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General Abstract 

Even within homogenous populations, outcome following exposure to a virus can vary 

substantially. This continuum of infection outcome spans viral resistance, spontaneous 

resolution and chronic infection, with further immunological and pathological 

heterogeneity observed within each of these subgroups. This heterogeneity is particularly 

evident in hepatitis C virus (HCV) outbreaks. HCV candidate viral resistors, also known as 

exposed seronegative (ESN), remain antibody (Ab) and PCR negative following viral 

exposure, and are identifiable based on risk or documented exposure. Spontaneous 

resolvers (SR) are a distinct group that clear infection via an adaptive immune response, 

and are identifiable as Ab-positive but PCR-negative. The final group, those with chronic 

infection (CI), are identifiable as Ab-positive and PCR-positive. Study of the full spectrum 

of outcome in a single group has been stymied by the lack of suitable cohorts exposed to 

a virus in a controlled manner.  

 

Between 1977-79 in Ireland, over 2000 Rhesus (RhD)-negative females were exposed to 

HCV following receipt of HCV-contaminated anti-D immunoglobulin. Analysis of records 

from the Irish Blood Transfusion Service (IBTS)indicated that there were three infection 

groups: ESNs, SRs and CI. Work over the past 40 years has focused on SRs and CIs as they 

were easily identifiable based on clinical assays. However, up to 611 (47%) women tested 

Ab and PCR-negative following exposure to HCV out of 1293 women who received highly 

infectious batches of anti-D. Through a nationwide media campaign we sought recruit 

women from each of these groups to study correlates of protective immunity. We 

successfully recruited and record-matched 34 ESN women, 98 seropositive women (SP; 

48 SR and 50 CI [All the women with CI were treated successfully and achieved a sustained 

virological response; SVR]). We hypothesised that ESN women from the anti-D cohort 

have an enhanced innate immune response that protected them from infection with HCV.  

 

To test for anti-HCV antibodies in our ESNs, and to test the hypothesis that ESN donors 

may also be protected against other common viral pathogens, we used VirScan, a novel 

technology to explore the history of viral infection. We compared antibody levels against 

206 human pathogens in our subgroups. We observed no significant differences in 
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antibody levels to any virus other than HCV. HCV Abs were detectable in 84% (16/17) of 

the SVR donors. Raised antibodies to some HCV epitopes were detected in 16% (3/19) of 

SR women. No HCV Ab positivity was detected in the ESN donor group. To further confirm 

the absence of a HCV adaptive immune response in our ESNs, we used IFNg ELISpots to 

assess the HCV-specific T memory response. We did not find any T cell activity to HCV 

peptides in our ESNs or controls but observed some positivity in the SRs and SVRs.  

 

Assessing the immune response in humans is often confounded by labour intensive 

technologies with handling steps that can compromise reproducibility. We therefore 

opted to use standardised whole blood stimulations using the TruCulture system 

previously used by the Milieu Interieur Cohort (MIC). We invited n=18 ESN women, n=19 

SR and n=17 SVR  women from our cohort to donate a blood sample for stimulation with 

a panel of viral ligands including polyIC (TLR3), R848 (TLR7), ODN (TLR9) and IFNa2 

(IFNAR1/2). Analysis of stimulated whole blood was carried out using Luminex and Simoa 

proteomics and NanoString transcriptomics. We found that ESNs had an increased polyIC 

induced type I interferon (IFN-I) signature compared with SP donors as well as increased 

production of several pro-inflammatory cytokines including CCL8, CXCL11 and IL-6. ESN, 

SRs and CI all had similar responses to stimulation with R848 or IFNa2. 

 

To assess the potential genetic differences in innate immune response genes associated 

with resistance to HCV infection we genotyped our full cohort, alongside additional age 

and sex matched donors from previous studies, for tagSNPs in TLR3 (rs3775291), IRF3 

(rs7251) and IFNAR1 (rs2257167; n ESN = 38, n SR = 63, n SVR = 77 and n unexposed 

control [UC] = 119). Using this approach, we identified an association between rs2257167 

and resistance to HCV in our cohort. Subsequent analysis of transcriptomic data from UC 

donors in our cohort and the MIC showed that rs2257167 is a baseline expression 

quantitative trait locus (eQTL) for IFNAR1. Analysis of NanoString data from the MIC 

showed that rs2257167 is associated with increased interferon stimulated gene (IRG) 

responses following stimulation influenza virus (IAV), polyIC and LPS compared with the 

wild-type IFNAR1 receptor. rs2257167 is associated with decreased non-IRG pro-

inflammatory responses to these stimuli.  
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Differences in the innate immune response may also impact the ability to spontaneously 

resolve infection. Seropositive women include those who cleared the virus themselves 

(SRs) and those who required therapeutic intervention to clear infection (SVR). SP women 

responded similarly to stimulation with R848, polyIC or IFNa2. However, in response to 

ODN, we observed differential expression of over 50 genes between SR and SVRs. Further 

interrogation of the differences between groups showed enrichment for IFN-I signalling 

in ESNs and SVRs compared to SRs. Using gene signature scores, the SRs had a reduced 

IFN-I signature. This was also reflected at the protein level, with SRs having decreased 

IFNa production compared to SVRs.  

 

Association studies during the COVID-19 pandemic uncovered interesting associations 

between blood groups and risk of hospitalisation and severe disease. As our cohort is 

comprised of RhD-negative females, and appeared to have increased viral resistance 

compared with other cohorts, we sought to determine whether RhD status impacts on 

the whole blood immune response. We analysed genetic, proteomic and transcriptomic 

data previously generated on the 1000 person MIC in response to stimulation with LPS, 

polyIC and IAV. No study had yet explored the impact of RhD on the immune response. 

Donors were classified as RhD-negative or -positive using the rs590787 SNP in RHD and 

split into males and females. We found that RhD-negative males have increased 

responsiveness to IAV stimulation compared with RhD-positive males. Analysis of this 

response, using gene set enrichment analysis, showed increased IFNg signalling in the 

RhD-negative males but not in RhD-negative females. This increased IFNg response may 

explain, at least in part, the protective association of RhD-negativity with viral infection in 

males.  

 

Collectively, the work here identifies for the first time, a unique cohort of HCV resistant 

individuals from the Irish anti-D cohort. Based on data from the IBTS, we show that viral 

resistance may be more common than originally thought- with up to 50% of individuals 

displaying natural resistance to HCV infection. We identify a TLR3-induced IFN-I signature 

as being associated with viral resistance, and uncover novel genetic associations with viral 

protection. We also show that resolution of acute HCV is associated with an reduced IFN-
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I response to ODN. Our work here underscores the power of whole blood analysis when 

coupled with robust multiplex assays to define the signatures of induced immune 

responses in small well-defined cohorts of volunteers.  
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Chapter 1: General introduction  

The primary function of the immune system is maintenance of a homeostatic balance 

within our bodies by protecting against pathogenic viruses and bacteria when challenged, 

and maintaining the host milieu in equilibrium when at rest 1. Natural variation is a feature 

of the human immune response that has been largely overlooked 2,3. Genome wide 

analysis over the past ten years has revealed that individual heterogeneity in infection 

outcome is due to both heritable and non-heritable factors that affect the immune system 
4,5. This variation has likely evolved from selective pressure arising from differential viral 

exposure by human populations and subsequent admixture breeding over generations 3,4. 

For example, carriers for sickle cell anaemia, have some protective advantage against 

malaria and as a result, frequencies are higher in regions where malaria is endemic 6. 

Understanding variation in the immune system is important on multiple fronts- it likely 

underpins, at least in part, differential responses to vaccines and medications. 

 

As illustrated by the COVID-19 pandemic, the response to viral infection is also 

heterogenous 7. Some individuals, despite lacking typical risk factors, are susceptible to 

severe disease, while others, despite exposure to a high viral load, appear to be naturally 

resistant to SARS-CoV-2 infection 8. Virus resistant individuals such as these have been 

described in other viral infections, including HIV and HCV 9,10. While the focus has 

historically been on immunological susceptibility to viral disease, there is growing interest 

in viral protection and resistance. Studying resistant individuals may shed light on new 

pan or virus specific antiviral mechanisms, inform novel vaccine strategies and provide 

tools for identifying individuals who might be protected during future epidemics 11.  

 

Innate antiviral immunity 

The human immune system is comprised of several effector systems, cells and molecules 

that protect against infection, while also discriminating between self and non-self-

antigens. Based on differences in specificity, kinetics and memory capacity, the human 

immune system is divided into two branches – the innate and the adaptive arms 12.  
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The innate immune response is the first line of defence against viral infection. Key effector 

cells involved in the acute viral response are cells of myeloid origin including monocyte 

subsets as well as granulocytes such as neutrophils, eosinophils and basophils. Lymphoid 

cells such as plasmacytoid dendritic cells (pDCs), Natural Killer (NK) cells and γδ T Cells are 

also important players 12.  

 

Pattern recognition receptors 

Activation of the immune system is contingent upon its ability to detect antigens via a 

number of germline encoded pattern recognition receptors (PRRs). These receptors bind 

to conserved molecular structures on pathogens known as pathogen associated molecular 

patterns (PAMPs), or to immune activation products derived from damaged or dying 

tissues or cells known as damage associated molecular patterns (DAMPs) 13.  

 

The four main families of PRRs include the toll-like receptors (TLRs), retinoic acid- 

inducible gene I (RIG-I) like receptors (RLRs), nucleotide binding and oligomerization 

domain (NOD)-like receptors (NLRs) and C-type lectin-like receptors (CTLLRs). The key 

antiviral receptors include the endosomal TLRs, TLR3, 7, 8 and 9, which bind double 

stranded (ds) RNA, ssRNA and DNA with CpG motifs respectively (Table 1.1) 14. 

 

Members of the RLR family include RIG-I and MDA5 and are essential for innate 

recognition of viruses and production of type I interferons (IFN-I). RIG-I is located in the 

cytoplasm and detects ssRNA and dsRNA 15. MDA5 also detects dsRNA from viruses. 

Ligation of PRRs induces a signalling cascade that ultimately causes activation of the 

transcription factors NF-κB and IFN-regulatory factors (IRFs) that bind to response 

elements in the promoter regions of IFN-I and -III genes thus causing upregulation of 

interferon production to elicit potent antiviral activity 15. 
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Toll-like receptor Ligand 

TLR1 Peptidoglycan, lipopeptides 

TLR2 Lipoproteins, peptidoglycans 

TLR3 dsRNA 

TLR4 Lipopolysaccharide  

TLR5 Flagellin  

TLR6 Lipopeptides (with TLR2) 

TLR7 ssRNA 

TLR8 Viral, bacterial RNA 

TLR9 CpG sequences (DNA) 

TLR10 Listeria, IAV 

Table 1.1. TLRs and their ligands.  

Type I interferons 

IFN-Is are highly conserved proteins involved in innate and adaptive antiviral immune 

responses. In humans, IFN-I is a multigene family of pleiotropic cytokines comprised of 13 

IFNa subtypes, 1 IFNb, and several other less well defined IFN-Is including IFNe, IFNk, 

IFNw 16. IFN-Is are activated by the innate immune system immediately on detection of a 

threat, particularly when a virus is sensed. This rapid and robust IFN-I immune response 

which activates and regulates a wide range of biological mechanisms, is required for 

successful early control of viral infection and is crucial for the activation of long lasting 

and more specific adaptive immune responses 17. However, this ability to activate such 

pleiotropic biological mechanisms means that IFN-I responses, from their initial activation 

to their ability to induce downstream signalling, requires tight regulatory control 

mechanisms. Subtle variations to these responses can have marked physiological effects 
18,19. 

 
IFN-I is produced in response to ligation of PRRs including the toll like receptors (TLRs) 3, 

7/8 and 9, and the DNA/RNA sensors RIG-I, MDA5 and cGAS-STING 20. These pathways 

converge to activate the IRF transcription factors, chiefly IRF3 and IRF7 21. Binding of 

dsRNA to TLR3 results in the activation of a downstream signalling pathway involving the 

adaptor proteins TRIF and TRAF, which activate TANK binding kinase 1 (TBK1) and IkB 
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Kinase-e (IKKe) activity to phosphorylate and activate the transcription factor IRF3 22. 

Activation of IRF7 can also occur and is required for robust IFN-I production 23. While IRF3 

is expressed at high levels in homeostatic conditions, IRF7 is more lowly expressed, and is 

induced following ligation of the TLRs 7,8 and 9 through MyD88 signalling 24,25. IFN-I also 

activates IRF7, particularly in pDCs; IRF3 is essential for upregulation of IFN-I genes during 

the early stages of infection and for potentiating the overall IFN-I response via positive-

feedback with IRF7. Initial events result in upregulation of IFNb and IFNa4, which act in a 

positive feedback loop to upregulate additional IFNa subtypes and interferon regulated 

genes (IRGs) via IRF7 (Fig. 1.1) 24.  

 

pDCs which are found in most tissues of the human body, are the most potent producers 

of IFN-I 26,27. Other cell types in the human body are also capable of producing IFN-I, 

including lymphoid populations and non-immune cells such as epithelial cells, fibroblasts 

and neurons 28,29. Canonical IFN-I signalling occurs via a heterodimeric complex composed 

of IFNAR1 and IFNAR2 and expressed on most nucleated cells in the human body. Ligation 

of the receptor complex activates the JAK-STAT pathway, which in turn acts to upregulate 

1000s of IRGs 30–32. Other pathways activated via IFNAR1/2 ligation include the MAPK and 

PI3K pathways, which leads to a broader range of effects yet to be fully elucidated and 

discussed elsewhere 17,33. IFN-Is are also critical in shaping the metabolic shift required to 

mount a successful immune response 34. IFN-I and IRGs are tightly regulated by negative 

regulators including IRG15, USP18 and SOCS proteins which act to switch off IFN-I 

signalling 35. While IRG induction is important for protection against viral infection as well 

as certain bacterial and protozoan infections, uncontrolled, or inappropriate IRG 

activation can lead to the development of several autoimmune disease states 17,36,37. 
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Figure 1.1. Overview of type I interferon induction and signalling. Activation of PRRs such 

as TLR4, TLR3, TLR7, TLR8 and RIG-I results in signal transduction and activation of the 

transcription factors IRF3 and IRF7, leading to production of IFN-I. IFN-I binds to the 

IFNAR1/IFNAR2 heterodimer and signals in both a paracrine and autocrine manner via the 

JAK/STAT pathway to upregulate interferon regulated genes which act to protect the host 

against noxious agents such as viruses and bacteria. 

 

IFN-I in viral infection 

During viral infection, IFN-I exerts both antiproliferative and cytotoxic effects on cells in 

order to limit viral replication. While it appears that different viruses can upregulate 

various modules of IRGs, activation of IFN-Is and subsequent signalling appears to be 

largely similar 20. Following viral exposure, pattern recognition receptors are activated by 

double stranded RNA, single stranded RNA, and DNA. Ligation of these receptors triggers 

a signalling cascade which culminates in the upregulation of IFN-Is followed by IRGs 20. 

IRGs can act directly or indirectly and at multiple levels to disrupt the viral life cycle and 

inhibit viral entry. Several viruses have evolved mechanisms to directly subvert the 

induction and activity of IRGs, a clear indicator of their importance in impeding viral 

replication 38.  
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IFN-I also induces survival and maturation of dendritic cells to enhance antigen 

presentation and upregulates costimulatory molecules including CD40, CD80, CD86. 

These cells and molecules act in concert to control viral infection 17. IFN-I derived from 

pDCs forms part of an important T and B lymphocyte axis that is key to an adaptive 

immune response and antibody production 39. Excessive IFN-I can be detrimental and 

inhibit or blunt an appropriate antibody response; mechanisms underpinning these 

observations have yet to be elucidated 17,40–42. 

 

Type II interferons  

Although production of IFNg is restricted to specialised immune cells, its receptor, IFNGR1, 

is widely expressed 43. Direct antiviral functions of IFNg are limited; instead, it promotes 

an immune response through activation of cellular components of the innate and adaptive 

arms of the immune system.  

 

Type III interferons 

The type III IFNs, consisting of IFNl1-4 in the human, are expressed in tissues such as the 

liver and at barrier sites including the mucosal surface of the respiratory tract 44. They are 

induced early following pathogen exposure and act to rapidly limit infection. Rapid 

pathogen elimination also aids in limiting immunopathology associated with prolonged 

engagement of the immune response. Ligation of the IFNl receptor, IFNlR1/IL10R2, 

which is largely expressed on immune cells, leads to activation of the JAK-STAT pathway 

and upregulation of several hundred IRGs. IFNl activity suppresses IL17 and IL1 responses 
45.  

 

Cellular components of the innate immune response 

Production of these antiviral cytokines is facilitated largely by cells of the innate immune 

system found in both the circulation and in tissues throughout the human body.  

 

Granulocytes  

Neutrophils are the most abundant of the granulocyte family. They play an important role 

in phagocytosis during infection 46. They also possess the unique ability to extravasate 
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their DNA matrix studded with proteins such as a-defensin, which can bind to viruses such 

as HIV-1 and promote viral clearance 46. It is increasingly apparent that there are several 

neutrophil subpopulations with differential functions. Discrimination of neutrophils on 

the basis of high CD16 expression (CD16bright) and low CD16 expression (CD16dim) may 

reflect differential maturation states of the neutrophil 47. In sepsis it has been reported 

that CD16dim neutrophils have reduced ability to generate ROS and decreased ability to 

interact with opsonized bacteria, while their CD16bright counterparts show increased 

antimicrobial activity and increased ROS production 48.  

 
Monocytes  

Monocyte subsets also have important functions in the early innate immune response to 

viral infection. They account for between 5-10% of circulating leukocytes. Like 

neutrophils, monocytes are professional phagocytes that are important for antigen 

presentation. Monocyte subsets are defined on the basis of CD14 and CD16 expression 
49,50. The classical monocytes (CD14++CD16-) are the most abundant monocyte subset. In 

response to inflammatory stimuli have the potential to differentiate into another 

specialised cell type known as monocyte derived dendritic cells (mDCs) 51. Intermediate 

monocytes are defined as CD14+CD16+. Their function is less well understood, but they 

are known to release high levels of ROS upon activation and are highly inflammatory. The 

third and final subset are the non-classical monocytes, which are CD16++CD14. This non-

classical subset are important for eliciting a proinflammatory response by secreting 

cytokines in response to insult or injury. They are also important for antigen presentation 

and T cell stimulation 50. They mostly differentiate into macrophages in response to 

inflammatory stimuli. The phagocytic and differentiation potential of monocytes make 

them important in viral infection for robust activation of adaptive responses by cross 

presentation 52,53.  

 

Dendritic Cells  

There are two main DC subsets in circulation, the conventional DCs (cDC1 and cDC3) which 

are derived from monocytes or a macrophage/DC precursor (MDP) lineage and the pDCs 

from the lymphoid lineage. In response to stimulation, DCs upregulate the costimulatory 

molecule CD86 and the MHC class II molecule HLA-DR, which are often used as surrogate 



 30 

activation markers 49. DCs are professional antigen presenting cells (APCs) and are key 

mediators of antiviral immunity 54. The major function of cDC subsets is to sense and 

capture microbes and migrate to the lymphoid organs to prime naive T cells and regulate 

B cell and NK cell response. cDC priming of T cells is usually by IL-12 which drives T cells to 

produce IFNg. cDC1s are potent producers of chemotactic agents and cDC3s are thought 

to be the most efficient at cross presentation 54. pDCs have especially important antiviral 

roles and are the most potent producers of IFN-I in the body, producing 1000 times more 

IFN-I than any other cell type. This ability to produce such a large of amount of IFN-I is 

largely dependent on their high expression of TLR7 and TLR9 54,55.  

 

Natural Killer Cells  

NK cells are innate immune cells derived from a common lymphoid progenitor that do not 

require antigen processing and presentation for activation but instead have the ability to 

directly kill virally infected or transformed cells 56. This ability is based on the integration 

of positive and negative signals from the interaction of NK cell receptors with their 

cognate ligands on target cells. Activation of NK cells occurs if the balance of signal tips 

towards activation. Unlike conventional T cells, NK cells express a number of germline 

encoded receptors such as the killer immunoglobulin like receptors (KIRs) that recognise 

conserved self and non-self-antigens. Recognition of self induces tolerance, whereas 

failure to identify self-antigens like MHC class I causes activation - ‘missing self’ 57.  

 

γδ T Cells  

These are unconventional innate T cells with a semi-invariant T cell receptor (TCR) 

composed of γ and δ glycoprotein chains. In total, γδs account for just 0.5 to 5% of total 

human leukocytes in circulation. There are two main subsets of human γδs differentiated 

by the γδ chain - Vδ1 and Vδ2. The Vγ9Vδ2 subset responds to phospho antigens such as 

HMB-PP and isopentenyl pyrophosphate (IPP) and are important for tumour surveillance 

and antiviral responses 58. The non-Vγ9Vδ2s are less well characterised but are thought to 

exert antiviral activity by responding to stress ligands upregulated on the surface of virally 

infected cells 59,60.  
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Adaptive immunity to viral infection 

In contrast to early activation of the innate immune response which occurs hours to days 

after infection, there is a typically a long delay before the adaptive response becomes 

detectable. This delay is highly variable depending on both the host and virus in question 
61. The adaptive immune response is mediated by B and T lymphocytes and is composed 

of both cellular and humoral components. In contrast to the innate immune response 

which relies upon a limited number of germline encoded receptors, the adaptive response 

has a much larger repertoire of receptors 62. This is because the antigen receptors of the 

adaptive immune response are encoded by genes that are assembled by somatic gene 

rearrangement by germline gene elements to form intact TCR and B cell receptor (BCR) 

genes. This means that a few hundred genes can result in millions of combinations 62. 

 

B Cells  

B lymphocytes are CD19+ and recognise antigen presented by APCs via immunoglobulins 

expressed on their cell surface as BCRs 49. The BCR interaction with an antigen induces 

differentiation of the B cell into a plasma cell, which then sheds the BCR as an antigen 

specific antibody and undergoes clonal expansion 62. Only a small number of antibodies 

produced are able to inhibit virus binding, entry or uncoating and are known as 

neutralising antibodies. 

 

T Cells  

T cell activation requires presentation of antigen by APCs via MHCI/II, co-stimulation by 

molecules like CD80/86 and cytokine production (Figure 1.2) 63. T cells recognise specific 

antigen epitopes via the T cell receptor (TCR) co-expressed with CD4 or CD8 (Figure 1.2).  

 

CD8+ cytotoxic T lymphocytes (CTLs) are activated via MHC class I and have potent 

antiviral activity. CD4+ T cells can be skewed to a Th1 or Th2 phenotype. Both phenotypes 

are important in promoting antibody secretion by B cells, though Th1 states are associated 

with control of intracellular bacteria and Th2 for controlling parasitic infections 63. It is 

possible to have a robust T cell response capable of clearing infection without an 

accompanying antibody response 64,65.  
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Figure 1.2. T cell activation by dendritic cells. Signal 1: The CD3:TCR complex and CD8 or 

CD4 interact with MHC-I or MHC-II – peptide complex. Signal 2: Co-stimulation by 

molecules such as CD80/86. Signal 3: Cytokines binding to their cognate receptor on the T 

cell.  

 

Immune system variation  

The human immune response described here exhibits remarkable heterogeneity that is 

driven by both heritable and non-heritable factors 66. However, the impact of this 

heterogeneity on outcome following exposure to pathogens such as viruses is largely 

unknown. This lack of understanding of immune system heterogeneity and its relationship 

with clinical outcome during viral outbreak stems, in part, from a dearth of suitable 

cohorts for which the full spectrum of clinical outcomes are identifiable. During the 1970s 

however, several documented outbreaks of HCV infection occurred for which records of 

exposure exist. Outcome following exposure to HCV and the clinical course of those who 

develop infection vary dramatically.   
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Hepatitis C virus 

30 years since its discovery, HCV still represents a significant public health burden. There 

are a predicted 70 million people infected worldwide, though only 20% of cases have been 

diagnosed 67,68. The current diagnostic approach for HCV is arduous and unsuited to areas 

like Asia and Africa where HCV is endemic. It is based on serological screening for HCV-

specific antibodies, followed by nucleic acid testing to detect presence of HCV RNA (20). 

HCV is responsible for 260,000 new liver cancers each year and approximately 365,000 

deaths per annum. Although curative direct acting antiviral (DAA) drugs have been on the 

market since 2013, only a small percentage of infected individuals have been treated 69. 

The poor treatment rate for HCV is largely due to the huge cost associated with the 

required medication. As it is a blood borne virus, typical at risk populations include 

intravenous drug users (IVDUs), men who have sex with men and those exposed through 

contaminated blood products (nosocomial infections) 70. There is currently no vaccine for 

HCV, and the available drugs do not prevent reinfection 71. Therefore, repeat infections 

especially in groups such as IVDUs are likely to increase in the absence of a prophylactic 

vaccine 72. The World Health Organisation aims to fully eradicate HCV by 2030, a goal that 

is unlikely to be met if the current climate of HCV diagnosis and treatment doesn’t 

significantly improve 72,73. Chronic HCV infection is associated with progressive liver 

inflammation, fibrosis and cirrhosis leading to eventual hepatocellular carcinoma and 

death in a number of infected patients (Figure 1.3). HCV vaccine development is widely 

held to be a key factor in eradicating HCV globally  74.  
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Figure 1.3. Overview of HCV Progression. Infection with HCV is associated with a variety 

of outcomes, highly dependent on the genotype. Of those who are exposed to HCV a 

reported minority innately clear infection. A further 20-50% of infected individuals use 

their adaptive immune system to clear infection. Up to 80% of individuals exposed develop 

chronic infection with 10-20% developing cirrhosis and of those, 1-5% developing 

hepatocellular carcinoma (HCC) or end stage liver disease (ESLD).  

HCV genome and virology 

HCV is a positive sense single stranded hepatotropic RNA virus of the Flaviviridae family, 

to which dengue, West Nile and zika virus also belong. There are seven major HCV 

genotypes with further subdivisions into 67 subtypes based on the nucleotide sequence 

of the core and NS5B regions 75. The most infectious HCV genotype is that which women 

from the Irish anti-D cohort were exposed to in the 1970s, genotype 1b, and is typically 

associated with progression to chronic infection in about 90% of cases 75,76. Other 

genotypes appear to be less infective with only 30-50% progressing to chronic infection 
75. However, the absence of well documented known infected populations internationally 

means that these figures may not be accurate.  
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Figure 1.4. The HCV polyprotein. The HCV genome is flanked by a 5’ and 3’ untranslated 

region (UTR) and produces 10 structural (core, E1, E2, p7) and non-structural proteins 

(NS2, NS3, NS4A, NS4B, NS5A, NS5B).  

 

HCV has a small single stranded genome of about 9600 nucleotide base pairs in length, 

encoding a large polyprotein of ten viral proteins (Fig. 1.4) 77. The HCV viral genome is 

composed of a 5’ non coding region (NCR), and an open reading frame and a 3’ NCR. The 

5’ NCR contains the internal ribosome entry site (IRES) involved in cap-independent 

translation of RNA. The structural proteins encoded in the HCV genome are the core and 

envelope proteins E1 and E2. The non-structural proteins are p7, NS2, NS3, NS4A, NS4B, 

NS5A and NS5B RNA dependent RNA polymerase (Fig. 1.4) 78. Proteins encoded by the 

virus have multifunctional and synergistic functions important for replication and survival 

including ion channel formation, and immune suppression 79. The HCV NS5A RNA 

dependent RNA polymerase is highly error prone and contributes to the large degree of 

genetic diversity seen in HCV. This makes vaccine development for HCV an extremely 

challenging prospect. It also increases the likelihood that HCV could eventually evolve 

resistance to therapy, including DAAs 80. Indeed, reports of this occurring are already 

emerging 81,82.  

 

The HCV E1-E2 heterodimer is important for HCV entry into the target cell, and is known 

to bind several receptors including CD81, the high density lipoprotein receptor: scavenger 

receptor class B type 1 (SRB1), claudin-1, low-density lipoprotein receptor (LDL-R) and 
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many more. Upon binding to the receptor, HCV enters the cell via clathrin mediated 

endocytosis and fusion of viral and endosomal membranes, allowing for viral uncoating 

and introduction of the viral genome into the cellular cytoplasm. HCV RNA then undergoes 

protein translation and replication 79. As HCV is a positive sense RNA virus the viral RNA 

can act directly as an mRNA. Replication occurs on the endoplasmic reticulum and 

requires formation of a lipid raft and the induction of profound metabolic changes in the 

host cell 79. 

 

The immune response to hepatitis C virus 

The immune response to HCV is multifaceted and complex. Despite HCV RNA being 

detectable in the blood at just one week post infection, HCV specific immune responses 

are not detectable for several weeks 61. 

 

 
Figure 1.5. Timeline of the immune response to HCV. Early in infection, the HCV viral load 

rapidly increases. While IRG upregulation occurs early following exposure, it appears to 

have limited effect on viral load. HCV specific T cell responses are detectable between 6 to 

8 weeks post infection. This is accompanied by an increase in IFNg production and a rapid 

reduction in viral load.  
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Hepatocytes detect HCV infection primarily though the receptors TLR3, MDA5 and RIG-I 

and upregulate IFN-I and IFN-III (Fig. 1.6) 83. The importance of PRRs in the detection of 

HCV is reflected by the role of SNPs in TLR9 in spontaneous resolution of HCV 84. The IFNs 

can act in both an autocrine and paracrine manner to upregulate IRGs early in infection. 

IRGs induced by IFN-I and -III such as OAS1 and PKR attempt to limit HCV infection. PKR, a 

serine/threonine kinase plays an important role in inhibition of HCV replication through 

phosphorylation of the elF1a complex, which inhibits host protein synthesis 85. 

 

Production of the IFN cytokines also results in activation of NK cells, which are highly 

enriched in the human liver and likely play an important role in control of HCV and other 

hepatotropic viruses. Activated NK cells produce IFNg and TNFa which can inhibit HCV by 

limiting spread of infection to neighbouring cells 86,87. 

 

Myeloid populations in the liver such as Kupffer cells are also activated and produce 

cytokines such as CXCL10 and IFNg to limit HCV infection. Vγ9Vδ2 unconventional T cells 

have been shown to inhibit HCV replication in vitro, and low frequencies of Vγ9Vδ2 in 

circulation have been associated with HCV persistence and lower IFNγ production 88. 

Other pro-inflammatory cytokines have been shown to be important in protection against 

HCV, including interleukin-6 (IL-6) and interleukin-8 (IL-8), which have both been 

associated with resistance to HCV infection 89. Chemokines such as IL-8 are important in 

recruiting peripheral immune cells such as neutrophils from the blood to the site of 

infection 90.  

 

Bridging the innate and adaptive immune responses to HCV are the DC populations. pDCs 

detect HCV in a TLR7 specific manner through transfer of exosomes containing HCV viral 

RNA from an infected cell to the pDC to produce IFN-I 91. Frequencies of pDCs in the blood 

correlate well with infection outcome 92.  
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Figure 1.6. Overview of the innate and adaptive immune response to HCV. HCV infection 

is detected by hepatocytes expressing RIG-I, TLR3 and MDA5, which activate downstream 

signalling pathways to produce IFN-I and -III. IFN-I is also produced by pDCs expressing 

TLR7. IFNs can inhibit HCV replication and activate NK cells to produced TNFa and IFNg, 

which can also limit HCV replication and induce maturation of other DC subsets to produce 

IL-12 and IL-15, which act in a positive feedback loop to increase NK cell activity. 

Production of granzyme B and perforin by NK cells kills virally infected cells. CD4+ T cells 

support Ab production by B cells through IFNg production. IFNg produced from T cells can 

also inhibit HCV replication. IL2 produced by CD4+ T cells supports CD8+ T cell activities, 

which include production of TNFa and IFNg to inhibit HCV replication and perforin and 

granzyme B to lyse virally infected cells. Cellular components are in green and cytokine 

components are in red. 
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Adaptive immunity in HCV 

B cells in HCV 

In acute infection most infected individuals produce antibodies against epitopes in the 

structural (core, E1 and E2) and non-structural proteins (Fig. 1.4), however the majority 

of these antibodies are non-neutralising and fail to inhibit viral binding, entry or uncoating 
93. The importance of antibodies in HCV infection is not clear, reports suggest production 

of neutralising antibodies early in infection is associated with spontaneous resolution of 

HCV. However,  virus clearance has also been described in the absence of antibodies and 

in patients with hyperglobulinaemia 61,94. Other studies indicate that broadly neutralising 

antibodies (bnAbs), those with the ability to neutralise multiple HCV genotypes, correlate 

well with infection outcome 95,96. However, HCV patients often fail to produce bnAbs in a 

substantial quantity. The role of B cells themselves, not just their effector molecules, 

remains obscure and is the subject of ongoing research, in particular work is focused on 

why B cells fail to produce substantial levels of bnAbs during HCV infection in the hope 

that greater insight will further HCV vaccine efforts 74,97.  

 

T cells 

While the importance of B cells and antibodies in HCV is somewhat nebulous, there is a 

clear link between a potent T cell response to HCV infection and successful viral clearance. 

DCs and other APCs present peptides via MHCI or MHCII to CD8+ or CD4+ T cells. HCV 

specific T cell responses are usually detected no earlier than 6-8 weeks following initial 

infection. This delay appears to be a feature of hepatotropic viruses in general, not just 

HCV  98,99. Temporally, the emergence of HCV-specific T cells is linked to a dramatic 

reduction in viral load and onset of liver disease. CD4+ T cells support the antiviral activity 

of CD8+ T cells (Fig. 1.5) 83,98. Both cell types adopt an activated state and increase PD-1, 

CD38 and CTLA4 expression. Following successful viral clearance and consequent 

cessation of antigenic stimulation, CD4 and CD8+ T cells upregulate memory markers 

including CD127 and downregulate marks of activation 100. HCV specific T cells can persist 

for decades following viral clearance 101. Despite the presence of HCV specific T memory 

cells, re-infection is possible due to the emergence of escape mutations in the virus 102.  
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Hepatitis C virus immune evasion  

Though humans are capable of eliciting a potent immune response, only a minority of 

individuals successfully clear HCV infection, either innately or adaptively. In part, this is 

due to HCV’s ability to evade and suppress the intended immune response 38. HCV 

proteins can interfere with many aspects of the immune system. NS3 and NS4A can inhibit 

TLR3 signalling by cleaving the molecule TRIF, thus preventing NFkB and IRF3 activation 

and subsequent IFN-I production. As shown by our group, HCV functions as an E3 ligase 

and induces degradation of STAT proteins, therefore limiting interferon signalling. This is 

particularly pronounced in HCV genotype 1b 38. HCV proteins such as NS5A and E2 can 

target proteins derived from IRG upregulation such as PKR and OAS 103. HCV proteins also 

stimulate IL-10 and TGFb production by monocytes, thereby driving a T regulatory 

response 104. 

 

HCV treatment and vaccine development  

While some individuals are able to clear HCV infection without medical intervention, a 

substantial number of individuals progress to chronic infection and require treatment. 

Historically HCV infection was treated with a combination of pegylated IFNa (peg-alfa) 

and the antiviral drug ribavirin, a synthetic nucleoside analogue of ribofuranose. 

Exogenous peg-alfa attempted to boost the host antiviral immune response to clear HCV 

infection, while ribavirin was incorporated into HCV viral RNA and inhibited RNA synthesis 

and inhibiting normal virus replication 105. This early treatment regime for HCV was poorly 

tolerated and elicited favourable results in a minority of individuals following prolonged 

treatment (~30%) 106. Treatment side effects included retinopathy, depression, increased 

risk of developing autoimmune diseases to name but a few 107. Stratifying patients using 

biomarkers of likely responders and non-responders was a priority for researcher in the 

early 2000s. Since 2010 however, novel DAA drugs have been widely available. These 

drugs function by directly inhibiting the action of non-structural proteins, and have 

revolutionised HCV treatment- a typical dosing regime is just 12 weeks with a cure rate of 

95-100% with few reported adverse events 108. Successfully treated individuals are said to 

be sustained virological responders (SVR).  
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Efforts to develop HCV vaccines have been hampered by the vast diversity seen in HCV, 

owing to the error prone RNA polymerase, coupled with differential pressures exerted by 

the host immune responses driving further quasi species and diversity 109,110.  

 

Immune scarring following HCV clearance 

The advance in HCV therapy using DAAs has created new opportunities to study resolution 

of chronic infection following treatment with a well-tolerated and standardised therapy. 

Though successful at clearing infection, the restoration of immune homeostasis following 

therapy is heterogeneous and reports are conflicting 111. Chronic HCV infection results in 

widespread immune dysfunction characterised by increased expression of exhaustion 

markers on immune cell subsets, increased proinflammatory cytokines at baseline and a 

compromised ability to respond to infection .  

 

Reports suggest that innate immune restoration occurs following treatment with DAAs 
112. Following therapy, T cell subsets from some patients appear to return to a 

homeostatic norm, characterised by a reduction in exhaustion markers 113. Metabolically 

however, some reports indicate that mitochondria in T cells regain normal functionality, 

while others suggest persistent defects 114. In chronic HCV infection, expansion of Treg 

cells occurs, and these cells do not appear to return to normal levels following clearance 

of infection, though patients were only followed for one year post therapy so it is possible 

that complete restoration occurs at a later timepoint 115.Normalisation of IFN-I signalling 

also appears to occur in T cells, as indicated by a reduction in the IRGs IRG15 and OAS1 

from single cell RNA-sequencing experiments 116. gd T cells have an activated phenotype 

in chronic HCV infection and a reduced ability to respond to stimulus- the persistently 

activated phenotype appears to be alleviated following loss of HCV antigen stimulation, 

but the stunted cytokine response appears to persist 117. 

 

A significant loss of MAIT cells occurs during chronic HCV infection. Interestingly, and as 

described for many other viral infections, MAIT cells do not seem to recover fully following 

viral clearance, although some functional restoration has been described 118–120. The 

consequences, if any, of this failure to recover MAIT cells are not yet known.  
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The Irish anti-D cohort 

Viral transmission that occurs during the course of medical examination or treatment, 

referred to as iatrogenic infection, was a significant contributor to the historical spread of 

HCV infection worldwide during the 1970s, 80s and 90s, prior to the identification of HCV 

in 1989 121,122. The lack of  specific molecular or immune-based detection assays for HCV 

resulted in several instances of transmission due to the medical use of contaminated 

blood or blood-derived products, most frequently in haemophiliac populations, and 

iatrogenic transmission remains a risk in both developing and developed countries123,124. 

