in the experiment. 

2.2.9.Immunoblotting 

Immunoblotting using the lysates from transiently transfected HEK293 cells was 

performed with the help of Umut Tank. 

2.2.9.1.Cell lysis and protein extraction 

Cells were harvested with PBS-EDTA solution and centrifuged at 13,000 rpm for 1 

minute. The supernatant was discarded, and cell lysis was performed by resuspending 

cell pellets in ice-cold complete RIPA lysis buffer containing a protease and 

phosphatase inhibitor cocktail. In order to homogenize the cell lysates, they were 

passed through 1 mL syringes and incubated on ice for 30 minutes. Next, lysates were 

centrifuged at 13,000 rpm for 20 minutes at +4°C. The supernatants containing protein 

extracts were transferred into a new 1.5 mL centrifuge tube and stored at -20°C for 

further use. 

2.2.9.2.Quantification of total protein 

The total protein concentration of the cell lysates was determined using TaKaRa BCA 

Protein Assay Kit. After cell lysate samples were thawed on ice, they were diluted with 

Molecular Biology grade water at 1:100 (v/v) ratio. Bovine serum albumin (BSA) 

protein standards were prepared as shown in Table 2.28. 100 μL of diluted protein 

samples and diluted BSA standards were transferred into a flat bottom 96-well plate. 

100 μL of Bicinchoninic acid (BCA) solution, prepared by mixing Reagent A and 
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Reagent B at 1:100 (v/v) ratio, were added on top of them. Plate was incubated at 37°C 

for 1.5 hours and absorbance values were measured with Synergy HT Microplate 

Reader at 620 nm. Standard curves were plotted using absorbance values of BSA 

protein standards and total protein concentrations of protein extracts were calculated 

accordingly. 

Table 2. 28 Preparation of BSA standards for BCA assay 

BSA (µL) Molecular Biology grade H2O (µL) Concentration (µg/mL) 

0 400 0 

40 260 10 

80 320 20 

120 280 30 

160 240 40 

200 200 50 

280 120 70 

400 0 100 

 

2.2.9.3.Preparation of protein samples for immunoblotting 

Cell lysates with desired amount of protein was transferred into a 1.5 mL centrifuge 

tubes. 4X Laemmli sample buffer and 10X DTT were added onto the lysates. Volume 

adjustments were performed by completing the samples up to 30 μL using complete 

RIPA lysis buffer. Last, samples were boiled at 95°C for 5 minutes, and subjected to 

immunoblotting.  
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2.2.9.4.SDS/PAGE 

SDS/PAGE was performed using 12% polyacrylamide gels containing SDS. 

Polyacrylamide gels (stacking and separating) were prepared as shown in Table 2.2 

using gel casting apparatus. Following polymerization, casted polyacrylamide gels 

were placed into the vertical electrophoresis cells inside a western blotting tank filled 

with 1X Running buffer. Boiled protein samples kept at RT were loaded into 

polyacrylamide gels. Sample running was performed initially at 80 V for 20 minutes 

and then set up to 120 V for 1.5 hours. 

2.2.9.5.Wet transfer of proteins onto membrane 

Proteins in the polyacrylamide gels were transferred onto polyvinylidene difluoride 

(PVDF) membranes using Wet transfer system. Transfer sandwiches were prepared in 

1X Transfer buffer containing buckets with the following order: one fiber pad, two 

blotting papers, PVDF membrane, polyacrylamide gel, two blotting papers and one 

fiber pad. The transfer sandwiches then placed into the transfer cassette in the transfer 

tank. The tank was filled with ice-cold 1X Transfer buffer and placed in a container 

filled with ice. Wet transfer was performed at 250 mA for 2 hours on ice.  

Last, blotted membranes were stained with Ponceau dye for 2 minutes in order to check 

transfer efficiency. After staining, membranes were washed with 1X TBS for 5 minutes 

and blocked with 10% skimmed milk for 30 minutes at RT. After blocking, membranes 

were washed three times with 1X TBS-T for 5 minutes. 

2.2.9.6.Protein detection 

Immunoblotting was performed using primary and secondary antibodies listed in Table 

2.5. Membranes were incubated with anti-FLAG or anti-human IRAK-4 Alexa Fluor 

647 antibodies on an orbital shaker at +4°C overnight. As a transfection efficiency 
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control, membranes were incubated with anti-GFP antibody on an orbital shaker at 

+4°C overnight. As a loading control, membranes were incubated with anti-human 

GAPDH antibody on an orbital shaker at RT for 4 hours. After primary antibody 

incubation, membranes were washed three times with 1X TBS-T at RT for 5 minutes. 

Membranes were then incubated with secondary antibody on an orbital shaker at RT 

for 30 minutes. After secondary antibody incubation, membranes were washed three 

times with 1X TBS-T at RT for 5 minutes.  

WesternBright® ECL Chemiluminescent HRP Substrate Kit was used for the detection 

of antibodies. WesternBright ECL components were mixed at a ratio of 1:1 to obtain 

0.1 ml/cm2 reagent. They were applied on membranes at RT for 2 minutes in dark. 

Detection was performed using the Amersham Imager 600. 

2.2.9.7.Stripping and re-immunoblotting of blotted membranes 

In order to sequentially analyze the blotted membranes with multiple antibodies, 

stripping and reprobing was performed. After detection of the first primary antibody, 

blotted membranes were stripped with Mild Stripping Buffer on an orbital shaker at 

RT for 10 minutes. Next, membranes were washed with 1X TBS-T for 5 minutes. After 

stripping, membranes were blocked with 10% skimmed milk for 30 minutes at RT. 

After blocking, membranes were washed three times with 1X TBS-T for 5 minutes. 

Finally, membraned were ready for re-immunoblotting following the protocol as 

described above. 

2.2.9.8.Protein stability assay 

HEK293 cells were seeded on 12-well plates at a density of 3x105 cells/mL (1 mL/well) 

and incubated overnight at 37°C, 5% CO2. After 16-18 hours, cells were transfected 

with total of 1 μg of desired plasmids in the presence of Lipofectamine 2000 according 
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to the protocol described above. At 24 hours after transfection, cell media was removed 

and cells were added with fresh medium containing cycloheximide (final concentration 

of 50 μg/mL) or 0.5% DMSO as vehicle control. Cells were then collected after 12 

hours and subjected to immunoblotting as described above. ImageJ software (National 

Institutes of Health, USA) was used to calculate the band intensities for each lane, as 

described (http://rsbweb.nih.gov/ij/). The percent reduction in IRAK-4 and GFP levels 

was calculated by the FLAG/GAPDH and GFP/GAPDH ratios of CHX treatment to 

that of DMSO treatment (vehicle control), which was set to 100, respectively.  

2.2.10.RNA extraction and gene expression analysis 

2.2.10.1.RNA isolation 

Total RNA was isolated from approximately 2x106 PBMCs of patient and three healthy 

unrelated controls using GeneJet RNA Purification Kit according to the protocol 

described above (2.2.6.1).  

2.2.10.2.DNase treatment 

RNA samples were treated with DNase I in order to remove any gDNA contamination 

using RapidOut DNA Removal Kit. DNase treatment was performed at 37°C heat 

block for 30 minutes. Next, 2 μL of DNase Removal Reagent was added onto each tube 

and incubated at RT for 2 minutes. Samples were then centrifuged at 13,000 rpm for 2 

minutes and supernatants containing pure RNA samples were immediately used. 
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Table 2. 29 DNase reaction for DNA removal from RNA samples 

Component Volume ( µL) 

10X DNase buffer with MgCl2 1 

DNase I, RNase-free 0.5 

Template RNA 1 μg 

DEPC water up to 10 

Total volume 10 

 

 

2.2.10.3.cDNA synthesis 

cDNA constructs were synthesized from DNase-treated RNA samples using RevertAid 

First Strand cDNA Synthesis Kit.  

Table 2. 30 cDNA synthesis reaction for gene expression analysis 

Component Volume ( µL) 

5X  Reaction Buffer 4 

Oligo (dT)18 primer 1 

10 mM dNTP Mix 2 

RiboLock RNase Inhibitor (20 U/µL) 1 

RevertAid M-MuLV RT (200 U/µL) 1 

Template RNA 500 ng 

DEPC water up to 20 

Total volume 20 
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Table 2. 31 cDNA synthesis reaction conditions for gene expression analysis 

Step Temperature (°C) Duration (min) 

Reverse transcription 42 60 

Reverse transcription 70 5 

Final hold 4 Hold 

 

2.2.10.4.Real-time quantitative PCR 

Synthesized cDNA samples were diluted with DEPC water to the concentration of 100 

pg/µL. Real-time quantitative PCR (RT-qPCR) was performed using LightCycler® 480 

SYBR Green I Master kit. Detection was performed in LightCycler® 96 Real-Time 

PCR system. 

Table 2. 32 RT-qPCR reaction for gene expression analysis 

Component Volume ( µL) 

cDNA (100 pg/µL) 2 

IRAK4 cDNA Fwd/ HPRT1 cDNA Fwd 1 

IRAK4 cDNA Rev/ HPRT1 cDNA Rev 1 

LightCycler® 480 SYBR Green I Master 5 

DEPC water 1 

Total volume 10 
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Table 2. 33 RT-qPCR reaction conditions  for gene expression analysis 

Step Temperature 

(°C) 

Ramp 

(°C/s) 

Duration 

(s) 

Cycle Acquisition 

mode 

Pre-incubation 95 4.8 600 1 None 

3-step 

amplification 

95 4.8 10 

40 

None 

60 2.5 20 None 

72 4.8 30 Single 

Melting 

95 4.8 10 

1 

None 

65 2.5 10 None 

97 - 60 

5 readings / 

°C 

Cooling 40 2.0 10  None 

 

2.2.11.Luciferase reporter assay 

IRAK4 KO HEK293 single cell clones (KO#1 and KO#2) were seeded on 96-well 

plates at a density of 2.5 x 105 cells/mL (100 μL/well) and incubated overnight at 37°C, 

5% CO2. After 16 hours of incubation, cells with 70%-80% confluency were co-

transfected with constructs encoding NFκB-dependent Firefly luciferase, RLTK 

(Renilla luciferase), IL-18 receptor associated protein (IL18RAP), and WT or mutant 

IRAK-4 by transient transfection of mammalian cell protocol mentioned above. Cells 

were incubated 24 hours at 37°C, 5% CO2. After 24 hours of incubation, cells were 

stimulated with recombinant human IL-18 protein at a final concentration of 10 ng/mL. 