The introduction of effective screening for HCV in the 1990s resulted in disappearance of 

iatrogenic HCV infections across the globe. Those at high risk of infection with HCV 

nowadays are intravenous drug users who exchange needles 125. 

 

With the development of diagnostic assays specific for HCV, several countries initiated 

large scale studies to identify and test individuals exposed to infectious viruses like HCV 

via contaminated blood donations or blood-derived products 73,126,127. These studies 

attempted to trace the recipients of HCV-positive blood donations and blood-derived 

products, screening all individuals who were potentially exposed to these products. In 

doing so, these studies identified a spectrum of outcomes following HCV exposure that 

ranged from resistance (exposed seronegative; ESN), spontaneous resolution (SR) and 

chronic infection (CI; Fig. 1.7)126.  

 

In Ireland, a major iatrogenic transmission event occurred between 1977-1979. The 

outbreak centred on the distribution of HCV contaminated anti-D immunoglobulin (Ig) 

preparations to pregnant Irish Rhesus-negative women 128–130. Prophylactic anti-D Ig is 

administered to mitigate the risk of haemolytic disease of the foetus and new-born, which 

can lead to foetal anaemia, jaundice, and stillbirth 131. The Irish anti-D Ig HCV outbreak 

occurred following the use of HCV-infected plasma from a single donor who had 

symptoms or risk factors indicative of potential HCV infection 130. 



 43 

 
Figure 1.7. Spectrum of outcome following exposure to HCV. 50-80% of individuals 

exposed to HCV progress to chronic infection, many clear infection and some do not 

become infected. Those who successfully clear infection via an innate immune response 

are known as exposed seronegative individuals (ESNs), while those who clear infection 

through engagement of their adaptive immune systems are known as spontaneous 

resolvers (SR). Those who were chronically infected but successfully clear infection 

following treatment are known as sustained virological responders (SVRs). ESN = HCV Ab-

negative, HCV RNA-negative; SR = HCV Ab-positive, HCV RNA-negative; Chronic infection 

= HCV Ab-positive, HCV RNA-positive; SVRs = HCV Ab-positive, HCV RNA-negative 

(following treatment).  

 

The anti-D cohort as a model to understand HCV infection 

Since the widespread recognition of the Irish HCV outbreak in the early 1990s a significant 

body of research has been undertaken. This includes almost 70 primary peer-reviewed 

research articles published in leading international academic and clinical journals 
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including Gut, NEJM, The Lancet, Hepatology, PNAS, and Gastroenterology. These studies 

have contributed to an epidemiological evidence-base that has fundamentally changed 

how HCV infection is managed in clinical settings worldwide as well as providing a detailed 

understanding of the on-going evolution of the HCV genome and the role that host factors 

play in influencing the outcome of infection (Table 1.2). As HCV replicates poorly in 

culture, studies of high risk cohorts such as these have been paramount in shaping our 

knowledge of HCV and HCV infection.  
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Study Type Major Research Findings 

Clinical & Molecular 

Epidemiology 

The HCV sequence in Irish anti-D Ig-recipients arose from a single-strain, distinct 

from circulating HCV strains in Ireland, confirming single-source outbreaks due to 

the use of contaminated blood in the preparation of anti-D Ig 132,129 

The development of liver pathology and HCV disease progression is slow in the 

absence of additional life-style risk factors 126,133 

There is a low risk of transmission to children born around the time of their 

mother’s infection but transmission to other family-contacts is less likely 134 

Viral Genetics 

Immune pressure is the dominant driver of viral evolution early in infection while 

evolution towards a consensus ancestor sequence (with higher fitness) is 

dominant in the late stages of chronic infection135  

The major HCV genotypes were estimated to have diverged between 500–2000 

years ago, requiring on-going transmission of HCV in historical human populations 
136 

Evasion of host immune pressure comes at a significant cost to viral fitness and 

following transmission events the virus reverts to a consensus sequence with 

higher fitness137  

Infection & Immunity 

The HLA-DRB1*01, -DQB1*0501, -DRB1*0401, HLA-DRB1*15, -A*03, -B*27, and -

Cw*01 alleles are associated with spontaneous resolution of HCV infection138,139  

Immune pressure requires both a protective host HLA allele and a specific viral 

immunodominant epitope – the HLA-B*27 allele is only effective in genotype 1 

HCV infection and is neutral when the infectious strain harbours escape 

variants140–142 

Polymorphisms in innate immune genes (IFNL3, KIR2DS3 and IFIH1) are associated 

with spontaneous resolution of HCV infection143,144   

 Table 1.2. Major findings from the Irish Anti-D Cohort. 

 

Uniqueness of the Irish anti-D cohort 

Animal studies of viral infection require giving a defined amount of a defined infectious 

agent at the same time to all study participants. Studies that emulate this set up in humans 

(challenge trials) such as these are contentious and rare 145. However, the Irish anti-D-

related HCV outbreak replicates key criteria of the ideal infection study. These key aspects 

have provided a silver-lining to this national tragedy, enabling research that has 

fundamentally changed how we view and investigate HCV infection world-wide. The 1977-
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79 outbreak was linked to a single HCV-infected individual, whose blood donation was 

used in the preparation of anti-D Ig 130. Viruses of the single, contaminating HCV strain 

were distributed amongst hundreds of batches of anti-D Ig, and administered to 

thousands of Irish women (Table 1.3). All the exposed individuals were women of child-

bearing age and were predominantly of an Irish ethic origin. Collectively this group of 

individuals were in relatively good health, with low rates of alcohol consumption, and few 

lifestyle risk factors associated with HCV transmission 146. These factors resulted in a highly 

homogeneous cohort of individuals with similar exposure histories and lengths of 

infection. 

 

  1977-79 Outbreak 

No. of contaminated batches 12 (4062 vials) 

No. of high risk batches (>30% Ab+) 6 

Genotype of HCV involved 1b 

No. of chronically infected women from high risk batches 356 

No. of spontaneous resolvers from high risk batches 326 

No. of potentially resistant (ESN) women from high risk batches 611 

Table 1.3. Details of the HCV 1977-79 outbreak from Irish Blood Transfusion Service 

(IBTS). (Anon. 2012. National Hepatitis C Database for Infection Acquired through Blood 

and Blood Products: 2012 Report. Retrieved 

(http://www.hpsc.ie/AZ/Hepatitis/HepatitisC/HepatitisCDatabase/BaselineandFollow-

upReports/). 

 

A total of 4,062 batches of potentially-contaminated anti-D Ig were produced during the 

1977-1979 outbreaks (Table 1.3) 129,147. There was also significant variability in infectivity 

amongst different anti-D Ig batches associated with the 1977-79 outbreak; six batches in 

particular were highly infectious 147. Amongst those individuals that became chronically 

infected it has been estimated that 13.9% have signs of liver disease, 11.3% have liver 

cirrhosis, 1.2% have developed liver cancer or HCC, and 2.6% have died from liver disease 
148.  
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Previous infection and immunity studies of HCV from the anti-D cohort 

The impact of host genetics on viral infection and the host immune response is difficult to 

assess. Clinical heterogeneity (such as ethnic backgrounds, age at infection, viral 

genotype, and mode of infection) hampers direct comparisons between human cohorts 
149. In this sense the Irish anti-D Ig HCV outbreak provides a unique cohort of 

homogeneous individuals, and allows the investigation of host immune factors without a 

number of confounding factors that influence immune responses.  

 

The Irish anti-D Ig HCV outbreak was ideal to perform studies investigating genetic 

associations between immune-related genes and spontaneous resolution of HCV 

infection. The first study of this type focussed on the human leukocyte antigen (HLA) 

complex, which encodes a highly variable array of important antigen-presenting 

molecules that are known to influence host response to infection. The HLA-DRB1*01 allele 

was associated with individuals who spontaneously cleared the virus compared to those 

who developed chronic infection (27.4% vs. 7.1%, p=0.001, odds ratio OR=4.9) 138. 

Subsequent studies also identified associations between the HLA-DRB1*0401, HLA-

DRB1*15, HLA-DQB1*0501, HLA-A*03, HLA-B*27, and HLA-Cw*01 alleles and viral 

clearance 139,150. Of all the alleles HLA-B*27 had the strongest association (odds ratio [OR] 

7.99; Table 1.2) 150. 

 

This HLA-B*27 allele allows the presentation of a single immunodominant viral peptide 

epitope (spanning residues 421–429 of the NS5B protein) to CD8+ T cells, yet despite the 

strong immune pressure, escape variants are rarely seen 140. Artificial variants that 

disrupted HLA-B*27 binding could completely abolish T cell cross-recognition however 

these viral variants showed a dramatic reduction in replication efficiency 140. The 

protective HLA-B*27 allele is dependent on viral genotype; non-genotype 1 HCV strains 

lack the consensus immunodominant HLA-B*27 epitope and the protective influence of 

the HLA-B*27 allele is lost 141. Certain genotype 1b HCV strains also harbour immune 

escape variants in this epitope and the HLA-B*27 allele has no protective influence during 

infection with these viral strains 151. By comparing multiple individuals with the same HLA 

alleles it is possible to identify a ‘molecular footprint’ of immune pressure and identify 

novel epitopes 152,153. This information is particularly important for the development of 
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HCV vaccination strategies to generate immune responses specific for immunodominant 

epitopes that will be recognised by the majority of the vaccinated population. 

 

While the HLA complex is a major determinant of susceptibility, other polymorphisms in 

immune-related genes, which correlate with the outcome of HCV infection, have been 

identified from the Irish anti-D Ig HCV outbreak. Dring and colleagues investigated the 

impact of NK cell-associated killer cell Ig-like receptors (KIR) genes as well as a SNP near 

the type III IFN gene, IFNλ3 (previously IL28B; rs12979860) 143. They found the NK cell gene 

KIR2DS3 and the IL28B ‘T’ allele were associated with chronic infection (odds ratio (OR) 

1.90 and 7.38, respectively) 143. Hoffmann and colleagues investigated polymorphisms in 

IFIH1 (interferon induced with helicase C domain 1; also known as MDA-5), an intracellular 

receptor which recognises viral entry into a host cell 144. The IFIH1 signalling pathway is 

critical for the recognition of HCV infection and is suppressed by the virus. Two 

polymorphisms in the IFIH1 gene correlated with spontaneous resolution of infection, due 

to an increased antiviral response 144.  While substantial information has been garnered 

from studying these women on the SRs and CIs, the ESNs in this cohort have never been 

studied.  
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Thesis rationale, hypothesis and objectives 

 

Outcome following exposure to hepatitis C virus is highly variable, however the reasons 

for this variability are poorly understood. A major outbreak of hepatitis C virus infection 

occurred in Ireland in the 1970s, in which 1000s of otherwise healthy females were 

exposed to HCV. Three groups were identifiable from the population – those who were 

exposed and remained seronegative (ESN), resisting infection, those who spontaneously 

resolved infection (SR) and those who developed chronic infection (CI). Here we sought 

to recruit these women to our study to further understand the genetic and biological 

mechanisms that might have contributed to the variable clinical outcomes described. We 

hypothesised that a particularly potent innate immune response protected ESN women 

against infection. We hypothesised that common SNPs in the innate immune system 

contributed to this particularly potent innate immune response. As the rates of apparent 

resistance were high in women from Irish anti-D cohort, all of whom were Rhesus 

negative, we hypothesised that RhD-negativity is protective against viral infection.  

 

Overall objective:  

To test the innate immune response of HCV ESNs and virus susceptible (SR and SVR) 

women to understand correlates of virus resistance in the Irish anti-D cohort.  

 

The specific aims of this thesis were: 

1. To assess the whole blood innate immune response in ESN women compared with 

SR and SVR donors. To test the absence of a detectable adaptive immune response 

in ESN women in our cohort.  

2. To compare the peripheral whole blood immune response in SR and SVR donors.  

3. To investigate potential genetic associations with resistance using a gene 

candidate approach.  

4. To determine whether Rhesus antigen status is associated with an altered innate 

immune response.  
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Chapter 2: Materials and Methods 

Reagent Supplier 

Bovine serum albumin (BSA) VWR Chemicals  

Dimethyl Sulfoxide (DMSO) Sigma  

Ethanol Sigma  

Ficoll-Paque GE Healthcare 

HBSS Sigma-Aldrich 

Penicillin-streptomycin Gibco Invitrogen 

RPMI 1640 + L-glutamine Gibco Invitrogen 

Sodium azide Sigma-Aldrich 

Trypan blue Sigma  

TriZol LS Thermo Fisher 

Quantiflour RNA system kit Promega 

2D barcoded tubes Thermo Fisher 

Tween 20 Sigma  

Phosphate buffered solution Gibco Invitrogen 

Table 2.1. List of general reagents used.  

 

Reagent Supplier 

10 ml plastic pipettes  Cruinn Diagnostics (Grenier)  

24-well flat bottom tissue culture plates  Cruinn Diagnostics (Cellstar)  

25 ml plastic pipettes  Cruinn Diagnostics (Grenier)  

5 ml plastic pipettes Cruinn Diagnostics (Grenier) 

Cryovials Thermo Scientific Nunc 

Nalgene™ cryo 1°C freezing container Thermo Scientific Nunc 

Polystyrene FACS tubes BD Biosciences 

Red blood cell lysis buffer  Sigma  

RPMI 1640 + L-glutamine  Gibco (Biosciences)  

Sterile phosphate buffered saline (PBS) Gibco (Biosciences)  

Table 2.2. List of cell culture reagents used.  
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Equipment Company 

BD Fortessa BD Biosciences 

Graphpad Prism Graphpad Software Inc 

FlowJo Treestar Inc 

NanoDrop 2000 spectrophotometer Thermo Fisher 

StepOnePlus RT-PCR Machine Applied Biosystems StepOnePlus 

Ncounter digital analyser NanoString 

NanoString prep station NanoString 

Luminex MAGPIX Luminex 

Sioma Analyser Quanterix 

Agilent 2100 bioanalyzer Agilent 

AID ELISpot Reader Autoimmun Diagnostika 

Table 2.3. List of equipment and software programs used.  

 

Reagent Supplier 

Millipore MAIP plates  Merck, Germany 

Human IFNg ELISpot Kit Mabtch, Sweden 

HCV peptide pools ProImmune, Oxford 

CEF peptide pools ProImmune, Oxford 

Concanavalin A Sigma 

BCIP/NBT Sigma 

Table 2.4. List of ELISpot reagents.  

 

TruCulture  Stimulant Concentration Supplier 

Null/Negative Control NC --- MyriadRBM 

R848 R848 1µM Invivogen 

Poly I:C PIC 20µg/ml Invivogen 

Interferon a2b (Intron A) IFNa 1,000 IU/ml Merck 

ODN2216/CpG-A ODN 25µg/ml Invivogen 

Table 2.5. List of stimuli used for TruCulture.  
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Antibody Conjugate Catalogue Number Supplier 

CD45 BV510 563204 BD Biosciences 

CD19 APC-Cy7 557791 BD Biosciences 

CD3 AF700 344822 MSC 

CD4 AF488 317420 MSC 

CD8a BV785 301046 BioLegend 

CD56 BV650 364057 BD Biosciences 

CD14 BV421 301830 MSC 

CD16 PeCy7 557744 BD Biosciences 

Live/Dead Live/Dead Red 423109 MSC 

BDCA1/CD1c FITC 331518 MSC 

BDCA2/CD303 PerCP-Cy5.5 354210 MSC 

CD86 PE 305438 MSC 

HLA-DR V500 561224 BD Biosciences 

BDCA3/CD141 BV711 563155 BD Biosciences 

BDCA4/CD304 APC 354505 MSC 

Compensation beads BV711 563155 BD Biosciences 

CountBright count beads --- C36950 Invitrogen 

Table 2.6. List of reagents, antibodies and fluorochromes used for flow cytometry.  
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Ethics 

Individuals enrolled in this study provided written informed consent in line with the 

Declaration of Helsinki. Ethical approval for the study was granted by the Trinity College 

Dublin Faculty of Health Sciences Ethics Committee.  

 

Classifying batches as low and high risk  

Twelve batches of anti-D were made in 1977-1979 containing serum from a single HCV 

infected donor. Records are only available on 64% of vials. The batches had varying viral 

loads 147. Six of the batches: 246, 238, 245, 237, 252 and 250 had significant levels of virus, 

ranging from 12,400 genome equivalents per vial to 200,000. Vials from these batches 

accounted for 98% of the chronic infections, and so were deemed high risk (Table 2.7).  

 

Batch 
Genomes/ 

Vial 
Vials 

Issued 
Vials 

Traced 
People 
Tested 

People Tested 
-ve Ab +ve PCR +ve  

239 <400 372 131 117 (31) 116 (99) 1 (1) 0 

244 <400 259 156 134 (52) 129 (96) 5 (4) 0 

247 <400 305 197 165 (54) 153 (93) 12 (7) 3 (2) 

243 <400 332 217 191 (57) 187 (98) 4 (2) 0 

251 <400 273 139 115 (42) 110 (96) 5 (4) 1 (1) 

240 9,600 401 274 224 (56) 219 (98) 5 (2) 1 (1) 

246 12,400 251 152 133 (53) 92 (69) 41 (31) 12 (9) 

238 16,000 371 281 258 (70) 70 (27) 187 (73) 106 (41) 

245 56,000 464 347 302 (65) 201 (67) 101 (33) 60 (2) 

237 92,000 430 247 225 (52) 64 (28) 160 (71) 75 (33) 

252 100,000 308 216 191 (62) 73 (38) 115 (60) 60 (31) 

250 200,000 296 228 191 (65)  111 (58) 78 (42) 43 (23) 
Total   4062 2585 (64) 2246 (55) 1525 (68) 714 (32) 361 (16) 

Table 2.7. Details of infected batches from the Irish Blood Transfusion Service. Table 

showing the number of HCV contaminated vials of anti-D issued and traced. The viral load 

associated with each batch is also indicated. The number of women who were traced and 

tested are shown, along with the numbers of women who tested antibody (Ab) or PCR 

positive. Figures in brackets are percentages.  
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Recruitment of women from the Irish anti-D cohort  

Ethics did not permit direct contact with donors via the IBTS, therefore a national 

recruitment campaign for this study was launched in 2017, followed by an additional 

social media campaign in 2018. Researchers appeared on national and local television and 

radio as well as in print newspapers, asking for women who received contaminated anti-

D between 1977-79, regardless of their infection status, to contact us. Together with the 

more traditional media campaign, an online campaign was also launched, which included 

a website (viralresistanceproject.com) as well as Twitter and Facebook pages. An 

overview of the recruitment campaign is shown in Fig. 2.1.  

 

Matching recruited donors to their IBTS records 

Once individuals had contacted us about participation in the study, they were screened 

by phone. Those who met the study criteria by being Rhesus -negative, having  received 

anti-D immunoglobulin between 1977-79, and agreeing to participate, were sent a study 

pack via the postal service. The pack contained a consent form, patient information leaflet 

and saliva collection kit (Isohelix, Cell Projects Ltd., United Kingdom). When the pack was 

returned with a completed consent form, the Irish Blood Transfusion Service (IBTS) was 

contacted on behalf of the recruited study member to access their anti-D records and 

batch information. Exposure data and batch information for each volunteer were sought. 

Where available, details of each volunteer’s anti-D vial were identified and each individual 

was stratified as either “high risk” if they received a vial from one of the highly infectious 

batches: 246, 238, 245, 237,252 and 250, or as ‘unexposed’ if they received a vial of anti-

D from an uncontaminated batch.  Volunteers for whom no data were available were 

excluded from the study. 
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Figure 2.1. Overview of recruitment campaign methodology.  

 

Questionnaires  

Included in the study pack posted to each potential participant was a questionnaire. This 

was used to gather basic clinical and demographic information on donors before being 

enrolled in the cohort.  

 

Biological Analysis  
 

 
Figure 2.2. HCV infection groups and potential groupings. 

 

Grouping of recruited donors for biological study 

We invited 18 ESN, 17 SVR and 19 SR women to donate a blood sample for the project. 

For interrogation of the ESN immune response we compared ESNs with donors who were 

susceptible to HCV infection by grouping the SRs with SVRs as seropositive (SP; Fig. 2.2). 
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To assess potential differences in the SR and SVR response in our cohort we analysed the 

three infection groups separately. 

 

 

 
Figure 2.3 Overview of TruCulture workflow. 

 

TruCulture whole blood stimulation 

TruCulture tubes (Myriad RBM, Austin, TX, USA) were thawed and brought to room 

temperature. Peripheral blood was drawn into 9ml lithium heparin collection tubes and 

transferred to a biological safety cabinet. 1ml of blood was aliquoted into each tube within 

15 minutes of blood draw as previously described 154. The tubes were preloaded with our 

chosen stimuli and included: IFNa2 (1,000IU/ml), polyIC (20µg/ml), R848 (20µM) and a 

null unstimulated tube. Following incubation for 22hrs at 37°C, supernatants were 

collected as per manufacturers protocol and stored at -80°C for later cytokine analysis. 

The cell pellet was stored in 2ml of Trizol LS (Qiagen) for later RNA extraction and 

transcriptomic analysis (Fig. 2.3).  

 

Immunophenotyping using flow cytometry 

Blood was collected in 9ml sodium heparin tubes and transferred to a biological safety 

cabinet. 200µl of whole blood was aliquoted into polystyrene FACs tubes and washed with 

FACs buffer (1X PBS; 5% FBS; 0.1% Sodium Azide) by centrifugation  (400 x g; 5 minutes). 

Supernatants were suctioned off and the pellet resuspended in 100µl of FACs buffer 

containing the appropriate antibody cocktail. Cells were incubated for 30minutes at 4oC 

while protected from light. Unbound antibodies were removed by washing with 1ml FACs 
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buffer and centrifugation (400 x g; 5 minutes). Cells were resuspended in 2ml of red blood 

cell lysis buffer for 15 minutes at room temperature. Samples were centrifuged to remove 

red cell lysis buffer and washed in FACs buffer to remove any red cell lysis buffer residue. 

Samples were stained with relevant live dead antibody for 20 minutes at 4oC. Cells were 

washed with 500µl FACs buffer. Samples were resuspended in 200µl FACs buffer and 

200µl of the sample was transferred to fresh FACs tubes containing 20µl of count beads 

before acquisition on the cytometer. For each experiment essential controls were used. 

Unstained cells were used to adjust forward and side scatter settings on the cytometer. 

Single stained controls (BD Compensation Beads stained with each individual 

fluorochromes used) were required to adjust compensation settings, while FMO controls 

(samples stained with all of the fluorochrome labelled antibodies in the experiment bar 

one) were used to set negative gates on cytometry plots. 

 

Absolute cell counts by flow cytometry 

To determine absolute cell counts in our whole blood samples we included count beads 

in our stained samples for flow cytometry. 25µl of count bead suspension (CountBright, 

Invitrogen) was added to the 200µl final volume of FACS buffer and the samples were 

acquired on the LSR Fortessa. The equation below was used to calculate the absolute 

number of cell subsets in each tube.  

 

[(population count / bead count)] x  

(**# of beads per µl)/total test volume] = cells per µl 

 

**CountBright beads were provided a concentration of 20,800 beads per µl 
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Figure 2.4. Gating strategy for lineage panel. Immune cells were gated as CD45+. 

Doublets were excluded based on FSC and SSC properties. B cells were identified as CD19+. 

CD19- cells were divided into lymphocytes and non-lymphocytes based on CD3 expression 

. CD3+ lymphocytes were further divided into CD8+ and CD4+ T cells. CD3-CD45+ were 

divided as CD56+ into the NK cell subsets based on CD16 expression. Monocytes subsets 

were gated as SSC-low and divided based on CD14+ and CD16+. The CD16+ SSC-A high 

population was selected and neutrophils selected based on CD16 expression.  
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Figure 2.5. Gating strategy for DC panel. DC subsets were gated as follows: HLA-

DR+CD14-. Dead cells were excluded along with CD19+ and CD3+ subsets. Doublets were 

excluded using FSC and SSC parameters. pDCs were gated as BDCA2+BDCA4+. 

Conventional DC1s (cDC1) were subsequently gated as BDCA1+ and cDC3s were gated as 

BDCA3+. Representative plots of HLA-DR and CD86 on the three subsets are shown.  
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Protein quantification using Luminex proteomics 

Cytokines levels in the supernatants of the TruCulture whole blood stimulations were 

assessed using Luminex xMAP technology. We designed a custom panel targeting 

cytokines previously shown to be important in the control of HCV infection using the 

ThermoFisher  panel design tool (Table 2.8).  

 

Protein Role in HCV Reference 

IL1b,  

TNFa, 

TNFb,  

IFNg 

Inhibit HCV replication; may play role  in viral clearance. 

Laidlaw et al.86         

Liu et al.155               

Frese et al.87     

Bradley et al.156 

CCL2, 

CCL3,  

CCL8 

Initial effector cell recruitment Fahey et al.157 

IL8 Neutrophil recruitment Fahey et al.157 

CXCL10, 

CXCL11 

Th1 recruitment and retention; may play a role in 

viral clearance 
Zeremski et al.158 

IL12p70, 

IL18,     

IL10 

Cell-mediated antiviral response; may play a role in 

viral clearance 

Flynn et al.159       

Sharma et al.160      

Sobue et al.161 

IL-6,  

IL17 
Play roles in viral clearance as well as liver fibrosis Paquissi et al.162  

Table 2.8. Cytokine targets chosen for the custom Luminex panel.  

 

Samples were centrifuged (10,000rpm x 15 minutes at 4oC) and diluted 1 in 5 in a final 

volume of 110µl. 100µl of supernatants or assay standards were added to wells in a 96 

well plate. 25µl of the microparticle cocktail containing coded magnetic beads conjugated 

to capture antibodies that bind the analyte of interest were then added, the plate was 

covered and the samples-beads mix were incubated overnight on a plate shaker (800rpm). 

Excess sample was washed off following incubation using 100µl of wash buffer. Plates 

were washed using a magnetic holder to pull down the beads and limit their loss. 50µl of 
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a biotin-antibody cocktail was then added to each well and the plate incubated on a 

shaker (1 hour; RT; 800rpm). The wash step was repeated as before, and 50µl of 

streptavidin-PE was added to each well, at which point the plate was again incubated on 

the shaker (30 minutes; RT; 800rpm). The plate was then washed as before and the 

microparticles resuspended in 100µl of wash buffer for acquisition on a Luminex xMAP.  

 

Analysis of Luminex data  

Induced cytokines with a q value (FDR corrected p value) of <0.01 relative to the null 

condition were included in downstream analysis for the relevant stimulus. Variables were 

rescaled to range between 0 and 1 and spider plots were generated in R using the package 

fmsb. 

 

Protein quantification using Simoa ultrasensitive ELISAs 

Simoa ultra-sensitive digital ELISAs were used to analyse IFNa concentrations in the 

supernatants of the stimulated whole blood experiments and in plasma from women in 

our cohort. IFNb was also quantified using Simoa in the supernatants of polyIC stimulated 

and ODN stimulated blood. Briefly, samples were centrifuged (10,000rpm x 15 minutes at 

4oC), diluted 1:3 and distributed in a 96 well plate alongside relevant standard. Samples 

and standards were incubated with magnetic beads conjugated to antibodies targeting 

either IFNa or IFNb. The plate was then loaded into the Simoa HD-X analyser and run. The 

limit of detection for IFNa was 0.246 fg/ml and 0.011 pg/ml for IFNb.  Plasma cytokines 

were assessed using the Quanterix Corplex SP-X panel according to manufacturer’s 

instructions.  

 

Gene expression analysis 

Gene expression in the TruCulture whole blood stimulations was assessed using the 

NanoString human immunology panel version 2. This robust quantification method allows 

for quantification of 560 genes through direct RNA hybridisation, without reverse 

transcription or laborious handling steps.  
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RNA extraction and quality control 

Total RNA from stimulated whole blood was extracted using a semi-automated extraction 

system as previously described 163. Samples were extracted in random sets of 96. Cell 

pellets preserved in Trizol were thawed on ice and centrifuged (2000rpm x 5 minutes at 

4oC). Pellets were mechanically detached from the base of the tube by banging them on 

a hard surface. Samples were vortexed at 2000rpm for 5 minutes and centrifuged again 

(3500rpm x 5 minutes at 4oC). The samples were loaded into the racks of the vacuumed 

Freedom EVO workstation (Tecan). The sample name and relevant position was noted. 

The extractions were performed using the NucleoSpin 96 miRNA kit (Macherey-Nagel). 

600µl of the clear phase from each tube loaded into the Tecan was automatically taken 

up and mixed with 900µl of ethanol in a deep well plate.  

 

This mixture was transferred to the 96 well silica membrane plate and vacuum aspiration 

applied to facilitate RNA binding to the membrane. Membranes were subsequently 

washed with 600µl of the buffer MW1, aspirated, and washed with 700µl of MW2. The 

silica membranes were dried by centrifugation (10,000xg for 10 minutes; RT). RNA was 

eluted in 60µl of RNase-free water into plates of 2D barcoded tubes. Aliquots were 

prepared for RNA quantification, quality assessment and NanoString. The remaining 

samples were stored at -80oC. 

 

RNA quality and quantity assessment  

RNA was quantified using the Quantiflour RNA system kit (Promega). Briefly, 1X TE buffer 

was prepared by diluting the 20X stock 1:20 with nuclease free water. A working solution 

was prepared by diluting the RNA dye 1:400 in the 1X TE buffer. Standards were prepared 

by serially diluting the 100ng/ml standard 7 times with 1X TE buffer (50ng/ml to 

0.78125ng/ml). 200µl of the RNA dye was distributed to each well in a 96 well plate and 

10µl of sample, standard or 1X TE (blank) added. The plate was vortexed briefly, and 

incubated for 5 minutes protected from light. Fluorescence was measured at an excitation 

wavelength of 485nm using the Tecan Infinite F200 pro plate reader. RNA concentrations 

in the unknown samples were determined using the standard curve.  
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The RNA integrity number (RIN) for each sample was determined using the Agilent RNA 

6000 Nano kit (Agilent) and Bioanalyser. In short, the RNA dye was brought to room 

temperature. The RNA dye was vortexed for 10 minutes and centrifuged briefly. 1µl of 

dye was added to 65µl of pre-filtered gel. The solution was vortexed (13000xg for 10 

minutes; RT). A new RNA chip was taken and 9µl of the gel-dye mix was added to the 

relevant chamber and pressurised for 30 seconds. The chip was opened and 9µl of the 

remaining gel-dye mix was added to the appropriate wells. 5ml of the green RNA marker 

was added to the 12 sample wells  and the well marked ladder. To the sample wells 1ml 

of sample was added. 1ml of the ladder was added to the well marked with the ladder 

symbol. The chip was vortexed for 1 minute at 2000rpm and read in the Agilent 2100 

Bioanalyser within 5 minutes of its preparation. Samples with a RIN > 5 were used for 

NanoString. 

 

mRNA quantification using NanoString transcriptomics  

Extracted RNA was subsequently used for NanoString transcriptomics using the human 

immunology panel v2. NanoString uses a biotinylated capture probe combined with a 

reporter probe containing a hybridisation region of about 50 nucleotides specific to the 

target of interest. The reporter probe contains a six spot fluorescent barcode and each 

spot can be one of four different colours. Each gene is assigned a unique colour 

combination. The assay counts individual barcodes which represent individual RNA 

molecules.  

 

NanoString involves 4 key steps outlined below:  

 

1. Hybridisation – binding of RNA to capture and reporter probes. 

2. Purification – removal of excess probes from the system.  

3. Immobilisation – binding of biotinylated capture probe RNA complex to the 

imaging surface. 

4. Counting – bound and aligned complexes are scanned using an automated 

fluorescence microscope and labelled barcodes are individually counted.  
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Samples were processed 12 at a time. RNA was diluted to 20ng/ml and a thermocycler 

pre-heated to 65oC. Reporter and capture probes were thawed to room temperature. A 

master mix containing 5µl of hybridisation buffer and 3ml of the reporter probes was 

added to each well of a 12 well stip. 5µl of sample was added to the each well, followed 

by 2µl of the capture probes. The strips were capped and mixed by inverting and then 

placed in a thermocycler at 65oC overnight for 16 hours.  

 

Following hybridisation, samples were transferred in the 12 well strips to the nCounter 

automatic prep station, where excess probes were removed through a two-step magnetic 

bead based purification. The purified complexes were eluted and immobilised on a 

cartridge for counting using the nCounter Digital Analyser. Count data was exported as 

reporter code count (RCC) files.  

 
Data normalisation 

RCC files were imported into nSolver, the NanoString analysis software and checked for 

quality control flags (binding density, linearity of positive controls, limit of detection for 

positive controls, total counts and field of view counted). Each NanoString codeset 

contains positive and negative probes as well as housekeeping genes. The positive and 

negative probes are used to control for potential experimental differences across runs, 

while the housekeeping genes can be used to correct for differences in RNA input 

between samples. We selected housekeeping genes stably expressed across all samples 

using the geNorm method (ALAS1, EEF1G, G6PD, HPRT1, POL2RA, PPIA, RPL19, SDHA, 

TBP). Principal component analysis of the positive and negative probes indicated batch 

effects between sample runs. Prior to downstream analysis, these batch effects were 

corrected using the removeBatchEffect function in the Limma package in R.  
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Figure 2.6. PCAs showing positive and negative probes before and after batch 

correction.  

 

Differential gene expression analysis  

Differentially expressed genes between groups were assessed in R studio. Lowly 

expressed genes with counts <4 in 75% of samples were filtered out. This reduced the 

gene list for downstream analysis to 519. Given the small size of our cohort and our 

interest in comparing the induced immune response to stimuli between donors groups 

we focused on induced genes for downstream analysis. Induced gene lists were generated 

per stimulus using paired t tests between null – stimulated conditions followed by FDR 

correction to generate a q value (FDR adjusted p value). Genes with a q value of 0.01 or 

less were included as “induced” genes.  The number of genes retained for each 

stimulation are shown in Table 2.9. 

 

Stimulus Number of induced genes (q<0.01) 
R848 440 

polyIC 387 

ODN (2216/CpG-A) 306 

IFNa2 383 
Table 2.9. Number of genes induced per stimulus. Table showing the number of induced 

genes per stimulus. Genes with a q value of <0.01 following a paired t test between the 

unstimulated and stimulated condition were retained.  

 

Normality and variance of the dataset were assessed in R studio using Shapiro-Wilk tests 

and Flinger-Killeen tests respectively. For two group comparisons we used non-parametric 
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unpaired t tests followed by FDR adjustment. A q value of 0.1 was taken as significantly 

differentially expressed between groups. For multigroup comparisons we used non-

parametric ANOVAs (Kruskal-Wallis test) followed by FDR adjustment.  

 

Plotting the data – volcano, heatmap, PCA, kinetic plots 

Data visualisation was carried out using R studio. Principal component analysis was carried 

out using the package “prcomp”. Volcano plots were generated using the package 

“EnhancedVolcano” and heatmaps were generated using the package “pheatmap”. 

 

Gene set enrichment analysis (GSEA) 

Pathways enriched between groups were assessed using the gene set enrichment 

algorithm (GSEA version 4.0.3, Broad Institute). The dataset was read into the GSEA 

application along with a pathway dataset built from the NanoString Immunology panel 

version 2 annotation file. Number of permutations was set to 2000, the ‘classic’ 

enrichment statistic was used the minimum set of genes per pathway was set to 5 and the 

max set to 200. The remaining parameters were run using the default settings. Significant 

pathways were visualised by plotting the -log10 p values as bar charts in Prism (version 

8).  

 

Gene signature score analysis  

Gene signature scores, previously described using the same workflow in an independent 

cohort from the Milieu Interieur Cohort (MIC), were used to assess differences in specific 

cytokine induced gene modules (IFNg, IFN-I, TNFa, IL1b) 164. Gene scores for each stimulus 

are calculated as the average gene level Z scores per sample using log2 fold change (polyIC, 

R848, IFNa2) or expression data (null condition). A secondary IFN-I gene score from the 

Molecular Signature Database was used to validate findings with the MIC derived score 
165. The secondary signature was downloaded from the MSigDB website and the gene IDs 

converted to gene names. As the NanoString panel includes just 560 genes, it was not 

possible to include all genes from the secondary IFN-I signature as they were not on the 

panel – therefore a modified version was used. Genes included in the calculation of each 

gene score are shown in Table 2.10. 



 68 

Gene Signature Source 
STAT2 IFN-I Urrutia et al., 2016 
IFI35 IFN-I Urrutia et al., 2016 
TNFSF13B IFN-I Urrutia et al., 2016 
TNFSF10 IFN-I Urrutia et al., 2016 
IRF7 IFN-I Urrutia et al., 2016 
IFITM1 IFN-I Urrutia et al., 2016 
CCR1 IFN-I Urrutia et al., 2016 
CXCL10 IFN-I Urrutia et al., 2016 
MX1 IFN-I Urrutia et al., 2016 
BST2 IFN-I Urrutia et al., 2016 
IFIH1 IFN-I Urrutia et al., 2016 
CCL8 IFN-I Urrutia et al., 2016 
B2M MSigBD_IFN-I_response Mostafavi et al., 2016 
BST2 MSigBD_IFN-I_response Mostafavi et al., 2016 
CASP1 MSigBD_IFN-I_response Mostafavi et al., 2016 
CASP8 MSigBD_IFN-I_response Mostafavi et al., 2016 
CCRL2 MSigBD_IFN-I_response Mostafavi et al., 2016 
CD74 MSigBD_IFN-I_response Mostafavi et al., 2016 
CSF1 MSigBD_IFN-I_response Mostafavi et al., 2016 
CXCL10 MSigBD_IFN-I_response Mostafavi et al., 2016 
CXCL11 MSigBD_IFN-I_response Mostafavi et al., 2016 
HLA_C MSigBD_IFN-I_response Mostafavi et al., 2016 
IFI35 MSigBD_IFN-I_response Mostafavi et al., 2016 
IFIH1 MSigBD_IFN-I_response Mostafavi et al., 2016 
IFIT2 MSigBD_IFN-I_response Mostafavi et al., 2016 
IFITM1 MSigBD_IFN-I_response Mostafavi et al., 2016 
IL15 MSigBD_IFN-I_response Mostafavi et al., 2016 
IL4R MSigBD_IFN-I_response Mostafavi et al., 2016 
IL7 MSigBD_IFN-I_response Mostafavi et al., 2016 
IRF1 MSigBD_IFN-I_response Mostafavi et al., 2016 
IRF7 MSigBD_IFN-I_response Mostafavi et al., 2016 
LAMP3 MSigBD_IFN-I_response Mostafavi et al., 2016 
MX1 MSigBD_IFN-I_response Mostafavi et al., 2016 
PSMB8 MSigBD_IFN-I_response Mostafavi et al., 2016 
PSMB9 MSigBD_IFN-I_response Mostafavi et al., 2016 
SELL MSigBD_IFN-I_response Mostafavi et al., 2016 
STAT2 MSigBD_IFN-I_response Mostafavi et al., 2016 
TAP1 MSigBD_IFN-I_response Mostafavi et al., 2016 
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Gene Signature Source 
C3 TNFa Urrutia et al., 2016 
CCL4 TNFa Urrutia et al., 2016 
CD44 TNFa Urrutia et al., 2016 
CD83 TNFa Urrutia et al., 2016 
IRAK2 TNFa Urrutia et al., 2016 
NFKB2 TNFa Urrutia et al., 2016 
NFKBIA TNFa Urrutia et al., 2016 
RELB TNFa Urrutia et al., 2016 
SOCS3 TNFa Urrutia et al., 2016 
SRC TNFa Urrutia et al., 2016 
TNFAIP3 TNFa Urrutia et al., 2016 
CDKN1A IFNg Urrutia et al., 2016 
CXCL9 IFNg Urrutia et al., 2016 
HLA-DMB IFNg Urrutia et al., 2016 
HLA-DPA1 IFNg Urrutia et al., 2016 
HLA-DPB1 IFNg Urrutia et al., 2016 
HLA-DRA IFNg Urrutia et al., 2016 
IDO1 IFNg Urrutia et al., 2016 
JAK2 IFNg Urrutia et al., 2016 
RARRES3 IFNg Urrutia et al., 2016 
SLAMF7 IFNg Urrutia et al., 2016 
SOCS1 IFNg Urrutia et al., 2016 
CCL2 IL1b Urrutia et al., 2016 
LILRB1 IL1b Urrutia et al., 2016 
NFKB1 IL1b Urrutia et al., 2016 
NFKBIZ IL1b Urrutia et al., 2016 
POU2F2 IL1b Urrutia et al., 2016 
IL6 IL1b Urrutia et al., 2016 
IL1B IL1b Urrutia et al., 2016 
CCL20 IL1b Urrutia et al., 2016 
IL1A IL1b Urrutia et al., 2016 
CXCL2 IL1b Urrutia et al., 2016 

 

Table 2.10. List of genes used to generate the gene signatures for IFN-I, IFNg, IL1b , TNFa 

and the secondary IFN-I signature. Gene signature scores for each stimulus are calculated 

as the average gene level Z scores per sample using log2 fold change (polyIC, R848, IFNa2) 

or expression data (null condition). 
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PBMC isolation and cryopreservation  

Peripheral blood mononuclear cells (PBMCs) were isolated from venous blood collected 

in 9ml sodium heparin tubes. In a biological safety cabinet (BSC), blood was diluted 1:1 

with sterile HBSS in a 50ml Falcon tube, carefully layered on top of 15ml of sterile Ficoll-

Paque (GE Healthcare) and centrifuged (900 x g; 15 minutes; -20oC) with break set to one. 

This density dependent separation results in the formation of a ‘buffy coat’ between the 

erythrocytes and plasma. The buffy layer was removed using a sterile Pasteur pipette, 

added to a fresh falcon tube and made up to 50ml with wash buffer (HBSS; 5% FBS) and 

centrifuged at 300 x g for 20 minutes at -20oC with break set to 9. During this spin a 4ml 

aliquot of the remaining HBSS/plasma supernatant was removed and stored at -80oC. 

Following centrifugation the supernatant was discarded and 30ml of fresh wash buffer 

was added and the sample was centrifuged at 300 x g for 15 minutes at 20oC. The 

supernatants were once again discarded and the pellet resuspended in 5ml complete 

RPMI culture medium + 2.05mM L-Glutamine + 10% FBS + 5% PenStrep (GIBCO, Life 

Technologies).  

 

Cells were counted using trypan blue staining on a haemocytometer and a light 

microscope. An aliquot of cells was diluted in Trypan blue. The haemocytometer was 

covered with a glass cover slip and 10μl of the cell/Trypan blue solution was pipetted 

under the cover slip. Sample was visualised under a light microscope. The number of live 

cells in the four grid corners was counted. The number of cells present was calculated 

using the following calculation:  

 

(number of cells counted / number of corners counted) 

*(104)*(dilution factor) = number of cells per ml. 

 

Cells were again pelleted at 400 x g for 5 minutes at 20oC. Freezing medium (50 % RPMI, 

40% FBS, 10% DMSO) was prepared. The cell pellet was then resuspended in the freezing 

medium at a concentration of 10-25×106 cells per ml. Cells were transferred to cryovials, 

and 10% DMSO was added. The cryovials were placed in a Mr Frosty 1°C/minute freezing 

container containing isopropanol and stored at -80°C overnight. Cryovials were 

subsequently transferred to liquid nitrogen tanks for long-term storage.  
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Serum collection and preservation 

During sample collection, one red topped 5ml serum tube was also collected. These tubes 

were centrifuged at 2000xg for ten minutes. Serum was stored at -80oC until use. 

 

ELISpots 

For detection of T memory cell responses IFNg ELISpots were performed on PBMCs 

isolated from the resistance cohort. In a BSC, Millipore MAIP plates were pre-wetted by 

adding 15μl of 35% ethanol to each well. The plates were flicked to remove excess liquid 

and were washed with 200µl sterile water three times. Waste water was decanted into 

sterile reservoirs in the BSC. Coating solution was prepared with anti-human IFNg 

monoclonal antibody clone 1-D1K, diluted 1 in 200 in PBS at 75µl per well. Plates were 

coated with diluted coating antibody using a multichannel pipette and incubated in the 

fridge overnight at 4oC. Plates were removed from the fridge, transferred to a biological 

safety cabinet and washed five times with 200µl of sterile PBS. Plates were blocked using 

200μl of cRPMI per well and stored at 37oC for two hours. Peptide pools of HCV, CMV, EBV 

and Influenza virus (CEF peptides; ProImmune), concanavalin A, were prepared in sterile 

cRPMI. A DMSO control diluted to contain the same amount of DMSO as the peptide 

solutions was also prepared. Peptides were mixed by gently swirling the tube. The blocked 

plates were removed from the incubator and inverted over a trough to decant the 

blocking solution. 50μl of the peptide solution was added to each well in triplicate. 50μl 

of the DMSO control was also added in duplicate, along with duplicate blank wells 

containing 100µl of cRMPI alone. Freshly isolated donor PBMCs were made up to a 

concentration of 4x106 cells/ml. 50μl of the resuspended PBMC solution was added to 

each well. The plate was mixed gently by rotating the plate in a figure 8 pattern. The plate 

was covered and plated in the incubator overnight (37oC).  

 

ELISpot development 

The plate was washed 7 times with 200μl of PBS Tween20 wash buffer. A biotinylated 

mouse anti-human IFNg antibody was diluted to 0.5µg/ml in assay diluent (0.5% BSA in 

PBS) and 50µl of the prepared antibody was added to each well and incubated at RT for 2 

hours. Immediately before the end of the incubation a solution of alkaline phosphatase 
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conjugated anti-biotin antibody diluted 1:1000 in assay diluent (0.5% BSA in PBS) was 

prepared. The plate was washed 4 times with 200µl of PBS Tween20 wash buffer and 

blotted dry on a paper towel. 50µl of the ALP solution was transferred to each well and 

incubated at room temperature for 2 hours. At the beginning of the incubation period the 

appropriate aliquot of BCIP/NBT stock solution as removed from the fridge and placed at 

room temperature while protected from light. Following the 2 hour incubation, the plate 

was washed 4 times with PBS Tween20 and dried on a paper towel. The BCIP/NBT was 

sterile filtered using a 22μm filter at room temperature and 50µl was added to each well 

for 20 minutes, or until distinct dark spots appeared. To stop colour development, the 

plates were washed 3 times each using dH20. The plates were dried and placed faced 

down overnight at room temperature to dry. 

 

Reading ELISpots  

Dark spots in each well were counted using an ELISpot reader. The mean number of spot 

forming cells per 1 x 106 input PBMCs was calculated by multiplying the mean number of 

spots for each set of replicates by 1x106/cell per well input.  

 

Antibody profiling  

Antibody profiling in serum from women in our cohort was carried out using VirScan, a 

novel technology designed to test for antibodies against all viruses known to have a 

tropism for human cells. VirScan technology is based on a T7 bacteriophage display system 

expressing epitopes from human viruses. Sera are incubated with these epitope 

expressing bacteriophages and antibodies present in the serum can bind to the relevant 

epitopes. Antibody-phage complexes are immunoprecipitated, lysed and sequenced to 

uncover which epitopes have been targeted. For VirScan n=18 ESN, n=19 SR, n=17 SVR, 

n=29 UC.  

 

VirScan was carried out in the lab of Professor Petter Brodin at the Karolinska Institute. 

Normalised data was analysed for differences between groups by me.   
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Figure 2.7. Overview of VirScan methodology. (i) Customised DNA synthesis: DNA 

sequences of viral protein fragments are synthesised as an array on a solid surface. (ii) T7 

bacteriophage display: protein fragments encoded by the DNA sequences are cloned into 

bacteriophages and expressed on the surface of the phage capsids. (iii-iv) Donor serum 

containing antibodies is incubated with the protein fragment expressing bacteriophages. 

Antibodies bind to protein targets they recognise. Bound and unbound antibodies are 

separated using magnetic beads. (v) Next generation sequencing: the DNA sequences in 

the antibody-phage complexes are barcoded and amplified using PCR. The PCR products 

are sequenced using high throughput DNA sequencing and analysed using a bioinformatics 

pipeline.  

 

Total IgG quantification 

To normalise levels of serum immunoglobulin inputted for each sample, total IgG levels 

were quantified using the IGG-2 Roche system according to the manufacturer’s 

instructions. 

 
VirScan 

Serum normalised for total IgG content was incubated in duplicate alongside bead 

controls with bacteriophages presenting 56-mer amino acid linear peptides that overlap 

by 28 amino acids to encompass the whole genomes of 206 viral species and 1,276 viral 

strains and 115,753 epitopes. Following incubation, the IgG-phage immunocomplexes 

were pulled down using magnetic beads. The collected bacteriophages were subsequently 

lysed, PCR amplified, barcoded and pooled for sequencing using the Illumina NextSeq Kit 

v2.  
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Analysis of VirScan data 

Reads were matched to the original library sequences using Bowtie and reads counted 

using SAMtools. Next, a binning strategy as described by Mina, et al was applied to 

determine the positivity of each epitope in serum samples compared to control beads 205. 

Briefly, epitopes were grouped into hundreds of bins so that the reads from bead samples 

forms a uniform distribution. These bins were then used for epitopes from serum samples. 

A Z score was calculated for each epitope from each serum sample with the mean and 

standard deviation from beads samples within each bin. An epitope was considered a 

positive hit only when the Z scores from both replicates were larger than 3.5. Z scores 

were used at an epitope level to provide a relative quantification. A higher Z score is 

related to a higher antibody titre. The number of significant epitopes of a viral species 

compared to an experimental negative control were summed to calculate a virus score for 

the specific virus (virusHit). The epitopes are a combination of the UniProt entry and the 

position (start and end). To determine sample level positivity for viruses of interest 

epitopes for each virus were plotted as heatmaps. Positive samples were identified based 

on the breadth of positivity or based on positive epitope signals that were absent in 

samples known to be negative (spurious hits).  

 
Genetic analysis of HCV cohort 

The cohort was genotyped for SNPs of interest in TLR3, IRF3 and IFNAR1. SNPs 

representing haplotypes (tagSNPs) were selected based on previous literature 

associations and minor allele frequencies (MAFs).  

 
TagSNP selection and function prediction software 

TagSNPs were chosen using the SNPinfo tool from the National Institute of Health (NIH; 

https://snpinfo.niehs.nih.gov/snpinfo/snptag.html). The gene name was inputted and the 

genotype data from dbSNP used, selecting the European population. The minimum 

number of valid genotype pairs required to calculate linkage disequilibrium (LD) was set 

to 5 and the LD threshold was set to 0.8. MAFs were set between 5-50%.  

 

Selected SNPs were assessed using the function prediction software SIFT, Provean and 

Polyphen-2.  
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Saliva collection and DNA isolation 

DNA isolation was carried out using the protocol and materials from Isohelix GeneFixTM
 

Saliva DNA Mini Kit: GSS-50 (Cell Projects). Saliva collection kits were sent to study 

participants. 2ml of saliva was deposited into the 10ml collection tube which contained 

2ml of stabilising solution provided. Participants were asked to ensure sample was not 

collected with 30 minutes of eating, smoking or brushing teeth. The tubes were then 

packaged and returned to the lab by post. The returned tubes were vortexed and 1ml of 

the solution aliquoted into a 2ml Eppendorf. 15μl of proteinase K was added to the tube 

and vortexed. The tube was incubated at 60°C for 60 minutes. 1ml of elution buffer was 

preheated to 70°C for later use. 1ml of ethanol was added to the Eppendorf and vortexed. 

A GeneFixTM Mini DNA column was placed on top of a new collection tube (1.5ml 

microcentrifuge column). 700μl of the initial mix was added to the column. The column 

on the 2ml Eppendorf was centrifuged at 12000 x g for 1 minute. The flow through was 

discarded and this was repeated until all the initial solution was run through the column. 

750μl of wash buffer was added to the column and centrifuged again at the same speed 

and duration as previously. This was step was repeated discarding the flow through each 

time. The column was centrifuged for 3 minutes at the same speed to remove all traces 

of ethanol. The column was placed on a new collection tube and 50μl of preheated elution 

buffer was added to the centre of the filter. This was incubated at room temperature and 

then centrifuged at the previous speed for 1 minute. The resulting filtrate was transferred 

to a 1.5ml Eppendorf and labelled with the sample ID and date and stored at -20oC.  

 

DNA quantification and analysis  

A NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, UK) was used to 

determine the concentration and purity of eluted DNA in each sample. Sample purity was 

assess by taking the ratio of absorbance measured at 260 and 280 nm. 

 

SNP genotyping 

DNA from the recruited cohort plus samples previously collected for a pilot study and a 

previous HCV study in the lab were selected for SNP genotyping. In total 38 ESN, 63 SR, 77 
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CI/SVR and 119 HC were genotyped. Genotyping for rs3775291, rs7251 and rs2257167 

was performed by quantitative polymerase chain reaction (qPCR) using the Applied 

Biosystems StepOnePlus RT-PCR machine. Taqman mastermix (Applied Biosystems) and 

SNP primer, and DNA samples were thawed on ice. A mastermix was made up using 2.5μl 

Taqman mastermix, 0.25μl SNP assay mix and 1.75μl DNase/RNase free molecular grade 

water per sample to be plated. 4.5μl of the mastermix was added to each well of a 96 well 

plate. 0.5μl DNA sample was added to the relevant well. In the negative control wells 0.5μl 

of water was added. The plate was sealed with a sterile plate cover and centrifuged briefly 

to remove bubbles and ensure the solution was at the bottom of the well. The plate was 

then placed in the RT-PCR machine. The PCR machine was set up by naming the 

experiment, changing the settings to genotyping and running a fast time lasting 40 mins. 

Negative control wells were also labelled. The volume was changed to 5μl and the pre and 

post-read times changed to 2 minutes. The details of each phase of the qPCR run are 

shown below in Table 2.11. SNPs were called automatically as homozygous wild-type, 

heterozygous or homozygous variant. Differences in the frequencies of genotypes or 

alleles between groups were assessed using Chi-square tests for dominant and recessive 

models.  

 

Stage Temperature (oC) Duration Phase 

Pre-PCR Read 25 120 Holding 

Initial Denaturation 95 20 
 

Denature 95 3 Cycling (X40) 

Annealing 60 20 
 

Post-PCR Read 25 120 Holding 

Table 2.11. Thermocycle conditions for fast genotyping on Applied Biosystems 

StepOnePlus RT-PCR machine. 

 

Multiple sequence alignments  

IFNAR1 alignments were carried out using Clustalw. The amino acid sequences of human 

(NP_000620.2), mouse (AAH43935.1), chimpanzee, chicken and zebrafish were retrieved 
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from GenBank with the signal peptide sequence removed and inputted into the 

Clustalw online tool.  

 

SNP visualisation using PyMOL 

The IFNAR1 protein structure “3S98 human IFNAR1” was downloaded from 

www.rcsb.org/pdb/home/home.do in PDB format (.gz). The file was read into the PyMOL 

application, and the commands “cartoon”, “hide lines” and “hide waters” were selected. 

The amino acid valine at position 141 was selected in the protein sequence and the colour 

changed to indicate the position at which rs2257167 changes the amino acid (to leucine).  

 

The Milieu Interieur Cohort overview 

The Milieu Interieur Cohort (MIC) consists of a large cohort of 1000 individuals, 500 males 

and 500 females, stratified by ages 20 to 69 with 100 in each group. Through a 

collaboration with Dr Darragh Duffy (co-coordinator of the MIC) at the Institut Pasteur, 

Paris,  we were fortunate to have access to some of the datasets previously generated on 

the cohort. We were able to analyse several of these datasets in novel ways to ask 

questions of relevance to our viral resistance cohort.  

 

The datasets we had access to and the means by which they were generated are outlined 

below.  

 

The samples and data used in the MIC were formally established as the Milieu Interieur 

biocollection (NCT03905993), with approvals by the Comité de Protection des Personnes 

– Sud Méditerranée and the Commission nationale de l'informatique et des libertés (CNIL) 

on April 11, 2018. The study was designed and conducted in accordance with the 

Declaration of Helsinki and good clinical practice, with all subjects giving informed 

consent.  

 

SNP genotyping	 

All participants were genotyped through a genome-wide SNP array, using 

HumanOmniExpress and HumanExomeBeadChips 66. After imputation using the 1000 
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genomes project imputation reference panel, a final dataset of 5,265,361 SNPs were 

obtained.  

 

TruCulture stimulation, NanoString and Luminex proteomics 

In the same manner as our cohort, blood from each person in the MIC was stimulated 

with a panel of agonists for 22 hours using the TruCulture whole blood stimulation system. 

Gene expression was also assessed using the NanoString human immunology panel v2. 

Luminex proteomics was used to quantify secreted cytokines in the supernatants of the 

TruCulture stimuli. We had access to NanoString datasets from stimulations with polyIC 

(25µg/ml), LPS (10ng/ml), and the live influenza A virus (H1N1 PR8; 100 HAU).  

 
Immunophenotyping of Milieu Interieur donor whole blood 

Whole blood from the 1000 donors was collected and transported to Paris within 6 hours 

of blood draw. Here, the blood was stained using premixed antibody cocktails for flow 

cytometry to enumerate major circulating immune cell populations, including B cells, T 

cells and monocytes. Gating strategies and antibody details have previously been 

published 49. Samples were acquired on using a MACSQuant analyser.  

 

Serology of Milieu Interieur donors 

The serological response to 15 antigens from common human pathogens were assessed 

using clinical grade serological assays. Qualitative and quantitative IgG response to 

cytomegalovirus (CMV), Epstein-Barr virus (EBV), herpes simplex virus 1 and 2 (HSV1; 

HSV2), varicella zoster virus (VZV), Helicobacter pylori (H. pylori), Toxoplasma gondii (T. 

gondii), IAV, measles, mumps, rubella, and hepatitis B virus (HBV) were assessed.  

  

RhD analysis  

For the RhD study, Rhesus status (RhD-positive or -negative) was determined based upon 

the presence or absence of the rs590787 polymorphism in the gene sequence of each 

individual of the MIC 166. Flow cytometry data from MIC was analysed by RhD status using 

parametric unpaired t tests with FDR correction. NanoString datasets from null, LPS, 
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polyIC and IAV were analysed using linear regression, including CMV as a covariate in the 

model. Serological data was analysed by RhD status using non-parametric t tests.  

 

Statistical analysis 

Normality of data was tested using QQ plots and Shapiro-Wilk tests. For two group 

comparisons of normally distributed data, paired or unpaired t tests were used. For two 

group comparisons of non-normally distributed data Mann-Whitney U tests were used. 

For comparisons greater than two groups one way ANOVAs or Kruskal-Wallis tests were 

used for normally distributed and non-normally distributed datasets respectively.  
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Chapter 3: Recruitment and assessment of innate resistance to 
hepatitis C in women in the Irish anti-D cohort 

 
Abstract 

Natural resistance to viral infection is an overlooked outcome following hepatitis C virus 

(HCV) exposure. Between 1977-79, over 1,200 Rhesus negative Irish women were 

exposed to highly infectious batches of HCV contaminated anti-D immunoglobulin. Data 

from this period indicate that just over 50% of recipients who received vials of anti-D from 

highly infectious batches became infected and developed HCV specific antibodies. No 

previous study has explored mechanisms of viral resistance in the women who did not 

become infected. A national campaign was launched to recruit Rhesus negative women 

who had received HCV contaminated anti-D in 1977-179. To test for antibodies against 

HCV and other viruses we used VirScan. We performed standardized ex vivo whole blood 

stimulation (TruCulture) assays with viral ligands and used NanoString transcriptomics and 

Luminex and Simoa proteomics to assess antiviral responses. We used cytokine gene 

signature scores after stimulation to examine cytokine specific responses in our cohort. 

34 exposed seronegative (ESN) women who tested PCR and antibody negative following 

high viral exposure were successfully recruited to the study, as well as 98 seropositive SP 

women. We found anti-HCV antibody positivity in the SVR and SR groups only. ESN women 

had a higher polyIC (TLR3) induced type I interferon (IFN-I) gene signature when compared 

with SP donors. Production of several inflammatory cytokines, including CCL8, CCL2 and 

IL-6 in response to polyIC stimulation was increased in ESN compared to SP women. In 

contrast, transcriptomic and cytokine responses to other ligands (R848, IFNa2) were 

similar in both groups. This study identifies a specific enhanced IFN-I gene signature in 

response to the viral mimic polyIC in ESN women compared to SP donors. This enhanced 

antiviral responsiveness may have contributed to innate immune protection against HCV 

infection. 
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Graphical abstract 
 

 
 

Introduction 

Susceptibility to viral infection in the human population is highly variable, yet the reasons 

for this discordance are unknown 167. For example, following exposure to HCV, between 

50-80% of infected individuals progress to chronic infection, and test both PCR positive 

for HCV RNA and anti-HCV antibodies 168. Additionally, a significant percentage of 

individuals are able to clear HCV infection within 6 months of becoming infected through 

engagement of their adaptive immune system, and test PCR negative for HCV RNA, but 

remain HCV antibody positive (spontaneous resolution) 168. As both of these groups have 

evidence of seroconversion, they are known collectively as seropositive (SP), and, as they 

are readily identifiable using routine clinical assays, they have been well studied over the 

past 25 years 147,169,170.  
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There also exists a third group, ESNs, who lack detectable evidence of past infection as 

measured by conventional HCV detection assays, testing both HCV PCR negative and anti-

HCV antibody negative despite known exposure to the virus 10,171. Currently, ESNs are only 

identifiable through analysis of risk, or documented outbreaks of infection and are 

consequently less well studied than seropositive individuals. While iatrogenic outbreak 

events are rare in the modern era, since the introduction of effective viral screening 

technologies for blood products and donor organs, several historical outbreaks of HCV 

have occurred due to failures in decontamination procedures, or prior to the discovery of 

certain viruses eg. HCV and HIV. These natural experiments present useful opportunities 

to identify ESN individuals and to study the host factors that contribute to differential 

susceptibility and potential resistance to viral diseases in a relatively controlled manner 
10. Understanding the mechanisms of resistance to viral infection could have major 

implications for design of vaccines and novel antiviral therapeutics.  

 

An enhanced innate immune response is thought to be sufficient to clear infection 

without engagement of the adaptive immune system in ESNs 10. The innate immune 

response to HCV is multifaceted and complex, any part of which could contribute to HCV 

resistance. HCV viral RNA is detected by several pattern recognition receptors, including 

TLR3, RIG-I, MDA5 and TLR7 61. Ligation of these receptors induces synthesis and secretion 

of type I (IFN-I) and type III (IFNL) interferons, which act early following viral exposure to 

inhibit HCV replication through induction of interferon stimulation genes (IRGs) and 

activation of immune cells 61.  

 

A major outbreak of HCV occurred in Ireland between 1977-79 in Ireland, when over 2,000 

Rhesus negative women were exposed to highly infectious batches of HCV contaminated 

anti-D immunoglobulin 147. The anti-D was retrospectively discovered to have been 

contaminated by blood donations from a single individual infected with genotype 1b HCV 
147. Seropositive individuals from this outbreak were readily identifiable and have been 

studied extensively over the last three decades 169. The cohort has proven to be a rich 

source of HCV related data, helping to identify several factors associated with progression 

to chronic disease or spontaneous resolution of infection 84,172. In this transmission 

episode, the recipients were all healthy, non-immunocompromised females, of a similar 
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age and ethnic origin and the amount of immunoglobulin administered was consistent in 

all recipients 147. All individuals were infected from a single variant of HCV present in a 

single plasma donor. The only variables in this transmission episode was the amount of 

virus associated with each batch and host genetic factors. To date, no study has 

investigated resistance to HCV during this outbreak.  

 

Previous studies on exposed seronegative individuals 

Most work on ESN cohorts to date has been carried out on people who inject intravenous 

drugs (PWIDs) who are known to share needles and other injection paraphernalia with 

those who are HCV positive 10. Typically, this high risk behaviour results in a low dose 

exposure to HCV infection that results in chronic infection 10. Despite this, these ESN 

individuals fail to contract the infection themselves. Studies to date of ESNs in PWID 

cohorts have found interesting differences in key cellular and secreted processes (Table 

3.1) 10,89,173. 

 

Most work in PWID ESNs has centred around NK cell functionality. Lloyd and co. have 

reported increased counts of CD69+CD56dim and CD69+CD56bright NK cells – indicating 

a more ‘active’ phenotype 173. They also showed greater IFNg production and less CD107a 

(a degranulation marker) upregulation in NK cells derived from ESN donors in vitro 174. 

Other NK cell work carried out on Canadian PWIDs found no difference in NK cells at 

baseline 175. Nor did they find differences in the expression of IFNg production from 

PBMCs as measured by ELISpot in response to HCV peptides175. This finding has been 

contradicted in other studies on ESN cohorts where robust antigen specific T cell 

responses as measured by ELISpots have been found, implicating enhanced T cell 

responsiveness as the mechanism by which individuals are protected from HCV infection 
65,174,176,177. Also reported in PWID ESN cohorts is an increased frequency of 

KIR2DL3+NKG2A- NK cell populations compared with healthy controls, SVR and SR 

populations 178. This cell population is uninhibited by HLA-E ligation and so produces more 

IFNg. KIR2DL3 HLA-C1 homozygosity has also been associated with exposed seronegativity 
179.  
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Fewer studies on the cytokine profiles of these individuals have been carried out, although 

there are reports of increased IL-6, IL-8 and TNFα  in the serum 10. SNPs in the IL-12B gene 

that increase IL-12 production have also been associated with resistance 180. NK cells from 

ESN donors produce more IFNg and TNFα on stimulation compared with either SR or SVR 

groups 181.  

 

Like the CCR5 mutation seen in HIV-1 resistance it would be plausible to think a similar 

observation might be made in a human population who resist HCV infection and perhaps 

a polymorphism in CD81 the receptor for HCV might explain resistance 182. However, this 

does not appear to be the case with HCV. Studies by two groups found CD81 to be very 

highly conserved with no genetic alterations 183. Other work found SNPs in both claudin-

6 and occludin in two ESN individuals, though later functional studies showed that these 

SNPs did not confer resistance in vitro 184,185. Further work refuting the idea that HCV 

resistance is mediated by entry receptor mutations comes from Matthew Cramp’s group 

at Plymouth. Through a look back study, 1340 individuals who received a HCV 

contaminated blood transfusion Cramp’s group were identified and 8 recruited individuals 

with an ESN phenotype. Whole exome sequencing of this group showed no enrichment 

for SNPs in any HCV entry receptors 186.  

 

Further work on this cohort corroborates studies on PWIDs and shows enhanced NK cell 

functionality with increased NKp30, NKp80 and KIR2DL3 expression and increased 

cytotoxic responses with IL-2 10. Occupational exposure to HCV via needle stick injury 

demonstrated early NK cell activation and increased NKp44, NKp46 and CD122 expression 

as important mediators of resistance to infection 94. Pilot work by our group on a smaller 

cohort exposed to both genotype 3a and genotype 1b of HCV via contaminated anti-D 

found ESNs had decreased monocyte counts as well as increases in IL-8 and IL-18 

compared with SR and SVR 187. We did not observe an increase NKp30 expression 187.  
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Route of Exposure  Mechanisms of Resistance  

Blood Transfusion  

NK cell counts have been reported to be increased, alongside an increase in NK cell 
functionality and increased NKp30, NKp80 and KIR2DL3 expression on both NK cell 
subsets. In response to IL2, NK cells from ESNs have increased levels of cytotoxicity. Some 
reports of detectable IFNg ELISpots in response to HCV peptides 10.  

No enrichment for SNPs in HCV entry receptors in ESNs 186.  

Occupational 
Exposure  

ESNs following needle stick injury had early NKT activation and increased serum cytokine 
responses. ESNs also had increased CD122, NKp44, NKp46 and NKG2A expression, 
cytotoxicity and IFNg production. This robust response correlated with a strong HCV 
specific T cell response 94. 

ESNs following needle stick injury in Germany had robust CD4+ T cell response to HCV 60.  

Robust anti-HCV T cell response also noted in needle stick injury ESN individuals as 
measured by ELISpot for IFNg 94.  

People Who Inject 
Drugs  

ESNs had distinct lipidomic profiles compared to HCV susceptible individuals 188.  
ESNs had increased counts of CD69+CD56dim NK cells and an increased number of 
NKp30+ CD56bright CD16+ NKs with greater IFNg production but less CD107a expression. 
ESNs had no difference in their ELISpot responses compared to CIs. There was no 
association between IL28B, HLA-C or KIR2DL3 and resistance to HCV infection 173,189.  
PWID ESNs have robust HCV specific T cell responses as measured by ELISpot 174,176,177.  
ESNs had increased KIR2DL3+NKG2A- NK cells compared to controls, CIs and SRs. These 
NKs are not inhibited by HLA-E ligation and therefore produce greater IFNg in response 
to stimulation 178.  
The 1188A/C polymorphism of IL-12B, C allele and CC genotype are associated with HCV 
resistance 179.  

Claudin-6 and occludin variants were found in an ESN individual but were not sufficient 
for resistance in vitro. CD81 appears to be very highly conserved with no genetic 
alterations found in a study of ESNs cases 183–185.  

IL28B genotype rs12979860 CC is not associated with resistance but ESNs have higher 
homozygosity for KIR2DL3 HLA-C-1 175,179.  

Increased IL-6, IL-8 and TNFα in the ESNs compared with HC, CI and SR. Increased IFNα in 
the untreated CI 10.  

Enhanced IFNg, TNFa production and degranulation by CD56dim NK cells in ESNs 181. No 
baseline differences in NK cells between ESNs and SPs 175.  

Anti-D Cohorts 

Decreased monocyte counts in ESNs. Increased IL-8 and IL-18 in ESNs. Enhanced NK cell 
function - greater IFNg production 187. 
No significant increase in NKp30, or changes in CD56bright or CD56dim NK cell counts. 
No difference in degranulation but CD56dim NK cells produced more IFNg when 
stimulated 187.  

 

Table 3.1. Summary of results from previous ESN studies  
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Chapter hypothesis 

An enhanced innate immune response protected ESN women from the Irish anti-D 

cohort from infection with HCV.  

 

Chapter aims 

1. To identify and recruit HCV susceptible and resistant women from the Irish anti-D 

cohort.  

2. To assess the adaptive response to HCV in our recruited donors.  

3. To compare the whole blood response to a panel of viral ligands in HCV 

susceptible and resistant women.  
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Results 

Identifying ESN women in the Irish anti-D cohort 

Six of the twelve contaminated batches contained significant viral loads (batch numbers 

246, 238, 245, 237,252 and 250; Fig. 3.1a). Between 31% and 71% of the recipients of vials 

from these batches were antibody positive. As indicated in Figure 1, 682 (53%) women 

tested positive for HCV antibodies indicating that they had been infected. However, 611 

(47%) women who received a vial of anti-D from a high risk, highly infectious batch, tested 

negative for both HCV RNA and anti-HCV antibodies suggesting that they had resisted 

infection (Fig. 3.1b). These women had all been told at the time in 1993 that they had not 

been infected and would not be contacted again by the IBTS.  
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Figure 3.1. Infectivity rates of HCV contaminated anti-D from the Irish Blood Transfusion 

Service. (a) Table obtained from the IBTS showing the six high risk batches of 

contaminated anti-D (see materials and methods). Figures in brackets are percentages. (b) 

Pie chart showing total numbers and percentages of exposed seronegative women (ESNs), 

spontaneous resolvers (SRs) and sustained virological responders (SVRs) from the six high 

risk batches.  
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Recruitment of women who were exposed to contaminated HCV between 1977-79  the 

campaign & matching recruits to IBTS records  

Ethics consultants advised that it would be unethical to approach any of the women who 

had been informed that they would not be contacted again by the IBTS.  It was decided 

therefore to use a national communications campaign to invite these women to take part 

in our study  Following the national media recruitment campaign, approximately 700 

women volunteered to participate (Fig. 3.2). On screening these 700 volunteers by phone, 

450 were deemed eligible to participate and were sent a study pack containing further 

information about the study, a saliva collection kit for later DNA extraction, a consent 

form and a pre-addressed and stamped envelope to return the completed pack. Of the 

450 sent out, 395 (88%) were returned. Once participants had returned their completed 

consent form, matched batch records were obtained from the IBTS. Of the 395 study 

packs returned, batch records were available for 234  members of the cohort. These 

included 34 ESN donors who received anti-D from one of the highly infectious batches, 48 

donors who spontaneously resolved infection and 50 recipients who had a previous 

chronic infection (now SVR having cleared HCV with therapy)190. We grouped the SR and 

SVR individuals together as seropositive (SP) as they had serological evidence of past 

infection. We also recruited 102 women who received an uncontaminated batch of anti-

D in the same period (unexposed controls; UC).  
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Figure 3.2. Summary of recruitment process and overview of final cohort. A national 

campaign was run to recruit women who received anti-D between 1977-79 to our study. 

700 individuals contacted the group about the study. 450 study packs were sent to eligible 

participants. 395 study packs were returned and batch details were retrieved and matched 

for 234 women. 102 women who received an uncontaminated batch, 34 ESN and 98 SP 

with details of batch records were recruited.  
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Cohort characteristics 

Basic demographic and clinical data were collected on the full cohort at the time of 

consent (Table 3.2). Both infection outcome groups, ESN and SPs, were all female, all 

Rhesus negative, were similarly aged and had all been pregnant. ESN women appeared to 

have a higher incidence of third level education compared with the SP donors (61% Vs 

28%). SP donors reported increased incidence of liver disease compared to ESNs, despite 

lack of active HCV infection. SP donors also reported higher incidence of chronic fatigue 

and fibromyalgia. Clinically the two groups were otherwise similar.  
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Characteristic Exposed Seronegative Seropositive Statistic 

Total Recruited 34 98 - 

Age (years; mean +/- SD) 71.6 +/- 5.1 71.6 +/- 4.95 ns 

Education (no.>3rd level/no.<3rd 

level) 11/19 10/36 * 

Clinical Questionnaire 
   

Acute Symptoms After Anti-D 4 (12%) 9 (9%) ns 

Liver Disease 1 (3%) 36 (37%) **** 

Diabetes 3 (9%) 11 (11%) ns 

Osteoarthritis 11 (32%) 47 (48%) ns 

Rheumatoid Arthritis 2 (6%) 11 (11%) ns 

Chronic Fatigue 1 (3%) 55 (56%) **** 

Fibromyalgia 2 (6%) 30 (31%) ** 

Lichen Planus 1 (3%) 9 (9%) ns 

Inflammatory Bowel Disease 3 (9%) 20 (20%) ns 

Lupus 0 (0%) 8 (8%) ns 

Sjogren's Syndrome 2 (6%) 14 (14%) ns 

Table 3.2. Clinical characteristics of the full cohort. Self-reported clinical data from ESN 

and SP donors in our recruited cohort. Differences were assessed using Chi-square tests.  
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Sustained virological responders have persistent hepatitis C virus antibodies 

To asess the cohort for anti-HCV antibodies we emloyed a virome wide antibody scan with 

the ability to detect IgG antibodies directed against 206 human pathogens and 115,753 

epitopes (VirScan). Human serum containing antibodies was incubated with a 

bacteriophage library expressing peptides. Following incubation, antibodies complexed to 

bacteriophage were isolated using magentic beads, lysed and sequenced to identify the 

IgG target epitope (Fig. 3.3a). Sequence data was aligned and processed to generate a 

“virusHit” for each viral species. A “virusHit” is the number of significant epitopes of a 

virus species compared to an experimental negative control. To test for differences in 

antibodies between ESN, SR, SVRs and UCs we performed a one way non-parametric 

ANOVA adjusting for multiple testing using an FDR correction (q<0.01). All viral antibodies 

with the exception of HCV were similar between groups. SVR donors had the highest level 

of HCV antibody positivity (Fig. 3.3b). In line with published data from conventional 

serological assays the most frequently targeted viruses in our cohort included Epstein-

Barr virus (EBV; herpesvirus 4), cytomegalovirus (CMV; human herpesvirus 5), 

herpresvirus 1 and Rhinovirus A (Fig. 3.3b). 48.81% of donors were anti-CMV antibody 

positive (Fig. 3.4a). 86.9% of donors were seropositive for antibodies against HSV-1 (Fig. 