12 hours after stimulation, luciferase signal was measured using Dual-Glo® Luciferase 

Assay System. Cells were lysed with 50 µL/well Dual-Glo® Luciferase buffer 
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supplemented with Dual-Glo® Luciferase Substrate for 10 minutes with constant 

shaking. Firefly luciferase was measured using Synergy HT Microplate Reader by 

luminescence signal detection with gain at 100. For cessation of Firefly luciferase and 

measurement of Renilla luciferase, Dual-Glo® Stop & Glo® mixture was prepared 

with Dual-Glo® Stop & Glo® Substrate and Dual-Glo® Stop & Glo® Buffer with a 

ratio of 1:100 (v/v). 50 µL/well Dual-Glo® Stop & Glo® mixture was added onto the 

wells and incubated for 10 minutes with constant shaking. Renilla luciferase was 

measured using Synergy HT Microplate Reader by luminescence signal detection with 

gain at 100. Relative luciferase activity was calculated as the ratio of Firefly luciferase 

to Renilla luciferase activity and was set for the empty plasmid as 1.  

2.2.12.Staining for flow cytometry 

For cell surface staining, PBMCs were washed with FACS buffer (dPBS containing 

%2 FBS) and resuspended at a density of 2x106 cells/mL. Antibody staining was 

performed for 30 minutes on ice in dark in centrifuge tubes. Next, cells were washed 

with FACS buffer.  

For intracellular staining, surface-stained cells were fixed with Fixation buffer for 30 

minutes at RT. Intracellular staining was performed by indicated antibodies in Perm 

Buffer for 30 minutes at RT. Next, cells were washed with FACS buffer one time. After 

that, cells were acquired on CytoFLEX Flow Cytometer and NovoCyte® Flow 

Cytometer. Analysis were performed with FlowJO (BD Biosciences, USA) software.  

2.2.13.In vitro stimulation of PBMCs 

PBMCs were seeded on a round-bottom 96-well plate at a density of 3x106 cells/mL 

(200 μL/well) in RPMI supplemented with 10% FBS. They were then stimulated with 

PAM3CSK4 (TLR2/TLR1 agonist), Flagellin (TLR5 agonist) and LPS (TLR4 agonist) 
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for 6 hours in the presence of Brefeldin A. Next, cells were harvested with FACS buffer 

and intracellular TNF production in CD14+ monocytes was measured via flow 

cytometry as described above. 

2.2.14.Multiplex bead-based immunoassay 

PBMCs were seeded on a round-bottom 96-well plate at a density of 2x106 cells/mL 

(200 μL/well) in RPMI supplemented with 10% FBS. Cells were stimulated with R848 

(Resiquimod, TLR7 and TLR8 agonist), Poly(I:C)-LMW (TLR3 agonist), LPS (TLR4 

agonist), CpG (TLR9 agonist), 2’3’-cGAMP (STING ligand) and Poly(dA:dT) 

(Cytosolic DNA sensor agonist). After 24 hours, culture supernatants were collected 

and subjected to LEGENDplex Human Anti-Virus Response Panel according to the 

manufacturer’s instructions.  Briefly, 25 μL of diluted standards and samples were 

added to assigned U-bottom 96 well plate. On each well, 25 μL of Assay buffer was 

added. Next, mixed beads were vortexed for 1 minute and 25 μL of mixed beads were 

added onto each well. Plate was sealed and covered with aluminum foil to prevent light 

exposure and incubated for 2 hours at RT in an orbital shaker. Plate was centrifuged at 

250 g for 5 minutes and supernatant was discarded. On each well, 25 μL of detection 

antibody was added. Plate was resealed and incubated for 1 hour at RT in an orbital 

shaker. After that, 25 μL of SA-PE was added onto each well. Plate was resealed and 

incubated for 30 minutes at RT in an orbital shaker. Plate was centrifuged at 250 g for 

5 minutes and supernatant was discarded. On each well, 150 μL of 1x Wash buffer was 

added and beads were resuspended by pipetting. After resuspension, samples were 

acquired using NovoCyte® Flow Cytometer with the technical help from İhsan Gürsel 

Lab members. Analysis was performed using LEGENDplex™ Data Analysis Software 

with the help of Serkan Belkaya. 
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2.2.15.Enzyme-linked immunosorbent assay 

PBMCs were seeded on a round-bottom 96-well plate at a density of 2x106 cells/mL 

(200 μL/well) in RPMI supplemented with 10% FBS. Cells were stimulated with R848, 

Poly(I:C)-LMW, CpG, 2’3’-cGAMP, poly(dA: dT) and PMA/Ionomycin. After 24 

hours, culture supernatants were collected and subjected to ELISA MAX™ Standard 

Set Human IL-6 and ELISA MAX™ Deluxe Set Human IFN-α2 according to the 

manufacturer’s instructions. Briefly, one day prior to the assay, 96 Well Flat Bottom 

High Binding ELISA Plates (Greiner, USA) were coated with 100 μL Capture antibody 

in Coating buffer and incubated overnight at +4°C. Capture antibodies were then 

discarded and plates were washed with 1X Wash buffer. In order to block non-specific 

bindings, wells were blocked with 1X Assay diluent for 1 hour at RT in an orbital 

shaker. Wells were washed with 1X Wash buffer and 100 μL of diluted standards or 

samples were added to assigned wells. Plate was sealed and incubated for 2 hours at 

RT in an orbital shaker. Wells were then washed with 1x Wash buffer and 100 μL of 

detection antibody was added onto each well. Plate was resealed and incubated for 1 

hour at RT in an orbital shaker. Next, wells were washed with 1x Wash buffer and 100 

μL of Avidin-HRP solution was added onto each well. Plate was resealed and covered 

with aluminum foil to prevent light exposure and incubated for 30 minutes at RT in an 

orbital shaker. Wells were then washed with 1X Wash buffer and 100 μL of TMB 

substrate solution was added onto each well. Plate was resealed and covered with 

aluminum foil and incubated for 15 minutes at RT. The reaction was stopped by adding 

100 μL of 0.5 N Sulphiric acid solution onto each wells. Measurements were acquired 

in Synergy HT Microplate Reader at 450 nm and subsequently at 620 nm. Absorbance 
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values at 620 nm were subtracted from absorbance values at 450 nm. Data were 

analyzed using 4-parameter logistics curve-fitting algorithm. 

2.2.16.CRISPR-Cas9 genome editing 

2.2.16.1.Designing guide RNAs 

Oligonucleotides for guide RNAs (gRNAs) targeting IRAK4 exon2 

(IRAK4_gRNA_CRISPR1_Fwd, IRAK4_gRNA_CRISPR1_Rev; 

IRAK4_gRNA_CRISPR2_Fwd, IRAK4_gRNA_CRISPR2_Rev) were utilized as 

previously described153. Oligonucleotides were purchased from Oligomer (Turkey). 

2.2.16.2.Cloning of gRNAs 

The cloning of gRNAs into LentiCRISPR plasmids was performed with the help of 

Yılmaz Yücehan Yazıcı. Briefly, pLentiCRISPR-V2 plasmid was digested using 

BsmBI enzyme at 55°C for 5 hours. Heat inactivation of the restriction enzyme was 

performed by increasing the temperature to 80°C for 20 minutes. After digestion, the 

size of the product (12,968 bp) was determined by agarose gel electrophoresis. 

Digested plasmid backbone (upper band, 12,968 bp) was extracted from agarose gel 

using NucleoSpin Gel and PCR Clean-up, Mini kit.  
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Table 2. 34 Restriction enzyme digestion reaction for pLentiCRISPR vector 

Component Volume ( µL) 

pLentiCRISPR.v2 5 µg 

10X NEB Buffer 3.1  5 

BsmBI 2 

Molecular Biology grade water up to 50 

Total volume 50 

 

Oligonucleotides were annealed at 95°C for 10 minutes on previously heated heat-

block. After 10 minutes, annealed product was immediately placed in RT for 5 minutes. 

After that, products were inserted into linearized pLentiCRISPR-V2 plasmid at 16°C 

overnight. 

Table 2. 35 Ligation reaction for gRNAs and digested pLentiCRISPR vector  

Component Volume ( µL) 

Linearized pLentiCRISPR.v2 100 ng 

Annealed oligo duplex 1 

10X T4 DNA Ligase Buffer 2 

T4 DNA Ligase 1 

Molecular Biology grade water up to 20  

Total volume 20 

 

After ligation, ligated products were transformed into DH5α competent cells as 

previously described. Single colonies were screened for the presence of plasmid with 
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insert by colony PCR as previously described. Selected plasmids were confirmed by 

Sanger Sequencing by the service provider, Macrogen (Europe). 

2.2.16.3.Lentivirus generation and transduction 

The lentivirus generation and transduction of HEK293 cells were performed with the 

help of Serkan Belkaya. Briefly, for transfection, HEK293 cells were seeded on a 6-

well plate at a density of 3.5 x 105 cells/mL (2 mL/well) and incubated overnight at 

37°C, 5% CO2 incubator. After 16 hours, they were transfected with 1.5 µg generated 

pLenti-CRISPR plasmids with gRNAs, 0.75 µg VSV-G envelope and 0.75 µg psPAX2 

plasmids in the presence of Lipofectamine 2000 transfection reagent following the 

protocol as described above. At 16 hours after transfection, cell media were replaced 

with fresh medium and incubated for 32 hours at 37°C, 5% CO2 incubator. At 48 and 

72 hours after transfection, produced lentiviruses in the cell media were collected and 

centrifuged at 300 g for 5 minutes. Next, supernatants were filtered through 0.45-

micron filters and concentrated with Lenti-X concentrator at 3:1 ratio (v/v). 

Concentrator mixture was incubated at +4°C for overnight. After 16 hours, mixture 

was centrifuged at 1,500 g at +4°C for 45 minutes. Supernatants were removed and 

virus pellets were resuspended in 500 µL medium and divided into 100 µL aliquots 

that stored at -80°C. 

For transduction, HEK293 cells seeded on 24-well plate at a density of 1.5 x 105 

cells/mL (500 μL/well) were transduced with one aliquot of concentrated lentiviruses 

described above. 48 after transduction, 1 µg/mL puromycin were added to the culture 

for antibiotic selection of transduced cells. For two weeks, cells were passaged when 

they become %80 confluent and fresh puromycin was added to the culture every two 

days.  
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2.2.16.4.T7 Endonuclease I assay 

 

After two weeks of selection, cell populations were checked for the presence of 

mismatch DNA with T7E1 Assay. First, DNA from IRAK4 CRISPR1 and IRAK4 

CRISPR2 cells were obtained using Phire Tissue Direct PCR Master Mix. Cell pellets 

of IRAK4 CRISPR1 and IRAK4 CRISPR2 were obtained after centrifugation at 13,000 

rpm for 1 minute. Pellets were resuspended with 20 µL dilution buffer containing 0.5 

µL DNA release reagent. Suspensions were mixed thoroughly by vortexing and 

incubated at RT for 2 minutes. Next, they were placed at 98°C previously heated hat-

block for 2 minutes. Suspensions were centrifuged at 13,000 rpm for 2 minutes and 

supernatant was transferred into a new 1.5 mL centrifuge tube. Extracted DNA 

containing supernatants were stored at -20°C for further use. 