3.4b). 96.43% of donors were seropositive for antibodies against EBV (Fig. 3.4c).  
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Figure 3.3. Global profiling of antibodies from the viral resistance cohort. (a) Overview 

of the workflow for VirScan. (b) Heatmap showing the top 30 virus hits in samples from 

our cohort. Red indicates high expression, while blue represents low expression. 

Comparisions between ESNs, SRs, SVRs and UCs were made using Kruskal-Wallis tests 

followed by FDR correction (q>0.01).  
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Figure 3.4. Heatmaps of common viruses in the cohort. VirScan was used to assess the 

history of viral infection in our cohort. (a(i)) Heatmap of epitope Z scores for CMV. (a(ii, iii)) 

dot plot and (iii) pie chart showing the number and percentage of CMV antibody positive 

and negative donors. (b(i)) Heatmap of epitope Z scores for HSV-1. (b(ii, iii)) dot plot and 

(iii) pie chart showing the number and percentage of HSV-1 antibody positive and negative 

donors. (c(i)) Heatmap of epitope Z scores for EBV. (c(ii, iii)) dot plot and (iii) pie chart 

showing the number and percentage of EBV antibody positive and negative donors. The 

name of the epitopes is a combination of the UniProt entry and the start and end position. 

The color intensity is representative of the number of epitopes targeted, with red being 

high and dark blue being low.  
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SRs and SVRs target different HCV epitopes 

VirScan enables more nuanced analysis of which epitopes are tageted by antibodies. We 

sought to investigate what individual epitopes were targeted in our infection groups. At 

an epitope level, Z scores were used to show relative quantification, wherein a higher Z 

score is related to a higher antibody titre. In total there are 3,382 HCV epitopes in the 

VirScan library. As some epitopes targeted are shared across several HCV genotypes, we 

merged those with the same start and end site by adding the Z score for each genotype 

together. Individual HCV epitopes are shown as a heatmap (Fig. 3.5a). Epitopes, including 

2325-2380 and 2745-2800, found in the age matched RhD-negative UCs were thought to 

be spurious hits due to cross reactivity. Based on the heatmap, 3/19 (16%) SRs appeared 

to have anti-HCV antibodies, while 16/17 (84%) of SVRs appeared to be anti-HCV antibody 

positive. Interestingly, there are some epitopes, including 29-84 that are shared between 

both SVRs and SRs, while antibodies against other epitopes including 57-112, 309-364 and 

2157-2212 are only found in the SVRs (Fig. 3.5a). 
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Figure 3.5. Differences in HCV epitopes targetd by spontaneous resolvers and sustained 

virological responders. (a) Heatmap of summed Z scores from all HCV genotypes with 

overlapping epitopes. The name of the epitopes is a combination of the UniProt entry and 

the start and end position. The color intensity is representative of the number of epitopes 

targeted, with red being high and dark blue being low.  
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HCV specific T cells are detectable in SR and SVR donors 

Some studies have shown that clearance of HCV in the absence of antibodies is achieved 

by a potent T cell resposne. HCV specific T memory cell responses can persist for years 

following viral exposure, while antibody levels wane after about 20 years. Here we wanted 

to check for HCV specific T memory cells in our cohort using ELISpot IFNg assays. We used 

an HCV peptide mix and a peptide pool of CMV, EBV and Flu (CEF) virus peptides as a 

positive control. Using a standardised cut-off derived from the UC group of the mean + 3 

x the standard deviation we found detectable T cell responses in both the SR and SVR 

groups. We did not see any HCV specific IFNg T cell response in the ESN cohort (Fig. 3.6). 

All four infection groups responded similiarly to the CEF peptide pool. 
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Figure 3.6. ELISpot analysis of HCV specific T cells. IFNg producing T cell counts per 106 

PBMCs in ESNs, SRs, SVRs and UCs following stimulation with ProMixTM HCV and CEF 

peptide pools shown on a log10 axis. The dashed line represents the mean + 3xSD of the UC 

group. The median per group is shown. Details of peptide pools used are shown in 

Appendix table 1.  
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Innate immune stimulation of whole blood induces gene expression.  

Fresh whole blood from ESNs (n=18) and SPs (n=36) was stimulated using the TruCulture 

system to assess potential differences in the induced immune responses between ESN 

and SP volunteers (Fig. 3.7a). A panel of viral agonists with a focus on the induction and 

regulation of type I interferon (IFN-I) related antiviral immunity was chosen: IFNα2, which 

acts via the IFNAR1/2 complex to induce a direct IFN-I response; R848 via TLR7/8, as well 

as polyIC which acts via TLR3 and RIG-I to induce an indirect IFN-I response. Cell pellets 

and supernatants were collected from stimulated whole blood for later gene expression 

and cytokine analysis. As expected, the selected stimuli induced changes in immune gene 

expression. The unstimulated control separated from the stimulated conditions along 

PC1, which accounted for 33% of the variance in the data (Fig. 3.7b). Induced gene 

expression changes showed stimulus-specific patterns. R848 was the most potent 

stimulus and clustered separately from the other two stimuli along PC2, accounting for 

10% of the variance (PCA; Fig. 3.7b). IFNα2 and polyIC clustered separately along PC4, 

accounting for 5% of the variance. A heatmap showing the differential gene induction 

between the 4 stimuli is shown in Fig. 3.7c.  
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Figure 3.7. Innate immune stimuli induce changes in gene expression in whole blood 

from all donors. Whole blood from ESN (n=18) and SP (n=36) women was stimulated with 

a panel of viral ligands (R848, polyIC, IFNa2). (a) Overview of experimental workflow. (b) 

Principal component analysis (PCA) plot of log2 normalised NanoString transcriptomic 

data. The percentage variance captured in PC1 and PC2 are indicated in brackets. Each 

point on the plot represents a single donor for the colour denoted stimulation. (c) Heatmap 

of NanoString transcriptomic data (n=200 genes) showing negative control (NC) and 

stimuli induced genes for IFNa2, polyIC and R848.   
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Gene expression in unstimulated whole blood from ESN and SP women. 

A key question in this study was whether there were any differences in immune gene 

expression at baseline between ESN vs SP participants. We found that in the absence of 

stimulation, gene expression in the ESN and SP groups was similar, with no significant 

differences observed between groups, following FDR correction (q>0.1; Fig. 3.8a). To 

further analyse more specific components of the innate immune response, and given the 

relatively small size of our cohort, we employed previously defined gene signatures. These 

have proven to be useful in defining stimulus specific differences in small cohorts. Gene 

signatures associated with specific responses were previously defined in a separate 

healthy control cohort by the MIC using the same TruCulture and NanoString workflow 
164. By applying these gene signatures to our unstimulated samples, we saw similar 

baseline IL1β, IFN-I, IFNg and TNFα – specific gene signatures in our ESN and SP groups, 

suggesting that baseline differences in the parameters examined are not responsible for 

the differences observed in infection outcome (Fig. 3.8b-e). To probe the basal immune 

response further we also assessed plasma cytokine levels from ESN and SP donors. 

Following FDR correction, we saw no significant differences in plasma cytokines between 

ESN and SP donors (Fig. 3.9).   
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Figure 3.8. Gene expression was similar in unstimulated whole blood from ESN and SP 

women. Unstimulated whole blood was incubated at 37oC for 22 hours. (a) Heatmap 

showing the top 50 genes with the lowest q values when comparing the ESN and SP donors 

in the null condition (q<0.99). (b-d) Gene signature scores for (b) IFN-I, (c) IFNg, (d) IL1b 

and (e) TNFα in the unstimulated null condition for the two infection groups. Data are 

presented with median shown as a solid line. Comparisons between ESNs and SPs were 

made using Mann-Whitney U tests. 

 

 
Figure 3.9. No difference in plasma cytokine levels between ESN and SP donors. (a) 

Heatmap of plasma cytokines quantified using the Quanterix Corplex panel. Groups were 

compared using Mann-Whitney U tests with FDR correction.   
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HCV resistant women have an increased IFN-I gene signature in response to poly IC 

stimulation but not to R848 or IFNα2.  

TLR3, TLR7 and IFNAR1/2 induced responses, particularly those of type I interferon 

associated antiviral immunity have been shown to be important in the control of HCV 

infection. We therefore focused on activation of these key antiviral pathways in our 

cohort. We compared induced gene expression following stimulation with either polyIC, 

R848 and IFNα2 between ESN and SP donors. Overall gene expression of ESN and SP 

donors was similar, following FDR correction (Fig. 3.10a, b, c). We then focused our 

analysis on the IFN-I gene signature for all stimuli. ESN donors and SP donors were similar 

after R848 and IFNa2 stimulation (Fig. 3.10d, e). Interestingly however, we saw a 

significantly increased IFN-I signature score following polyIC stimulation in the ESN group 

when compared to the SP donors (p<0.05; Fig. 5f). A heatmap showing the genes included 

in the IFN-I signature score for the polyIC condition is shown in Fig 3.11a. To further 

examine the polyIC response we compared gene signature scores for IL1b, TNFa and IFNg, 

however we saw no significant differences between ESNs and SPs (Fig. 3.11b, c, d). The 

increased polyIC IFN-I signature in ESNs was confirmed using a secondary gene signature 

from the MolSigDB Hallmark Gene Set (Fig. 3.12). 
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Figure 3.10. PolyIC induced higher IFN-I responses in exposed seronegative women. 

Fresh whole blood was stimulated with IFNa2, R848 or polyIC for 22 hours at 37oC and 

changes in gene expression assayed using NanoString transcriptomics. (a-c) Heatmaps 

showing the top 50 genes with the lowest q values when comparing the response to 

stimulation between ESN and SP donors. (a) IFNa2, p value < 0.16, q value (FDR adjusted 

p value) < 0.99  (b) R848, p value < 0.15, q value < 0.99, (c) polyIC, p value < 0.06, q value 

< 0.65. (d-f) MIC derived IFN-I score in ESN and SP donors following stimulation with (d) 

IFNa2 (e) R848 and (f) polyIC (*, p<0.05). Data are presented with median line reported as 

a solid line. Comparisons between ESNs and SPs were made using Mann-Whitney U tests 

(*, p<0.05). 
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Figure 3.11. Expression of IFN-I genes after polyIC stimulation. Whole blood was 

stimulated with polyIC and gene expression was quantified using NanoString 

transcriptomics. (a) Heatmap of genes used to calculate the MIC polyIC induced IFN-I 

score. (b-d) MIC derived gene signature scores for the polyIC stimulated condition: (b) IFNg 

(c) TNFa and (d) IL1b. Data are presented with median line reported as a solid line. 

Comparisons between ESNs and SPs were made using Mann-Whitney U tests (p>0.05). 
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Figure 3.12. Increased secondary IFN-I signature in ESNs compared to SPs. A secondary 

IFN-I signature score was calculated based on gene expression from polyIC stimulated 

whole blood. (a) Heatmap showing genes in the MolSigDB Hallmark IFN-I response 

signature in the polyIC condition. (b) Plot of MolSigDB IFN-I signature in the ESN and SP 

donors. Median line is shown as a solid line. Comparisons between ESNs and SPs were 

made using Mann-Whitney U tests.  
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ESN women have increased cytokine production following polyIC stimulation 

We also measured polyIC induced cytokines known to be important in the control of HCV 

infection using a Luminex multiplex assay. Several cytokines including CCL8, CXCL11, CCL2 

and IL-6 were found to be significantly increased in whole blood from ESN women 

stimulated with polyIC compared to stimulated blood from SP women (Fig. 3.13a). To 

assess whether the altered IFN-I score was due to changes in IFN-I protein levels we 

quantified IFNa2 and IFNb using Simoa digital ELISA. No significant differences in IFNa or 

IFNb protein were observed between infection groups (Fig. 3.13b, c). IFNa and IFNb 

positively and significantly correlated with the polyIC induced IFN-I score (Fig. 3.13d, e).  

 

Differences in immune cell numbers in whole blood might account for the increased IFN-

I signature observed. Using flow cytometry we quantified the major circulating immune 

cell populations in whole blood. However, we saw no significant differences in the 

numbers of immune cells measured between ESN and SP donors, including in key immune 

cells involved in the antiviral innate immune response such as natural killer cells and 

monocytes (Fig. 3.14). We also hypothesised that the increased polyIC IFN-I signature in 

the ESN women may have been due to altered baseline components of the polyIC 

signalling pathway or negative regulator expression in the null condition. We saw no 

significant differences in the expression of any of these components (Fig. 3.15; Fig. 3.16). 

Taken together, these data reveal an increased polyIC induced IFN-I gene signature, with 

increased polyIC induced IFN related protein cytokines independently of IFN-I protein 

secretion or differences in cell numbers.    
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Figure 3.13. Inflammatory cytokine production is increased in polyIC stimulated blood 

from ESN women. Secreted cytokines from polyIC stimulated whole blood were quantified 

using Luminex and Simoa. (a) Spider plot of polyIC induced cytokines differentially 

expressed between ESN and SP donors (*, p<0.05, **, p<0.01). (b, c) IFNb  (b) and IFNa (c) 

protein levels measured using Simoa digital ELISA in supernatants from ESN and SP women 

after polyIC stimulation. Data are presented on a log10 scale with median line reported as 

a solid line. (d, e) Correlation between IFNb (d) and IFNa (e) protein levels and the polyIC 

induced IFN-I score. For Luminex and IFNa Simoa n = 10 ESN, 20 SP, for everything else n 

= 18 ESN, 36 SP. Comparisons between ESNs and SPs were made using Mann-Whitney U 

tests (* p<0.05, ** p<0.01).  
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Figure 3.14. Immunophenotyping of whole blood. Major circulating immune cell 

populations in whole blood were quantified using flow cytometry. Data is presented as 

counts per 100µl on a log10 scale with median shown as a solid line. Comparisons between 

ESNs and SPs were made using Mann-Whitney U tests (p>0.05).  
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Figure 3.15. Expression of TLR3 components in the unstimulated condition. NanoString 

transcriptomics was performed on unstimulated whole blood. Represented here are the 

available components of the TLR3 signalling pathway. Data is presented as counts with 

median shown as a solid line. Mann-Whitney U tests were used to compare counts 

between ESN and SP donors (p>0.05). 
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Figure 3.16. Expression of negative regulators of TLR3 in unstimulated whole blood. 

NanoString transcriptomics was performed on unstimulated whole blood. Represented 

here are the available negative regulators of the TLR3 signalling pathway. Data is 

presented as counts with median line shown. Mann-Whitney U tests were used to compare 

counts between ESN and SP donors (p>0.05). 
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Discussion 

In the present study we identify ESN women in the Irish anti-D cohort for the first time. 

We reveal an enhanced polyIC induced IFN-I gene signature in these women compared to 

SP donors. We also uncover increased polyIC induced cytokine production in ESN women 

compared to SP women. This enhanced polyIC responsiveness may have been protective 

against HCV infection.  

 

Individuals who have been exposed to a virus but remain uninfected are critical to 

understanding the mechanism of protection against viral infection. However, systematic 

identification and recruitment of ESN individuals are major obstacles to studies of viral 

resistance. This is possibly why levels of resistance to any viral infection have never been 

defined. Indeed dogma in the HCV field holds that up to 80% of people who are infected 

with HCV become chronically infected 167. In this study, analysis of records from the 

women who received vials of highly infectious batches of HCV contaminated anti-D, but 

remained PCR negative and Ab negative, suggest that up to 50% of women in our Irish 

cohort might be resistant to HCV infection. This has major public health considerations as 

it is likely that HCV infectivity, as well as infectivity of other viral infections, is 

overestimated if individuals without a detectable antibody response are overlooked.  

 

Other studies of viral resistance to HCV have focused primarily on individuals who engage 

in high risk behaviour rather than exploring potential viral resistance in healthy 

populations  . These studies estimate exposed seronegativity to be more in the region of 

10% 10. However, these cohorts are typically more heterogenous than ours often including 

mixed sexes, age groups and ethnicities and viral origin. A key point to emphasise is that 

our cohort is entirely female, and it is well documented that females have greater 

resistance to infection by several viruses, including HCV 191. Indeed, previous work by our 

group has shown sex specific differences in spontaneous resolution of HCV 84. 

Furthermore, follow up work involving our group on the Irish anti-D cohort showed 

reduced HCV related disease in women who were still chronically infected, suggesting that 

females also experience milder HCV related illness than males 169.  
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Using VirScan, we found that SVR women had the highest level of anti-HCV Ab positivity. 

This is to be expected as SVRs cleared infection more recently than SRs. We saw no 

differences in Ab positivity for other viruses between our groups. Interpretation of our 

ELISpot results is difficult due to the relatively high background signal in unexposed 

control donors. However, is appears that anti-HCV T cell responses were detectable in 

both SRs and SVRs, and that SRs had a higher level of HCV-specific T cell positivity than Ab 

positivity. This is in line with previous reports showing that detectable HCV specific T cell 

responses persist longer than Abs 101.  

 

Here, we found an increased polyIC IFN-I signature in whole blood from our viral resistant 

ESN women compared to SP individuals. As SP women have been stratified as ‘virus 

susceptible’ they are a natural comparison group to our virus resistant ESN women. All SP 

donors in our cohort successfully cleared HCV infection. It appears as though viral 

clearance following acute infection or therapy restores ‘normal’ innate immune 

homeostasis 112. Whether this is also the case for the adaptive immune response is unclear 
113,192. Work in this area is ongoing and is the subject of additional studies. Given the 

heterogeneity in the wider population, inclusion of an additional UC group in this study 

would detract from the power of our cohort, as it would not be possible to determine how 

control women would be stratified as a result of response to viral infection.  

 

The enhanced polyIC responsiveness was also seen in a second IFN-I gene signature from 

MolSigDB and at the protein level, with greater upregulation of several key cytokines 

known to be important in the control of HCV observed, including IL-6, CCL8, CXCL11 and 

CCL2. We saw no difference in plasma concentrations of inflammatory cytokines. This is 

in contrast to previous ESN studies, however, given the unique homogeneity of our cohort 

and the confounding factors typically associated with other ESN studies it is not surprising 

that our results differ.  

 

The increased polyIC induced IFN-I score could not be explained by differences in 

circulating immune cell populations or by differences in the gene expression of baseline 

components of the TLR3-RIG-I pathways or negative regulators. Nor could they be 

explained by differences in induction of IFN-I proteins. It is possible that the increased IFN-
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I signature in the ESN group could be attributed to differences in the methylation status 

or phosphorylation of key downstream signalling proteins 193.  

 

The TLR3 pathway has been shown to be key in controlling HCV infection, and single 

nucleotide polymorphisms (SNPs) in proteins associated with this pathway have 

previously been associated with increased susceptibility to HCV infection 194,195. In 

particular, the induction of IFN-I by TLR3 is key to rapid clearance of viral infection. 

Impaired TLR3 mediated induction of IFN-I through loss of function mutations has 

rendered individuals susceptible to otherwise innocuous infections. It is therefore 

plausible that host genetic factors associated with variability in the TLR3 mediated 

response could explain the ESN phenotype observed in our study. Indeed, a polymorphism 

in TLR3, rs3775291, has previously been associated with resistance to HIV infection in a 

Spanish cohort 196. Investigations into the genetic factors associated with the TLR3 

response will be the subject of further studies.  

 

Further work in an independent cohort will strengthen the observations made in the 

present study, and ongoing studies are focused on understanding the observed difference 

in the polyIC IFN-I response.  

 

Here, for the first time we report ESN individuals, previously overlooked, in the Irish anti-

D cohort. We suggest that resistance to HCV infection in females may be up to 5 times 

greater than previous studies indicate. We uncover enhanced polyIC responsiveness at 

protein and gene levels in stimulated whole blood from women enrolled in our study. Our 

findings of increased resistance amongst females have major public health implications. 

Our biological findings reaffirm the importance of IFN-I in the control of viral infection and 

begin to provide evidence that heterogeneity in the human immune response has real 

world effects that may translate to differential susceptibility to infection.  
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Chapter 4: The whole blood immune response and spontaneous 

resolution of hepatitis C virus infection 

 

Abstract 

In many people, Hepatitis C virus (HCV) infection results in rapid immune activation 

followed by a profound period of immunosuppression. Spontaneous resolution occurs in 

approximately 30% of HCV infections, mediated by an effective polyclonal adaptive 

immune response. Features of adaptive immunity underlying  spontaneous resolution 

(SR) of infection have been well characterised; however the role of innate immune activity 

remain to be fully elucidated. We sought to examine the role of the whole blood innate 

immune response in spontaneous clearance of HCV in women recruited from the anti-D 

cohort recruited to our study. We used the TruCulture whole blood ex vivo stimulation 

assay, coupled with gene expression analysis and quantification of cytokine secretion by 

Luminex and SIMOA. At baseline, and following stimulation with polyIC, R848 and type I 

interferon,  transcriptomic and protein levels were similar in SRs and women who were 

chronically infected (now cured following therapy; sustained virological response; SVR) 

and women who appeared to  clear infection without involvement of the adaptive 

immune response (exposed seronegative; ESN). However, following stimulation with 

ODN, a TLR9 ligand, we found that SRs had reduced upregulation of several immune genes 

when compared with either ESNs or SVRs. To further interrogate this differential 

response, we used cytokine signature scores, previously defined in a separate cohort of 

healthy individuals using the same assay system, and found a reduced type I interferon 

(IFN-I) response score in SRs compared with the SVR and ESN donors. The signature scores 

for IFNg, TNFα and IL1β responses were similar in all groups. The  difference in IFN-I was 

recapitulated using gene set enrichment analysis. We also saw reduced IFNα protein 

production in response to ODN in SRs compared to SVRs. pDC counts and activation states 

were similar between infection groups. These findings point towards a decreased TLR 9 

mediated IFN-I response in women who spontaneously resolved HCV infection. This 

phenotype could be the result of prior-HCV infection or reflect a phenotype which pre-

dates HCV exposure and contributed to spontaneous resolution.  
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Introduction 

While 47% of donors in the anti-D cohort exposed to high risk batches of HCV 

contaminated anti-D immunoglobulin appeared to resist infection, the remaining 53% 

either spontaneously resolved infection (28%) or developed chronic infection (25%). In 

the previous chapter we grouped both SRs and previously CI donors together as 

seropositive, since both had serological evidence of infection and were susceptible to 

HCV. While useful in interrogating differences between virus resistant and susceptible 

individuals, outstanding questions remain about whether or not differences exist between 

the TLR responses of SRs and SVRs separately. Chronically infected women and HCV SRs 

have been studied extensively since the first outbreaks were described in the early 1990s. 

This is because they were readily identifiable from cohorts known to have been exposed 

to HCV by conventional antibody assays. While much has been learned about the ability 

to spontaneously resolve HCV infection, the role of innate immunity has been largely 

overlooked. In part, this is due to a dearth of suitably sensitive technologies to overcome 

and limit technical noise 149. In this particular chapter, we were interested in assessing 

differences between the IFN-I and TLR responses in SR donors. 

 

TLRs and HCV infection 

HCV infection is sensed by the endosomal TLRs 3,7/8 and 9, which detect dsRNA, ssRNA 

and CpG DNA respectively 61. Ligation of these TLRs results in production of IFN-Is and 

subsequent IFNAR1/2 signalling via the JAK-STAT pathway 17. Detection of HCV by these 

receptors results in a rapid innate immune response that is also important in shaping the 

adaptive antiviral immune response 17. Numerous SNP association studies have 

highlighted the importance of TLR responses in SR and CI risk in HCV.  

 

Several SNPs in TLR3, including rs18709026, rs3775291 and rs3775296 have been 

associated with HCV infection outcome. In particular, rs3775291 has been relatively well 

studied given its heterologous associations with multiple disease states. This SNP results 

in an amino acid substitution from leucine to phenylalanine at position 412 and increases 

TLR3 expression. The wild type (CC) genotype has been associated with reduced TLR3 

expression and increased risk of progression to chronic HCV infection 195.  
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Rs5743836 in TLR9 has previously been associated with spontaneous resolution of HCV in 

females only 84. This sexually dimorphic association is due to the SNP location in an 

estrogen response element in the TLR9 promoter region. Females are also known to have 

higher rates of spontaneous resolution of HCV than males, and this female specific TLR9 

association may contribute 84,197.  

 

In TLR7, the A allele of rs179008 has been associated with spontaneous resolution of HCV 

in both males and females, but with differing magnitudes 198.  This difference in magnitude 

of effect could be contributed to by the increased TLR7 expression described in females 
199. The TLR7 gene is located on the X chromosome and does not undergo X chromosome 

inactivation, consequently certain immune cell populations from females have higher 

expression of TLR7 compared to immune cells from males. This increased sex difference 

in TLR7 expression may also contribute to the increased SR of HCV described for females 
199.  

 

While these genetic studies have indicated a role for the TLR responses in SR and CI of 

HCV, differences in the biological TLR responses remain to be fully described.  

 

Chapter hypothesis 

SRs and SVRs exhibit differential responses to whole blood stimulation with viral ligands.  

 

Chapter aims 

1. To determine whether or not there are differences in the biological response to 

viral ligands between SR and SVR donors using NanoString. 

2. To further assess potential differences using GSEA and gene signature scores 

3. To compare the cytokine responses of SR and SVR donors  
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Results 

The response to R848, polyIC and IFNa2 is similar in SRs and SVRs 

Whole blood from SRs (n=19) and SVRs (n=17) was stimulated with a panel of viral ligands 

targeting TLR3 (polyIC), TLR7 (R848) and IFNAR1/2 (IFNa2). The response to stimulation 

was assessed using the NanoString human immunology panel v2. Following FDR 

correction, both baseline expression and the response to all three stimuli was similar 

between SRs and SVRs (Fig. 4.1a, b, c, d).  
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Figure 4.1. Responses to R848, polyIC or IFN responses are similar in SR and SVR donors. 

Whole blood was stimulated with either R848, polyIC or IFNa2 for 22 hours using the 

TruCulture system. Gene expression was quantified using NanoString. (a-d) Volcano plots 

showing no significant differences in RNA expression between SRs or SVRs for (a) IFNa2, 

(b) polyIC or (c) R848 (q>0.1, Mann-Whitney U test with FDR correction).  
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Spontaneous resolvers have a reduced TLR9 response 

Additionally, whole blood was stimulated with ODN (CpG-A), a TLR9 agonist. NanoString 

transcriptomics was used to assess differences in the response to ODN between ESNs, SRs 

and SVRs. By non-parametric ANOVA, we observed differential expression of 69 genes 

between the three groups (q<0.2, Fig. 4.2a). Gene expression comparisons between ESNs 

and SRs showed no significant differences following FDR correction (q>0.1, Fig. 4.2b). 

However, comparisons between SRs and SVRs showed differential expression of 55 

immune genes (Fig. 4.2c). This decreased response to ODN stimulation is further 

illustrated in a kinetic plot showing a reduction in the level of transcription in the SRs (Fig. 

4.2d). PCA of ODN stimulated data (Fig. 4.2e) Gene set enrichment analysis of the 

transcriptional data showed significant enrichment for pathways involved in the adaptive 

immune response and IFN-I signalling in the non-SR groups (Fig. 4.2f).  
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Figure 4.2. Whole blood responsiveness to ODN stimulation is decreased in donors who 

spontaneously resolved infection when compared to SVRs. Whole blood was stimulated 

with ODN (25µg/ml for 22 hours at 37oC). (a) Heatmap showing genes ordered by 

hierarchical clustering with q values (FDR adjust p value) <0.2 following non-parametric 

ANOVA between ESNs (n=18), SRs (n=19) and SVRs (n=17). Upregulated genes are in red, 

while downregulated genes are shown in blue. (b,c) Volcano plots of differentially 

expressed genes between (b) SRs and ESNs and (c) SRs and SVRs (Mann Whitney U test, 

q<0.1). (d) Kinetic plot of ODN inducted genes between infection groups. Each grey line 

represents a single gene. The median line is shown in red. (e) PCA of genes from ODN 

stimulated whole blood. Each dot represents a single donor. (f) GSEA of transcriptomic 

data (p<0.05). 
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Specific disruption to the type I interferon pathway in spontaneous resolvers 

To further assess whether specific modules of gene expression are disrupted in response 

to ODN in SR women, we employed gene signature scores, previously developed in an 

independent healthy cohort. Applying these gene signatures to the ODN NanoString 

transcript data we found decreased expression of ODN induced IFN-I mediated gene 

expression in the SRs compared with both ESNs and SVRs (Fig. 4.3a(i)). No differences in 

the gene signature scores for IFNg, IL1b and TNFa in the ODN data were observed (Fig. 

4.3a(ii-iv)). Individual genes involved in the type I interferon gene signature score are 

shown as a heatmap (Fig. 4.3b).  
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Figure 4.3. Reduced Type I interferon specific scores in the spontaneous resolvers. Whole 

blood was stimulated with ODN (25µg/ml for 22 hours at 37oC). (a(i-iv) Previously defined 

gene signatures were applied to the ODN transcriptomic data. (a(i-iv)) Gene signatures for 

(i) IFN-I, (ii) IFNg, (iii) IL1b and (iv) TNFa are shown.  (e) Heatmap showing genes used to 

generate the IFN-I gene score. ESN, SR and SVR gene signature scores were compared 

using Kruskal-Wallis tests (*p<0.05, **p<0.01).  
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Activation status and frequency of circulating dendritic cells are similar in all groups 

The most potent producers of IFN-I in circulation in the human are pDCs. Given the specific 

IFN-I signature reduction observed in SR donors in our cohort we sought to ascertain the 

activation status and frequency of pDCs in circulation in our cohort. Comparing pDC 

counts between ESNs, SRs and SVRs we saw no significant difference in the numbers of 

pDCs (Fig. 4.4a(i)). We used the MFI of HLA-DR and CD86 as surrogate markers of 

activation on pDCs and found similar expression of both molecules on pDCs from the three 

infection groups (Fig. 4.4a(ii, iii)). We also assessed the frequencies and activation states 

of the two other major DC subsets in circulation, cDC1s and cDC3s. Similar to pDCs, we 

saw no significant difference in the counts or activation states of cDC1s and cDCs between 

the three infection groups (Fig. 4.4a(i-iii), b(i-iii)).  
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Figure 4.4. DC counts and their activation status are similar across the three infection 

groups. Circulating DC subsets were quantified using flow cytometry and their activation 

assessed using CD86 and HLA-DR MFI as surrogates. (a(i)) pDC counts per 100µl in ESNs, 

SRs and SVRs. CD86 (a(ii)) and HLA-DR (a(iii)) expression on pDCs. (b(i)) cDC1 counts per 

100µl in ESNs, SRs and SVRs. CD86 (b(ii)) and HLA-DR (b(iii)) expression on cDC1s. (c(i)) 

cDC3 counts per 100µl in ESNs, SRs and SVRs. CD86 (c(ii)) and HLA-DR (c(iii)) expression on 

cDC3s. Data is presented on a log10 axis with the median line shown as a solid line. ESN, 

SR and SVR DC counts and activation states were compared using Kruskal-Wallis tests 

(p>0.05).  
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Spontaneous resolvers have reduced IFNa protein production following ODN stimulation 

Differences in the expression of TLR9 signalling components at baseline might have 

affected the response to ODN. We therefore assessed the NanoString  data from the null 

stimulation for differences in baseline expression of genes involved the TLR9 signalling 

pathway, however, we saw no significant differences (Fig. 4.5). Given there were no 

apparent differences in pDC counts or activation states we sought to investigate whether 

differences in ODN induced IFN-I protein production contributed to the reduced IFN-I 

score in SRs. IFNa and IFNb protein levels were quantified in the supernatants from ODN 

treated whole blood using the Simoa ultrasensitive digital ELISA (Fig. 4.6a, b). SRs 

produced less IFNa in response to ODN stimulation compared to SVRs (Fig. 4.6a). There 

was no difference in the production of IFNb in response to ODN between ESNs, SRs and 

SVRs (Fig. 4.6b). The ODN induced milieu of non-IFN-I inflammatory cytokines measured 

was similar between ESNs, SRs and SVRs (Fig. 4.6c). The levels of IFNa protein correlated 

positively and significantly with the IFN-I signature score, suggesting that the reduced IFN-

I score may be attributable to reduced IFNa protein production in response to ODN by 

SRs (Fig. 4.6d).  
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Figure 4.5. No difference in signalling components of the TLR9 signalling pathway. 1ml 

of whole blood was aliquoted into the negative control TruCulture tube and incubated  

overnight (22 hours at 37oC). NanoString transcriptomics was used to quantify RNA 

expression. Baseline signalling components of the TLR9 pathway are shown as counts with 

the median line shown as a solid line. Counts for each group were compared using Kruskal-

Wallis tests (p>0.05).  
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Figure 4.6. SRs have reduced IFNa production following ODN stimulation. Whole blood 

was stimulated with ODN (25µg/ml for 22 hours at 37oC). Secreted cytokines were 

quantified using  

(a, b) Simoa ultrasensitive digital ELISA and (c) Luminex. (a) IFNa and (b) IFNb protein 

concentration in ODN stimulated whole blood. Data is shown as log10 of the protein 

concentration. (c) Spider plot of ODN induced cytokines in whole blood. (d) IFNa levels 

correlate positively and significantly with the ODN induced IFN-I gene signature score 

(*p<0.05, linear regression).  
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Discussion 

In a unique cohort of HCV-exposed women, we sought to assess the role of the innate 

immune response in adaptive clearance of HCV infection. To this end, we investigated the 

whole blood innate immune response to conventional viral ligands including polyIC, R848, 

IFNa2 and ODN. The transcriptomic response to polyIC, R848 and IFNa2 was similar in 

women who spontaneously resolved infection and in women who were chronically 

infected. Surprisingly however, following ODN stimulation we found several differentially 

expressed genes between SRs and the other two groups (ESNs and SVRs). Further analysis 

of the ODN transcriptomic data showed differential expression of 55 genes in the SRs and 

SVRs. Using gene set enrichment analysis we found enrichment for IFN-I signalling in the 

ESNs and SVRs compared to the SRs. Applying gene signature scores we found a specific 

reduction in the IFN-I gene signature score in the SRs compared to the SVRs and ESNs. 

This reduction in the IFN-I gene signature was reflected by a reduction in IFNa, but not 

IFNb, protein production by SRs.  

 

Stimulation of whole blood ex vivo allows for identification of altered innate immune 

responses in SRs not observed in the absence of stimulation. The use of sensitive 

technologies that limited handling steps in our study enabled detection of signatures in a 

relatively small cohort, however, validation in an independent larger group would 

strengthen observations made in this study. 

 

Reduced IFN-I in response to ODN in the SRs is a surprise, as previous work has 

demonstrated the importance of IFN-I in shaping the adaptive immune response. 

However, more recent work has shown that a potent innate IFN-I response can be 

detrimental to the adaptive response, possibly through inhibition of CD5 expression on B 

cells and suppression of antibody production 17,41,42. It is therefore possible that the 

reduced IFN-I observed in this study was sufficient to support an adaptive immune 

response without secondary inhibition/disruption. Though the induction of IFNa by ODN 

is low, small differences in IFNa have been shown to have important clinical 

consequences, as seen in SLE, where femtomolar differences in IFNa correlate with 

disease severity 19.  
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We saw no difference in the frequencies or activation states of pDCs in the SRs compared 

with ESNs or SVRs. The reduced IFN-I production and response in the SRs could be 

underpinned by genetic differences in the in the TLR9 pathway that reduce IFNa 

production and subsequent IRG upregulation, or by differences in phosphorylation of key 

signalling proteins or transcription factors such as IRF7.  

 

The metabolic ability of cells to support cytokine production has emerged as a key 

regulator of the immune response over the past decade 200. In a human pDC cell line 

stimulated with CpG-A for 12 hours it was shown that pDCs increase lactate production 

and the extracellular acidification rate (ECAR), as well as key glycolytic genes lactate 

dehydrogenase, HIF1a and hexokinase 2 201. Increases in these features are indicative of 

an increase in glycolysis. Inhibition of glycolysis using the glucose analogue, 2-deoxy-

glucose, impaired the TLR9 induced IFNa production. It is therefore possible a reduced 

glycolytic capacity in the SRs contributed to the reduced IFNa production and reduced 

IRG upregulation described here.   

 

While it is possible that the differences described here stem from a pre-HCV phenotype 

that increased the propensity to spontaneously resolve infection, it is also plausible that 

infection with HCV resulted in an altered immune state in the SRs that persisted following 

successful viral clearance. HCV immune evasion strategies result in widespread disruption 

to the immune system.  

 

Work from several groups suggests that HCV induced changes can persist following 

curative therapy, particularly affecting the adaptive arm of the immune system 111. Most 

of these studies have focused on treatment following chronic infection. From these 

studies it appears that some sequelae of HCV infection persist despite loss of antigenic 

stimulation. MAIT cells do not seem to recover fully following viral clearance, although 

some functional restoration appears to occur 120. NK cell receptor diversity appears to be 

persistently reduced, and mitochondria of T cells do not regain normal functionality in all 

individuals treated with DAAs 114,202.  
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While these studies have focused on the restoration of immunity following chronic 

infection, fewer works have explored the impact of acute infection on the immune 

response post resolution of infection. One study has shown that the soluble immune 

mediator profile of people treated acutely for HCV infection does not return to 

homeostatic levels 203. Recent in vitro work using a model of acute HCV infection suggests 

that differences in the epigenome of individuals treated with DAAs persist and may 

explain some of the persistent immune defects seen post-acute HCV infection. No study 

has yet explored whether natural resolution of HCV infection results in a phenotype 

similar to that reported using acute infection models. However, the notion that virally 

induced changes persist in the absence of infection is not new and has been described for 

other infections including measles and CMV 204,205. 

 

To our knowledge, the study presented in this chapter is one of the first to point towards 

people able to clear acute HCV infection as having a unique induced immune signature in 

whole blood. This could be reflective of a phenotype that makes someone susceptible to 

infection, but also helps to clear the infection with an adaptive immune response. 

Alternatively, acute HCV infection may have lasting impact on the induced immune 

response.   
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Chapter 5: Investigating the genetics of resistance to hepatitis C 

virus infection 

 

Abstract  

Resistance to viral infection is an oft overlooked and understudied outcome following 

exposure to viral infection. Previously, our group has recruited a cohort of women 

exposed the hepatitis C virus following receipt of contaminated anti-D immunoglobulin. 

Studies of the cohort, involving three infection outcomes – resistant (exposed 

seronegative; ESN), spontaneous resolvers (SRs) and those who were previously 

chronically infected but cleared infection following therapy (sustained virological 

responders; SVRs) uncovered a signature of viral resistance in the ESNs that implicated an 

enhanced polyIC induced type I interferon gene signature in whole blood. Here, using a 

gene candidate approach we sought to assess the genetics of viral resistance. The cohort 

was genotyped for tagSNPs in the TLR3-IFN-I pathway. Using this approach we found that 

a SNP in IFNAR1, rs2257167 (V141L), was associated with increased resistance to HCV 

infection in the dominant model (p=0.02; Odds ratio = 3.54; 95% confidence interval = 

1.21 to 9.82). Analysis of transcriptomic data from two independent healthy female 

control cohorts revealed increased IFNAR1 mRNA expression in whole blood in those 

carrying at least one copy of the variant C allele compared to those homozygous for the 

wild-type G allele. Analysis of whole blood stimulation data in 500 females from the Milieu 

Interieur cohort showed increased IRG upregulation in response to stimulation with LPS, 

polyIC and the live influenza A virus (IAV) in those carrying the variant allele. Conversely, 

GG individuals had an increased pro-inflammatory response to stimulation with LPS, 

polyIC and IAV. The increased pro-inflammatory response observed in GG donors may 

have contributed to resistance to HCV infection by ESNs in the anti-D cohort.  
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Introduction 

Earlier work presented in this thesis uncovered a polyIC induced IFN-I gene signature that 

appeared to be associated with resistance in our cohort. Resistors from the cohort also 

appeared to produce greater levels of several cytokines including CCL2, CCL8, IL-6 and 

CXCL11 in response to polyIC compared to women who were susceptible to infection 

(those who were chronically infected or those who spontaneously resolved infection; 

collectively seropositive). Interestingly, the whole blood response to other antiviral stimuli 

(ODN, IFN and R848) was similar across the three infection groups. The enhanced polyIC 

response we observed in our cohort could be due to differences in the key immune genes 

in this pathway.  

 

Heritable factors and their influence on immune system variation 

Both autoimmune and infectious disease have strong immunogenetic associations. 

Historical focus of genetic influences on enhanced resistance to infection has been on 

MHC variability and monogenic variants, including CCR5delta in HIV, FUT2 in norovirus 

and DARC in malaria. Monogenic variants resulting in primary immunodeficiencies that 

increase susceptibility to viral infections include IRF loss of function mutations seen in 

influenza, herpes simplex encephalitis and COVID-19 206–214. In the context of 

autoimmunity, monogenic variants have also been described and include IFIH1 and 

DNASE1 in SLE 215. While causative variants have been explored widely in these settings, 

they are unlikely to have more ambiguous roles as absence or gain of function in genes 

are deleterious and often incompatible with a normal health span.  

 

Monogenic disease associated variants are typically uncommon. In contrast, sequence 

differences that arise due to SNPs are commonly found in the genome 216. SNPs are 

defined as either synonymous, wherein a change in a nucleotide base does not result in 

an alteration in the amino acid composition of a protein (codon degeneracy), or non-

synonymous (missense), where the amino acid sequence of a protein is altered. Both 

types of SNPs can contribute to human health and disease 217,218. Different selective 

pressures driven by variable disease burdens across populations has led to substantial 

variation in the minor allele frequencies (MAFs) of SNPs. Studies of SNPs have provided 
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valuable insight into the roles of specific residues in the function of IFN-I related genes 

and proteins 219.  

 

SNPs in the TLR3-IFN-I pathway 

Several SNPs in the TLR3-IFN-I pathway have previously been associated with increased 

susceptibility to infectious diseases. The rs3775291 SNP in TLR3 has been of particular 

interest globally given its wide and heterologous associations, including HIV, SLE, type I 

diabetes and idiopathic pulmonary fibrosis 196,220–222. This is a non-synonymous variant in 

which a cytosine is replaced with a thymine, leading to a change in the amino acid in the 

ectodomain at position 412 from a leucine to a phenylalanine (L412F). C is the major allele, 

whereas T is the minor. The SNP exhibits substantial population variation – the minor T 

allele is present in just 3% of Africa donors from the 1000 genomes project, while it is 

present in 33% of east Asian populations 223.  

 

The TLR3 SNP has also previously been associated with increased resistance to HIV 

infection in highly exposed seronegative (HESN) intravenous drug users exposed to HIV 
196. Sironi et al. genotyped two independent cohorts and found the frequency of 

individuals carrying at least one phenylalanine allele is significantly higher in HESN 

individuals compared to a matched controls 196. The SNP has also been associated with 

SLE risk and more strongly with development of type I diabetes mellitus 220,221.  

 

Analysis of GTEX data shows rs3775291 to be an expression quantitative trait loci (eQTL) 

for TLR3 expression, meaning that it effects TLR3 mRNA levels. Functional analysis of 

peripheral blood mononuclear cells (PBMCs) in the Sironi study showed variant CT and TT 

donors to have reduced replication of HIV compared to WT CC donors 196. This reduced 

HIV replication was accompanied by increased immune activation denoted by marked 

increases in IL6, CCL3 and the activation marker CD69. In response to a TLR3 agonist, 

donors with the minor allele CT and TT also had increased upregulation of these markers 
196.   

 

Additionally, it appears this polymorphism is associated with enhanced general TLR 

responsiveness, suggesting that tonic signalling through TLR3 may be important for TLR 
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expression levels and subsequent antiviral activity and IFN-I production 29. The dual 

autoimmune and viral resistance association is likely underpinned by the increased TLR3 

expression and consequent enhanced immune activation.  

 

Further downstream and of potential interest is rs7251, a non-synonymous SNP in IRF3 

involving a base change from cytosine to guanine leading to an amino acid substitution at 

the final position of 427 from a threonine (ACC) to a serine (AGC; T427S) 223. G encodes a 

serine and is the major allele in most populations with an allele frequency ranging from 

50% to 67%, except in Africans where it is the minor allele with a frequency of 29%. G is 

considered to be the derived risk allele, whereas C appears to be the ancestral allele. The 

SNP is a blood cis eQTL for IRF3 and leads to increased IRF3 expression (GTEX data;224). 

The resultant increased basal expression of IRF3 is likely to lead to a “heightened” immune 

state that, in one context could contribute to resistance to viral infection, while in another 

could increase the risk of immune dysregulation and development of autoimmune 

disease. This notion is reflected in previous association studies in which one study linked 

the CG and CC genotypes with increased persistence of HPV infection – conversely 

suggesting that the GG genotype may be associated with increased clearance of HPV 

infection 225. A recent meta-analysis involving 7,212 cases and 13,556 controls found that 

the G allele is significantly associated with SLE risk, in particular increased risk of 

developing an SLE associated inflammatory condition called lupus nephritis 224. This link 

between the G allele and resistance to HPV infection as well as SLE risk supports our 

hypothesis of a shared genetic signature underlying viral resistance and development of 

autoimmunity.  

 

SNPs in IFNAR1 and IFNAR2 have been associated with several disease states; associations 

appear to be highly context and disease specific with the same SNP reported to have both 

positive and negative effects on disease outcome depending on whether the disease is 

due to viral infection or autoimmunity. For example, rs2257167 (V141L) in IFNAR1 has 

been associated with both spontaneous resolution of hepatitis B virus infection, 

resistance to respiratory virus infection and increased pain in lung cancer and risk of 

developing multiple sclerosis and vitiligo in females 226–230. This dual association with both 

autoimmune susceptibility and protection from viral infections is interesting as it shows 
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that a SNP which is thought to be pathogenic in one instance can be protective in another. 

Rs2257167 results in a valine to leucine substitution at position 141 in the SD2 domain of 

AR1 226. As with several other SNPs, the MAF varies dramatically between populations, 

suggesting a functional consequence driven by different evolutionary pressures 223. While 

investigations into its functional impact are lacking, limited reports suggest that 

rs2257167 increases IFNAR1 expression.  

 

Sex and SNPs in the type I interferon pathway 

Of note, rates of viral resistance and spontaneous clearance of infection are higher in 

females than in males. Incidence of autoimmune diseases such as multiple sclerosis, SLE 

and rheumatoid arthritis are also higher in females 231. Indeed, the transcriptomic 

signature described by Tsang et al that is predictive of vaccine responses and autoimmune 

disease flares is also higher in females 39. Despite well-described physiological sexually 

dimorphic disease associations, studies often fail to appropriately address sex differences. 

Genome wide association studies analysed by sex have uncovered sex specific SNP 

associations 232.  

 

Differences in MAFs are unlikely to account for sex specific SNP associations as no large 

sex differences in SNP MAFs have been described, rather it has been proposed that 

dimorphism in genotype effects exists between sexes 233. This is evinced in a study by 

Fischer et al. wherein they describe a female specific association between a SNP in the 

TLR9 promoter region (rs5743836) and spontaneous clearance of HCV infection 84. TLR9 

is important in the detection of viral DNA and upregulation of IFN-I. This SNP maps close 

to an area in the promoter region coregulated by the transcription factors NFkB and the 

estrogen receptor alpha (ERa), suggesting that the association differences observed could 

be due to differential regulation by the female sex hormone and hormone response 

elements within the TLR9 gene 84.  

 

Functional work on whole blood stimulated with ERa activators on WT and variant female 

donors showed homozygous WT donors downregulated TLR9 within 3 hours following 

treatment, whereas in the heterozygotes and homozygous variant donors the 
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downregulation was significantly lower. Negative regulation of TLR9 by oestrogen could 

explain the attenuation of autoimmune disease often observed during pregnancy when 

high oestrogen levels are maintained. High oestrogen and a reduction in TLR9 expression 

during pregnancy could also help explain the increased susceptibility to viral infection 

during pregnancy 234. Indeed, PBMCs from pregnant women stimulated with HRV43, a 

human rhinovirus showed significantly reduced IFNa production compared with non-

pregnant women 235. IFNa also appears to be positively regulated by female sex hormones 
236.  

 

As females have two X chromosomes, and males have only one X and one Y, the second X 

chromosome in females is transcriptionally silenced so as to achieve dosage 

compensation between the sexes 237. Several immune genes are found on the X 

chromosome and are not silenced, therefore a further likely contributor to sexually 

dimorphic effects of SNPs is escape of X chromosome inactivation in females. TLR7, a PRR 

involved in the IFN-I response and detection of ssRNA, is one such example; immune cells 

from females express higher levels of TLR7 and produce more IFNa as a consequence 199. 

Non-synonymous SNPs in the TLR7 gene therefore likely exert different effects between 

sexes. Indeed, this phenomenon has been described for the rs179008 SNP which appears 

not to impact on IFNa production in response to R848 stimulation in males, yet reduces 

IFNa levels in females 238. A key point to note is that sex differences described in humans 

may not be present in non-human mammals and caution is required when attempting to 

dissect sex differences in animal models and extrapolate findings to humans 239. Further 

explorations of SNPs in the IFN-I pathway and their associations with autoimmune and 

infectious disease ought to consider males and females separately in order to 

appropriately discern potential sex effects.  

 

Here, we searched the NIEHS tagSNP database for tagSNPs in TLR3, IRF3 and IFNAR1 that 

provided adequate gene coverage. We genotyped our cohort for three SNPs in TLR3 

(rs3775291), IRF3 (rs7251) and IFNAR1 (rs2257167) and tested for associations with 

resistance to viral infection. On identifying an association with rs2257167 and resistance 

to HCV infection we analysed transcriptomic data from whole blood stimulations with LPS, 
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influenza A virus and polyiC from the 1000 person MIC as well as stimulation data with 

ODN, IFN, R848 and polyIC from healthy age matched controls recruited alongside women 

from the anti-D cohort to determine the functional consequences of rs2257167.  

 

Chapter hypothesis 

SNPs in the TLR3-IFN-I pathway are associated with infection outcome following 

exposure to HCV in the Irish anti-D cohort.  

 

Chapter aims 

1. Genotype the cohort for tagSNPs in the TLR3-IFN-I pathway and test for 

associations with outcome following exposure to HCV.  

2. Assess the functional consequences of selected SNPs in silico.  

3. Assess the functional consequences of selected SNPs using healthy unexposed 

donors from the viral resistance cohort and the MIC.  
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Results 

tagSNP selection in the TLR3-IFN-I pathway 

To evaluate whether genetic variation in the TLR3-IFN-I pathway contributed to resistance 

to hepatitis C virus infection we searched the NIEHS tagSNP database for nonsynonymous 

SNPs in TLR3, IRF3 and IFNAR1 (Fig. 5.1). We identified three SNPs of interest at a high 

enough frequency to warrant further exploration in our cohort- TLR3 rs3775291 (L412F), 

IRF3 rs7251 (T427S) and IFNAR1 rs2257167 (Fig. 5.1a, b, c). Previous genetic association 

studies involving these SNPs are summarised in Table 5.1. 
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Gene 
Name SNP ID 

Alleles  
(Major/ 
Minor) 

Amino  
Acid Change Associations Refs.   

TLR3 rs3775291  C>T Leu412Phe Resistance to HIV-I 
infection 

Sironi, M.196 
    

Increased risk of SLE 
development 

Laska, M. 220 

    
Increased risk of type I 
diabetes mellitus  

Assman, T.S. 
221     

Increased risk of 
idiopathic pulmonary 
fibrosis  

O'Dwyer, D.N. 
222 

      

IRF3 rs7251 C>G Thr427Ser Increased risk of SLE 
development 

Zhang, F. 224 

    
Increased clearance of 
HPV infection  

Wang, S.S. 225 

      

IFNAR1 rs2257167 G>C Val141Leu Spontaneous resolution 
of HBV infection 

Zhou, J.  226 

    
Increase in lung cancer 
pain 

Reyes-Gibby, 
C.C. 228     

Increased risk multiple 
sclerosis 

Leyva, L. 229 
    

Increased risk of female 
vitiligo 

Traks, T.230 

Table 5.1. List of selected SNPs and their previous disease associations.  
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Figure 5.1.  tagSNPs selection for IFNAR1, IRF3 and TLR3. The SNPinfo tagSNP selection 

database was used to search for tagSNPs in linkage disequilibrium that provided adequate 

gene coverage. The selected tagSNPs for (a) IFNAR1, (b) IRF3 and (c) TLR3 are denoted by 

the red and blue asterisk and are highlighted in the red box. (d) Diagrammatic 

representation of the TLR3-IFN-I pathway with selected tagSNPs indicated.  
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The IFNAR1 rs2257167 GG genotype is associated with protection against HCV infection. 

Women in our cohort were genotyped for TLR3 rs3775291, IRF3 rs7251 and IFNAR1 

rs2257167. The estimated MAF for rs3775291 and rs7251 is 32% and 33% respectively. 

The MAF for rs2257167 is 13% and the overall MAF in our cohort is 13%. Association 

testing for additive and dominant models showed no significant differences between 

groups for either the TLR3 or IRF3 SNPs (Table 5.2). However, association testing for 

IFNAR1 rs2257167 showed a significant association in the dominant model between the 

GG genotype and resistance to HCV infection when comparing to the healthy control (HC) 

group in our cohort with an odds ratio of 3.54 (p<0.05, 95% confidence interval of 1.21 to 

9.82; Table 5.3). The wild-type GG genotype (Val141) appears to be associated with 

protection against HCV infection. Allele counts for the TLR3, IRF3 and IFNAR1 SNPs were 

compared between groups. Similar to the genotype frequencies, an association between 

ESNs and the IFNAR1 SNP was observed when comparing to HC donors (Table 5.4).  
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Table 5.2. Association of TLR3 SNP rs3775291 and IRF3 SNP rs7251 and resistance to 

hepatitis C virus infection. Women in the cohort were genotyped for the rs7251 SNP in 

IRF3 and the TLR3 SNP rs3775291. Chi-square tests were used to assess differences 

between ESN donors and SRs, CIs and HCs in our cohort (p>0.05).  

 
Table 5.3. Association of the IFNAR1 SNP rs2257167 and resistance to hepatitis C virus 

infection. DNA samples were genotyped for the IFNAR1 rs2257167 SNP. Chi-square tests 

were used to assess differences in the frequencies of this SNP between infection groups (*, 

p<0.05).  
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Table 5.4. Allele counts for IFNAR1 rs2257167, TLR3 rs3775291 and IRF3 rs7251. The 

number of wild-type and variant alleles were counted for (a) IFNAR1 rs2257167, (b) TLR3 

rs3775291 and (c) IRF3 rs7251. Comparisons of allele counts were made between infection 

groups using Chi-square tests (*, p<0.05).  
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V141L is located in the SD2 domain of IFNAR1.  

Given the association between rs2257167 and HCV resistance we sought to assess the 

functional consequences of the SNP using available bioinformatic tools. The SNP is located 

in exon 4 of IFNAR1 (Fig. 5.2a). Using Clustalw we found the wild-type Val141 to be 

conserved across multiple species, including chickens and chimpanzees, but not in the 

mouse (Fig. 5.2b).  PyMOL was used to localise the SNP to the SD2 domain of IFNAR1 (Fig. 

5.2c). Function prediction software such as SIFT, Provean and Polyphen-2 were used to 

estimate the functional consequences of the amino acid change. All three methods 

predicted the SNP to have benign or neutral consequences (Fig. 5.2d).  
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Figure 5.2. Bioinformatic analysis of V141L. (a) Diagram localising rs2257167 to exon 4 

of IFNAR1. (b) Protein alignment of V141L using Clustalw. (c) Localisation of rs2257167 

using PyMOL. (d) Table of results from function prediction analysis using SIFT, Provean and 

Polyphen-2. The Genbank accession numbers are as follows: mouse = AAH43935.1, human 

= NP_000620.2, zebrafish = A0FJH7, chicken = Q9YHW0.  
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Rs2257167 is an expression quantitative trait loci for IFNAR1.  

To assess the impact of the SNP on the expression of IFNAR1 at baseline and in response 

to stimulation we analysed data from healthy donors from the viral resistance cohort and 

the MIC. Prior to any downstream analysis we sought to determine whether there was a 

difference in IFNAR1 at baseline and in response to stimulation between males and 

females, as sex is known to impact on the immune system. In donors from the MIC we 

found increased expression of IFNAR1 in whole blood from females in the null condition 

(Fig. 5.3a). In response to stimulation, we saw an increased expression of IFNAR1 in the 

MIC males compared to the females in response to LPS, but saw no significant difference 

between sexes in response to polyIC or IAV. For subsequent analysis we focused solely on 

female donors in the MIC. In the healthy control donors from the viral resistance cohort 

we saw increased expression of IFNAR1 RNA in unstimulated whole blood in females with 

the GC.CC genotype compared to the GG donors (Fig. 5.4a). We next looked at data from 

the MIC. The increased IFNAR1 expression in whole blood from GC.CC donors observed in 

our cohort was recapitulated in the MIC, indicating rs2257167 is a cis-acting eQTL for 

IFNAR1 (Fig. 5.4b). In response to stimulation with polyIC, R848, ODN or IFN in healthy 

females from the viral resistance cohort we saw no significant difference in the expression 

of IFNAR1 between genotypes (Fig. 5.4c). This finding was extended in response to polyIC 

and IAV in the MIC (Fig. 5.4d(i, ii)). However, in response to LPS, GG donors appeared to 

have increased IFNAR1 expression compared to the GC.CC donors in the MIC (Fig. 

5.4d(iii)).  
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Figure 5.3. IFNAR1 expression is higher in females in the null condition. Whole blood from 

the milieu interieur 1000 person cohort was aliquoted into (a) negative control TruCulture 

tubes or tubes containing (b) LPS, (c) polyIC or (d) IAV and incubated (37oC, 22 hours). RNA 

from each condition was analysed using NanoString transcriptomics (human immunology 

panel v2). The log2 fold change expression of IFNAR1 above the unstimulated condition 

was calculated in response to LPS, polyIC and IAV stimulation. The median line is shown as 

a solid line. Unpaired t tests were used to compare expression between males and females 

(***p<0.001).  
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Figure 5.4. rs2257167 is cis-acting baseline expression QTL (eQTL) for IFNAR1. Whole 

blood NanoString data from healthy donors in the viral resistance cohort and females from 

the MIC was analysed for IFNAR1 expression at baseline and in response to stimulation. 

IFNAR1 RNA expression in the null condition from donors in (a) the viral resistance cohort 

and (b) the MIC. (c(i-iv)) IFNAR1 expression in healthy donors from the viral resistance 

cohort in response to (i) polyIC, (ii) R848, (iii) ODN and (iv) IFN as a log2 fold change above 

the unstimulated expression. (d(i-iii))) IFNAR1 expression in female donors from the MIC in 

response to (i) polyIC, (ii) IAV and (iii) LPS. The median line is shown as a solid line. Unpaired 

t tests were used to compare expression between GG and GC.CC donors (*p<0.05, 

***p<0.001).  
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Rs2257167 alters the IAV induced immune response in whole blood.  

To assess the potential downstream consequences of rs2257167 we analysed NanoString 

transcriptomic data from whole blood stimulated with LPS, polyIC and the live IAV from 

females in the MIC. We opted to focus our analysis on this cohort to maximise power and 

the likelihood of detecting potentially subtle differences between genotypes. We first 

analysed data from these donors in an unbiased manner using a FDR adjusted unpaired t 

tests, comparing GG donors with those carrying at least one C allele grouped together (GC 

and CC). A q value of <0.1 was taken as significant. Using this approach we found 

differential expression of 16 genes between GG and GC.CC donors in the IAV stimulation 

(Fig. 5.5a). There were no significant differences between GG and GC.CC donors in 

response to polyIC or LPS (Fig. 5.5b, c). 
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Figure 5.5. rs2257167 is associated with an altered response to IAV stimulation. 

NanoString data from whole blood stimulated with live IAV, polyIC and LPS from females 

in the MIC was analysed for differences in the response to stimulation between GG and 

GC.CC donors. (a) Volcano plot showing differential expression of 16 genes between GG 

and GC.CC donors in response to IAV stimulation (q<0.1, unpaired t test with FDR 

correction). (b, c) Volcano plot showing no significant differences between GG and GC.CC 

donors in response to stimulation with  (b) polyIC and (c) LPS (q>0.1, unpaired t test with 

FDR correction). 
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Rs2257167 alters the IFN-I gene signature score for LPS and IAV.  

To determine whether or not rs2257167 impacts on specific modules of gene expression 

we applied gene signature scores to the MIC whole blood NanoString stimulation data. 

These scores are generated using the average Z scores of specific genes from gene-sets 

known to be induced in a distinct manner by the cytokine of interest and were previously 

devised in an independent healthy cohort. Here we examined the gene signature scores 

for IL1b, IFN-I, TNFa and IFNg. In response to stimulation with IAV and LPS, GC.CC donors 

have increased IFN-I gene signature scores compared to GG donors (Fig. 5.6a). There was 

no difference in the IFN-I score between genotypes in response to polyIC stimulation (Fig. 

5.6a). There were no significant differences in the gene signature scores of IFNg, TNFa or 

IL1b between genotypes in response to any of LPS, IAV or polyIC (Fig. 5.6b-d).  
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Figure 5.6. Increased IFN-I gene signature in response to IAV and LPS stimulation. Whole 

blood from females in the MIC was stimulated with IAV, LPS or polyIC for 22 hours and 

gene expression analysed using the NanoString transcriptomics human immunology panel 

v2. Gene signature scores were applied to NanoString whole blood stimulation data. (a-d) 

Gene signature score in response to IAV, LPS and polyIC stimulation in GC.CC donors 

compared with GG donors for (a) IFN-I, (b) TNFa, (c) IFNg and (d) IL1b  (**, p<0.01, *** 

p<0.001; unpaired t test). Black = GG and Blue = GC.CC. 
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Rs2257167 increases IRG upregulation in response to stimulation with LPS, IAV and 

polyIC.  

To assess the downstream consequences of rs2257167 at an individual gene level we 

selected a subset of IRGs from the NanoString panel and examined their upregulation in 

the MIC in response to whole blood stimulation with LPS, influenza A virus (IAV) and 

polyIC. These stimuli are known to increase IFN-I protein expression which acts via the 

IFNAR1/IFNAR2 complex to upregulate IRGs. In response to these stimuli we observed an 

increase in the expression of several IRGs in the GC.CC donors compared with those of the 

GG genotype (Fig. 5.7).  
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Figure 5.7. rs2257167 in IFNAR1 increases the IRG response to several PRR agonists. 

Whole blood was stimulated with IAV, LPS and polyIC for 22 hours and gene expression 

analysed using the NanoString transcriptomics human immunology panel v2. GG donors 

are shown in black, while GC.CC donors are shown in blue. GC.CC donors have increased 

gene expression of several IRGs compared with GG donors (*p<0.05, **p<0.01, 

***p<0.001; unpaired t test). Data is presented as log10 counts. Black = GG and Blue = 

GC.CC. 
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Rs2257167 decreases the non-IRG proinflammatory response 

To further dissect the impact of rs2257167 on the inflammatory response we examined a 

subset of non-IRG genes in the NanoString panel in females from the MIC. These included 

NFKBIA, IL10, IL1b, IL6, IL8 and TRAF1. In response to stimulation with IAV, LPS and polyIC 

donors with the GG genotype had increased expression of several non-IRG inflammatory 

genes including NFKB, IL8 and IL6 compared to those with at least one copy of the variant 

C allele (GC.CC; Fig. 5.8).  
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Figure 5.8. rs2257167 decreases the inflammatory response to several viral ligands. 

Whole blood was stimulated with IAV, LPS and polyIC for 22 hours and gene expression 

analysed using the NanoString transcriptomics human immunology panel v2. GG donors 

are shown in black, while GC.CC donors are shown in blue. GC.CC donors have increased 

gene expression of several IRGs compared with GG donors (*p<0.05, **p<0.01, 

***p<0.001; unpaired t test). Data is presented as log10 counts. Black = GG and Blue = 

GC.CC. 
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Discussion 

Despite exposure to highly infectious batches of HCV contaminated anti-D 

immunoglobulin in the 1970s, up to 50% of the women who were exposed remained 

negative for both HCV viral RNA and anti-HCV antibodies. The genetic reasons 

contributing this apparent natural resistance to HCV infection remained to be explored. 

Here, we identify a SNP in IFNAR1, rs2257167 as being associated with resistance to viral 

infection in this cohort.  

 

Given the relatively small size of our cohort we opted to use a gene candidate approach 

to limit correction for false discovery. Based on our biological results showing an 

enhanced TLR3-IFN-I gene signature and the literature we chose tagSNPs in TLR3 

(rs3775291), IRF3 (rs7251) and IFNAR1 (rs2257167). Each of these SNPs had previously 

been associated with enhanced susceptibility or resistance to viral infection 195,196,229. We 

opted not genotype the cohort for the IFNL4 locus previously associated with SR of HCV, 

as previous studies of ESNs did not find an association between resistance and this locus 
179.  Using this gene candidate approach we identified an association with the G allele of 

rs2257167 and resistance to HCV infection in the our cohort.  

 

Using function prediction software we found the predicted consequences of rs2257167 

to be non-deleterious and benign. Recent work showed that function prediction software 

is poorer at detecting positive impacts of SNPs compared to those that are deleterious 240. 

Given that GWAS studies have shown the SNP to be associated with outcome of several 

clinical conditions and infections, including cancer and HBV, it seems likely that the SNP 

has significant biological consequences 219,226. 

 

Having identified an association with IFNAR1 and resistance we examined NanoString 

transcript data from the MIC. Previous work has shown that several components of the 

IFN-I pathway, including IFNAR2 are increased on pDCs from females, however studies of 

IFNAR1 have been less clear 241. We found that IFNAR1 expression is increased in whole 

blood from females compared to males. This increased IFNAR1 expression may 

contribute, along with several other genes impacted by sex, to the enhanced protection 

against infection described in this cohort and elsewhere 242,243.  
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Examining the biology of rs2257167 in healthy donors from both our viral resistance 

project cohort and donors from the MIC we found that the SNP was associated with 

increased IFNAR1 mRNA expression in whole blood. Surprisingly, our findings in whole 

blood are in contrast to those seen in the GTEX database – a browsable dataset of 

integrated transcriptomic and genomic data 

(https://gtexportal.org/home/snp/rs2257167). In the GTEX dataset, GC and CC donors 

have reduced IFNAR1 expression in several tissues including oesophagus, artery and brain. 

Tissues from GG donors had higher IFNAR1 expression in the GTEX dataset. Unfortunately 

for this SNP, data from whole blood in the GTEX dataset was unavailable. Previous studies 

of rs2257167 showed either no difference in IFNAR1 expression or increased expression 

on monocytes from GC.CC donors 219,244. Both valine and leucine are branch chain amino 

acids of similar structure, however it has been suggested that the larger leucine structure 

may act to stabilise IFNAR1 expression on the cell surface and increase IFNAR1 expression 
245.  

 

The reasons behind the discordance between our data and the GTEX data are unknown 

but may be linked to haplotypic differences in IFNAR1. Rs2257167 is in LD with a large 

number proximal intronic and distal promoter SNPs in IFNAR1, many of which could 

impact on the expression of the receptor (as well as downstream signalling) 227. The 

contrasting results between our viral resistance cohort and MIC data compared with GTEX 

data could also be due to tissue specific SNP effects 246. Reports suggest differences in the 

cytokine milieu, architecture and epigenetic landscape of tissues can influence the impact 

of genetic variants locally. From an HCV perspective, this could be an important 

consideration when extrapolating results obtained in the blood to other tissues such as 

liver. 

 

Using PyMOL we localised the SNP to the SD2 domain of IFNAR1. Although distal to the 

IFN-I binding sites, the SNP appears to impact on downstream IRG upregulation following 

IFNAR1 binding and signalling. It is hypothesised that the V141L may interact with 

adjacent amino acid residues such as Trp143 or Tyr188 219. Furthermore, the SD2-SD3 

regions of IFNAR1 contains a hinge region that facilitates a conformational change 

following IFN-I binding 247. The larger leucine could displace proximal amino acids 
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important for IFN-I binding and alter interdomain motility. The increased IFNAR1 

expression in the null condition may explain the altered IRG response to stimulation with 

TLR and IFNAR1/2 ligands. It is also possible that the SNP affects binding of an accessory 

protein such as TYK2, thereby altering downstream signalling.  

 

Upon analysing the downstream effects of the SNP we found that the SNP appeared to 

have contrasting effects on the proinflammatory and IRG responses to whole blood 

stimulation with LPS, IAV and polyIC in the MIC. It is plausible that the increased IRG 

response observed in those carrying a C allele could inhibit the pro-inflammatory 

response. Indeed, this phenomena has previously been described, where IFN-I can 

suppress specific proinflammatory modules through a number of mechanisms. 

Upregulation of IL10 by IFN-I, can inhibit IL1b, TNFa and IL12 signalling, IFN-I can 

downregulate the IFNg receptor, IFNGR1, thereby limiting IFNg signalling. IFN-I can further 

limit IL1b signalling through induction of IL1RA, the IL1 receptor antagonist 17. We did not 

observe the same downstream SNP effects in healthy donors from the viral resistance 

cohort. This is may be due to the size of the viral resistance cohort and the resultant 

reduction in power, as the differences between GG and GC.CC donors are subtle. The 

upregulated pro-inflammatory cytokines in the GG genotype, associated with HCV 

resistance, include IL-6 and IL-8 187. These cytokines have previously been shown to be 

important in control of HCV infection.  

 

Not all stimuli impacted IRGs in the same manner, and significant heterogeneity was 

observed in the expression patterns of IRGs within each stimulus. These inconsistencies 

are likely due to the 22 hour time point that was chosen. Following pathogen exposure in 

vivo, IFN-I is rapidly produced to upregulate IRGs and limit infection within the early hours. 

While the 22 hour time point chosen for our whole blood stimulations was optimal for 

capturing upregulation of several genes, an earlier time point would be more appropriate 

in understanding the impact of rs2257167 on IRG expression 164.  

 

The differences between GG and GC.CC females were most apparent following IAV 

stimulation in the MIC. IAV is a live virus and engages several TLRs, including TLR7/8, TLR10 

and TLR3 248. Detection of IAV by multiple TLRs may explain why differences in genotypes 
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of the rs2257167 SNP are most pronounced with this stimulation 249. The stimulus specific 

differences in the effects of rs2257167 could be explained by the types of IFN-I induced 

by ligation of different TLRs. Although all IFN-I signal via the same IFNAR1/2 heterodimer, 

they do so with different affinities and engage different amino acid residues on the 

receptor 250. 

 

The presence of a single C allele was sufficient to alter IFNAR1 expression and downstream 

IRG expression. As there were just 14 CC donors in the MIC and no CC donors for which 

we had biological data in our viral resistance cohort we opted to group GC and CC donors 

together. However, additional analysis of GG versus GC versus CC donors showed a 

stepwise increase in IFNAR1 expression in an allele dosage manner. In vitro analysis of 

rs2257167 in cell culture models will be important in understanding the effects of the SNP 

on phosphorylation of downstream signalling components of the JAK-STAT pathway.  

 

Importantly the association described here is one of many potential contributors to the 

resistant phenotype in our cohort. Given the high level of resistance reported (47%) in the 

anti-D cohort the mechanisms contributing to the phenotype are likely to be many and 

polygenic, wherein small effects across multiple genes result in a protective phenotype. A 

similar synergistic effect has been described for individuals at risk of chronic HCV infection 
143. As the SNP does not appear to be associated with an increase in the IFN-I gene 

signature it is unlikely to underlie, at least in full, the enhanced polyIC-IFN-I gene signature 

described for the ESNs in the previous chapter.  

 

Here we have identified an association between the GG genotype of the rs2257167 SNP 

in IFNAR1 and resistance to HCV infection in the Irish anti-D cohort. We show that the SNP 

is associated with increased IFNAR1 expression at baseline, and appears to exert different 

effects on the IRG and pro-inflammatory responses. The increased pro-inflammatory 

response to stimulation with LPS and IAV in the GG donors may have played a role in 

protection against HCV infection in the ESN women in our cohort.  
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Chapter 6: Investigating the impact of Rhesus status on the 

immune response 

 

Abstract  

The Rhesus D antigen (RhD) has been associated with susceptibility to several viral 

infections. Reports suggest that RhD-negative individuals are better protected against 

infectious diseases and have overall better health. However, potential mechanisms 

contributing to these associations have not yet been defined. Here, we used 

transcriptomic and genomic data from the Milieu Interieur cohort of 1000 healthy 

individuals to explore the effect of RhD on immune responses. We used the rs590787 SNP 

in the RHD gene to classify the 1000 donors as either RhD-positive or -negative. Whole 

blood was stimulated with LPS, polyIC, and the live influenza A virus and the NanoString 

human immunology panel of 560 genes used to assess donor immune response and to 

investigate sex specific effects. Using regression analysis, we observed no significant 

differences in responses to polyIC or LPS between RhD-positive and -negative individuals. 

However, upon sex-specific analysis, we observed over 30 differentially expressed genes 

(DEGs) between RhD-positive (n=401) and RhD-negative males (n=78). Interestingly these 

Rhesus-associated differences were not seen in females. Further investigation, using gene 

set enrichment analysis, revealed enhanced IFNg signalling in RhD-negative males. This 

amplified IFNg signalling axis may explain the increased viral resistance previously 

described in RhD-negative individuals.  
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Introduction 
 

The Rhesus blood group antigen  

The Rhesus D blood group antigen (RhD) system is an important clinical factor in 

transfusion and obstetric medicine. RhD status is determined based on the presence or 

absence of the rhesus antigen, a transmembrane protein found  on the surface of red 

blood cells 251. The function of the RhD antigen is largely unknown, although it may play a 

role in maintaining erythrocyte membrane integrity or transport of ammonium and 

carbon dioxide 252–254.  The rhesus protein is highly immunogenic and resulting antibodies 

can induce severe adverse reactions in RhD-negative individuals should they encounter 

the D antigen following an unmatched blood transfusion. RhD-negative women can also 

be sensitised during pregnancy with an RhD-positive foetus or during delivery, often 

leading to haemolytic disease of the new born in subsequent pregnancies with RhD-

positive foetuses 255.  

 

RhD and the immune system 

Although less well studied, RhD status is also known to influence several other health 

outcomes 256. An agnostic analysis of 1217 disease states found an association between 

RhD status and hypertension during pregnancy 256. Several studies have demonstrated 

that RhD-positive and -negative subjects differ in resistance to the pathological effects of 

aging, fatigue, and smoking 257. RhD-negative individuals also appear to be protected 

against infection, including latent toxoplasmosis 257. RhD status also appears to affect 

susceptibility to SARS-CoV-2; in a study of 14,112 donors, RhD-negative individuals had a 

lower risk of initial infection, intubation and death- suggesting a protective role for RhD 

negativity 258. RhD negativity varies substantially across different populations and may 

potentially confer an as yet unknown fitness advantage 259. A major challenge in 

determining potential effects of RhD status on antiviral immunity is the lack of large, 

relevant human cohort studies with the power to detect potentially subtle immune 

differences.  

 

The overall aim of the Milieu Interieur study is greater understanding of the determinants 

of variation in the immune responsiveness of healthy adult humans 260. Previous work 
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from MI and others has shown that sex and CMV serostatus are key drivers of variation in 

the human immune response 66,261.  Substantial genomic and transcriptomic data has 

been generated on the cohort to date and analysed using agnostic approaches 66,262. 

Access to data from the MIC presents a unique opportunity to study the impact of RhD 

status on the immune response.  

 

Classifying RhD status 

Here, we used genotype data on the rs590787 single nucleotide polymorphism (SNP) in 

RhD to classify individuals from the MI study as either RhD-positive or -negative, an 

approach that has previously been used to determine RhD status in several studies 
166,263,264. Individuals who are RhD-negative are homozygous for the recessive alleles (CC), 

while RhD-positive individuals are heterozygous or homonymous dominant (CT, TT). 

Genomic data was integrated with transcriptomic data from whole blood stimulated with 

bacterial and viral ligands, LPS and polyIC, and the live influenza A virus, to investigate 

whether Rhesus status was associated with induced immune responses. We were 

particularly interested to compare RhD-positive and -negative males and females, as sex 

is emerging as a key factor in determining outcomes to viral infection, especially SARS-

CoV-2 and influenza 265. 
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Chapter hypothesis 

RhD-negativity is associated with an enhanced innate immune response that is 

protective against infection.  