PCR amplicons were obtained using Phire Tissue Direct PCR Master Mix. The 

expected size of the PCR amplicons was confirmed with agarose gel electrophoresis. 

Table 2. 36 PCR reaction for IRAK4 region targeted for CRISPR KO  

Component Volume ( µL) 

2X Phire Tissue Direct PCR Master Mix 10 

IRAK4 CRISPR Out Fwd 2 

IRAK4 CRISPR Out Rev 2 

Extracted DNA sample 1 

Molecular Biology grade water up to 20  

Total volume 20 
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Table 2. 37 PCR reaction conditions for IRAK4 region targeted for CRISPR KO  

Step Temperature (°C) Duration (s) Cycle 

Initial Denaturation 98 300 1 

Denaturation 98 5 

40 Annealing 60 5 

Extension 72 30 

Final extension 72 60 1 

Final hold 4 - Hold 

 

Upon confirmation, all of the PCR amplicons were digested with T7E1. Digested 

products were checked by agarose gel electrophoresis. 

Table 2. 38 T7E1 reaction 

 

 

 

 

 

 

 

 

 

 

Component Volume ( µL) 

PCR amplicon 5 

10X NEbuffer 2 2 

Molecular Biology grade water up to 19.5 

Total volume 19.5 

T7E1 0.5  
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Table 2. 39 T7E1 reaction conditions 

Step Temperature (°C) Duration (s) Ramp rate (°C/s) 

Denaturation 95 300 - 

Annealing 

95-85 - -2 

85-25 - -0.1 

Final hold 4 Hold - 

 

2.2.16.5.Single-cell selection and competition-based PCR 

After T7E1 confirmation, cells were seeded on 96-well plate at a density of 9 cell/mL 

(100 μL/well) for single cell selection. One month later, single-cell clones were 

screened with competition-based PCR method161 using Phire Tissue Direct PCR kit 

with following primers: IRAK4 CRISPR Out Fwd, IRAK4 CRISPR Out Rev, IRAK4 

CRISPR1 In Fwd, IRAK4 CRISPR1 In Rev, IRAK4 CRISPR2 In Fwd, IRAK4 

CRISPR2 In Rev. Single-cell clones confirmed with competition-based PCR method 

were validated with an NFκB-dependent reporter assay for the functional activity using 

Secreted Alkaline Phosphatase Reporter Gene Assay kit according to the 

manufacturer’s instructions. 

2.2.16.5.1.Secreted alkaline phosphatase reporter assay 

IRAK4 KO HEK293 single cell clones were seeded on 96-well plates at a density of 

2.5 x 105 cells/mL (100 μL/well) and incubated overnight at 37°C, 5% CO2. After 16 

hours of incubation, confluency of the cells reached 70% and cells were ready for 

transfection. Cells were co-transfected with pCI-neo-N-3xFLAG IRAK4 WT, pNiFty-

SEAP (containing NFκB promoter upstream to alkaline phosphatase) and p.CMV6 

IL18RAP WT plasmids by transient transfection with Lipofectamine 2000 transfection 
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reagent as described above. Cells were incubated for 24 hours at 37°C, 5% CO2. After 

24 hours of incubation, cells were stimulated with recombinant human IL-18 at a final 

concentration of 10 ng/mL. 12 hours after stimulation, culture supernatants were 

collected into 1.5 mL centrifuge tubes and placed at -20°C for further use. Briefly, 10 

μL of culture supernatants were transferred into white opaque 96-well plate and placed 

at 65°C for 30 minutes to inactivate endogenous alkaline phosphatase. Standard 

dilutions were prepared and 10 μL of diluted standards were transferred into assigned 

wells. SEAP substrate were added at 40 μL onto each well and incubated at RT for 10 

minutes. Last, chemiluminescence was measured using Synergy HT Microplate 

Reader. Standard curves were plotted using absorbance values of alkaline phosphatase 

standards and alkaline phosphatase activity of cells were calculated accordingly.  
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CHAPTER 3 

 

 

Results 

 

 
The work presented in this thesis was originally published as “Tepe ZG, Yazıcı YY, Tank 

U, Köse LI, Özer M, Aytekin C. Belkaya S. Inherited IRAK-4 Deficiency in Acute Human 

Herpesvirus-6 Encephalitis. J Clin Immunol. 2023;43(1):192-205. doi:10.1007/S10875-

022-01369-4” and reproduced with permission from Springer Nature (Appendix E). 

 

3.1.Clinical presentation of the patient 

The patient was male and born in Turkey in 2020, with a normal birth weight and no 

complications during pregnancy. The parents were second-degree cousins, and the 

patient had a 2 years older healthy sister. At 10 months of age, the patient developed a 

fever, lethargy, vomiting, and focal seizures. Physical examination showed normal 

growth parameters, and he was fully vaccinated according to the national immunization 

schedule. The imaging tests revealed abnormal findings in the brain, periventricular 

white matter hyperintensities, indicating meningoencephalitis. Lumbar puncture 

showed no leukocytes, elevated protein levels and decreased glucose ratio in the CSF. 

As no microorganism was detected in CSF upon gram staining, a viral encephalitis 

panel, including adenovirus, CMV, EBV, HSV-1, HSV-2, VZV, HHV-6, HHV-7, 

Enterovirus, Parechovirus, and PV-B19 was employed. Viral encephalitis panel 

confirmed the presence of HHV-6 DNA in the CSF. Meanwhile, the patient also 

developed an erythematous rash primarily in the trunk spreading to extremities. Since 

there was no previous history of a febrile disease with rash in the patient, the diagnosis 
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was considered as acute HHV-6 encephalitis upon presumably a primary infection 

(Figure 3.1). Subsequent immunological evaluations were normal and patient was 

discharged from hospital upon improvement of his symptoms. During the follow up, 

the patient experienced recurrent respiratory infections and admitted to the hospital due 

to urinary tract infections (by Klebsiella pneumonia) and bronchiolitis (by human 

bocavirus).  

3.2.Analysis of WES data of the patient 

 We performed WES on patient’s gDNA in order to test whether there are any candidate 

disease-causing monogenic variation, which may underlie susceptibility to acute HHV-

6 encephalitis in this patient. 

There were total of 147,225 annotated variants in total 22,483 different genes covered 

by WES of the patient (Table 3.1). In order to exclude possible low-quality annotated 

variants, following filtering criteria were employed. Depth coverage (DP) represents 

the number of reads for a single variant. Thus, we excluded variants with DP lower 

than 5. Moreover, map quality (MP) is calculated by comparing the quality score of 

best and other alignments for the variant site, which indicates whether the variant is 

misaligned or not. Genotype quality (GQ) is also a probabilistic calculation of the 

Figure 3. 1 Pedigree of the family affected with acute HHV-6 encephalitis. The patient 

is demonstrated in black, and the healthy family members are demonstrated in white. 

Adapted from Tepe ZG et al., 2023185 
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correctness of a variant call. Therefore, we excluded variants with MP lower than 40 

and GQ lower than 30 in order to remove the possible false-positive variants. After the 

quality filtering, the number of retained annotated variants were 111,507 (Table 3.1).  

It is known that approximately 85% of disease causing mutations were protein-

related162,163. Therefore, only nonsynonymous (missense, insertion, deletion, start-lost, 

stop-lost, stop-gain) and essential splicing variants were included, which accounted for 

11,943 annotated variants in 6,029 genes in total (Table 3.1). 

Table 3. 1 Genetic analysis of WES data of the patient 

  

Since HHV-6 encephalitis is an extremely rare condition with only a couple of reported 

cases in the literature, common polymorphisms with MAF higher than 0.01 could not 

represent the epidemiology of HHV-6 encephalitis75,97. That’s why, variants having 

MAF ≥ 0.01 were filtered out. In conclusion, 496 annotated nonsynonymous variants 

in 448 genes were retained (Table 3.1).  

Patient was born to consanguineous parents and had an older sister. There was no 

known history of severe infection or immunodeficiency in his family. Since parents are 

 
Number of annotated variants 

(Number of mutated genes) 

Total 
147,225 

(22,483) 

DP > 5, MP > 40 and GQ > 30 
111,507 

(20,596) 

Nonsynonymous (insertion, deletion, missense, 

start-lost, stop-lost and stop-gain) and essential 

splicing variants 

11,943 

(6,029) 

MAF <1% 
496 

(448) 

Homozygous 
24 

(24) 
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consanguineous and unaffected, we hypothesized that the genetic etiology of HHV-6 

encephalitis in this family would display an Autosomal Recessive (AR) inheritance 

with complete penetrance. Therefore, priority was given to the homozygous variants 

among the aforementioned filtered variants annotated in the patient exome. A total of 

24 annotated homozygous variants in 24 genes were identified in the patient (Table 3.1 

and Table 3.2). 

In order to assess the damaging potential of 24 rare homozygous nonsynonymous 

variants, in silico damage prediction tools were employed. Along with SIFT158 and 

PolyPhen-2159 tools, which can only predict missense variants, CADD scores156, which 

can predict both missense and potential loss-of-function (pLOF) variants, were used. 

Calculated SIFT, PolyPhen-2 and CADD/MSC157 scores were shown in Table 3.2.   

Moreover, we checked if the 24 homozygous variants in the patient are also found at 

homozygous states in the gnomAD public database. The presence of a homozygous 

variant in the gnomAD public database may suggest that such mutation is likely 

benign164. For the majority of the nonsynonymous homozygous variants in the patient, 

there were no homozygotes found in gnomAD, except for 4 variants in MRPS35, 

SMARCD1, PRR12 and TSKS (Table 3.2).  Therefore, we filtered out those 4 variants. 