 

Chapter aims 

1. To compare the frequency of RhD-positivity and -negativity between males and 

females from the MIC using the rs590787 SNP as a marker.  

2. To compare the whole blood immune response to the PRR ligands LPS, polyIC and 

IAV between RhD-positive and -negative individuals using NanoString 

transcriptomics and Luminex proteomics.  

3. To compare serological data for common viral infections between RhD-positive 

and -negative individuals from the MIC.  
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Results 
 

Rhesus status distribution is similar between males and females.  

The rs590787 SNP in the RhD gene, was used to determine the RhD status of donors in 

our cohort (Fig.6.1) 166. There was no difference in the distribution of RhD-positive or -

negative individuals between males and females in our cohort (Fig. 6.1a). 83% of donors 

in the MI cohort were RhD-positive (Fig. 6.1b). The genotype frequencies of the Rhesus 

SNP rs590787 were compared to those from the 1000 genomes cohort 266. The genotype 

frequencies in the MI cohort were similar to those observed for Europeans in the 1000 

Genome Study (Fig. 6.1c). 
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Figure 6.1. Rhesus phenotype distribution of all individuals in the Milieu Interieur cohort. 

RhD status was determined based on rs590787, a SNP in the RHD gene, using the Human 

Exome Bead Chip. (a) Frequencies of RhD-positive and -negative individuals in males and 

females from the MIC. (c) Genotype frequencies for the European cohort from the 1000 

Genome Project. The numbers in brackets are percentages.  
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Rhesus factor does not affect immune gene expression at baseline or in response to 

stimulation with PRR ligands in whole blood. 

Whole blood was incubated for 22 hours and expression of 560 immune genes quantified 

using NanoString transcriptomics. Gene expression in the unstimulated condition was 

similar between all RhD-positive and -negative individuals. Given the important sex-

specific differences emerging regarding pathogen susceptibility, we also investigated sex-

specific effects. The cohort was also stratified by sex and assessed for differential gene 

expression between RhD-positive and -negative males and females. Baseline immune 

gene expression was similar between RhD-positive and -negative males and females (Fig. 

6.2(i)).  

 

To assess specific TLR induced immunity, namely TLR3 and TLR4,  we stimulated whole 

blood with the widely used ligands, polyIC and LPS. PolyIC is a dsRNA mimic that acts via 

TLR3 to upregulate an IFN-I response 267. LPS is a bacterial ligand that can activate both 

the IFN-I response, as well as other proinflammatory pathways leading to upregulation of 

key mediators including IL-6, TNFa and COX2 268. Using regression analysis, we found the 

response to both polyIC and LPS to be similar in RhD-negative and -positive individuals 

whether male or female  (Fig. 6.2(ii), (iii)). Data is presented as a heatmap with 100 

randomly selected genes shown. Differences in cell counts can have a major impact on 

the whole blood transcriptional response 262. Therefore, we compared major circulating 

immune populations between RhD-positive and -negative individuals. Following FDR 

correction, we observed no significant differences in any cell population examined (Table. 

6.1).   
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Figure 6.2. Rhesus antigenicity does not affect immune gene expression at baseline or 

in response to stimulation with PRR ligands in whole blood. Immune gene expression in 

unstimulated, LPS and polyIC stimulated whole blood was assessed using NanoString 

transcriptomics. Comparisons between RhD-positive and -negative individuals in all 

donors, females only and males only showed no significant differences (q>0.1 , regression 

analysis with FDR correction) for (i) Null, (ii) LPS or (iii) polyIC. Shown in the heatmap are 

100 representative genes selected at random.  
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Table 6.1. No difference in numbers of major circulating immune cell populations 

between RhD-positive and -negative donors. Immune cell were quantified using flow 

cytometry. Potential differences in the numbers of these circulating immune cells were 

assessed using regression analysis including CMV serostatus as a covariate, p values were 

adjusted using the FDR correction (q>0.1).   
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Increased IFNg mediated responses in RhD-negative males only.  

Infection with a live virus results in the activation of several PRRs and downstream 

pathways that upregulate pro-inflammatory cytokines and antiviral mechanisms, and help 

clear infection 269. To determine whether the Rhesus factor has an impact on the antiviral 

response to a live virus, we stimulated whole blood with the live influenza A virus. No 

significant difference was observed between RhD-positive and -negative individuals when 

comparing the entire cohort, or when looking at females only (Fig. 6.3a). Interestingly, 

however, when examining the whole blood response to influenza A virus between RhD-

positive and -negative males only, we observed differential expression of 35 immune 

related genes (Fig. 6.3b, Fig. 6.3c; q <0.1, regression analysis with FDR correction). To 

further interrogate differences in the immune response to influenza A between RhD-

positive and -negative individuals we used gene set enrichment analysis. Using this 

approach we found the IFNg pathway to be significantly enriched  in RhD-negative males 

(Fig. 6.3d). We did not observe a difference in IFNg protein levels between RhD-positive 

and -negative individuals in response to IAV stimulation in all donors, males only and 

females only (Fig.  6.4)  
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Figure 6.3. Following influenza A virus stimulation, 35 genes were differentially 

expressed between RhD-positive and -negative males. Whole blood was stimulated with 

influenza A virus and gene expression assessed using NanoString. (a) Volcano plot showing 

no differentially expressed genes between RhD-positive and -negative females (q>0.1, 

regression analysis with FDR adjustment). (b) Volcano plot of the differentially expressed 

genes between RhD-positive and -negative donors in the male group (q<0.1, regression 

analysis with FDR adjustment). (c) Heatmap of DEGs from RhD-negative males. (d) 

Enrichment plot indicating upregulation of the IFNg pathway in the RhD-negative males 

(p<0.0001). 
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Figure 6.4. No difference in IFNg  protein expression between RhD-positive and -negative 

donors in response to influenza A virus stimulation. Following stimulation with influenza 

A virus, supernatants were collected and IFNg protein levels quantified using Luminex 

proteomics. (a-c) Influenza A virus induced IFNg protein levels from RhD-positive and -

negative donors for (a) all, (b) males only and (c) females only. The median line is shown 

as a solid line (p>0.05, unpaired t test).  
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RhD status is not associated with differences in antibody positivity against common viral 

infections.   

As RhD-negative males had an increased IFNg response and given previous studies have 

shown protective associations between RhD-negativity and infection, we sought to assess 

potential differences in seropositivity between RhD-positive and -negative individuals 

using previously generated serology data from the MIC 270. No differences in the 

seropositivity between RhD-positive and -negative males were observed (Fig. 6.5a). 

However, in RhD-negative females, we found an increase in the EBV antibody titre of RhD-

negative females (Fig. 6.5b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 178 

 
Figure 6.5. Serological analysis of MI donors by sex and RhD antigen status. 

Seropositivity for antibodies against common viruses was assessed in donors from the MIC 

by RhD status. (a) serology for male donors from the MIC. (b) serology for female donors 

from the MIC. Comparisons between RhD-positive and -negative donors were made using 

Mann Whitney U tests (*p<0.05). The median line is shown as a solid line.  
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Discussion  

In a French cohort of 1000 well characterised healthy individuals, we investigated the 

impact of RhD on the innate immune response. Following stimulation with live Influenza 

A virus, we found differential expression of 35 immune genes between RhD-positive and 

-negative males. In contrast RhD-negative and positive women had similar responses to 

influenza A virus. Further analysis of the differentially expressed genes revealed 

enrichment for IFNg signalling in RhD-negative males. The increased IFNg signalling found 

here in RhD-negative males may begin to explain their reduced susceptibility to infection.  

 

Several association studies have found a relationship between RhD-negativity and 

enhanced resistance to viral infection 256–258,271. However, systemic analysis of immune 

activity by RhD status had never been carried out. RhD-negative individuals have reduced 

risk of initial infection with SARS-CoV-2, as well as decreased risk of both intubation and 

death 258. The increased IFNg signalling that we find in RhD-negative donors could 

contribute to reduced susceptibility to SARS-CoV-2 infection and pathology. 

 

This study analysed transcriptomic data from studies using well described PRR ligands, LPS 

and polyIC, which are mimics relevant to bacterial and viral infection. We also chose to 

include a more complex live stimulus, the influenza A virus. The responses to the bacterial 

and viral mimics in RhD-positive and -negative individuals were similar across all groups. 

Studies of cells from other blood types including the Lewis (Le) group found no differences 

in expression in responses to LPS between Le+ and Le- individuals in either males or 

females 272. Another study found associations between the inheritance of polymorphisms 

in genes that encode and regulate the expression of the Lewis blood antigens and 

protection against infections with Helicobacter pylori 273. This suggests that analysis 

focused exclusively on specific TLR ligands may not be sufficient to identify differential 

effects of blood groups on the innate immune response to infectious agents.  Studies using 

whole organisms may be more informative.   

 

Here, using stimulation with the influenza A we observed significant differential 

expression of 35 immune genes between RhD-positive and -negative males. Influenza A 
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viral pathogenesis has already been described as different between sexes, with males at 

risk of developing more severe disease compared with females of a similar age 243. Recent 

studies have shown that females mount a more robust immune response and have 

increased production of several key inflammatory proteins known to be important in 

control of viral infection 242. This more potent  innate immune response in females could 

mask potential differences in RhD-positive and -negative females in our system.  

 

The distribution of blood groups, including RhD, varies globally- this may explain, at least 

in part, the regional differences in disease occurrence. RhD-negativity is particularly 

enriched in East Asian populations (28% RhD-negative) compared with European or 

African populations (16% and 6%, respectively) 256. This may reflect the different historic 

disease burdens on these populations. As the cohort used in our study includes only 

donors of Western European descent, more cohorts should be analysed to include 

individuals of difference ethnicities to further probe the differences in the immune 

response between RhD-positive and -negative individuals.  

 

While non-communicable disease states have been studied in the context of blood 

antigens, viral illness is often overlooked as it is typically transient and often 

underreported 274. Further association studies exploring the relationships between blood 

types and viral infection are warranted to fully understand the contribution of blood type 

to risk of severe viral disease. Findings from these studies may inform clinical 

management of patients based on RhD status. Recently, Alsten et al. looked at differences 

in 96 circulating inflammatory proteins between several blood groups. While RhD was not 

among those examined, differences were found in the circulating inflammatory profiles 

of ABO and Duffy blood types 275. 

 

In this study we found evidence of an enhanced IFNg mediated immune response in RhD-

negative males. IFNg has been shown to be important in the control of several viral 

infections, including Ebola and SARS-CoV-2 276,277. The enhanced signature observed in 

RhD-negative individuals in our cohort may contribute to the increased resistance to 

infection described in these individuals. The enhanced gene signature was not reflected 

at the protein level. However, this discrepancy could be explained by the relatively low 
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induction of IFNg by influenza in our system, or by differences in the kinetics of IFNg 

protein and its downstream transcripts. Increased responsiveness to IFNg by RhD-

negative individuals could also explain the enhanced IFNg response in the absence of an 

increase in IFNg protein.  

 

Although modest, the differences between RhD-positive and -negative males were 

widespread and may contribute to the increased viral resistance reported elsewhere. 

Several genes related to natural killer cells, including CD160 and KIRs, were among those 

that are upregulated in RhD-negative individuals. NK cells, potent IFNg producers and 

cytotoxic lymphocytes, are key players in control of viral infection. While there was no 

difference in NK cell counts in our cohort, the differences observed in marker expression 

could be indicative of an increased activation state and IFNg production 278. These findings 

are the first to shed light on the potential immune differences between RhD-positive and 

-negative individuals and support the use of systemic investigations to understand the 

impact of blood types on the whole blood immune response.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 182 

Chapter 7: Final Discussion 

In this thesis, we identified and recruited women from the Irish anti-D cohort who 

appeared to have resisted hepatitis C virus infection. Examination of records published by 

the IBTS suggests that 611 (47%) of the 1293 women exposed to highly infectious vials of 

HCV contaminated anti-D appeared to resist infection, testing negative for both HCV viral 

RNA and anti-HCV antibodies. The remaining 53% is comprised of those who cleared 

infection adaptively (25%) and those who progressed to chronic infection and required 

therapeutic intervention (28%). The dogma has held that that 50-80% of HCV infected 

individuals progress to chronic infection but there is little consensus around how many 

become infected when exposed to HCV 10. This is because it is difficult to establish 

exposure to this blood borne virus.  Few cohorts such as the anti-D cohort exist where it 

has been established that a specific number of individuals were exposed to the virus by 

injection of HCV infected blood product. Direct comparison of expected numbers is 

difficult, however here our data suggest that approximately half of the people exposed 

did not become infected.  

 

Several reasons may contribute to this high level of resistance. Female sex is a likely 

contributor to the high degree of viral resistance observed in the cohort - females appear 

to be more protected against viral infection 197.The HCV disease course described in those 

who progressed to chronic infection was milder than expected based on data from other 

cohorts 169.Female sex may also have contributed to this phenomenon. It is well 

established that females are at a greater risk of developing autoimmune diseases and 

similar genes may be involved in both processes 279. Efforts to unpick mechanisms 

underpinning this enhanced antiviral response in females have uncovered TLR7 as a likely 

contributor; TLR7 is expressed on the X chromosome and escapes X chromosome 

inactivation, therefore TLR7 expression is increased on immune cells in females 199.  

 

Additionally, women in the cohort were all pregnant at the time of infection. The immune 

system plays an important role in pregnancy, and immune system dysregulation can 

compromise fertility 280. For instance, reports suggest that women with unexplained 

fertility issues have a dysregulated IL-17 cytokine axis both locally and systemically, and 
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that those with autoimmune conditions such as SLE and RA often suffer from additional 

fertility and pregnancy problems 280–282. Therefore, selecting for women who are fertile 

with the “healthy” immune response required for pregnancy could contribute to the high 

degree of viral resistance observed in our cohort.  

 

The half-life of anti-HCV antibodies is a further important consideration in interpreting the 

high degree of resistance observed in this cohort. Work from Barbara Rehermann’s group 

in the 2000’s showed that attrition of HCV antibodies occurs stochastically, and that 18 

out of 43 previously Ab-positive individuals were Ab-negative 18-20 years following viral 

clearance 101. It is therefore plausible that a percentage of the resistors in the anti-D 

cohort were once antibody positive with antibodies that were particularly effective at 

clearing HCV infection. While these factors may have contributed to resistance, we 

hypothesised that a particularly potent innate immune response protected these women 

against HCV infection without generating a detectable adaptive immune response.  

 

To study the immune system of these resistant women, we first had to recruit them to 

our study. Initially we had hoped the IBTS would contact all 611 potential resistors on our 

behalf and invite them to participate in the study. However, following consultation with 

ethicists, it was determined that recontacting these women in such a manner would be 

unethical as it could cause distress (the IBTS had previously stated they would not contact 

the women directly again following receipt of a second negative antibody test.) This 

presented as a major challenge in the initial stages of our study.  

 

To overcome the ethical issue, we conducted a national media recruitment campaign. 

Newspaper articles were published on the project and members of the lab appeared on 

national television and radio to speak about the study and invite individuals who thought 

that they were exposed to HCV contaminated anti-D during the 1977-79 period to contact 

the lab about participating in the study. Ultimately we recruited 38 ESN women for whom 

we had records of documented exposure from the IBTS. This represents just 6% of the 611 

potential ESN women from the full anti-D cohort. Though we had study packs from 395 

eligible individuals returned to us, we were able to match just 234 women to their anti-D 

records held by the IBTS. This drop off was largely due to poor record keeping in the 1970s. 
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Given the age demographic of the women we were attempting to contact (60+ years) we 

felt the campaign was successful.  

 

Once matched to their records, we invited women from our cohort to donate  blood 

samples which were used to isolate DNA for genetic studies and to perform analysis of 

innate and adaptive immune responsiveness. We used a recently developed technology 

from Stephen Elledge’s group with a high sensitivity and specificity for HCV antibodies to 

look for the presence of anti-HCV antibodies in the serum of our donors 283. This 

technology uses over 115,000 viral epitopes and allowed us to look at antibodies against 

203 viruses simultaneously. We detected no HCV antibody positivity in our ESN donors. 

Interestingly, some SR donors retained some HCV positivity 40 years after clearance of 

infection. The majority of SVR donors, most of whom cleared HCV following therapy in the 

last 10 years, were HCV Ab positive. Further analysis of HCV antibodies retained by those 

SRs is of great interest as previous work has shown antibody attrition occurs within 20 

years following resolution of HCV infection 283. In accordance with our hypothesis that ESN 

donors cleared or prevented infection independently of antibodies, we also found no HCV 

specific T cell responses in our ESN donors. HCV specific T cells persisted within the SRs. 

The relatively increased persistence of  HCV specific T cells compared to Abs is interesting 

and is in line with previous reports suggesting HCV specific T cells persist longer than anti-

HCV Abs 284.  

 

Also noted in our antibody study, CMV seropositivity was relatively low. This phenomenon 

has been previously described, with Ireland having the lowest CMV seropositivity in the 

developed world 285,286. It is estimated that just 30-40% of Irish females are CMV 

seropositive, while in non-Irish populations of a similar age this reaches up to 90% 287. 

Here we found that 48% of females in our cohort are CMV seropositive. Age is an 

independent risk factor for CMV seropositivity, and the mean age of our cohort is 72 

years- which may explain the slight increase in CMV seropositivity we see in our recruited 

women 288.  

 

Having confirmed the absence of an HCV specific adaptive response in our cohort, we next 

sought to examine the induced whole blood innate immune response to a panel of viral 
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agonists, including polyIC, R848, IFN and ODN, using NanoString transcriptomics and 

Luminex proteomics. Of these stimuli, we observed a specific-polyIC induced IFN-I gene 

signature in the ESN donors compared to SP donors. We decided to group SR and SVR 

donors together as seropositive, as both were susceptible to infection with HCV, and we 

did we not observe any significant differences in the response to stimulation with R848, 

polyIC or IFN between them. We decided not to include an UC comparison group in this 

setting as we felt they would detract from the value of the cohort, in that the rest of the 

cohort had been stratified by infection outcome following HCV exposure, while in an 

unexposed group they would be more heterogenous and include ESN, SR and SVR 

individuals.  

 

The increase in polyIC responsiveness in the ESNs was also observed at the protein level, 

where ESNs upregulated a number of inflammatory proteins including CCL8, CXCL11, IL-6 

and CCL2 more than the SP donors. The importance of TLR3 in RNA virus immunity is 

underscored by recent work by Casanova et al. who showed TLR3 LOF leads to severe 

COVID19 disease, and also by genetic association studies between SNPs in TLR3 and 

susceptibility to infection 195,211. Despite HCV being hepatotropic, the peripheral immune 

response is important in controlling infection - immune cells in the blood are the first to 

encounter HCV following transmission via blood to blood contact 289. Peripheral immune 

cells are also recruited to the liver during infection, and several studies have 

demonstrated that interindividual differences in the peripheral immune response 

correlate well with infection outcome 92,290,291. 

 

Although we saw no difference in responses to polyIC, R848, IFN and null stimulation 

between SRs and SVRs, when stimulating whole blood with ODN, we observed several 

interesting differences in the induced response. Notably, SR donors had reduced 

upregulation of several genes compared to SVRs. Using GSEA, we compared differences 

in pathways between SRs, ESNs and  SVRs. In both the ESNs and SVRs, we observed 

enrichment for IFN-I signalling compared to the SRs. This was recapitulated in gene 

signature scores, where we observed a decreased IFN-I gene signature in the SRs 

compared to the ESNs and SVRs. We saw no difference in the gene signature score for 

IL1b, TNFa or IFNg. pDCs are the main producers of IFNa in the human, however we saw 



 186 

no difference in the counts or activation states (as measured by HLA-DR and CD86 MFI) of 

pDCs in our cohort. Lastly, we found that the SRs produced less IFNa protein in response 

to stimulation with ODN compared with the SVRs. This correlated positively and 

significantly with the ODN IFN-I gene signature score, suggesting that the reduced protein 

may account for the reduced IFN-I signalling observed.   

 

The reduction in IFN-I signalling and IFNa protein was a surprise. Based on previous 

reports suggesting that IFNa blockade resulted in increased Ab titres following 

vaccination, it is possible that reduced TLR9 responsiveness would have led to less IFN-I 

and may have led to a better Ab response in the SRs 40. Recent reports from in vitro work 

suggest that HCV induced immune perturbations can persist even after resolution of acute 

HCV infection 111,192. It is possible that the reduction in TLR9 responsiveness observed in 

SRs in our cohort is due to their past acute HCV infection and is the subject of ongoing 

investigations. In this study, we used ODN2216 (CpG-A), one of three classes of ODN. 

ODN2216 leads to both IFN-I production and NFkB activation 292. Whether SRs also have 

a muted response to other ODNs will be interesting to explore. We did not observe any 

difference in TLR9 expression between SRs and other groups in our NanoString data. This 

is in line with previous reports indicating that TLR9 expression is important for 

spontaneous resolution of HCV 84.  

 

Using DNA isolated from saliva collected from the full cohort, we next examined genetic 

factors that may have contributed to viral resistance. Based on the finding of increased 

polyIC IFN-I responses in the ESNs, we chose to genotype our cohort for three tagSNPs in 

the TLR3-IFN-I pathway, namely rs3775291 in TLR3, rs7251 in IRF3 and rs2257167 in 

IFNAR1. These SNPs had previously been identified as risk loci for autoimmune or 

infectious disease 195,224,293. Using this gene candidate approach, we identified an 

association between rs2257167 and resistance to HCV infection in our cohort. Analysis of 

NanoString transcriptomic data from unstimulated whole blood in healthy donors from 

the viral resistance cohort and the 1000 person Milieu Interieur cohort showed rs2257167 

to be an eQTL for IFNAR1. Analysis of transcript data from whole blood stimulated with 

polyIC, LPS and IAV showed that donors of the GC.CC variant genotype had increased 
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expression of several ISGs including IFIH1 and IFITM1. Interestingly, wild type GG donors 

appeared to have increased expression of non-IRG genes including IL6 and IL8 in response 

to these stimuli. This increased pro-inflammatory phenotype may have aided in resistance 

to viral infection in the cohort. Indeed, cytokines such as IL-6 have been shown to be 

important in the control of HCV infection 294.  

 

This finding may seem contrary to the increased polyIC-IFN-I signature also described in 

ESN donors, however, it is important to note that rs2257167 is in lineage disequilibrium 

with several other SNPs in IFNAR1 that may also impact on the response to stimulation, 

and that our approach is limited here by choosing just three SNPs to genotype in the 

cohort. The association with rs2257167 and resistance may not impact on the increased 

polyIC-IFN-I signature described. Indeed, there is no difference in the polyIC-IFN-I gene 

signature between GG and GC.CC genotypes in the viral resistance cohort healthy controls 

or in the MIC.  

 

Access to a such a large secondary healthy control cohort of well characterised individuals 

for whom a raft of demographic and biological data has been collected is a hugely valuable 

resource. The 1000 healthy individuals in the MIC have been genotyped for over 5 million 

SNPs, have whole blood stimulated with 38 ligands and NanoString and Luminex carried 

out on a selection of the same 66,262. They have also extensive demographic and clinical 

information 260. We leveraged data from the MIC once again to study the impact of Rhesus 

status on the immune response.  

 

Given the high degree of viral resistance observed in the anti-D cohort, which consists 

entirely of RhD-negative females, we hypothesised that RhD-negativity is associated with 

an ‘enhanced’ immune response. We again used data from the MIC to test our hypothesis. 

The transcriptomic response to stimulation with LPS and polyIC was similar between RhD-

negative and -positive males and females. Of note, we found that RhD-negative and -

positive males had differential expression of about 30 genes. When analysed using GSEA, 

RhD-negative males had an enrichment for IFNg signalling compared with RhD-positive 

males. Though not the focus of the study, we observed several differences in the 

responses to LPS and polyIC between males and females. RhD-negativity has been 
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associated with protection from other viral infections including SARS-CoV-2 in both males 

and females 258. The fact that we only see a difference in RhD-negative males in this study 

is surprising, however the NanoString human immunology panel applied to the stimulated 

whole blood is a somewhat biased technology, with just 569 genes included in the panel. 

Broadening the analysis using RNA-seq may reveal other differences in immune activity 

between RhD-negative and -positive females also. Despite its critical role in transfusion 

medicine, the function of RhD is as yet unknown. Some reports suggest it is important in 

maintaining membrane integrity or in transport of ammonia 295. Recent work has shown 

that RBCs, which express the RhD protein in RhD-positive individuals, have an 

immunological function through expression or TLR9 296. It is possible that RhD’s impact on 

membrane integrity or in waste transport could impact on the RBC immune response.  

 

The value of whole blood analysis coupled with multiplexing is illustrated in this study of 

RhD, and indeed throughout the rest of this thesis. Whole blood analysis is more 

physiological as it allows for the inclusion of all circulating cells, not just those isolated 

during a PBMC preparation. This is of particular importance in the RhD study, as RhD is 

expressed on RBCs, which would typically be excluded in traditional immunological 

studies.  

 

Future directions 

The work presented in this thesis has generated several new lines of research for our 

group, and has developed an important basis for future studies in the area of viral 

resistance.  

 

Despite the small size, observations made about the whole blood immune response in our 

cohort are interesting. Though identification of such a group would be arduous, validation 

work in a secondary cohort would strengthen our results. There are likely women from 

the German anti-D cohort who were exposed to HCV and resisted infection. Application 

of our recruitment strategy and scientific methodology to such a group may yield 

interesting results.  
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The addition of even a small number of donors from a secondary cohort would also aid in 

the identification of more robust genetic signatures of resistance using whole exome or 

genome sequencing. Utilising a large healthy control comparison cohort (eg. TILDA or Irish 

individuals in the UK Biobank) would help overcome issues of power.  

 

Genotyping an additional cohort for the rs2257167 SNP in IFNAR1 would be a useful 

validation step. In vitro assessment of the IFNAR1 variant by transfecting it into IFNAR1null 

cells would also help disentangle the functional effects of the specific SNP from potential 

LD SNP effects.  

 

Our finding that the SRs and SVRs retain HCV specific T cells and antibodies following 

clearance of HCV could be important in informing novel HCV vaccine strategies. As VirScan 

does not provide information on neutralisation capacity, work should first focus on this 

area. 

This could be carried out in vitro using conventional neutralisation assays. From a T cell 

perspective, the persistence of these HCV specific T cells should be further validated using 

conventional flow cytometry techniques, or using novel technologies like TScan. Using TCR 

sequencing, one could determine what epitopes are targeted by the HCV specific T cells, 

and carry out in vitro work exploring the ability of these cells to control or protect against 

HCV infection.  

 

The finding of reduced ODN responsiveness in the SRs in our cohort is surprising. We have 

several hypotheses that warrant further exploration. The metabolic change induced in 

response to PRR ligation is important for the production of cytokines such as IFNa. We 

propose that the reduced TLR9 response observed in our SRs is potentially due to a 

reduced ability to support TLR9 induced IFNa production. This metabolic disruption could 

be interrogated by assessing pDC metabolism using single cell RNA-seq and novel 

technologies such as SCENITH, which allows for assessment of metabolism at a single cell 

level.  

 

Our finding of differential susceptibility to HCV infection based on education status is 

interesting and could be explored further in the milieu interieur donors, for whom 
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extensive demographic information has been collected. Analysis of NanoString and 

Luminex data generated on the whole blood stimuli from the MIC by low and high 

socioeconomic status including important covariates such as CMV and age could shed 

light on the impact of SES on the induced immune response. Exploration of the impact of 

different blood groups, not just RhD is also possible using the MIC.  

 

Additionally, through leveraging cohorts like the MIC, one could look at the genetic 

determinants of ODN responsiveness by dividing donors into low and high responders and 

matching those responders with the genomic data on the cohort to find SNPs associated 

with the ODN response. Following identification of such SNPs, one could genotype our 

cohort for the relevant SNPs. This would help determine whether the reduced ODN 

response was genetically encoded and thus a state that proceeded HCV infection. 

Infection of iPSC derived hepatocytes cocultured with donors PBMCs harbouring these 

SNPs could help determine whether these SNPs impact on the ability to SR HCV in vitro.  

 

Final conclusions 

Here we have described for the first time, innate resistance to HCV in the Irish anti-D 

cohort. We identified a polyIC-IFN-I signature as being associated with resistance. These 

findings may prove important in epidemiological studies that estimate population level 

immunity and viral exposure 64,297. We also uncover an association between a SNP in 

IFNAR1 and protection against HCV infection in our cohort. We describe for the first time, 

reduction in TLR9 IFN-I mediated immunity in SR individuals. Interestingly, we also find 

differences in HCV-specific antibody positivity between SRs and SVRs. HCV therapy has 

evolved dramatically over the last decade, however, no vaccines are yet available. The 

evolution of drug resistance is also a major concern 298. Harnessing the findings in this 

study could help in designing novel antibody therapies or vaccines. This thesis 

demonstrates the value of systematically studying the human whole blood induced 

immune response in understanding variability in infection outcome. 

 

 

 



 191 

Chapter 8: References  

(1)  Marques, R. E.; Marques, P. E.; Guabiraba, R.; Teixeira, M. M. Exploring the 

Homeostatic and Sensory Roles of the Immune System. Front. Immunol. 2016, 7, 

125. https://doi.org/10.3389/fimmu.2016.00125. 

(2)  Brodin, P.; Davis, M. M. Human Immune System Variation. Nat. Rev. Immunol. 

2017, 17 (1), 21–29. https://doi.org/10.1038/nri.2016.125. 

(3)  Quintana-Murci, L. Human Immunology through the Lens of Evolutionary 

Genetics. Cell 2019, 177 (1), 184–199. 

https://doi.org/https://doi.org/10.1016/j.cell.2019.02.033. 

(4)  Liston, A.; Humblet-Baron, S.; Duffy, D.; Goris, A. Human Immune Diversity: 

From Evolution to Modernity. Nat. Immunol. 2021. 

https://doi.org/10.1038/s41590-021-01058-1. 

(5)  Brodin, P.; Jojic, V.; Gao, T.; Bhattacharya, S.; Angel, C. J. L.; Furman, D.; Shen-

Orr, S.; Dekker, C. L.; Swan, G. E.; Butte, A. J.; Maecker, H. T.; Davis, M. M. 

Variation in the Human Immune System Is Largely Driven by Non-Heritable 

Influences. Cell 2015, 160 (1–2), 37–47. https://doi.org/10.1016/j.cell.2014.12.020. 

(6)  Allison, A. C. Protection Afforded by Sickle-Cell Trait Against Subtertian Malarial 

Infection. BMJ 1954, 1 (4857), 290–294. https://doi.org/10.1136/bmj.1.4857.290. 

(7)  Hadjadj, J.; Yatim, N.; Barnabei, L.; Corneau, A.; Boussier, J.; Smith, N.; Péré, H.; 

Charbit, B.; Bondet, V.; Chenevier-Gobeaux, C.; Breillat, P.; Carlier, N.; Gauzit, 

R.; Morbieu, C.; Pène, F.; Marin, N.; Roche, N.; Szwebel, T.-A.; Merkling, S. H.; 

Treluyer, J.-M.; Veyer, D.; Mouthon, L.; Blanc, C.; Tharaux, P.-L.; Rozenberg, F.; 

Fischer, A.; Duffy, D.; Rieux-Laucat, F.; Kernéis, S.; Terrier, B. Impaired Type I 

Interferon Activity and Inflammatory Responses in Severe COVID-19 Patients. 

Science (80-. ). 2020, 369 (6504), 718–724. 

https://doi.org/10.1126/science.abc6027. 

(8)  Casanova, J.-L.; Su, H. C. A Global Effort to Define the Human Genetics of 

Protective Immunity to SARS-CoV-2  Infection. Cell 2020, 181 (6), 1194–1199. 

https://doi.org/10.1016/j.cell.2020.05.016. 

(9)  Zhao, N. Q.; Vendrame, E.; Ferreira, A.-M.; Seiler, C.; Ranganath, T.; Alary, M.; 

Labbé, A.-C.; Guédou, F.; Poudrier, J.; Holmes, S.; Roger, M.; Blish, C. A. Natural 

Killer Cell Phenotype Is Altered in HIV-Exposed Seronegative Women. PLoS One 

2020, 15 (9), e0238347. 



 192 

(10)  Shawa, I. T.; Felmlee, D. J.; Hegazy, D.; Sheridan, D. A.; Cramp, M. E. 

Exploration of Potential Mechanisms of Hepatitis C Virus Resistance in Exposed 

Uninfected Intravenous Drug Users. J. Viral Hepat. 2017, 24 (12), 1082–1088. 

https://doi.org/doi:10.1111/jvh.12720. 

(11)  Paludan, S. R.; Pradeu, T.; Masters, S. L.; Mogensen, T. H. Constitutive Immune 

Mechanisms: Mediators of Host Defence and Immune Regulation. Nat. Rev. 

Immunol. 2021, 21 (3), 137–150. https://doi.org/10.1038/s41577-020-0391-5. 

(12)  Flajnik, M. F.; Pasquier, L. Du. Evolution of Innate and Adaptive Immunity: Can 

We Draw a Line? Trends Immunol. 2004, 25 (12), 640–644. 

https://doi.org/https://doi.org/10.1016/j.it.2004.10.001. 

(13)  Tang, D.; Kang, R.; Coyne, C. B.; Zeh, H. J.; Lotze, M. T. PAMPs and DAMPs: 

Signal 0s That Spur Autophagy and Immunity. Immunol. Rev. 2012, 249 (1), 158–

175. https://doi.org/10.1111/j.1600-065X.2012.01146.x. 

(14)  Li, D.; Wu, M. Pattern Recognition Receptors in Health and Diseases. Signal 

Transduct. Target. Ther. 2021, 6 (1), 291. https://doi.org/10.1038/s41392-021-

00687-0. 

(15)  Rehwinkel, J.; Gack, M. U. RIG-I-like Receptors: Their Regulation and Roles in 

RNA Sensing. Nat. Rev. Immunol. 2020, 20 (9), 537–551. 

https://doi.org/10.1038/s41577-020-0288-3. 

(16)  Lazear, H. M.; Schoggins, J. W.; Diamond, M. S. Shared and Distinct Functions of 

Type I and Type III Interferons. Immunity 2019, 50 (4), 907–923. 

https://doi.org/10.1016/j.immuni.2019.03.025. 

(17)  McNab, F.; Mayer-Barber, K.; Sher, A.; Wack, A.; O’Garra, A. Type I Interferons 

in Infectious Disease. Nat. Rev. Immunol. 2015, 15, 87. 

(18)  Porritt, R. A.; Hertzog, P. J. Dynamic Control of Type I IFN Signalling by an 

Integrated Network of Negative Regulators. Trends Immunol. 2015, 36 (3), 150–

160. https://doi.org/10.1016/j.it.2015.02.002. 

(19)  Rodero, M. P.; Decalf, J.; Bondet, V.; Hunt, D.; Rice, G. I.; Werneke, S.; 

McGlasson, S. L.; Alyanakian, M.-A.; Bader-Meunier, B.; Barnerias, C.; Bellon, 

N.; Belot, A.; Bodemer, C.; Briggs, T. A.; Desguerre, I.; Frémond, M.-L.; Hully, 

M.; van den Maagdenberg, A. M. J. M.; Melki, I.; Meyts, I.; Musset, L.; Pelzer, N.; 

Quartier, P.; Terwindt, G. M.; Wardlaw, J.; Wiseman, S.; Rieux-Laucat, F.; Rose, 

Y.; Neven, B.; Hertel, C.; Hayday, A.; Albert, M. L.; Rozenberg, F.; Crow, Y. J.; 

Duffy, D. Detection of Interferon Alpha Protein Reveals Differential Levels and 



 193 

Cellular Sources in Disease. J. Exp. Med. 2017, 214 (5), 1547 LP – 1555. 

https://doi.org/10.1084/jem.20161451. 

(20)  Blasius, A. L.; Beutler, B. Intracellular Toll-like Receptors. Immunity 2010, 32 (3), 

305–315. https://doi.org/10.1016/j.immuni.2010.03.012. 

(21)  Honda, K.; Takaoka, A.; Taniguchi, T. Type I Interferon [Corrected] Gene 

Induction by the Interferon Regulatory Factor  Family of Transcription Factors. 

Immunity 2006, 25 (3), 349–360. https://doi.org/10.1016/j.immuni.2006.08.009. 

(22)  Liu, S.; Cai, X.; Wu, J.; Cong, Q.; Chen, X.; Li, T.; Du, F.; Ren, J.; Wu, Y.-T.; 

Grishin, N. V; Chen, Z. J. Phosphorylation of Innate Immune Adaptor Proteins 

MAVS, STING, and TRIF Induces IRF3  Activation. Science 2015, 347 (6227), 

aaa2630. https://doi.org/10.1126/science.aaa2630. 

(23)  Honda, K.; Yanai, H.; Takaoka, A.; Taniguchi, T. Regulation of the Type I IFN 

Induction: A Current View. Int. Immunol. 2005, 17 (11), 1367–1378. 

https://doi.org/10.1093/intimm/dxh318. 

(24)  Marié, I.; Durbin, J. E.; Levy, D. E. Differential Viral Induction of Distinct 

Interferon-Alpha Genes by Positive Feedback  through Interferon Regulatory 

Factor-7. EMBO J. 1998, 17 (22), 6660–6669. 

https://doi.org/10.1093/emboj/17.22.6660. 

(25)  Sato, M.; Suemori, H.; Hata, N.; Asagiri, M.; Ogasawara, K.; Nakao, K.; Nakaya, 

T.; Katsuki, M.; Noguchi, S.; Tanaka, N.; Taniguchi, T. Distinct and Essential 

Roles of Transcription Factors IRF-3 and IRF-7 in Response to  Viruses for IFN-

Alpha/Beta Gene Induction. Immunity 2000, 13 (4), 539–548. 

https://doi.org/10.1016/s1074-7613(00)00053-4. 

(26)  Wilson, N. S.; El-Sukkari, D.; Belz, G. T.; Smith, C. M.; Steptoe, R. J.; Heath, W. 

R.; Shortman, K.; Villadangos, J. A. Most Lymphoid Organ Dendritic Cell Types 

Are Phenotypically and Functionally Immature. Blood 2003, 102 (6), 2187–2194. 

https://doi.org/10.1182/blood-2003-02-0513. 

(27)  Asselin-Paturel, C.; Trinchieri, G. Production of Type I Interferons: Plasmacytoid 

Dendritic Cells and Beyond. J. Exp. Med. 2005, 202 (4), 461–465. 

https://doi.org/10.1084/jem.20051395. 

(28)  Ali, S.; Mann-Nüttel, R.; Schulze, A.; Richter, L.; Alferink, J.; Scheu, S. Sources 

of Type I Interferons in Infectious Immunity: Plasmacytoid Dendritic Cells Not 

Always in the Driver’s Seat. Front. Immunol. 2019, 10, 778. 

https://doi.org/10.3389/fimmu.2019.00778. 



 194 

(29)  Gao, D.; Ciancanelli, M. J.; Zhang, P.; Harschnitz, O.; Bondet, V.; Hasek, M.; 

Chen, J.; Mu, X.; Itan, Y.; Cobat, A.; Sancho-Shimizu, V.; Bigio, B.; Lorenzo, L.; 

Ciceri, G.; McAlpine, J.; Anguiano, E.; Jouanguy, E.; Chaussabel, D.; Meyts, I.; 

Diamond, M. S.; Abel, L.; Hur, S.; Smith, G. A.; Notarangelo, L.; Duffy, D.; 

Studer, L.; Casanova, J.-L.; Zhang, S.-Y. TLR3 Controls Constitutive IFN-β 

Antiviral Immunity in Human Fibroblasts and  Cortical Neurons. J. Clin. Invest. 

2021, 131 (1). https://doi.org/10.1172/JCI134529. 

(30)  Schoggins, J. W. Interferon-Stimulated Genes: What Do They All Do? Annu. Rev. 

Virol. 2019, 6 (1), 567–584. https://doi.org/10.1146/annurev-virology-092818-

015756. 

(31)  Rusinova, I.; Forster, S.; Yu, S.; Kannan, A.; Masse, M.; Cumming, H.; Chapman, 

R.; Hertzog, P. J. Interferome v2.0: An Updated Database of Annotated Interferon-

Regulated Genes. Nucleic Acids Res. 2013, 41 (Database issue), D1040–D1046. 

https://doi.org/10.1093/nar/gks1215. 

(32)  Ali, S.; Mann-Nüttel, R.; Schulze, A.; Richter, L.; Alferink, J.; Scheu, S. Sources 

of Type I Interferons in Infectious Immunity: Plasmacytoid Dendritic Cells Not 

Always in the Driver’s Seat. Front. Immunol. 2019, 10, 778. 

https://doi.org/10.3389/fimmu.2019.00778. 

(33)  Kaur, S.; Sassano, A.; Joseph, A. M.; Majchrzak-Kita, B.; Eklund, E. A.; Verma, 

A.; Brachmann, S. M.; Fish, E. N.; Platanias, L. C. Dual Regulatory Roles of 

Phosphatidylinositol 3-Kinase in IFN Signaling. J. Immunol. 2008, 181 (10), 

7316–7323. https://doi.org/10.4049/jimmunol.181.10.7316. 

(34)  Wu, D.; Sanin, D. E.; Everts, B.; Chen, Q.; Qiu, J.; Buck, M. D.; Patterson, A.; 

Smith, A. M.; Chang, C.-H.; Liu, Z.; Artyomov, M. N.; Pearce, E. L.; Cella, M.; 

Pearce, E. J. Type 1 Interferons Induce Changes in Core Metabolism That Are 

Critical for Immune  Function. Immunity 2016, 44 (6), 1325–1336. 

https://doi.org/10.1016/j.immuni.2016.06.006. 

(35)  Porritt, R. A.; Hertzog, P. J. Dynamic Control of Type I IFN Signalling by an 

Integrated Network of Negative Regulators. Trends Immunol. 2015, 36 (3), 150–

160. https://doi.org/10.1016/j.it.2015.02.002. 

(36)  Motwani, M.; Pesiridis, S.; Fitzgerald, K. A. DNA Sensing by the CGAS-STING 

Pathway in Health and Disease. Nat. Rev. Genet. 2019, 20 (11), 657–674. 

https://doi.org/10.1038/s41576-019-0151-1. 

(37)  Niewold, T. B. Type I Interferon in Human Autoimmunity. Front. Immunol. 2014, 



 195 

5, 306. https://doi.org/10.3389/fimmu.2014.00306. 

(38)  Stevenson, N. J.; Bourke, N. M.; Ryan, E. J.; Binder, M.; Fanning, L.; Johnston, J. 

A.; Hegarty, J. E.; Long, A.; O‧Farrelly, C. Hepatitis C Virus Targets the 

Interferon-α JAK/STAT Pathway by Promoting Proteasomal Degradation in 

Immune Cells and Hepatocytes. FEBS Lett. 2013, 587 (10), 1571–1578. 

https://doi.org/doi:10.1016/j.febslet.2013.03.041. 

(39)  Kotliarov, Y.; Sparks, R.; Martins, A. J.; Mulè, M. P.; Lu, Y.; Goswami, M.; 

Kardava, L.; Banchereau, R.; Pascual, V.; Biancotto, A.; Chen, J.; Schwartzberg, 

P. L.; Bansal, N.; Liu, C. C.; Cheung, F.; Moir, S.; Tsang, J. S. Broad Immune 

Activation Underlies Shared Set Point Signatures for Vaccine Responsiveness in 

Healthy Individuals and Disease Activity in Patients with Lupus. Nat. Med. 2020, 

26 (4), 618–629. https://doi.org/10.1038/s41591-020-0769-8. 

(40)  Palacio, N.; Dangi, T.; Chung, Y. R.; Wang, Y.; Loredo-Varela, J. L.; Zhang, Z.; 

Penaloza-MacMaster, P. Early Type I IFN Blockade Improves the Efficacy of 

Viral Vaccines. J. Exp. Med. 2020, 217 (12). 

https://doi.org/10.1084/jem.20191220. 

(41)  Dasoveanu, D. C.; Park, H. J.; Ly, C. L.; Shipman, W. D.; Chyou, S.; Kumar, V.; 

Tarlinton, D.; Ludewig, B.; Mehrara, B. J.; Lu, T. T. Lymph Node Stromal CCL2 

Limits Antibody Responses. Sci. Immunol. 2020, 5 (45). 

https://doi.org/10.1126/sciimmunol.aaw0693. 

(42)  Sammicheli, S.; Kuka, M.; Di Lucia, P.; de Oya, N. J.; De Giovanni, M.; 

Fioravanti, J.; Cristofani, C.; Maganuco, C. G.; Fallet, B.; Ganzer, L.; Sironi, L.; 

Mainetti, M.; Ostuni, R.; Larimore, K.; Greenberg, P. D.; de la Torre, J. C.; 

Guidotti, L. G.; Iannacone, M. Inflammatory Monocytes Hinder Antiviral B Cell 

Responses. Sci. Immunol. 2016, 1 (4). 

https://doi.org/10.1126/sciimmunol.aah6789. 

(43)  Schroder, K.; Hertzog, P. J.; Ravasi, T.; Hume, D. A. Interferon-Gamma: An 

Overview of Signals, Mechanisms and Functions. J. Leukoc. Biol. 2004, 75 (2), 

163–189. https://doi.org/10.1189/jlb.0603252. 

(44)  Wack, A.; Terczyńska-Dyla, E.; Hartmann, R. Guarding the Frontiers: The Biology 

of Type III Interferons. Nat. Immunol. 2015, 16 (8), 802–809. 

https://doi.org/10.1038/ni.3212. 

(45)  Blazek, K.; Eames, H. L.; Weiss, M.; Byrne, A. J.; Perocheau, D.; Pease, J. E.; 

Doyle, S.; McCann, F.; Williams, R. O.; Udalova, I. A. IFN-λ Resolves 



 196 

Inflammation via Suppression of Neutrophil Infiltration and IL-1β  Production. J. 

Exp. Med. 2015, 212 (6), 845–853. https://doi.org/10.1084/jem.20140995. 

(46)  Ng, L. G.; Ostuni, R.; Hidalgo, A. Heterogeneity of Neutrophils. Nat. Rev. 

Immunol. 2019, 19 (4), 255–265. https://doi.org/10.1038/s41577-019-0141-8. 

(47)  Kamp, V. M.; Pillay, J.; Lammers, J.-W. J.; Pickkers, P.; Ulfman, L. H.; 

Koenderman, L. Human Suppressive Neutrophils CD16bright/CD62Ldim Exhibit 

Decreased Adhesion. J. Leukoc. Biol. 2012, 92 (5), 1011–1020. 

https://doi.org/doi:10.1189/jlb.0612273. 

(48)  Demaret, J.; Venet, F.; Friggeri, A.; Cazalis, M.-A.; Plassais, J.; Jallades, L.; 

Malcus, C.; Poitevin-Later, F.; Textoris, J.; Lepape, A.; Monneret, G. Marked 

Alterations of Neutrophil Functions during Sepsis-Induced Immunosuppression. J. 

Leukoc. Biol. 2015, 98 (6), 1081–1090. https://doi.org/10.1189/jlb.4A0415-168RR. 

(49)  Hasan, M.; Beitz, B.; Rouilly, V.; Libri, V.; Urrutia, A.; Duffy, D.; Cassard, L.; 

Santo, J. P. Di; Mottez, E.; Quintana-Murci, L.; Albert, M. L.; Rogge, L. Semi-

Automated and Standardized Cytometric Procedures for Multi-Panel and Multi-

Parametric Whole Blood Immunophenotyping. Clin. Immunol. 2015, 157 (2), 261–

276. https://doi.org/https://doi.org/10.1016/j.clim.2014.12.008. 

(50)  Sampath, P.; Moideen, K.; Ranganathan, U. D.; Bethunaickan, R. Monocyte 

Subsets: Phenotypes and Function in Tuberculosis Infection. Front. Immunol. 

2018, 9, 1726. https://doi.org/10.3389/fimmu.2018.01726. 

(51)  Hou, W.; Gibbs, J. S.; Lu, X.; Brooke, C. B.; Roy, D.; Modlin, R. L.; Bennink, J. 

R.; Yewdell, J. W. Viral Infection Triggers Rapid Differentiation of Human Blood 

Monocytes into  Dendritic Cells. Blood 2012, 119 (13), 3128–3131. 

https://doi.org/10.1182/blood-2011-09-379479. 

(52)  Roberts, N. J. Diverse and Unexpected Roles of Human Monocytes/Macrophages 

in the Immune Response to Influenza Virus. Viruses 2020, 12 (4). 

https://doi.org/10.3390/v12040379. 

(53)  Muntjewerff, E. M.; Meesters, L. D.; van den Bogaart, G. Antigen Cross-

Presentation by Macrophages. Front. Immunol. 2020, 11, 1276. 

https://doi.org/10.3389/fimmu.2020.01276. 

(54)  Collin, M.; Bigley, V. Human Dendritic Cell Subsets: An Update. Immunology 

2018, 154 (1), 3–20. https://doi.org/10.1111/imm.12888. 

(55)  Assil, S.; Coléon, S.; Dong, C.; Décembre, E.; Sherry, L.; Allatif, O.; Webster, B.; 

Dreux, M. Plasmacytoid Dendritic Cells and Infected Cells Form an Interferogenic 



 197 

Synapse Required for Antiviral Responses. Cell Host Microbe 2019, 25 (5), 730-

745.e6. https://doi.org/https://doi.org/10.1016/j.chom.2019.03.005. 

(56)  Cerwenka, A.; Lanier, L. L. Natural Killer Cell Memory in Infection, Inflammation 

and Cancer. Nat. Rev. Immunol. 2016, 16, 112. 

(57)  Ljunggren, H.-G.; Kärre, K. In Search of the ‘Missing Self’: MHC Molecules and 

NK Cell Recognition. Immunol. Today 1990, 11, 237–244. 

https://doi.org/https://doi.org/10.1016/0167-5699(90)90097-S. 

(58)  Karunakaran, M. M.; Herrmann, T. The Vγ9Vδ2 T Cell Antigen Receptor and 

Butyrophilin 3 A1 (BTN3A1): Models of Interaction, the Possibility of Co-

Evolution, and the Case of Dendritic Epidermal T Cells. Front. Immunol. 2014, 5, 

648. https://doi.org/10.3389/fimmu.2014.00648. 

(59)  Vantourout, P.; Hayday, A. Six-of-the-Best: Unique Contributions of Γδ T Cells to 

Immunology. Nat. Rev. Immunol. 2013, 13, 88. 

(60)  Ravens, S.; Hengst, J.; Schlapphoff, V.; Deterding, K.; Dhingra, A.; Schultze-

Florey, C.; Koenecke, C.; Cornberg, M.; Wedemeyer, H.; Prinz, I. Human Γδ T 

Cell Receptor Repertoires in Peripheral Blood Remain Stable Despite Clearance of 

Persistent Hepatitis C Virus Infection by Direct-Acting Antiviral Drug Therapy. 

Front. Immunol. 2018, 9, 510. https://doi.org/10.3389/fimmu.2018.00510. 

(61)  Heim, M. H.; Thimme, R. Innate and Adaptive Immune Responses in HCV 

Infections. J. Hepatol. 2014, 61 (1, Supplement), S14–S25. 

https://doi.org/https://doi.org/10.1016/j.jhep.2014.06.035. 

(62)  Market, E.; Papavasiliou, F. N. V(D)J Recombination and the Evolution of the 

Adaptive Immune System. PLOS Biol. 2003, 1 (1). 

https://doi.org/10.1371/journal.pbio.0000016. 

(63)  Berger, A. Th1 and Th2 Responses: What Are They? BMJ 2000, 321 (7258), 424. 

https://doi.org/10.1136/bmj.321.7258.424. 

(64)  Swadling, L.; Diniz, M. O.; Schmidt, N. M.; Amin, O. E.; Chandran, A.; Shaw, E.; 

Pade, C.; Gibbons, J. M.; Le Bert, N.; Tan, A. T.; Jeffery-Smith, A.; Tan, C. C. S.; 

Tham, C. Y. L.; Kucykowicz, S.; Aidoo-Micah, G.; Rosenheim, J.; Davies, J.; 

Johnson, M.; Jensen, M. P.; Joy, G.; McCoy, L. E.; Valdes, A. M.; Chain, B. M.; 

Goldblatt, D.; Altmann, D. M.; Boyton, R. J.; Manisty, C.; Treibel, T. A.; Moon, J. 

C.; Abbass, H.; Abiodun, A.; Alfarih, M.; Alldis, Z.; Andiapen, M.; Artico, J.; 

Augusto, J. B.; Baca, G. L.; Bailey, S. N. L.; Bhuva, A. N.; Boulter, A.; Bowles, 

R.; Boyton, R. J.; Bracken, O. V; O’Brien, B.; Brooks, T.; Bullock, N.; Butler, D. 



 198 

K.; Captur, G.; Champion, N.; Chan, C.; Collier, D.; de Sousa, J. C.; Couto-Parada, 

X.; Cutino-Moguel, T.; Davies, R. H.; Douglas, B.; Di Genova, C.; Dieobi-Anene, 

K.; Ellis, A.; Feehan, K.; Finlay, M.; Fontana, M.; Forooghi, N.; Gaier, C.; Gilroy, 

D.; Hamblin, M.; Harker, G.; Hewson, J.; Hickling, L. M.; Hingorani, A. D.; 

Howes, L.; Hughes, A.; Hughes, G.; Hughes, R.; Itua, I.; Jardim, V.; Lee, W.-Y. J.; 

Jensen, M. petra; Jones, J.; Jones, M.; Joy, G.; Kapil, V.; Kurdi, H.; Lambourne, J.; 

Lin, K.-M.; Louth, S.; Mandadapu, V.; McKnight, Á.; Menacho, K.; Mfuko, C.; 

Mitchelmore, O.; Moon, C.; Murray, S. M.; Noursadeghi, M.; Otter, A.; Palma, S.; 

Parker, R.; Patel, K.; Pawarova, B.; Petersen, S. E.; Piniera, B.; Pieper, F. P.; Pope, 

D.; Prossora, M.; Rannigan, L.; Rapala, A.; Reynolds, C. J.; Richards, A.; 

Robathan, M.; Sambile, G.; Semper, A.; Seraphim, A.; Simion, M.; Smit, A.; 

Sugimoto, M.; Taylor, S.; Temperton, N.; Thomas, S.; Thornton, G. D.; Tucker, 

A.; Veerapen, J.; Vijayakumar, M.; Welch, S.; Wodehouse, T.; Wynne, L.; Zahedi, 

D.; Dorp, L. van; Balloux, F.; McKnight, Á.; Noursadeghi, M.; Bertoletti, A.; 

Maini, M. K.; investigators, Covid. Pre-Existing Polymerase-Specific T Cells 

Expand in Abortive Seronegative SARS-CoV-2. Nature 2021. 

https://doi.org/10.1038/s41586-021-04186-8. 

(65)  Zeremski, M.; Shu, M. A.; Brown, Q.; Wu, Y.; Des Jarlais, D. C.; Busch, M. P.; 

Talal, A. H.; Edlin, B. R. Hepatitis C Virus-Specific T-Cell Immune Responses in 

Seronegative Injection Drug Users. J. Viral Hepat. 2009, 16 (1), 10–20. 

https://doi.org/doi:10.1111/j.1365-2893.2008.01016.x. 

(66)  Patin, E.; Hasan, M.; Bergstedt, J.; Rouilly, V.; Libri, V.; Urrutia, A.; Alanio, C.; 

Scepanovic, P.; Hammer, C.; Jönsson, F.; Beitz, B.; Quach, H.; Lim, Y. W.; 

Hunkapiller, J.; Zepeda, M.; Green, C.; Piasecka, B.; Leloup, C.; Rogge, L.; Huetz, 

F.; Peguillet, I.; Lantz, O.; Fontes, M.; Di Santo, J. P.; Thomas, S.; Fellay, J.; 

Duffy, D.; Quintana-Murci, L.; Albert, M. L.; Consortium, T. M. I. Natural 

Variation in the Parameters of Innate Immune Cells Is Preferentially Driven by 

Genetic Factors. Nat. Immunol. 2018, 19 (6), 645. https://doi.org/10.1038/s41590-

018-0105-3. 

(67)  Torres, H. A.; Shigle, T. L.; Hammoudi, N.; Link, J. T.; Samaniego, F.; Kaseb, A.; 

Mallet, V. The Oncologic Burden of Hepatitis C Virus Infection: A Clinical 

Perspective. CA. Cancer J. Clin. 2017, 67 (5), 411–431. 

https://doi.org/10.3322/caac.21403. 

(68)  Gubay, F.; Staunton, R.; Metzig, C.; Abubakar, I.; White, P. J. Assessing 



 199 

Uncertainty in the Burden of Hepatitis C Virus: Comparison of Estimated Disease 

Burden and Treatment Costs in the UK. J. Viral Hepat. 2018, 25 (5), 514–523. 

https://doi.org/10.1111/jvh.12847. 

(69)  Spearman, C. W.; Dusheiko, G. M.; Hellard, M.; Sonderup, M. Hepatitis C. Lancet 

2019, 394 (10207), 1451–1466. https://doi.org/10.1016/S0140-6736(19)32320-7. 

(70)  Alter, M. J.; Kruszon-Moran, D.; Nainan, O. V; McQuillan, G. M.; Gao, F.; 

Moyer, L. A.; Kaslow, R. A.; Margolis, H. S. The Prevalence of Hepatitis C Virus 

Infection in the United States, 1988 through 1994. N. Engl. J. Med. 1999, 341 (8), 

556–562. https://doi.org/10.1056/NEJM199908193410802. 

(71)  Falade-Nwulia, O.; Sulkowski, M. S.; Merkow, A.; Latkin, C.; Mehta, S. H. 

Understanding and Addressing Hepatitis C Reinfection in the Oral Direct-Acting  

Antiviral Era. J. Viral Hepat. 2018, 25 (3), 220–227. 

https://doi.org/10.1111/jvh.12859. 

(72)  Martin, N. K.; Vickerman, P.; Dore, G. J.; Hickman, M. The Hepatitis C Virus 

Epidemics in Key Populations (Including People Who Inject Drugs, Prisoners and 

MSM): The Use of Direct-Acting Antivirals as Treatment for Prevention. Curr. 

Opin. HIV AIDS 2015, 10 (5), 374–380. 

https://doi.org/10.1097/COH.0000000000000179. 

(73)  Llibre, A.; Shimakawa, Y.; Mottez, E.; Ainsworth, S.; Buivan, T.-P.; Firth, R.; 

Harrison, E.; Rosenberg, A. R.; Meritet, J.-F.; Fontanet, A.; Castan, P.; Madejón, 

A.; Laverick, M.; Glass, A.; Viana, R.; Pol, S.; McClure, C. P.; Irving, W. L.; 

Miele, G.; Albert, M. L.; Duffy, D. Development and Clinical Validation of the 

Genedrive Point-of-Care Test for Qualitative Detection of Hepatitis C Virus. Gut 

2018, 67 (11), 2017–2024. https://doi.org/10.1136/gutjnl-2017-315783. 

(74)  Kemming, J.; Thimme, R.; Neumann-Haefelin, C. Adaptive Immune Response 

against Hepatitis C Virus. Int. J. Mol. Sci. 2020, 21 (16). 

https://doi.org/10.3390/ijms21165644. 

(75)  Zein, N. N. Clinical Significance of Hepatitis C Virus Genotypes. Clin. Microbiol. 

Rev. 2000, 13 (2), 223–235. https://doi.org/10.1128/cmr.13.2.223-235.2000. 

(76)  Amoroso, P.; Rapicetta, M.; Tosti, M. E.; Mele, A.; Spada, E.; Buonocore, S.; 

Lettieri, G.; Pierri, P.; Chionne, P.; Ciccaglione, A. R.; Sagliocca, L. Correlation 

between Virus Genotype and Chronicity Rate in Acute Hepatitis C. J. Hepatol. 

1998, 28 (6), 939–944. https://doi.org/https://doi.org/10.1016/S0168-

8278(98)80340-1. 



 200 

(77)  Kato, N. Genome of Human Hepatitis C Virus (HCV): Gene Organization, 

Sequence Diversity, and Variation. Microb. Comp. Genomics 2000, 5 (3), 129–

151. https://doi.org/10.1089/omi.1.2000.5.129. 

(78)  Abdel-Hakeem, M. S.; Shoukry, N. H. Protective Immunity Against Hepatitis C: 

Many Shades of Gray. Front. Immunol. 2014, 5, 274. 

https://doi.org/10.3389/fimmu.2014.00274. 

(79)  Moradpour, D.; Penin, F.; Rice, C. M. Replication of Hepatitis C Virus. Nat. Rev. 

Microbiol. 2007, 5, 453. 

(80)  Jacobson, I. M. The HCV Treatment Revolution Continues: Resistance 

Considerations, Pangenotypic Efficacy, and Advances in Challenging Populations. 

Gastroenterol. Hepatol. (N. Y). 2016, 12 (10 Suppl 4), 1–11. 

(81)  Smith, D. A.; Bradshaw, D.; Mbisa, J. L.; Manso, C. F.; Bibby, D. F.; Singer, J. B.; 

Thomson, E. C.; da Silva Filipe, A.; Aranday-Cortes, E.; Ansari, M. A.; Brown, 

A.; Hudson, E.; Benselin, J.; Healy, B.; Troke, P.; McLauchlan, J.; Barnes, E.; 

Irving, W. L. Real World SOF/VEL/VOX Retreatment Outcomes and Viral 

Resistance Analysis for HCV  Patients with Prior Failure to DAA Therapy. J. Viral 

Hepat. 2021, 28 (9), 1256–1264. https://doi.org/10.1111/jvh.13549. 

(82)  Smith, D. A.; Fernandez-Antunez, C.; Magri, A.; Bowden, R.; Chaturvedi, N.; 

Fellay, J.; McLauchlan, J.; Foster, G. R.; Irving, W. L.; Ball, J.; Brainard, D.; 

Burgess, G.; Cooke, G.; Dillon, J.; Gore, C.; Guha, N.; Halford, R.; Herath, C.; 

Holmes, C.; Howe, A.; Hudson, E.; Irving, W.; Khakoo, S.; Klenerman, P.; 

Koletzki, D.; Martin, N.; Massetto, B.; Mbisa, T.; McHutchison, J.; McKeating, J.; 

Miners, A.; Murray, A.; Shaw, P.; Spencer, C. C. A.; Targett-Adams, P.; Thomson, 

E.; Vickerman, P.; Zitzmann, N.; Simmonds, P.; Pedergnana, V.; Ramirez, S.; 

Bukh, J.; Barnes, E.; Ansari, M. A.; Consortium, S.-H. Viral Genome Wide 

Association Study Identifies Novel Hepatitis C Virus Polymorphisms Associated 

with Sofosbuvir Treatment Failure. Nat. Commun. 2021, 12 (1), 6105. 

https://doi.org/10.1038/s41467-021-25649-6. 

(83)  Chigbu, D. I.; Loonawat, R.; Sehgal, M.; Patel, D.; Jain, P. Hepatitis C Virus 

Infection: Host−Virus Interaction and Mechanisms of Viral  Persistence. Cells 

2019, 8 (4). https://doi.org/10.3390/cells8040376. 

(84)  Fischer, J.; Weber, A. N. R.; Böhm, S.; Dickhöfer, S.; El Maadidi, S.; Deichsel, D.; 

Knop, V.; Klinker, H.; Möller, B.; Rasenack, J.; Wang, L.; Sharma, M.; 

Hinrichsen, H.; Spengler, U.; Buggisch, P.; Sarrazin, C.; Pawlita, M.; Waterboer, 



 201 

T.; Wiese, M.; Probst-Müller, E.; Malinverni, R.; Bochud, P.-Y.; Gardiner, C.; 

O&#039;Farrelly, C.; Berg, T. Sex-Specific Effects of TLR9 Promoter Variants on 

Spontaneous Clearance of HCV Infection. Gut 2017, 66 (10), 1829 LP – 1837. 

https://doi.org/10.1136/gutjnl-2015-310239. 

(85)  Huang, M.; Jiang, J.-D.; Peng, Z. Recent Advances in the Anti-HCV Mechanisms 

of Interferon. Acta Pharm. Sin. B 2014, 4 (4), 241–247. 

https://doi.org/https://doi.org/10.1016/j.apsb.2014.06.010. 

(86)  Laidlaw, S. M.; Marukian, S.; Gilmore, R. H.; Cashman, S. B.; Nechyporuk-Zloy, 

V.; Rice, C. M.; Dustin, L. B. Tumor Necrosis Factor Inhibits Spread of Hepatitis 

C Virus Among Liver Cells,  Independent From Interferons. Gastroenterology 

2017, 153 (2), 566-578.e5. https://doi.org/10.1053/j.gastro.2017.04.021. 

(87)  Frese, M.; Schwärzle, V.; Barth, K.; Krieger, N.; Lohmann, V.; Mihm, S.; Haller, 

O.; Bartenschlager, R. Interferon-Gamma Inhibits Replication of Subgenomic and 

Genomic Hepatitis C Virus  RNAs. Hepatology 2002, 35 (3), 694–703. 

https://doi.org/10.1053/jhep.2002.31770. 

(88)  Poccia, F.; Agrati, C.; Martini, F.; Capobianchi, M. R.; Wallace, M.; Malkovsky, 

M. Antiviral Reactivities of Γδ T Cells. Microbes Infect. 2005, 7 (3), 518–528. 

(89)  Ow, M. M.; Hegazy, D.; Warshow, U. M.; Cramp, M. E. Enhanced Natural Killer 

Cell Activity Is Found in Exposed Uninfected Recipients of Hepatitis C-

Contaminated Blood. J. Viral Hepat. 2018, 25 (3), 245–253. 

https://doi.org/doi:10.1111/jvh.12810. 

(90)  Martinez, F. O.; Sironi, M.; Vecchi, A.; Colotta, F.; Mantovani, A.; Locati, M. IL-8 

Induces a Specific Transcriptional Profile in Human Neutrophils: Synergism with  

LPS for IL-1 Production. Eur. J. Immunol. 2004, 34 (8), 2286–2292. 

https://doi.org/10.1002/eji.200324481. 

(91)  Dreux, M.; Garaigorta, U.; Boyd, B.; Décembre, E.; Chung, J.; Whitten-Bauer, C.; 

Wieland, S.; Chisari, F. V. Short-Range Exosomal Transfer of Viral RNA from 

Infected Cells to Plasmacytoid  Dendritic Cells Triggers Innate Immunity. Cell 

Host Microbe 2012, 12 (4), 558–570. https://doi.org/10.1016/j.chom.2012.08.010. 

(92)  Pelletier, S.; Bédard, N.; Said, E.; Ancuta, P.; Bruneau, J.; Shoukry, N. H. 

Sustained Hyperresponsiveness of Dendritic Cells Is Associated with Spontaneous 

Resolution of Acute Hepatitis C. J. Virol. 2013, 87 (12), 6769–6781. 

https://doi.org/10.1128/JVI.02445-12. 

(93)  Logvinoff, C.; Major, M. E.; Oldach, D.; Heyward, S.; Talal, A.; Balfe, P.; 



 202 

Feinstone, S. M.; Alter, H.; Rice, C. M.; McKeating, J. A. Neutralizing Antibody 

Response during Acute and Chronic Hepatitis C Virus Infection. Proc. Natl. Acad. 

Sci. 2004, 101 (27), 10149–10154. https://doi.org/10.1073/pnas.0403519101. 

(94)  Heller, T.; Werner, J. M.; Rahman, F.; Mizukoshi, E.; Sobao, Y.; Gordon, A. M.; 

Sheets, A.; Sherker, A. H.; Kessler, E.; Bean, K. S.; Herrine, S. K.; Stevens, M.; 

Schmitt, J.; Rehermann, B. Occupational Exposure to Hepatitis C Virus: Early T-

Cell Responses in the Absence of Seroconversion in a Longitudinal Cohort Study. 

J. Infect. Dis. 2013, 208 (6), 1020–1025. https://doi.org/10.1093/infdis/jit270. 

(95)  Osburn, W. O.; Snider, A. E.; Wells, B. L.; Latanich, R.; Bailey, J. R.; Thomas, D. 

L.; Cox, A. L.; Ray, S. C. Clearance of Hepatitis C Infection Is Associated with the 

Early Appearance of Broad  Neutralizing Antibody Responses. Hepatology 2014, 

59 (6), 2140–2151. https://doi.org/10.1002/hep.27013. 

(96)  Kinchen, V. J.; Zahid, M. N.; Flyak, A. I.; Soliman, M. G.; Learn, G. H.; Wang, S.; 

Davidson, E.; Doranz, B. J.; Ray, S. C.; Cox, A. L.; Crowe, J. E. J.; Bjorkman, P. 

J.; Shaw, G. M.; Bailey, J. R. Broadly Neutralizing Antibody Mediated Clearance 

of Human Hepatitis C Virus  Infection. Cell Host Microbe 2018, 24 (5), 717-

730.e5. https://doi.org/10.1016/j.chom.2018.10.012. 

(97)  Thimme, R. T Cell Immunity to Hepatitis C Virus: Lessons for a Prophylactic 

Vaccine. J. Hepatol. 2021, 74 (1), 220–229. 

https://doi.org/10.1016/j.jhep.2020.09.022. 

(98)  Lingala, S.; Ghany, M. G. Natural History of Hepatitis C. Gastroenterol. Clin. 

North Am. 2015, 44 (4), 717–734. https://doi.org/10.1016/j.gtc.2015.07.003. 

(99)  Ciupe, S. M.; Ribeiro, R. M.; Perelson, A. S. Antibody Responses during Hepatitis 

B Viral Infection. PLoS Comput. Biol. 2014, 10 (7), e1003730. 

https://doi.org/10.1371/journal.pcbi.1003730. 

(100)  Osburn, W. O.; Fisher, B. E.; Dowd, K. A.; Urban, G.; Liu, L.; Ray, S. C.; 

Thomas, D. L.; Cox, A. L. Spontaneous Control of Primary Hepatitis C Virus 

Infection and Immunity Against Persistent Reinfection. Gastroenterology 2010, 

138 (1), 315–324. https://doi.org/https://doi.org/10.1053/j.gastro.2009.09.017. 

(101)  Takaki, A.; Wiese, M.; Maertens, G.; Depla, E.; Seifert, U.; Liebetrau, A.; Miller, 

J. L.; Manns, M. P.; Rehermann, B. Cellular Immune Responses Persist and 

Humoral Responses Decrease Two Decades after Recovery from a Single-Source 

Outbreak of Hepatitis C. Nat. Med. 2000, 6 (5), 578–582. 

https://doi.org/10.1038/75063. 



 203 

(102)  Petrovic, D.; Dempsey, E.; Doherty, D. G.; Kelleher, D.; Long, A. Hepatitis C 

Virus--T-Cell Responses and Viral Escape Mutations. Eur. J. Immunol. 2012, 42 

(1), 17–26. https://doi.org/10.1002/eji.201141593. 

(103)  Kumthip, K.; Chusri, P.; Jilg, N.; Zhao, L.; Fusco, D. N.; Zhao, H.; Goto, K.; 

Cheng, D.; Schaefer, E. A.; Zhang, L.; Pantip, C.; Thongsawat, S.; O’Brien, A.; 

Peng, L. F.; Maneekarn, N.; Chung, R. T.; Lin, W. Hepatitis C Virus NS5A 

Disrupts STAT1 Phosphorylation and Suppresses Type I Interferon Signaling. J. 

Virol. 2012, 86 (16), 8581–8591. https://doi.org/10.1128/JVI.00533-12. 

(104)  Barrett, L.; Gallant, M.; Howley, C.; Bowmer, M. I.; Hirsch, G.; Peltekian, K.; 

Grant, M. Enhanced IL-10 Production in Response to Hepatitis C Virus Proteins by 

Peripheral Blood Mononuclear Cells from Human Immunodeficiency Virus-

Monoinfected Individuals. BMC Immunol. 2008, 9, 28. 

https://doi.org/10.1186/1471-2172-9-28. 

(105)  Te, H. S.; Randall, G.; Jensen, D. M. Mechanism of Action of Ribavirin in the 

Treatment of Chronic Hepatitis C. Gastroenterol. Hepatol. (N. Y). 2007, 3 (3), 

218–225. 

(106)  Shire, N. J.; Welge, J. A.; Sherman, K. E. Response Rates to Pegylated Interferon 

and Ribavirin in HCV/HIV Coinfection: A  Research Synthesis. J. Viral Hepat. 

2007, 14 (4), 239–248. https://doi.org/10.1111/j.1365-2893.2006.00824.x. 

(107)  Dusheiko, G. Side Effects of Alpha Interferon in Chronic Hepatitis C. Hepatology 

1997, 26 (3 Suppl 1), 112S-121S. https://doi.org/10.1002/hep.510260720. 

(108)  Mei, Y.; Chen, Y.; Wu, Y.; Zhang, X.; Xu, W. Efficacy and Safety of Sofosbuvir-

Based Direct-Acting Antiviral Agents Treatment for Patients with Genotype 3/6 

Hepatitis C Virus Infection. Can. J. Gastroenterol. Hepatol. 2020, 2020, 8872120. 

https://doi.org/10.1155/2020/8872120. 

(109)  Ansari, M. A.; Aranday-Cortes, E.; Ip, C. L. C.; da Silva Filipe, A.; Lau, S. H.; 

Bamford, C.; Bonsall, D.; Trebes, A.; Piazza, P.; Sreenu, V.; Cowton, V. M.; 

Consortium, S.-H.; Hudson, E.; Bowden, R.; Patel, A. H.; Foster, G. R.; Irving, W. 

L.; Agarwal, K.; Thomson, E. C.; Simmonds, P.; Klenerman, P.; Holmes, C.; 

Barnes, E.; Spencer, C. C. A.; McLauchlan, J.; Pedergnana, V. Interferon Lambda 

4 Impacts the Genetic Diversity of Hepatitis C Virus. Elife 2019, 8, e42463. 

https://doi.org/10.7554/eLife.42463. 

(110)  Ansari, M. A.; Pedergnana, V.; L C Ip, C.; Magri, A.; Von Delft, A.; Bonsall, D.; 

Chaturvedi, N.; Bartha, I.; Smith, D.; Nicholson, G.; McVean, G.; Trebes, A.; 



 204 

Piazza, P.; Fellay, J.; Cooke, G.; Foster, G. R.; Barnes, E.; Ball, J.; Brainard, D.; 

Burgess, G.; Cooke, G.; Dillon, J.; Foster, G. R.; Gore, C.; Guha, N.; Halford, R.; 

Herath, C.; Holmes, C.; Howe, A.; Hudson, E.; Irving, W.; Khakoo, S.; 

Klenerman, P.; Koletzki, D.; Martin, N.; Massetto, B.; Mbisa, T.; McHutchison, J.; 

McKeating, J.; McLauchlan, J.; Miners, A.; Murray, A.; Shaw, P.; Simmonds, P.; 

Spencer, C. C. A.; Targett-Adams, P.; Thomson, E.; Vickerman, P.; Zitzmann, N.; 

Hudson, E.; McLauchlan, J.; Simmonds, P.; Bowden, R.; Klenerman, P.; Barnes, 

E.; Spencer, C. C. A.; Consortium, S.-H. Genome-to-Genome Analysis Highlights 

the Effect of the Human Innate and Adaptive Immune Systems on the Hepatitis C 

Virus. Nat. Genet. 2017, 49 (5), 666–673. https://doi.org/10.1038/ng.3835. 

(111)  Wedemeyer, H.; Khera, T.; Strunz, B.; Björkström, N. K. Reversal of Immunity 

After Clearance of Chronic HCV Infection—All Reset? Front. Immunol. 2020, 11, 

2659. https://doi.org/10.3389/fimmu.2020.571166. 

(112)  Burchill, M. A.; Roby, J. A.; Crochet, N.; Wind-Rotolo, M.; Stone, A. E.; 

Edwards, M. G.; Dran, R. J.; Kriss, M. S.; Gale  Jr, M.; Rosen, H. R. Rapid 

Reversal of Innate Immune Dysregulation in Blood of Patients and Livers of 

Humanized Mice with HCV Following DAA Therapy. PLoS One 2017, 12 (10), 

e0186213–e0186213. https://doi.org/10.1371/journal.pone.0186213. 

(113)  Osuch, S.; Metzner, K. J.; Caraballo Cortés, K. Reversal of T Cell Exhaustion in 

Chronic HCV Infection. Viruses 2020, 12 (8). https://doi.org/10.3390/v12080799. 