Additionally, we checked for the presence of any homozygous pLOF (start-lost, stop-

lost, stop-gain, essential splicing, frameshift deletion and insertion) variations in the 

gnomAD for the mutated genes with homozygous variants in the patient. Prevalence 

of several homozygous pLOF mutations in a given gene in public databases may 

suggest the function of the gene could be potentially redundant, so that it may not be 

morbid in our patient165. Accordingly, we excluded 2 variants that are found in 

PCDHGA6 and TMPRSS9 (Table 3.2).  
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Regarding the predicted damaging impact of variants, 4 homozygous missense variants 

and 3 homozygous pLOF variants were found to be potentially damaging in total 7 

genes: CPA3, IRAK4, LTBP4, ZNF404, IGSF10, PCDHGA6 and KRTAP2-2 (Table 

3.2). CADD scores of all these variants were above the predetermined mutation 

significance cutoff (MSC) values (in 95% confidence interval), implying the high 

damaging impact of such variants157 (Table 3.2). Similarly, GDI scores of the genes 

with annotated variants were under 14, indicating a low level of nonsynonymous 

mutational load in the mutated genes155 (Table 3.2). 
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In addition to the damaging prediction tools, expression patterns, known function and 

clinical significance of the genes with homozygous variants were examined (Table 

3.3). Due to its broad expression in immune cells and known role in the immune 

system, Interleukin-1 receptor-associated kinase 4 (IRAK4) was thought to be the most 

plausible morbid gene candidate when compared with other 6 genes (Table 3.3).  

IRAK-4 is an active kinase in Toll/IL-1 receptor (TIR) canonical signaling pathway, in 

which evolutionarily conserved microbial molecular patterns are sensed by TLRs126,144. 

TLR activation initiates dimerization of the receptor subunits, which in turn induces 

recruitment of cytosolic adaptor molecules containing TIR domains, such as 

MyD88166. By the recruitment of MyD88, IRAK-4 and IRAK-2 molecules form a 

complex with that adaptor molecule and transmit signaling through phosphorylating 

downstream TIR cascade proteins126,144. The classical TLR pathway results in the 

production of proinflammatory cytokines and chemokines that provide innate 

immunity in mice models and humans167. Mice lacking Irak-4 show had impaired IL-

1R and TLR signaling and susceptibility to bacterial infections166. Similarly, IRAK-4 

deficient patients mainly suffer from recurrent invasive pyogenic bacterial infections 

with Gram-positive bacteria, mostly caused by S. pneumoniae, S. aureus and P. 

aeruginosa167–169. Patients with inborn bi-allelic mutations in IRAK-4 demonstrated a 

defective TLR-mediated NF-kB signaling, leading to insufficient systemic and 

mucosal immune responses upon bacterial stimulation169,170. Upon stimulation with 

TLR or IL-1R ligands, leukocytes from IRAK-4 deficient patients had impaired 

production of inflammatory cytokines, such as IL-6 and TNF171–174.   

Apart from bacterial pathogen-associated molecular patterns (PAMPs), some TLRs 

recognize viral ones and mediate anti-viral innate immune responses175,176. In a mouse 
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model expressing a kinase-inactive Irak-4, influenza virus-induced type I interferon 

production was entirely abrogated due to impaired TLR7 and TLR9 signaling177. 

Similarly, Irak-4 deficient mice were incapable of producing IFN-γ upon LCMV 

infection178. Strikingly, most viral infections in IRAK-4-deficient patients are found to 

be tolerated as in normal individuals179. PBMCs and fibroblasts from IRAK-4-deficient 

patients have been shown to confer a normal IFN production after stimulation with 

most common viruses179. Similarly, patients with IRAK-4 deficiency had normal 

antibody responses to several viruses171. Six patients with IRAK-4 deficiency were 

found to be seropositive for HHV-6, however they showed mild symptoms with no 

indication of viral susceptibility171. In a recent study, IRAK-4 deficiency was described 

in a child with anti-NMDAR encephalitis and HHV-6 reactivation143, implying the 

involvement of IRAK-4 in the pathogenesis of encephalitis and/or HHV-6 infection. 
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The IRAK4 variation (NM_016123.4:c.G236A: NP_057207.2:p.C79Y)   found in the 

patient was located on the chromosome 12 (chr12:44165097:G>A) and presented by 

the substitution of guanine (G) to adenine (A) (Figure 3.2). This variant was not 

reported in any public databases including 1000 Genomes180, the Single Nucleotide 

Polymorphism Database (dbSNP)181, gnomAD, Bravo182 and the Greater Middle East 

(GME) Variome Project183. Collectively, we selected IRAK4 as the most plausible 

disease-causing gene in this patient to study. 

The familial segregation of the mutant IRAK4 allele was confirmed by Sanger 

sequencing. Both parents and sibling were found to be heterozygote for the IRAK4 

mutant allele, whereas patient was homozygote (Figure 3.2). Segregation of this allele 

with the disease in the family was consistent with the AR mode of inheritance with 

complete penetrance. 

 

Figure 3. 2 A novel homozygous missense mutation was identified in IRAK4. a. 

Sanger sequencing confirmed the homozygosity of the patient and familial 

segregation of the IRAK4 mutation. b. Pedigree of the family affected with acute 

HHV-6 encephalitis. Patient is demonstrated in black, and the healthy family 

members are demonstrated in white. IRAK4 exome status are indicated for each 

family member on the pedigree. Adapted from Tepe ZG et al., 2023185 
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3.3.In silico prediction of the damaging impact of IRAK-4 p.C79Y 

This variation on IRAK4, c. G236A: p.C79Y substitutes guanine in 236th position of 

the IRAK4 coding sequence to adenine, which results in the substitution of cysteine in 

79th position (p.C79) to Tyrosine (p.C79Y) on the protein. 

 

IRAK4 mRNA contains 11 exons in total, encoding a protein of 460 amino acids, with 

two domains: The Death domain (DD) and the Kinase domain (KD). The C-terminal 

region of IRAK-4 is called KD, which is responsible for the enzymatic activity of the 

protein144,184. Indeed, KD phosphorylates the downstream components in the signaling 

cascade, leading to signal transmission144,184. The N-terminal region of IRAK-4 is 

called DD, which is responsible for the intermolecular interactions with other proteins, 

such as MyD88 and IRAK-1144. Interaction with other proteins facilitates the formation 

of downstream signaling complexes144. The DD includes 85 amino acids between the 

Figure 3. 3 The p.C79Y affects a conserved residue in the Death domain of IRAK-4. 

Schematic representation of IRAK-4 (460 amino acids) and its domains are shown on 

top. Conservation of the C79 residue of IRAK-4 across various species is shown 

below. Source is NCBI HomoloGene. C79 residue is highlighted in bold. Adapted 

from Tepe ZG et al., 2023185 
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20th and 104th amino acids144. In this context, cysteine to tyrosine substitution at p.C79 

was located in the middle of the DD (Figure 3.3). IRAK-4 DD was involved in the 

interaction with MyD88 and subsequent formation of Myddosomes during TIR 

signaling144,185. It is plausible that IRAK-4 p.C79Y could potentially interfere with the 

recruitment of IRAK-4 to MyD88 adaptor molecule upon activation of TIRs.  

Moreover, p.C79 was highly conserved across different species (Figure 3.3). Not only 

cysteine itself, but also the 16 amino acid residues flanking p.C79 seemed to be 

conserved across various species (Figure 3.3). It is known that disease-causing 

mutations are more likely to be located at evolutionary conserved residues158. 

Therefore, orthologue conservation of p.C79 fortifies the damaging potential of 

p.C79Y.  

We also checked the previously reported disease-causing variations in IRAK4 in 

ClinVar database and the literature. We found 31 disease-causing mutations either 

presented as homozygous or compound heterozygous (Figure 3.4). The CADD score 

of p.C79Y was calculated as 28 (Figure 3.4). When we compared the CADD score of 

p.C79Y with the scores of previously reported disease-causing mutations, almost all 

variations (except c.1188+520A>G) were found to be above predetermined MSC value 

(in 95% confidence interval) of 15.15 for IRAK4 (Figure 3.4). Accordingly, the score 

of p.C79Y was comparable to 29.5, the median CADD score of the previously reported 

disease-causing mutations in IRAK4. 
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Figure 3. 4 Disease-causing variations in IRAK4 and their predicted CADD scores. a. 

Table showing previously reported disease-causing variations in IRAK4. Homozygous 

mutations are shown as HOM and compound heterozygous variations are shown as 

COMP HET. b. Graph showing predicted CADD scores of previously reported disease-

causing variations in IRAK4 (blue circles) and p.C79Y found in the patient (red star). 

Adapted from Tepe ZG et al., 2023185 
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Additionally, when we visualized the WT and mutant IRAK-4 DD structures with the 

help of Yılmaz Yücehan Yazıcı, we observed a novel pi-stacking between p.Y79 and 

p.W74 due to the p.C79Y substitution in the IRAK-4 DD (Data not shown)186. Change 

in intermolecular interactions suggested a slight structural alteration that may disturb 

the recruitment of mutant IRAK-4 by MyD88. Given that MyD88-IRAK-4 complex 

formation is required for the downstream TIR signaling, we hypothesized that p.C79Y 

could impair the function of IRAK-4. 

 

3.4.Assessment of IRAK-4 mRNA and protein levels in patient’s leukocytes 

We checked for IRAK-4 expression at both mRNA and protein levels in PBMCs from 

the patient, his sibling, parents and three unrelated healthy donors.  

We performed flow cytometric analysis of IRAK-4 expression in PBMCs from the 

patient, his sibling, parents and three unrelated healthy controls upon intracellular 

staining of IRAK-4. We demonstrated that IRAK-4 expression was almost abolished 

in CD3+CD4+ T cell, CD3+CD8+ T cell and CD19+ B cell populations of the patient, 

compared to that of his family members and unrelated healthy donors (Figure 3.5). 

Although CD14+ monocytes were affected in a lesser extent, there was 70% reduction 

in the IRAK-4 expression in patient’s monocytes (Figure 3.5). However, we found 

similar IRAK4 mRNA expression levels by RT-qPCR in the patient when compared to 

healthy controls (Figure 3.6).  

These findings showed that IRAK-4 expression was severely diminished in patient’s 

leukocytes (Figure 3.5).  
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Figure 3. 5 Impaired IRAK-4 expression in patient’s leukocytes. a. Representative 

histograms showing intracellular IRAK-4 expression in PBMCs from three unrelated 

healthy controls (represented as C1, C2 and C3), the patient and his family (father, 

mother, and sibling). PBMCs were defined through forward and side scatter. Percentage 

of IRAK-4+ cells was determined on the respected PBMC subsets by gating on surface 

expression of CD3+ and CD4+, CD3+ and CD8+, CD14+, or CD19+. Dashed lines 

represent isotype control staining for IRAK-4. b. Graphs showing the percentages of 

IRAK-4 expressing CD3+CD4+ T cells, CD3+CD8+ T cells, CD14+ monocytes, and 

CD19+ B cells from controls, the patient and his family. Controls are shown as the average 

of three healthy controls (C1, C2, and C3). Bars present the mean ± SEM of two 

independent experiments using PBMCs isolated form peripheral blood at different times. 

Adapted from Tepe ZG et al., 2023185  
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3.5.Impact of p.C79Y on IRAK-4 expression 

We generated constructs with full length IRAK4 ORF encoding WT or mutant IRAK-

4 with an in-frame N-terminal 3X FLAG tag or without tag in order to reveal the impact 

of p.C79Y on IRAK-4 expression in vitro. We also generated an IRAK-4 construct 

with c.C34T:p.R12C, a previously reported disease-causing mutation187.  

 

  

  

Figure 3. 6 The p.C79Y did not affect IRAK4 mRNA expression. Bar graphs showing 

expression of IRAK4 levels normalized to HPRT1 expression by RT-qPCR on PBMCs 

from the patient and three unrelated healthy controls (represented as C1, C2 and C3). 

Relative IRAK4 expression was calculated by normalizing individual ΔΔCq values to 

the mean of that of control cells, which was set to 1. Bars present the mean ± SEM of 

two independent experiments performed in duplicates. Adapted from Tepe ZG et al., 

2023185 
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We transiently transfected HEK293 cells with either empty vector or plasmids 

encoding WT or mutant IRAK-4 with N-terminal FLAG tag, along with a GFP-

expressing plasmid as a transfection efficiency control. At 48 hours post-transfection, 

we lysed the cells and checked for IRAK-4 expression by immunoblotting. We found 

similar expression levels of FLAG-tagged WT and mutant IRAK-4 with p.C79Y or 

p.R12C in transiently over-expressed HEK293 cells (Figure 3.7). Moreover, we 

transiently transfected HEK293 cells with constructs encoding WT and mutant IRAK-

4 without a tag, yet there were similar expression levels of WT and mutant IRAK-4 

(Figure 3.7). Of note, the expression of IRAK-4 with p.R12C variant was comparable 

to the WT IRAK-4, consistent with previous findings143. 

 

Figure 3. 7 Impact of p.C79Y on IRAK-4 expression in vitro. Representative 

immunoblot images showing expression levels of WT and mutant IRAK-4 with 

FLAG-tagged (left and middle panels) or without a tag (right panel) in whole cell 

lysates from transiently transfected HEK293 cells. 30 µg proteins were loaded on each 

lane. Adapted from Tepe ZG et al., 2023185 
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3.6.Impact of p.C79Y on IRAK-4 stability 

We sought to test whether p.C79Y could affect the stability of IRAK-4. We transiently 

transfected HEK293 cells with either empty vector or plasmids encoding WT or mutant 

IRAK-4 with N-terminal FLAG tag, along with a GFP-expressing plasmid as a 

transfection efficiency control. At 24 hours post-transfection, we treated the cells with 

cycloheximide (50ug/mL) or 0.5% DMSO as vehicle control for 12 hours, followed by 

cell lysis for immunoblotting. Cycloheximide (CHX) is a protein synthesis inhibitor 

and frequently used for the assessment of protein stability in vitro188. We found that 

WT IRAK-4 levels decreased approximately 30%, whereas around 73% and 84% 

reductions were seen in the levels of mutant IRAK-4 with p.C79Y and p.R12C, 

respectively, upon CHX treatment (Figure 3.8). Consistent with our results, p.R12C 

was previously shown to reduce the stability of IRAK-4189. Moreover, decrease in GFP 

levels (~30%) were comparable in all transfected cells treated with CHX, suggesting 

that differences in IRAK-4 levels were due to the damaging impact of the variations. 

(Figure 3.8). Overall, we showed that the reduction in IRAK-4 mutants was at least 2 

times that of the WT, whereas reduction in GFP levels were similar in all transfectants 

(Figure 3.8). Collectively, we demonstrated that p.C79Y decreased IRAK-4 stability 

(Figure 3.8). 
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3.7.Assessment of innate immune responses in patient’s leukocytes 

It was previously demonstrated that IRAK-4 is involved in the induction of pro-

inflammatory cytokines, such as IL-6 and TNF, in response to TLR stimulation via 

pyogenic bacteria170–173. In a recent study, impaired intracellular TNF production in 

CD14+ monocytes of an IRAK-4-deficient patient upon induction with various TLR 

ligands was shown by flow cytometry143. Therefore, we sought to assess intracellular 

TNF production from CD14+ monocytes in PBMCs of the patient and two healthy 

controls by flow cytometry following stimulation with Pam3CSK4 (TLR 1/2 agonist), 

Figure 3. 8 The p.C79Y decreases IRAK-4 protein stability. a. Representative 

immunoblot image shows the expression levels of WT and mutant IRAK-4 with 

FLAG-tag in transiently transfected HEK293 cells following treatment with DMSO 

(vehicle control) or cycloheximide (CHX) for 12 h.  Total 30 μg protein per lane was 

loaded. The ImageJ software was used to calculate band intensities. Percent reduction 

in IRAK-4 expression levels in the WT and mutant IRAK-4 transfected cells were 

determined by normalizing the FLAG to GAPDH ratio of CHX treatment to that of 

DMSO treatment, which was set as 100 for each genotype. Average percent decreases 

from two independent experiments were shown. b. The relative decrease in IRAK-4 

expression was calculated by normalizing against the mean percent decrease levels in 

WT IRAK-4 of two independent experiments., which was set as 1. The relative 

decrease in GFP levels were calculated by normalizing against the average of percent 

decrease levels in GFP of each experiment, which was set as 1. The values shown are 

the mean ± SEM of two independent experiments (*P < 0.05; two-way ANOVA). 

Adapted from Tepe ZG et al., 2023185 

a b 
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Flagellin (TLR5 agonist) and LPS (TLR4 agonist) for 6 hours. We found aberrant 

deterioration of intracellular TNF production in patient’s CD14+ monocytes when 

compared to the healthy controls, particularly upon stimulation with Pam3CSK4 and 

Flagellin (Figure 3.9). In response to LPS, reduction in TNF production in patient’s 

CD14+ monocytes were to a lesser extent (Figure 3.9). Overall, these findings revealed 

impaired innate immune responses in patient’s monocytes, which had severely 

diminished IRAK-4 expression. 
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Figure 3.  9 Impaired innate immune responses in patient’s monocytes a. Representative 

histograms showing intracellular TNF production in CD14+ monocytes from PBMCs of 

the patient and three healthy controls (C1, C2, and C3) upon stimulation with 

Pam3CSK4 (TLR1/TLR2), Flagellin (TLR5), and LPS (TLR4). PBMCs were defined 

through forward and side scatter. Percentages of TNF+ cells were determined on the 

respected PBMC subsets by gating on CD14+ cells. Dashed lines indicate isotype control 

staining. NT: no treatment (Medium only). b. Bar graph shows the percentages of TNF+ 

in CD14+ monocytes in PBMCs of the patient and three healthy controls (C1, C2, and 

C3) upon treatment with indicated stimuli. Bars present the mean ± SEM of two 

independent experiments using PBMCs isolated form peripheral blood at different 

times. Adapted from Tepe ZG et al., 2023185 
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3.8.Impact of p.C79Y on IRAK-4 function 

In order to determine the impact of mutations on IRAK-4 function in vitro, we sought 

to generate IRAK4 knock-out (KO) HEK293 cell lines by CRISPR-Cas9 gene editing 

technology, as previously suggested143. First, we performed T7E1 assay to check the 

IRAK4 knock-out efficiency in HEK293 cells transduced with two different gRNAs 

targeting IRAK4 (Figure 3.10). We demonstrated that multiple bands were present in 

the agarose gel images after T7E1 treatment, indicating presence of double-strand 

breaks in IRAK4 KO cells (Figure 3.10). However, it was clear from the T7E1 assay 

that IRAK4 KO cell lines were comprised of mixed populations of HEK293 cells 

bearing both edited and non-edited genomes (Figure 3.10). Therefore, we decided to 

perform single-cell selection to ensure the homozygosity of HEK293 KO cell lines. 

After obtaining pure single cell clones by dilution method, we screened single-cell 

clones to select the most efficient IRAK4 KO HEK293 single-cell clones.  

Figure 3. 10 T7E1 Assay of IRAK4 KO HEK293 cells. Agarose gel images showing 

T7E1 assay on IRAK4 KO HEK293 cells. Cell lines CRISPR #1 and CRISPR #2 were 

generated by IRAK4 gRNA1 and IRAK4 gRNA2 primer sets, respectively. Adapted 

from Tepe ZG et al., 2023185 
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Next, we screened 10 IRAK4 KO HEK293 single-cell clones by NFκB-dependent 

Secreted Alkaline Phosphates (SEAP) reporter assay. We found two KO cell lines 

(KO#1 and KO#2), which did not show any alkaline phosphatase activity driven by 

NFκB promoter upon IL-18 treatment when transfected with the empty vector. Both 

lines were able to restore high alkaline phosphatase activity upon transient over-

expression of WT IRAK-4 (Figure 3.11). Therefore, we selected KO #1 and KO#2 

single-cell clones for further analyses. 

  

  

Figure 3. 11 Screening of IRAK4 KO HEK293 single-cell clones using secreted 

alkaline phosphatase reporter assay. IL-18 induced reporter activity of WT IRAK-4 

was used to screen IRAK4 KO single-cell clones. Ten IRAK4 KO HEK293 single-cell 

clones and WT HEK293 cells were transfected with plasmids expressing NFκB-

dependent alkaline phosphatase, IL18RAP and either empty vector (shown in white) 

or WT IRAK-4 (shown in black). At 24 hours post-transfection, cells were stimulated 

with IL-18 for 12 hours and culture supernatants were collected to measure alkaline 

phosphatase activity. Alkaline phosphatase activity was calculated from standard 

curves plotted using alkaline phosphatase standards. Bars represent alkaline 

phosphatase levels.185 
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We validated the removal of targeted IRAK4 exon region in both KO#1 and KO#2 

HEK293 single cell clones with competition-based PCR (Figure 3.12). When 

compared with WT HEK293, it was evident that PCR products amplified with reverse 

“in” primers in KO#1 and KO#2 HEK293 single cell clones were higher in size, 

indicating the inefficient binding of reverse “in” primers (Figure 3.12). Those 

inefficient binding of “in” primers were resulting from the excision of CRISPR-

targeted exome, thus longer PCR products were expected in KO cells. As a result, we 

confirmed that IRAK4 was efficiently knocked out in both KO#1 and KO#2 HEK293 

single cell clones.  

 

Moreover, we checked for IRAK-4 expression in KO#1 and KO#2 HEK293 single cell 

clones. We showed that IRAK-4 expression was abolished in both KO#1 and KO#2 

HEK293 single-cell clones by both flow cytometry and immunoblotting (Figure 3.13). 

Collectively, we generated two different IRAK4 KO HEK293 cell lines to be utilized 

in order to test the damaging impact of p.C79Y on IRAK-4 function in vitro. 

Figure 3. 12 Competition-based PCR assay. Agarose image showing competition-based 

PCR assay on IRAK4 KO single clones of HEK293 cells (KO #1 and KO #2) generated 

by IRAK4 gDNA1 and IRAK4 gDNA2 primer sets respectively. Adapted from Tepe 

ZG et al., 2023185 
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Finally, we transiently transfected KO#1 and KO#2 HEK293 single-cell clones with 

plasmids expressing NF-kB-dependent Firefly luciferase, IL18RAP, Renilla luciferase 

as internal control for normalization, and either empty vector, WT, or mutant (p.C79Y 

and p.R12C) IRAK4 constructs. At 24 hours post-transfection, cells were treated with 

IL-18 for 12 hours. We found that expression of IRAK-4 with p.C79Y had reduced (up 

to 60%) relative luciferase activity, whereas p.R12C had almost abolished luciferase 

activity, as expected143, compared to the WT in IRAK4 KO HEK293 cells treated with 

IL-18. (Figure 3.14). Collectively, these results indicated that the p.C79Y was 

hypomorphic, impairing the IRAK-4 function. 

 

 

Figure 3. 13 Validation of IRAK-4 deficiency in IRAK4 KO HEK293 single-cell 

clones a. Histogram showing intracellular IRAK-4 expression in WT and IRAK4 KO 

single clones of HEK293 cells (KO #1 and KO #2) by flow cytometry. Dashed lines 

show unstained controls. b. Representative immunoblot image showing IRAK-4 

expression in whole cell lysates (75 μg protein/lane) from WT, KO #1 and KO #2 

HEK293 cells. Immunoblotting was performed with the IRAK-4 antibody, followed 

by GAPDH antibodies after stripping of the membrane, respectively. Expected 

molecular weights: IRAK-4; ~55 kDa, GAPDH: ~36 kDa. Adapted from Tepe ZG et 

al., 2023185 
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Figure 3. 14 The p.C79Y impairs IRAK-4 function in vitro.  IRAK4 KO HEK293 

single cell clones, KO #1 and KO #2, were transiently transfected with plasmids 

expressing NFκB-dependent Firefly luciferase, Renilla luciferase, IL18RAP, and 

either empty vector, WT, or mutant (p.C79Y and p.R12C) IRAK-4. At 24 h post-

transfection, cells were stimulated with human recombinant IL-18 for 12 h, followed 

by measurement of luciferase activity. Relative luciferase activity was calculated as 

normalization of Firefly luciferase to Renilla luciferase activity. The values shown are 

the mean ± SEM of two independent experiments performed in duplicates (*P < 0.05; 

**P < 0.01; ***P < 0.001; two-tailed unpaired Student’s t test). Adapted from Tepe 

ZG et al., 2023185 

 

3.9.Assessment of anti-viral immune responses in patient’s leukocytes 

 

It was previously shown that IRAK-4 deficient patients’ cells have impaired type I IFN 

production, such as IFN-α/β and IFN-λ, in response to TLR7, TLR8 and TLR9 

stimulation190,191. On the other hand, no susceptibility to a severe viral disease was 

previously reported in patients with IRAK-4 deficiency192. Given that the patient 

investigated in this study was diagnosed with acute HHV-6 encephalitis, we therefore 

sought to assess anti-viral immune responses in patient’s leukocytes upon stimulation 

with various ligands, such as R848 for TLR7 and TLR8, poly(I:C) for TLR3, CpG for 

TLR9, 2’3’-cGAMP for STING and poly(dA:dT) for cytosolic DNA sensors, such as 
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DAI, DDX41, cGAS, LRRFIP1 and AIM2193,194. We utilized a multiplex fluorescence-

encoded bead-based immunoassay, using cell culture supernatants, which allows 

simultaneous quantification of 13 human cytokines: IL-1β, IL-6, IL-8, IL-10, IL-

12p70, IFN-α2, IFN-β, IFN-λ1, IFN-λ2/3, IFN-γ, TNF, IP-10 and GM-CSF, involved 

in anti-viral innate immunity. IL-1β activates adaptive immunity, induces antiviral 

effector molecules, regulates inflammatory processes by promoting inflammation and 

modulates innate immune responses by activating natural killer (NK) cells and 

maturation of dendritic cells195–197. IL-6 induces the production and secretion of acute 

phase proteins in response to viral infection, promotes inflammation, enhances 

cytotoxic activity of NK cells, and stimulates B cell and T cell differentiation198–200. 

IL-8, also known as CXCL8, is a chemokine involved in the attraction and activation 

of neutrophils in response to viral pathogens200–202. IL-10 possesses anti-inflammatory 

activity, by which it prevents antigen presenting cells to produce pro-inflammatory 

cytokines and modulates T cell activation by downregulating co-stimulatory molecules 

on dendritic cells203,204. IL-12 promotes the differentiation and activation of TH1 cells, 

activates APCs, and enhances NK cell and cytotoxic T cell responses198,205. Type I 

IFNs, IFN-α2 and IFN-β, blocks viral replication by upregulating IFN-stimulated 

genes, activates natural killer cells and antigen presenting cells, and amplifies immune 

responses against viruses by inducing pro-inflammatory cytokines196,198,206. Similarly, 

type III IFNs, IFN-λ1 and IFN-λ2/3, inhibits viral replication, protects epithelial 

barriers and stimulates antigen presentation207,208. IFN-γ activates macrophages, 

enhances antigen presentation, promotes cytotoxic T cell responses, regulates T helper 

cell differentiation and boosts NK cell activity198,209. TNF induces inflammation and 

apoptosis in infected cells, activates macrophages, stimulates antigen presentation, 
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modulates T cell responses, and regulates adaptive immune responses198,200,203. IP-10, 

also known as CXCL10, is a chemokine involved in the recruitment of activated T cells 

and induction of NK cell-mediated cytolysis198,200. GM-CSF promotes myeloid cell 

differentiation, modulating granulocyte function and activates macrophages and 

dendritic cells210,211. 

Upon TLR7 and TLR8 stimulation by R848 treatment, we found that production of all 

cytokines, except IL-8, was significantly reduced in the patient’s leukocytes when 

compared with that of healthy controls. The reduction was more than 10-fold for IL-

1β, IFN-γ, TNF, IP-10 and GM-CSF in patient’s leukocytes. Additionally, IL-12p70 

and IFN-β production was reduced nearly 10-fold in patient’s leukocytes. IL-8 

production in the patient was comparable to healthy controls upon R848 treatment 

(Figure 3.15, 3.16 and 3.17). 

Upon TLR3 stimulation by poly(I:C) treatment, we observed that the expression of 

several cytokines, such as IL-6, IL-12p70, IFN-λ1, TNF, IP-10 and GM-CSF, was 

reduced up to 3-fold in patient’s leukocytes. Production of IL-1β and IL-8 was reduced 

around 5-fold in patient’s leukocytes when compared with healthy controls. 

Additionally, dramatic reduction in the production of IFN-β, IFN-λ2/3 and IFN-γ was 

observed in patient’s leukocytes, 10-fold, 40-fold and 20-fold, respectively. No 

significant changes in the expression of IL-10 and IFN-α2 were seen in patient’s 

leukocytes compared to healthy controls (Figure 3.15, 3.16 and 3.17). 



104 

 

Figure 3. 15 Assessment of IFN-α2, IFN-β, IFN-λ1, IFN-λ2/3 and IFN-γ responses in 

patient’s leukocytes. Bead-based immunoassay cytokine profiling was performed to 

measure cytokine levels using supernatants of PBMCs from the patient (P) and two 

healthy controls (C1 and C2) upon 24 h treatment with various stimuli indicated. The 

control average was calculated as the mean of two healthy controls (C1 and C2). Bars 

are on a base-10 logarithmic scale representing the mean ± SEM of two independent 

experiments using PBMCs isolated from peripheral blood at different times. Adapted 

from Tepe ZG et al., 2023185
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Figure 3. 16 Assessment of IL-1β, IL-6, IL-8, IL-10 and IL-12p70 responses in 

patient’s leukocytes. Bead-based immunoassay cytokine profiling was performed to 

measure cytokine levels using supernatants of PBMCs from the patient (P) and two 

healthy controls (C1 and C2) upon 24 h treatment with various stimuli indicated. The 

control average was calculated as the mean of two healthy controls (C1 and C2). Bars 

are on a base-10 logarithmic scale representing the mean ± SEM of two independent 

experiments using PBMCs isolated from peripheral blood at different times. Adapted 

from Tepe ZG et al., 2023185 
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Upon TLR9 stimulation by CpG treatment, expression of IL-6, IFN-α2, IFN-β and IP-

10 were reduced in the patient’s leukocytes. Levels of several cytokines, such as IL-

1β, IL-8, IL-10, IL-12p70 and TNF, in patient’s leukocytes were comparable to healthy 

controls upon CpG induction (Figure 3.15, 3.16 and 3.17). 

Upon cytosolic DNA sensor STING activation by 2’3’-cGAMP, we showed that 

production of almost all cytokines tested, such as IL-1β, IL-6, IL-8, IL-10, IFN-α2, 

Figure 3. 17 Assessment of GM-CSF, IP-10 and TNF responses in patient’s leukocytes. 

Bead-based immunoassay cytokine profiling was performed to measure cytokine levels 

using supernatants of PBMCs from the patient (P) and two healthy controls (C1 and C2) 

upon 24 h treatment with various stimuli indicated. The control average was calculated 

as the mean of two healthy controls (C1 and C2). Bars are on a base-10 logarithmic scale 

representing the mean ± SEM of two independent experiments using PBMCs isolated 

from peripheral blood at different times. Adapted from Tepe ZG et al., 2023185 
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IFN-λ1, IFN-λ2/3, IFN-γ, TNF, IP-10 and GM-CSF, were decreased in patient’s 

leukocytes compared to healthy controls, whereas no significant changes were 

observed for the production of IL-12p70 and IFN-β (Figure 3.15, 3.16 and 3.17). 

Upon activation of cytosolic nucleic acid sensors by poly(dA:dT), we found the 

impaired induction of almost all cytokines tested in patient’s leukocytes when 

compared with healthy controls. Only the production of IL-10 and TNF in patient’s 

leukocytes were similar to that of control leukocytes in response to poly(dA:dT) 

treatment (Figure 3.15, 3.16 and 3.17). 

We also stimulated patient’s leukocytes with a bacterial ligand, LPS, which induces 

TLR4 activation, as a control. Upon TLR4 stimulation by LPS treatment, we found that 

the production of several cytokines, such as IL-1β, IL-6, IL-10, IFN-γ, TNF, IP-10 and 

GM-CSF, was diminished in patient’s leukocytes when compared with healthy 

controls. Moreover, impaired induction of the following cytokines: IL-12p70, IFN-β, 

IFN-λ1 and IFN-λ2/3, was also observed in patient’s leukocytes but only up to 2- fold 

compared to healthy controls (Figure 3.15, 3.16 and 3.17). 

Finally, we sought to further validate reduced anti-viral immune responses, such as 

IFN-α2 and IL-6, in patient’s leukocytes by utilizing ELISA. We therefore stimulated 

PBMCS from the patient, his 2 years older sibling and parents, and three unrelated 

healthy donors with R848, Poly(I:C), CpG, 2’3’-cGAMP and poly(dA: dT) and 

PMA/Ionomycin for 24 hours (Figure 3.18). Upon R848, CpG treatment, poly (dA:dT) 

treatment, IFN-α2 production was not detected in patient’s cells compared to that of 

healthy donors and his family members (Figure 3.18). IFN-α2 response to 2’3’-

cGAMP was variable, and no IFN-α2 responses were detected from patient’s, his 

sibling’s and two unrelated controls’ cells by ELISA. (Figure 3.18). Similarly, there 
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was no IFN-α2 response detected by ELISA from patient’s and his mother’s cells upon 

poly(I:C) treatment (Figure 3.18). We also found that patient’s leukocytes had 

apparently decreased IL-6 responses to R848, poly(I:C), CpG, and poly(dA:dT), when 

compared to healthy donors and his family members. On the other hand, 2′3′-cGAMP 

was less potent compared to other stimuli, leading to variably low or undetectable IL-

6 responses, like IFN-α2, by ELISA among the patient and healthy individuals. Finally, 

we found similar levels of IL-6 production in patient’s and healthy controls’ cells upon 

PMA/Ionomycin stimulation, indicating that decreased IL-6 responses from patient’s 

leukocytes were due to IRAK-4 deficiency rather than defective IL-6 machinery 

(Figure 3.18). As expected, no IFN-α2 production was detected from PBMCs upon 

PMA/Ionomycin stimulation (Figure 3.18). 
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CHAPTER 4 

 

 

Discussion 

 

In this study, we have revealed a possible causal connection between inherited IRAK-4 

deficiency and HHV-6 encephalitis in a 10-months old male infant. Human Herpesvirus-

6 (HHV-6) is a ubiquitous virus belonging to the Herpesviridae family70. Primary HHV-

6 infection usually occurs during childhood, causing roseola infantum, a self-limiting 

febrile illness79. In immunocompetent individuals, HHV-6 infection is generally mild and 

resolve spontaneously49. However, in individuals with impaired immune responses, HHV-

6 can lead to severe complications, including encephalitis79,98. However, encephalitis is a 

very rare complication of primary HHV-6 infection in otherwise healthy children212. 

Various inborn errors of immunity were reported to cause viral encephalitis in otherwise 

healthy children121. The patient in this study was diagnosed with acute HHV-6 

encephalitis upon presumably a primary infection at the age of 10 months. His past 

medical history included only recurrent upper respiratory tract infections. His 

immunological evaluation was normal, with no family history of primary 

immunodeficiency or other immunological disorders. Therefore, we hypothesized that a 

monogenic defect could underlie the susceptibility to HHV-6 encephalitis in this 

patient213. We performed WES analysis on the patient’s gDNA and identified a 

homozygous IRAK4 p.C79Y variant in the patient. Inherited IRAK-4 deficiency is a rare 

primary immunodeficiency disorder characterized by impaired innate immune 

responses214. IRAK4 encodes a kinase involved in the TLR and IL-1R signaling pathways, 
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which plays a crucial role in the pathogen recognition signaling and subsequent immune 

activation144. Bi-allelic damaging mutations in the IRAK4 lead to defective innate immune 

responses, resulting in predisposition to recurrent severe bacterial infections215. Up to the 

now, 31 disease-causing mutations in IRAK-4 were identified in patients and still, none 

of them has been associated with a severe viral susceptibility143,216. One recent publication 

reported a case with anti-NMDAR encephalitis upon HHV-6 reactivation in a patient with 

IRAK-4 deficiency143. Nonetheless, limited evidence in the literature implies the 

involvement of IRAK-4 in viral immune response147,217. According to the in silico damage 

prediction tools, we found that IRAK-4 p.C79Y was potentially damaging like most of 

the previously reported 31 disease-causing mutations, all of which impaired IRAK-4 

function in vitro143. Thus, we investigated whether the p.C79Y could affect IRAK-4 

expression and/or function. The patient’s leukocytes showed impaired IRAK-4 expression 

in various leukocyte subsets. In line with this, in transiently over-expressed HEK293 cells, 

the p.C79Y variation had dramatically reduced IRAK-4 stability compared to WT, which 

was evident following treatment with cycloheximide, a protein synthesis inhibitor.  

Additionally, the p.C79Y significantly reduced the NF-kB activation based on the in vitro 

luciferase reporter assay performed in IRAK4 KO HEK293 cells. Collectively, we showed 

that the p.C79Y variation was severely hypomorphic, affecting both the expression and 

function of IRAK-4.  

Furthermore, we revealed that the patient had impaired anti-bacterial and anti-viral 

immune responses against various stimuli inducing different TLRs and cytosolic nucleic 

acid sensors, likely due to impaired IRAK-4 expression and function as a result of the 

hypomorphic effect of the p.C79Y variant. Known IRAK-4-deficient patients presented 

with susceptibility only to pyogenic invasive bacteria, with normal immune responses to 
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viral infections192. Interestingly, the patient studied in this thesis was diagnosed with 

HHV-6 encephalitis, a very rare complication of acute HHV-6 infection, with no medical 

history of susceptibility to any invasive bacterial infection. Previously, no patients with 

IRAK-4 deficiency reported for severe viral diseases96,117,137,147,148. Our findings represent 

the first evidence linking inherited IRAK-4 immunodeficiency to severe viral diseases It 

was reported that PCR testing against HHV-6 was performed in 6 different IRAK-4 

deficient patients, and all of them tested positive171. It was unclear whether the patients 

had an acute infection or ciHHV-6171. However, no unusual symptoms were identified in 

those patients prior to bacterial infections reported171. Moreover, a previously reported 

case of a patient with IRAK-4 deficiency had demonstrated an association between HHV-

6 reactivation and anti-NMDAR encephalitis in an otherwise healthy child143. Of note, 

IRAK4 is highly expressed in neuronal cells of mice and humans, particularly in the 

microglia, which was demonstrated in several studies218–220. It was possible that IRAK-4 

deficiency impairs cell-intrinsic immunity in the brain, rather than leukocyte mediated 

innate and adaptive immunity. That could explain why the patient in this study 

experienced severe complications restricted to the brain upon acute HHV-6 infection. It is 

noteworthy that the patient in this study showed susceptibility to HHV-6 infection only in 

the brain, whereas no other major symptoms were associated with other viral infections in 

the patient. Following the genetic diagnosis of IRAK-4 deficiency in the patient, he was 

given prophylactic treatment including antibiotic prophylaxis, vaccination, and IVIG 

replacement therapy. During this period, the patient had once SARS-CoV-2 infection, but 

only with mild symptoms186. We do not know the precise mechanisms, by which inherited 

IRAK-4 deficiency could underlie development of HHV-6 encephalitis in this patient. 

Collectively, this study expanded the clinical spectrum of human IRAK-4 deficiency by 
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providing compelling evidence for the involvement of IRAK-4 in HHV-6 pathogenesis in 

the brain. 

Although the exact molecular and cellular mechanisms of IRAK-4 in the development of 

HHV-6 encephalitis remain to be dissected, possible mechanisms could imply the 

involvement of IRAK-4 in brain-intrinsic anti-viral immunity. It was demonstrated in both 

mice and human studies that TLR3 signaling plays a central role upon neurotropic viral 

infection, whereas TLR2, TLR4, TLR7, TLR8 and TLR9 were found to be crucial for the 

initiation of immune responses against viral pathogens in the CNS221. IRAK-4 is involved 

in all TLR pathways, except TLR3144. Therefore, IRAK-4 deficiency might disrupt the 

initiation of anti-viral responses upon TLR2, TLR4, TLR7, TLR8 and TLR9 activation in 

the brain. TLR9 is highly expressed in microglia, which are the primary immune cells of 

the CNS222,223. In a mouse model of HHV-6A-induced brain infection, it was shown that 

TLR9 signaling is associated with the development of virus-induced 

neuroinflammation224. It was also previously demonstrated in human CD4+ T cells that 

TLR9 signaling is required for sensing HHV-6 infection, which in turn induces expression 

of the receptor225,226. TLR9 pathway involves MyD88 and IRAK-4 molecules to transmit 

signaling upon activation184. Therefore, IRAK-4 deficiency might prevent the sensing of 

HHV-6 by TLR9 in neuronal cells, that may promote the development of encephalitis 

upon HHV-6 infection. Accordingly, the patient in this study showed impaired immune 

responses against the ligands of TLR7, TLR8 and TLR9, which may potentially underlie 

the development of HHV-6 encephalitis. Moreover, IFNα/β-mediated immunity is found 

to be crucial for the protection against viral encephalitis124. We found that the patient had 

reduced IFN production when compared to healthy controls upon stimulation with various 

TLR and, in particular, cytosolic nucleic acid sensor ligands. Defective TLR3-dependent 



114 

type I IFN production was found to underlie HSE in otherwise healthy children124. Upon 

poly(I:C) treatment, which is a synthetic ligand for TLR3, production of IFN-β, IFN-λ1, 

IFN-λ2/3 (measured by bead-based immunoassay) and IFN-α2 (measured by cytokine 

ELISA) were reduced in patient’s leukocytes compared to healthy controls and his family 

members. However, previous studies demonstrated that IRAK-4 deficient patients’ 

leukocytes showed similar production of IFN-α/β and IFN-λ compared to control cells 

upon TLR3 stimulation146. Although the reduction in type I IFN response upon poly(I:C) 

in the patient in this study might be TLR3 independent, it still may underlie the 

development of HHV-6 encephalitis. Interestingly, patient's leukocytes had also reduced 

immune responses to poly(dA:dT), which typically triggers cytosolic nucleic acid sensors 

that are expected to function independently of IRAK-4. Nevertheless, we did not perform 

in-depth experiments to reveal whether this deficiency in the patient's cells resulted from 

impaired signaling of cytosolic nucleic acid sensing pathways or simply indirect 

consequences of poly(dA:dT). Previous studies stated that impaired IFN production 

specifically in the CNS could underlie susceptibility to viral encephalitis124. In this study, 

we did not perform any experiments on patient-derived neuronal cells. Therefore, it is 

difficult to predict with our data whether altered IFN responses were present in the CNS 

or relevant to the development of HHV-6 encephalitis. Additionally, MyD88 signaling 

was previously shown to be important for both innate and adaptive immunity during CNS 

infections227,228. It was shown that in MyD88 deficient mice, production of IFN-α/β and 

further induction of interferon-stimulating genes were impaired during the course of 

mouse hepatitis virus (MHV) infection227. Given that IFN-α/β is essential for preventing 

viral spread in the CNS206,229,230, MyD88 signaling was suggested to be involved in the 

control of viral dissemination227. As IRAK-4 recruitment is required for the formation of 
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the Myddosome complex downstream of TLR activation, IRAK-4 deficiency might 

disrupt MyD88 signaling and early anti-viral immune responses. Thus, the induction of 

IFNs in the early phase of infection would be impaired, leading the uncontrolled viral 

replication231. These findings implied that IRAK-4 may involve in the CNS-specific cell-

intrinsic immunity as it functions downstream of MyD88. 

Additionally, it was demonstrated that CD4+ T cell recruitment to the brain was impaired 

upon MHV infection in MyD88 deficient mice, leading to encephalomyelitis227. 

Moreover, in another study, they showed that CD8+ T cell recruitment to the brain was 

impaired upon vesicular stomatitis virus infection in MyD88/TRIF double KO mice, 

resulting in the development of encephalitis228. Collectively, it was clear that MyD88 is 

crucial for the protection against encephalitis upon viral infection in mice227,228. Therefore, 

IRAK-4 might be also associated with the development of encephalitis through MyD88-

dependent signaling in brain. 

The mutation found in the patient is located in the DD of IRAK-4, which could potentially 

impact on its interaction with other molecules. Only 5 of the previously reported IRAK-4 

mutations were located in the DD, including one frameshift, one stop-gain, one missense, 

one deletion and one duplication mutations. Impact of these mutations on the molecular 

interactions of IRAK-4 is unknown and further mechanistic studies are required. IRAK-4 

DD interacts with MyD88 during Myddosome complex formation185. However, it needs 

to be further investigated whether DD is involved in the interaction with other molecules. 

It was previously shown that IRAK-4 interacts with TRAF6 upstream to  NFκB singaling 

pathway, however the exact structural involvement is unknown144,232,233. Previous studies 

demonstrated that binding of TRAF6-HSV virion tegument protein is required for the 

activation of NFκB signaling, for the recognition of virus following the viral entry234. C79 
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might also be involved in the interaction between IRAK-4 and TRAF6. This variation 

might disrupt TRAF6 interaction of IRAK-4, leading to impaired NFκB activation in 

response to herpesviruses. Similarly, IRF7 was shown to interact with Myddosome 

complex proteins including IRAK-4233. IRF7 is a transcriptional factor, involving in the 

regulation of IFN production, which is crucial for anti-viral immunity235,236. Similar to 

TRAF6, it is plausible that p.C79Y might impair the interaction of IRAK-4 with IRF7, 

leading to impaired induction of IFNs in response to viruses.  

Additionally, IRAK-4 might interact with other proteins in CNS through its DD. Since the 

role of IRAK-4 in CNS is not well-understood, little information is available on its 

interactome in CNS. In particular, the p.C79Y could potentially impair the interactions of 

IRAK-4 in the brain, suggesting the need for further studies to elucidate the impact of 

p.C79Y on the interaction of IRAK-4 DD with other molecules. 

The identification of inherited IRAK-4 deficiency in patients with acute HHV-6 

encephalitis has important clinical implications and might expand potential management 

strategies. Early recognition of this immunodeficiency can guide appropriate management 

strategies to improve patient outcomes. Prophylactic antibiotic treatments are already 

commonly employed in patients with IRAK-4 deficiency to prevent recurrent bacterial 

infections and reduce the overall disease burden192. After identification of IRAK-4 

deficiency in the patient in this study, prophylactic antibiotic treatment was prescribed 

immediately. After that, no severe bacterial infection was reported in the patient. In some 

cases, additional immunoglobulin replacement therapy was also prescribed to individuals 

to address the underlying immunodeficiency and provide passive immunity against 

bacterial and viral pathogens237. The patient in this case also had intravenous 

immunoglobulin replacement therapy, which improved his symptoms. In addition to the 
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treatment strategies used in the clinics, targeted antiviral therapies could be used for 

IRAK-4 deficient patients. While antiviral therapies specifically targeting HHV-6 are 

currently limited, advancements in anti-viral research may lead to the development of 

targeted therapies for patients with IRAK-4 deficiency and HHV-6 encephalitis238. Future 

studies focusing on understanding the specific mechanisms of HHV-6 replication and the 

host-virus interactions in the context of IRAK-4 deficiency could provide valuable 

insights for the development of novel therapeutic strategies. 

There have been some limitations of this study. First of all, this study was based on only 

one patient. Generalization of single-patient genetic studies to broader populations might 

be challenging164. The impact of genetic variations on disease prognosis shows inter-

individual differences possibly through both genetic, epigenetic and environmental 

factors164. Multiple gene contributions to clinical phenotype are also possible, where 

single-patient studies generally exclude such contributions164. Yet, several studies 

provided that most genetic cases of life-threating infectious diseases during childhood 

result from monogenic inborn error of immunity, whereas such diseases in elderly are 

more influenced by polygenic, somatic and epigenetic factors213. Moreover, 

environmental factors and the medical history of the patient could have implications on 

the prognosis of disease164. Drawing definitive conclusions and identifying direct 

connections between inherited variations and clinical phenotype could be challenging and 

further in-depth mechanistic studies may be required to establish the association between 

the genetic variant and the clinical phenotype. 
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CHAPTER 5 

 

 

Conclusion and Future Perspectives 

 

In conclusion, this study showed that inherited IRAK-4 deficiency can be presented with 

susceptibility to a severe viral disease, notably HHV-6 encephalitis. The association 

between inherited IRAK-4 deficiency and acute HHV-6 encephalitis represents a 

relatively emerging field of research. Further studies are needed to elucidate the 

underlying mechanisms and determine the exact role of IRAK-4 in HHV-6 pathogenesis 

in brain. Indeed, the cell-specific roles of IRAK-4 in the brain are unknown and warrant 

further investigation. The existing studies have provided valuable insights into the 

involvement of IRAK-4 in neuroinflammatory responses and its potential implications in 

neurological disorders239,240. However, a comprehensive understanding of IRAK-4's 

specific functions within different regions of the brain and its contribution to various 

cellular processes are still lacking. Future studies may focus on elucidating the precise 

mechanisms, by which IRAK-4 deficiency affects brain physiology and pathology during 

acute HHV-6 infection. Additionally, cell-intrinsic roles of IRAK-4 in neuronal regulation 

of immunity should be investigated. Advanced techniques, such as cell-specific gene 

editing, transcriptomics and proteomics can be employed to unravel the molecular 

pathways and signaling networks involving IRAK-4 in specific brain cell types utilizing 

infection models of human primary cell lines or patient’s induced pluripotent stem cells. 

These will provide better understanding of the clinical relevance of IRAK-4 deficiency 

with viral encephalitis. Additionally, identification and characterization of novel 
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interaction partners of IRAK-4 will provide a more comprehensive understanding of its 

role in neuronal tissues. Therefore, investigating the potential therapeutic implication of 

modulating IRAK-4 activity in the brain is an exciting avenue for future research. 

In summary, further exploration of the tissue-specific roles of IRAK-4 in the brain will 

undoubtedly enhance our knowledge of brain inflammation, notably upon HHV-6 

infections. Better understanding the mechanisms underlying this association is crucial for 

improving disease outcomes and developing targeted therapeutic strategies. 
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APPENDIX 

A. Expanded view of Sanger sequencing of the gDNA region encompassing the 

IRAK4 mutation in the family affected with HHV-6 encephalitis 
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B. Plasmid Maps 

 

Appendix Figure 2.Constructed IRAK-4 plasmid maps using pcDNA3.1 mammalian 

expression vector 
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Appendix Figure 3. Constructed IRAK-4 plasmid maps using pCI-neo-N-3xFLAG 

mammalian expression vector 
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Appendix Figure 4. Constructed IRAK-4 plasmid maps using pCI-neo 

mammalian expression vector 
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C. DH5α Competent Cell Preparation Protocol 

On day 1, glycerol stock of DH5α Competent Cell was streaked onto an LB Agar plate 

(without antibiotic) and the plate was incubated in a 37ºC incubator overnight. On day 

2, a single colony was selected from the DH5α Competent cell-streaked agar plate and 

the colony was transferred into 10 mL LB broth medium in a 50 mL canonical 

centrifuge tube. The starter culture was incubated in the shaker incubator at 200 rpm 

for 8 hours at 37°C. Next, 4 mL of starter culture was transferred into a 500 mL 

Erlenmeyer flask containing 100 mL LB broth medium and incubated at 200 rpm 

overnight at 20 °C. On day 3, the optical density (OD600) of competent cell culture was 

measured using an optical densitometer. When optical density reached 0.55, 100 mL 

culture was divided into two 50 mL conical centrifuge tube as 50 mL/tubes and 

centrifuged at 2500 g for 10 minutes at +4°C. After that, supernatants were discarded 

and bacteria pellets were resuspended in 8 mL ice-cold ITB buffer. They were 

centrifuged at 2500 g for 10 minutes at +4°C and supernatants were discarded again. 

Appendix Figure 5. Constructed IL18RAP plasmid using pCMV6 mammalian 

expression vector 
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Next, bacteria pellets were resuspended in 2 mL ice-cold ITB buffer and two tubes 

were united. After that, 300 μL DMSO was added and they were incubated for 10 

minutes on ice. Next, bacteria stock was aliquoted into 1.5 mL centrifuge tubes and 

snapped froze by liquid nitrogen. Aliquoted competent bacteria stocks were stored at -

80°C until further use. 

 

D. Cloning of pCMV6-IL18RAP plasmid 

The human canonical IL18RAP cDNA (ENST00000687160.1, NM_001393487.1) 

open reading frame (ORF) was obtained from THP-1 cell line. From THP-1 cDNA, 

IL18RAP cDNA fragment was obtained using forward primer IL18RAP HindIII Fwd 

including a HindIII restriction site, together with the reverse primer IL18RAP XhoI 

Rev including a XhoI restriction site. PCR reactions, restriction digestion, ligation, 

transformation, screening of single colonies for the presence of plasmid with insert by 

colony PCR and isolation of generated plasmid was performed as indicated in the 

Methods part. 
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