(114)  Aregay, A.; Owusu Sekyere, S.; Deterding, K.; Port, K.; Dietz, J.; Berkowski, C.; 

Sarrazin, C.; Manns, M. P.; Cornberg, M.; Wedemeyer, H. Elimination of Hepatitis 

C Virus Has Limited Impact on the Functional and Mitochondrial Impairment of 

HCV-Specific CD8+ T Cell Responses. J. Hepatol. 2019, 71 (5), 889–899. 

https://doi.org/https://doi.org/10.1016/j.jhep.2019.06.025. 

(115)  Langhans, B.; Nischalke, H. D.; Krämer, B.; Hausen, A.; Dold, L.; van Heteren, P.; 

Hüneburg, R.; Nattermann, J.; Strassburg, C. P.; Spengler, U. Increased peripheral 

CD4(+) regulatory T cells persist after successful  direct-acting antiviral treatment 

of chronic hepatitis C. J. Hepatol. 2017, 66 (5), 888–896. 

https://doi.org/10.1016/j.jhep.2016.12.019. 

(116)  Burchill, M. A.; Salomon, M. P.; Golden-Mason, L.; Wieland, A.; Maretti-Mira, A. 

C.; Gale Jr, M.; Rosen, H. R. Single-Cell Transcriptomic Analyses of T Cells in 

Chronic HCV-Infected Patients Dominated by DAA-Induced Interferon Signaling 

Changes. PLOS Pathog. 2021, 17 (8), 1–18. 



 205 

https://doi.org/10.1371/journal.ppat.1009799. 

(117)  Ghosh, A.; Mondal, R. K.; Romani, S.; Bagchi, S.; Cairo, C.; Pauza, C. D.; Kottilil, 

S.; Poonia, B. Persistent Gamma Delta T-Cell Dysfunction in Chronic HCV 

Infection despite  Direct-Acting Antiviral Therapy Induced Cure. J. Viral Hepat. 

2019, 26 (9), 1105–1116. https://doi.org/10.1111/jvh.13121. 

(118)  Leeansyah, E.; Ganesh, A.; Quigley, M. F.; Sönnerborg, A.; Andersson, J.; Hunt, 

P. W.; Somsouk, M.; Deeks, S. G.; Martin, J. N.; Moll, M.; Shacklett, B. L.; 

Sandberg, J. K. Activation, Exhaustion, and Persistent Decline of the 

Antimicrobial MR1-Restricted  MAIT-Cell Population in Chronic HIV-1 Infection. 

Blood 2013, 121 (7), 1124–1135. https://doi.org/10.1182/blood-2012-07-445429. 

(119)  Khlaiphuengsin, A.; Chuaypen, N.; Sodsai, P.; Reantragoon, R.; Han, W. M.; 

Avihingsanon, A.; Tangkijvanich, P. Successful Direct-Acting Antiviral Therapy 

Improves Circulating Mucosal-Associated Invariant T Cells in Patients with 

Chronic HCV Infection. PLoS One 2021, 15 (12), 1–13. 

https://doi.org/10.1371/journal.pone.0244112. 

(120)  Hengst, J.; Strunz, B.; Deterding, K.; Ljunggren, H.-G.; Leeansyah, E.; Manns, M. 

P.; Cornberg, M.; Sandberg, J. K.; Wedemeyer, H.; Björkström, N. K. 

Nonreversible MAIT Cell-Dysfunction in Chronic Hepatitis C Virus Infection 

despite  Successful Interferon-Free Therapy. Eur. J. Immunol. 2016, 46 (9), 2204–

2210. https://doi.org/10.1002/eji.201646447. 

(121)  Houghton, M. The Long and Winding Road Leading to the Identification of the 

Hepatitis C Virus. J. Hepatol. 2009, 51 (5), 939–948. 

https://doi.org/10.1016/j.jhep.2009.08.004. 

(122)  Choo, Q. L.; Kuo, G.; Weiner, A. J.; Overby, L. R.; Bradley, D. W.; Houghton, M. 

Isolation of a CDNA Clone Derived from a Blood-Borne Non-A, Non-B Viral 

Hepatitis Genome. Science 1989, 244 (4902), 359–362. 

(123)  Hauri, A. M.; Armstrong, G. L.; Hutin, Y. J. F. The Global Burden of Disease 

Attributable to Contaminated Injections given in Health Care Settings. Int. J. STD 

AIDS 2004, 15 (1), 7–16. https://doi.org/10.1258/095646204322637182. 

(124)  Hatia, R. I.; Dimitrova, Z.; Skums, P.; Teo, E. Y.-L.; Teo, C.-G. Nosocomial 

Hepatitis C Virus Transmission from Tampering with Injectable Anesthetic 

Opioids. Hepatology 2015, 62 (1), 101–110. https://doi.org/10.1002/hep.27800. 

(125)  Liang, T. J.; Ward, J. W. Hepatitis C in Injection-Drug Users — A Hidden Danger 

of the Opioid Epidemic. N. Engl. J. Med. 2018, 378 (13), 1169–1171. 



 206 

https://doi.org/10.1056/NEJMp1716871. 

(126)  Kenny-Walsh, E. Clinical Outcomes after Hepatitis C Infection from Contaminated 

Anti-D Immune Globulin. N. Engl. J. Med. 1999, 340 (16), 1228–1233. 

https://doi.org/10.1056/NEJM199904223401602. 

(127)  Meisel, H.; Reip, A.; Faltus, B.; Lu, M.; Porst, H.; Wiese, M.; Roggendorf, M.; 

Krüger, D. H. Transmission of Hepatitis C Virus to Children and Husbands by 

Women Infected with Contaminated Anti-D Immunoglobulin. Lancet (London, 

England) 1995, 345 (8959), 1209–1211. 

(128)  Finlay, T. A. Report of the Tribunal of Inquiry into the Blood Transfusion Service 

Board (11.8 MB). -2364 1997. 

(129)  Smith, D. B.; Lawlor, E.; Power, J.; O’Riordan, J.; McAllister, J.; Lycett, C.; 

Davidson, F.; Pathirana, S.; Garson, J. A.; Tedder, R. S.; Yap, P. L.; Simmonds, P. 

A Second Outbreak of Hepatitis C Virus Infection from Anti-D Immunoglobulin in 

Ireland. Vox Sang. 1999, 76 (3), 175–180. https://doi.org/31045. 

(130)  Power, J. P.; Lawlor, E.; Davidson, F.; Yap, P. L.; Kenny-Walsh, E.; Whelton, M. 

J.; Walsh, T. J. Hepatitis C Viraemia in Recipients of Irish Intravenous Anti-D 

Immunoglobulin. Lancet (London, England) 1994, 344 (8930), 1166–1167. 

(131)  Urbaniak, S. J.; Greiss, M. A. RhD Haemolytic Disease of the Fetus and the 

Newborn. Blood Rev. 2000, 14 (1), 44–61. https://doi.org/10.1054/blre.1999.0123. 

(132)  Power, J. P.; Davidson, F.; O’Riordan, J.; Simmonds, P.; Yap, P. L.; Lawlor, E. 

Hepatitis C Infection from Anti-D Immunoglobulin. Lancet (London, England) 

1995, 346 (8971), 372–373. 

(133)  Sheehan, M. M.; Doyle, C. T.; Whelton, M.; Kenny-Walsh, E. Hepatitis C Virus 

Liver Disease in Women Infected with Contaminated Anti-D Immunoglobulin. 

Histopathology 1997, 30 (6), 512–517. 

(134)  Power, J. P.; Lawlor, E.; Davidson, F.; Holmes, E. C.; Yap, P. L.; Simmonds, P. 

Molecular Epidemiology of an Outbreak of Infection with Hepatitis C Virus in 

Recipients of Anti-D Immunoglobulin. Lancet (London, England) 1995, 345 

(8959), 1211–1213. 

(135)  Bailey, J. R.; Laskey, S.; Wasilewski, L. N.; Munshaw, S.; Fanning, L. J.; Kenny-

Walsh, E.; Ray, S. C. Constraints on Viral Evolution during Chronic Hepatitis C 

Virus Infection Arising from a Common-Source Exposure. J. Virol. 2012, 86 (23), 

12582–12590. https://doi.org/10.1128/JVI.01440-12. 

(136)  Smith, D. B.; Pathirana, S.; Davidson, F.; Lawlor, E.; Power, J.; Yap, P. L.; 



 207 

Simmonds, P. The Origin of Hepatitis C Virus Genotypes. J. Gen. Virol. 1997, 78 ( 

Pt 2), 321–328. 

(137)  Gray, R. R.; Parker, J.; Lemey, P.; Salemi, M.; Katzourakis, A.; Pybus, O. G. The 

Mode and Tempo of Hepatitis C Virus Evolution within and among Hosts. BMC 

Evol. Biol. 2011, 11 (1), 131. https://doi.org/10.1186/1471-2148-11-131. 

(138)  Barrett, S.; Ryan, E.; Crowe, J. Association of the HLA-DRB1*01 Allele with 

Spontaneous Viral Clearance in an Irish Cohort Infected with Hepatitis C Virus via 

Contaminated Anti-D Immunoglobulin. J. Hepatol. 1999, 30 (6), 979–983. 

(139)  McKiernan, S. M.; Hagan, R.; Curry, M.; McDonald, G. S.; Nolan, N.; Crowley, 

J.; Hegarty, J.; Lawlor, E.; Kelleher, D. The MHC Is a Major Determinant of Viral 

Status, but Not Fibrotic Stage, in Individuals Infected with Hepatitis C. 

Gastroenterology 2000, 118 (6), 1124–1130. 

(140)  Dazert, E.; Neumann-Haefelin, C.; Bressanelli, S.; Fitzmaurice, K.; Kort, J.; Timm, 

J.; McKiernan, S.; Kelleher, D.; Gruener, N.; Tavis, J. E.; Rosen, H. R.; Shaw, J.; 

Bowness, P.; Blum, H. E.; Klenerman, P.; Bartenschlager, R.; Thimme, R. Loss of 

Viral Fitness and Cross-Recognition by CD8+ T Cells Limit HCV Escape from a 

Protective HLA-B27-Restricted Human Immune Response. J. Clin. Invest. 2009, 

119 (2), 376–386. https://doi.org/10.1172/JCI36587. 

(141)  Neumann-Haefelin, C.; Timm, J.; Schmidt, J.; Kersting, N.; Fitzmaurice, K.; 

Oniangue-Ndza, C.; Kemper, M. N.; Humphreys, I.; McKiernan, S.; Kelleher, D.; 

Lohmann, V.; Bowness, P.; Huzly, D.; Rosen, H. R.; Kim, A. Y.; Lauer, G. M.; 

Allen, T. M.; Barnes, E.; Roggendorf, M.; Blum, H. E.; Thimme, R. Protective 

Effect of Human Leukocyte Antigen B27 in Hepatitis C Virus Infection Requires 

the Presence of a Genotype-Specific Immunodominant CD8+ T-Cell Epitope. 

Hepatology 2010, 51 (1), 54–62. https://doi.org/10.1002/hep.23275. 

(142)  Ziegler, S.; Ruhl, M.; Tenckhoff, H.; Wiese, M.; Heinemann, F. M.; Horn, P. A.; 

Spengler, U.; Neumann-Haefelin, C.; Nattermann, J.; Timm, J. Susceptibility to 

Chronic Hepatitis C Virus Infection Is Influenced by Sequence Differences in 

Immunodominant CD8+ T Cell Epitopes. J. Hepatol. 2013, 58 (1), 24–30. 

https://doi.org/https://doi.org/10.1016/j.jhep.2012.08.016. 

(143)  Dring, M. M.; Morrison, M. H.; McSharry, B. P.; Guinan, K. J.; Hagan, R.; 

O’Farrelly, C.; Gardiner, C. M. Innate Immune Genes Synergize to Predict 

Increased Risk of Chronic Disease in Hepatitis C Virus Infection. Proc. Natl. Acad. 

Sci. U. S. A. 2011, 108 (14), 5736–5741. https://doi.org/10.1073/pnas.1016358108. 



 208 

(144)  Hoffmann, F. S.; Schmidt, A.; Dittmann Chevillotte, M.; Wisskirchen, C.; 

Hellmuth, J.; Willms, S.; Gilmore, R. H.; Glas, J.; Folwaczny, M.; Müller, T.; 

Berg, T.; Spengler, U.; Fitzmaurice, K.; Kelleher, D.; Reisch, N.; Rice, C. M.; 

Endres, S.; Rothenfusser, S. Polymorphisms in Melanoma Differentiation-

Associated Gene 5 Link Protein Function to Clearance of Hepatitis C Virus. 

Hepatology 2015, 61 (2), 460–470. https://doi.org/10.1002/hep.27344. 

(145)  Sulmasy, D. P. Are SARS-CoV-2 Human Challenge Trials Ethical? JAMA Intern. 

Med. 2021, 181 (8), 1031–1032. https://doi.org/10.1001/jamainternmed.2021.2614. 

(146)  Garvey, P.; Murphy, N.; Flanagan, P.; Brennan, A.; Courtney, G.; Crosbie, O.; 

Crowe, J.; Hegarty, J.; Lee, J.; McIver, M.; McNulty, C.; Murray, F.; Nolan, N.; 

O’Farrelly, C.; Stewart, S.; Tait, M.; Norris, S.; Thornton, L. Disease Outcomes in 

a Cohort of Women in Ireland Infected by Hepatitis C-Contaminated Anti-D 

Immunoglobulin during 1970s. J Hepatol 2017, 67 (6), 1140–1147. 

https://doi.org/10.1016/j.jhep.2017.07.034. 

(147)  Lawlor, E.; Power, J.; Garson, J.; Yap, P.; Davidson, F.; Columb, G.; Smith, D.; 

Pomeroy, L.; O’Riordan, J.; Simmonds, P.; Tedder, R. Transmission Rates of 

Hepatitis C Virus by Different Batches of a Contaminated Anti-D Immunoglobulin 

Preparation. Vox Sang. 1999, 76 (3), 138–143. https://doi.org/31038. 

(148)  National Hepatitis C Database for Infection Acquired through Blood and Blood 

Products: 2012 Report; 2012. 

(149)  Duffy, D. Standardized Immunomonitoring: Separating the Signals from the Noise. 

Trends Biotechnol. 2018, 36 (11), 1107–1115. 

https://doi.org/10.1016/j.tibtech.2018.06.002. 

(150)  McKiernan, S. M.; Hagan, R.; Curry, M.; McDonald, G. S. A.; Kelly, A.; Nolan, 

N.; Walsh, A.; Hegarty, J.; Lawlor, E.; Kelleher, D. Distinct MHC Class I and II 

Alleles Are Associated with Hepatitis C Viral Clearance, Originating from a Single 

Source. Hepatology 2004, 40 (1), 108–114. https://doi.org/10.1002/hep.20261. 

(151)  Ziegler, S.; Ruhl, M.; Tenckhoff, H.; Wiese, M.; Heinemann, F. M.; Horn, P. a; 

Spengler, U.; Neumann-Haefelin, C.; Nattermann, J.; Timm, J. Susceptibility to 

Chronic Hepatitis C Virus Infection Is Influenced by Sequence Differences in 

Immunodominant CD8+ T Cell Epitopes. J. Hepatol. 2013, 58 (1), 24–30. 

https://doi.org/10.1016/j.jhep.2012.08.016. 

(152)  Fitzmaurice, K.; Petrovic, D.; Ramamurthy, N.; Simmons, R.; Merani, S.; 

Gaudieri, S.; Sims, S.; Dempsey, E.; Freitas, E.; Lea, S.; McKiernan, S.; Norris, S.; 



 209 

Long, A.; Kelleher, D.; Klenerman, P. Molecular Footprints Reveal the Impact of 

the Protective HLA-A*03 Allele in Hepatitis C Virus Infection. Gut 2011, 60 (11), 

1563–1571. https://doi.org/10.1136/gut.2010.228403. 

(153)  Merani, S.; Petrovic, D.; James, I.; Chopra, A.; Cooper, D.; Freitas, E.; Rauch, A.; 

di Iulio, J.; John, M.; Lucas, M.; Fitzmaurice, K.; McKiernan, S.; Norris, S.; 

Kelleher, D.; Klenerman, P.; Gaudieri, S. Effect of Immune Pressure on Hepatitis 

C Virus Evolution: Insights from a Single-Source Outbreak. Hepatology 2011, 53 

(2), 396–405. https://doi.org/10.1002/hep.24076. 

(154)  Duffy, D.; Rouilly, V.; Libri, V.; Hasan, M.; Beitz, B.; David, M.; Urrutia, A.; 

Bisiaux, A.; LaBrie, S. T.; Dubois, A.; Boneca, I. G.; Delval, C.; Thomas, S.; 

Rogge, L.; Schmolz, M.; Quintana-Murci, L.; Albert, M. L.; Abel, L.; Alcover, A.; 

Bousso, P.; Cumano, A.; Daëron, M.; Delval, C.; Demangel, C.; Deriano, L.; 

Di Santo, J.; Dromer, F.; Eberl, G.; Enninga, J.; Freitas, A.; Gomperts-Boneca, I.; 

Hercberg, S.; Lantz, O.; Leclerc, C.; Mouquet, H.; Pellegrini, S.; Pol, S.; Rogge, 

L.; Sakuntabhai, A.; Schwartz, O.; Schwikowski, B.; Shorte, S.; Soumelis, V.; 

Tangy, F.; Tartour, E.; Toubert, A.; Ungeheuer, M.-N.; Quintana-Murci, L.; Albert, 

M. L. Functional Analysis via Standardized Whole-Blood Stimulation Systems 

Defines the Boundaries of a Healthy Immune Response to Complex Stimuli. 

Immunity 2014, 40 (3), 436–450. https://doi.org/10.1016/j.immuni.2014.03.002. 

(155)  Zhu, H.; Liu, C. Interleukin-1 Inhibits Hepatitis C Virus Subgenomic RNA 

Replication by Activation of Extracellular Regulated Kinase Pathway. J. Virol. 

2003, 77 (9), 5493–5498. https://doi.org/10.1128/JVI.77.9.5493-5498.2003. 

(156)  Bradley, J. R. TNF-Mediated Inflammatory Disease. J. Pathol. 2008, 214 (2), 149–

160. https://doi.org/10.1002/path.2287. 

(157)  Fahey, S.; Dempsey, E.; Long, A. The Role of Chemokines in Acute and Chronic 

Hepatitis C Infection. Cell. Mol. Immunol. 2014, 11 (1), 25–40. 

https://doi.org/10.1038/cmi.2013.37. 

(158)  Zeremski, M.; Petrovic, L. M.; Talal, A. H. The Role of Chemokines as 

Inflammatory Mediators in Chronic Hepatitis C Virus  Infection. J. Viral Hepat. 

2007, 14 (10), 675–687. https://doi.org/10.1111/j.1365-2893.2006.00838.x. 

(159)  Flynn, J. K.; Dore, G. J.; Hellard, M.; Yeung, B.; Rawlinson, W. D.; White, P. A.; 

Kaldor, J. M.; Lloyd, A. R.; Ffrench, R. A. Maintenance of Th1 Hepatitis C Virus 

(HCV)-Specific Responses in Individuals with  Acute HCV Who Achieve 

Sustained Virological Clearance after Treatment. J. Gastroenterol. Hepatol. 2013, 



 210 

28 (11), 1770–1781. https://doi.org/10.1111/jgh.12265. 

(160)  Sharma, A.; Chakraborti, A.; Das, A.; Dhiman, R. K.; Chawla, Y. Elevation of 

Interleukin-18 in Chronic Hepatitis C: Implications for Hepatitis C  Virus 

Pathogenesis. Immunology 2009, 128 (1 Suppl), e514-22. 

https://doi.org/10.1111/j.1365-2567.2008.03021.x. 

(161)  Sobue, S.; Nomura, T.; Ishikawa, T.; Ito, S.; Saso, K.; Ohara, H.; Joh, T.; Itoh, M.; 

Kakumu, S. Th1/Th2 Cytokine Profiles and Their Relationship to Clinical Features 

in Patients with Chronic Hepatitis C Virus Infection. J. Gastroenterol. 2001, 36 

(8), 544–551. https://doi.org/10.1007/s005350170057. 

(162)  Paquissi, F. C. Immunity and Fibrogenesis: The Role of Th17/IL-17 Axis in HBV 

and HCV-Induced Chronic Hepatitis and Progression to Cirrhosis   . Frontiers in 

Immunology  . 2017. 

(163)  Duffy, D.; Rouilly, V.; Libri, V.; Hasan, M.; Beitz, B.; David, M.; Urrutia, A.; 

Bisiaux, A.; Labrie, S. T.; Dubois, A.; Boneca, I. G.; Delval, C.; Thomas, S.; 

Rogge, L.; Schmolz, M.; Quintana-Murci, L.; Albert, M. L. Functional Analysis 

via Standardized Whole-Blood Stimulation Systems Defines the  Boundaries of a 

Healthy Immune Response to Complex Stimuli. Immunity 2014, 40 (3), 436–450. 

https://doi.org/10.1016/j.immuni.2014.03.002. 

(164)  Urrutia, A.; Duffy, D.; Rouilly, V.; Posseme, C.; Djebali, R.; Illanes, G.; Libri, V.; 

Albaud, B.; Gentien, D.; Piasecka, B.; Hasan, M.; Fontes, M.; Quintana-Murci, L.; 

Albert, M. L. Standardized Whole-Blood Transcriptional Profiling Enables the 

Deconvolution of  Complex Induced Immune Responses. Cell Rep. 2016, 16 (10), 

2777–2791. https://doi.org/10.1016/j.celrep.2016.08.011. 

(165)  Liberzon, A.; Birger, C.; Thorvaldsdóttir, H.; Ghandi, M.; Mesirov, J. P.; Tamayo, 

P. The Molecular Signatures Database Hallmark Gene Set Collection. Cell Syst. 

2015, 1 (6), 417–425. https://doi.org/https://doi.org/10.1016/j.cels.2015.12.004. 

(166)  Shi, J.; Luo, Y. Effects of RHD Gene Polymorphisms on Distinguishing Weak D 

or DEL from RhD− in Blood Donation in a Chinese Population. Mol. Genet. \& 

Genomic Med. 2019, 7 (6), e00681. 

https://doi.org/https://doi.org/10.1002/mgg3.681. 

(167)  Yee, L. J. Host Genetic Determinants in Hepatitis C Virus Infection. Genes Immun. 

2004, 5 (4), 237–245. https://doi.org/10.1038/sj.gene.6364090. 

(168)  Westbrook, R. H.; Dusheiko, G. Natural History of Hepatitis C. J. Hepatol. 2014, 

61 (1 Suppl), S58-68. https://doi.org/10.1016/j.jhep.2014.07.012. 



 211 

(169)  Garvey, P.; Murphy, N.; Flanagan, P.; Brennan, A.; Courtney, G.; Crosbie, O.; 

Crowe, J.; Hegarty, J.; Lee, J.; McIver, M.; McNulty, C.; Murray, F.; Nolan, N.; 

O’Farrelly, C.; Stewart, S.; Tait, M.; Norris, S.; Thornton, L. Disease Outcomes in 

a Cohort of Women in Ireland Infected by Hepatitis  C-Contaminated Anti-D 

Immunoglobulin during 1970s. J. Hepatol. 2017, 67 (6), 1140–1147. 

https://doi.org/10.1016/j.jhep.2017.07.034. 

(170)  Wiese, M.; Fischer, J.; Löbermann, M.; Göbel, U.; Grüngreiff, K.; Güthoff, W.; 

Kullig, U.; Richter, F.; Schiefke, I.; Tenckhoff, H.; Zipprich, A.; Berg, T.; Müller, 

T. Evaluation of Liver Disease Progression in the German Hepatitis C Virus  (1b)-

Contaminated Anti-D Cohort at 35 Years after Infection. Hepatology 2014, 59 (1), 

49–57. https://doi.org/10.1002/hep.26644. 

(171)  Swann, R. E.; Mandalou, P.; Robinson, M. W.; Ow, M. M.; Foung, S. K. H.; 

McLauchlan, J.; Patel, A. H.; Cramp, M. E. Anti-Envelope Antibody Responses in 

Individuals at High Risk of Hepatitis C Virus  Who Resist Infection. J. Viral 

Hepat. 2016, 23 (11), 873–880. https://doi.org/10.1111/jvh.12568. 

(172)  Barrett, S.; Goh, J.; Coughlan, B.; Ryan, E.; Stewart, S.; Cockram, A.; O’Keane, J. 

C.; Crowe, J. The Natural Course of Hepatitis C Virus Infection after 22 Years in a 

Unique Homogenous Cohort: Spontaneous Viral Clearance and Chronic HCV 

Infection. Gut 2001, 49 (3), 423–430. https://doi.org/10.1136/gut.49.3.423. 

(173)  Sugden, P. B.; Cameron, B.; Mina, M.; Lloyd, A. R. Protection against Hepatitis C 

Infection via NK Cells in Highly-Exposed Uninfected Injecting Drug Users. J. 

Hepatol. 2014, 61 (4), 738–745. 

https://doi.org/https://doi.org/10.1016/j.jhep.2014.05.013. 

(174)  Freeman, A. J.; Ffrench, R. A.; Post, J. J.; Harvey, C. E.; Gilmour, S. J.; White, P. 

A.; Marinos, G.; van Beek, I.; Rawlinson, W. D.; Lloyd, A. R. Prevalence of 

Production of Virus-Specific Interferon-γ among Seronegative Hepatitis C-

Resistant Subjects Reporting Injection Drug Use. J. Infect. Dis. 2004, 190 (6), 

1093–1097. https://doi.org/10.1086/422605. 

(175)  Pelletier, S.; Drouin, C.; Bédard, N.; Khakoo, S. I.; Bruneau, J.; Shoukry, N. H. 

Increased Degranulation of Natural Killer Cells during Acute HCV Correlates with 

the Magnitude of Virus-Specific T Cell Responses. J. Hepatol. 2010, 53 (5), 805–

816. https://doi.org/10.1016/j.jhep.2010.05.013. 

(176)  Mizukoshi, E.; Eisenbach, C.; Edlin, B. R.; Newton, K. P.; Raghuraman, S.; 

Weiler-Normann, C.; Tobler, L. H.; Busch, M. P.; Carrington, M.; McKeating, J. 



 212 

A.; O’Brien, T. R.; Rehermann, B. Hepatitis C Virus (HCV)-Specific Immune 

Responses of Long-Term Injection Drug Users Frequently Exposed to HCV. J. 

Infect. Dis. 2008, 198 (2), 203–212. https://doi.org/10.1086/589510. 

(177)  Thurairajah, P. H.; Hegazy, D.; Chokshi, S.; Shaw, S.; Demaine, A.; Kaminski, E. 

R.; Naoumov, N. V; Cramp, M. E. Hepatitis C Virus (HCV)-Specific T Cell 

Responses in Injection Drug Users with Apparent Resistance to HCV Infection. J. 

Infect. Dis. 2008, 198 (12), 1749–1755. https://doi.org/10.1086/593337. 

(178)  Thoens, C.; Berger, C.; Trippler, M.; Siemann, H.; Lutterbeck, M.; Broering, R.; 

Schlaak, J.; Heinemann, F. M.; Heinold, A.; Nattermann, J.; Scherbaum, N.; Alter, 

G.; Timm, J. KIR2DL3+NKG2A− Natural Killer Cells Are Associated with 

Protection from Productive Hepatitis C Virus Infection in People Who Inject 

Drugs. J. Hepatol. 2014, 61 (3), 475–481. 

https://doi.org/https://doi.org/10.1016/j.jhep.2014.04.020. 

(179)  Knapp, S.; Warshow, U.; Ho, K. M. A.; Hegazy, D.; Little, A.; Fowell, A.; 

Alexander, G.; Thursz, M.; Cramp, M.; Khakoo, S. I. A Polymorphism in IL28B 

Distinguishes Exposed, Uninfected Individuals From Spontaneous Resolvers of 

HCV Infection. Gastroenterology 2011, 141 (1), 320-325.e2. 

https://doi.org/https://doi.org/10.1053/j.gastro.2011.04.005. 

(180)  Hegazy, D.; Thurairajah, P.; Metzner, M.; Houldsworth, A.; Shaw, S.; Kaminski, 

E.; Demaine, A. G.; Cramp, M. E. Interleukin 12B Gene Polymorphism and 

Apparent Resistance to Hepatitis C Virus Infection. Clin. Exp. Immunol. 2008, 152 

(3), 538–541. https://doi.org/doi:10.1111/j.1365-2249.2008.03655.x. 

(181)  Mina, M. M.; Luciani, F.; Cameron, B.; Bull, R. A.; Beard, M. R.; Booth, D.; 

Lloyd, A. R. Resistance to Hepatitis C Virus: Potential Genetic and Immunological 

Determinants. Lancet Infect. Dis. 2015, 15 (4), 451–460. 

https://doi.org/https://doi.org/10.1016/S1473-3099(14)70965-X. 

(182)  Gupta, R. K.; Abdul-Jawad, S.; McCoy, L. E.; Mok, H. P.; Peppa, D.; Salgado, M.; 

Martinez-Picado, J.; Nijhuis, M.; Wensing, A. M. J.; Lee, H.; Grant, P.; Nastouli, 

E.; Lambert, J.; Pace, M.; Salasc, F.; Monit, C.; Innes, A. J.; Muir, L.; Waters, L.; 

Frater, J.; Lever, A. M. L.; Edwards, S. G.; Gabriel, I. H.; Olavarria, E. HIV-1 

Remission Following CCR5Δ32/Δ32 Haematopoietic Stem-Cell Transplantation. 

Nature 2019, 568 (7751), 244–248. https://doi.org/10.1038/s41586-019-1027-4. 

(183)  Houldsworth, A.; Metzner, M. M.; Demaine, A.; Hodgkinson, A.; Kaminski, E.; 

Cramp, M. CD81 Sequence and Susceptibility to Hepatitis C Infection. J. Med. 



 213 

Virol. 2014, 86 (1), 162–168. https://doi.org/doi:10.1002/jmv.23726. 

(184)  Fouquet, B.; Ghosn, J.; Quertainmont, Y.; Salmon, D.; Rioux, C.; Duvivier, C.; 

Delfraissy, J.-F.; Misrahi, M. Identification of Variants of Hepatitis C Virus (HCV) 

Entry Factors in Patients Highly Exposed to HCV but Remaining Uninfected: An 

ANRS Case-Control Study. PLoS One 2015, 10 (11), 1–12. 

https://doi.org/10.1371/journal.pone.0142698. 

(185)  Fénéant, L.; Ghosn, J.; Fouquet, B.; Helle, F.; Belouzard, S.; Vausselin, T.; Séron, 

K.; Delfraissy, J.-F.; Dubuisson, J.; Misrahi, M.; Cocquerel, L. Claudin-6 and 

Occludin Natural Variants Found in a Patient Highly Exposed but Not Infected 

with Hepatitis C Virus (HCV) Do Not Confer HCV Resistance In Vitro. PLoS One 

2015, 10 (11), 1–20. https://doi.org/10.1371/journal.pone.0142539. 

(186)  Felmlee, D. P. S. of M. and D. Seeking Genetic Determinants of Resistance to 

Hepatitis C Virus Infection in a Highly Resistant Cohort. J. Hepatol. 2018. 

(187)  Robinson, M. W.; Keane, C.; Needham, M.; Roche, G.; Wallace, E.; Connell, J.; de 

Gascun, C. F.; Naik, A.; Fanning, L. J.; Gardiner, C.; Houlihan, D. D.; O’Farrelly, 

C. Enhanced Cytokine Responsiveness in Natural Killer Cells from a Pilot Cohort 

of Uninfected Seronegative Women Exposed to Hepatitis C Virus Contaminated 

Anti-D Immunoglobulin. bioRxiv 2019, 747436. https://doi.org/10.1101/747436. 

(188)  Shawa, I. T.; Sheridan, D. A.; Felmlee, D. J.; Cramp, M. E. Lipid Interactions 

Influence Hepatitis C Virus Susceptibility and Resistance to Infection. Clin. Liver 

Dis. 2017, 10 (1), 17–20. https://doi.org/doi:10.1002/cld.643. 

(189)  Golden-Mason, L.; Cox, A. L.; Randall, J. A.; Cheng, L.; Rosen, H. R. Increased 

Natural Killer Cell Cytotoxicity and NKp30 Expression Protects against Hepatitis 

C Virus Infection in High-Risk Individuals and Inhibits Replication in Vitro. 

Hepatology 2010, 52 (5), 1581–1589. https://doi.org/doi:10.1002/hep.23896. 

(190)  Ji, F.; Yeo, Y. H.; Wei, M. T.; Ogawa, E.; Enomoto, M.; Lee, D. H.; Iio, E.; Lubel, 

J.; Wang, W.; Wei, B.; Ide, T.; Preda, C. M.; Conti, F.; Minami, T.; Bielen, R.; 

Sezaki, H.; Barone, M.; Kolly, P.; Chu, P.-S.; Virlogeux, V.; Eurich, D.; Henry, L.; 

Bass, M. B.; Kanai, T.; Dang, S.; Li, Z.; Dufour, J.-F.; Zoulim, F.; Andreone, P.; 

Cheung, R. C.; Tanaka, Y.; Furusyo, N.; Toyoda, H.; Tamori, A.; Nguyen, M. H. 

Sustained Virologic Response to Direct-Acting Antiviral Therapy in Patients with  

Chronic Hepatitis C and Hepatocellular Carcinoma: A Systematic Review and 

Meta-Analysis. J. Hepatol. 2019, 71 (3), 473–485. 

https://doi.org/10.1016/j.jhep.2019.04.017. 



 214 

(191)  Scully, E. P.; Haverfield, J.; Ursin, R. L.; Tannenbaum, C.; Klein, S. L. 

Considering How Biological Sex Impacts Immune Responses and COVID-19 

Outcomes. Nat. Rev. Immunol. 2020, 20 (7), 442–447. 

https://doi.org/10.1038/s41577-020-0348-8. 

(192)  Hlady, R. A.; Zhao, X.; El Khoury, L. Y.; Luna, A.; Pham, K.; Wu, Q.; Lee, J.-H.; 

Pyrsopoulos, N. T.; Liu, C.; Robertson, K. D. Interferon Drives Hepatitis C Virus 

Scarring of the Epigenome and Creates Targetable  Vulnerabilities Following Viral 

Clearance. Hepatology 2021. https://doi.org/10.1002/hep.32111. 

(193)  Zhang, G.; deWeerd, N. A.; Stifter, S. A.; Liu, L.; Zhou, B.; Wang, W.; Zhou, Y.; 

Ying, B.; Hu, X.; Matthews, A. Y.; Ellis, M.; Triccas, J. A.; Hertzog, P. J.; Britton, 

W. J.; Chen, X.; Feng, C. G. A Proline Deletion in IFNAR1 Impairs IFN-Signaling 

and Underlies Increased Resistance to Tuberculosis in Humans. Nat. Commun. 

2018, 9 (1), 85. https://doi.org/10.1038/s41467-017-02611-z. 

(194)  Ferreira, A. R.; Ramos, B.; Nunes, A.; Ribeiro, D. Hepatitis C Virus: Evading the 

Intracellular Innate Immunity. J. Clin. Med. 2020, 9 (3). 

https://doi.org/10.3390/jcm9030790. 

(195)  Al-Anazi, M. R.; Matou-Nasri, S.; Abdo, A. A.; Sanai, F. M.; Alkahtani, S.; 

Alarifi, S.; Alkahtane, A. A.; Al-Yahya, H.; Ali, D.; Alessia, M. S.; Alshahrani, B.; 

Al-Ahdal, M. N.; Al-Qahtani, A. A. Association of Toll-Like Receptor 3 Single-

Nucleotide Polymorphisms and Hepatitis C  Virus Infection. J. Immunol. Res. 

2017, 2017, 1590653. https://doi.org/10.1155/2017/1590653. 

(196)  Sironi, M.; Biasin, M.; Cagliani, R.; Forni, D.; De Luca, M.; Saulle, I.; Lo Caputo, 

S.; Mazzotta, F.; Macías, J.; Pineda, J. A.; Caruz, A.; Clerici, M. A Common 

Polymorphism in TLR3 Confers Natural Resistance to HIV-1 Infection. J. 

Immunol. 2012, 188 (2), 818–823. https://doi.org/10.4049/jimmunol.1102179. 

(197)  Klein, S. L. Sex Influences Immune Responses to Viruses, and Efficacy of 

Prophylaxis and  Treatments for Viral Diseases. Bioessays 2012, 34 (12), 1050–

1059. https://doi.org/10.1002/bies.201200099. 

(198)  Fakhir, F.-Z.; Lkhider, M.; Badre, W.; Alaoui, R.; Meurs, E. F.; Pineau, P.; 

Ezzikouri, S.; Benjelloun, S. Genetic Variations in Toll-like Receptors 7 and 8 

Modulate Natural Hepatitis C  Outcomes and Liver Disease Progression. Liver Int.  

Off. J. Int. Assoc.  Study Liver 2018, 38 (3), 432–442. 

https://doi.org/10.1111/liv.13533. 

(199)  Souyris, M.; Cenac, C.; Azar, P.; Daviaud, D.; Canivet, A.; Grunenwald, S.; 



 215 

Pienkowski, C.; Chaumeil, J.; Mejía, J. E.; Guéry, J.-C. TLR7 Escapes X 

Chromosome Inactivation in Immune Cells. Sci. Immunol. 2018, 3 (19), eaap8855. 

https://doi.org/10.1126/sciimmunol.aap8855. 

(200)  Ganeshan, K.; Chawla, A. Metabolic Regulation of Immune Responses. Annu. Rev. 

Immunol. 2014, 32, 609–634. https://doi.org/10.1146/annurev-immunol-032713-

120236. 

(201)  Fekete, T.; Sütö, M. I.; Bencze, D.; Mázló, A.; Szabo, A.; Biro, T.; Bacsi, A.; 

Pazmandi, K. Human Plasmacytoid and Monocyte-Derived Dendritic Cells 

Display Distinct Metabolic Profile Upon RIG-I Activation. Front. Immunol. 2018, 

9, 3070. https://doi.org/10.3389/fimmu.2018.03070. 

(202)  Strunz, B.; Hengst, J.; Deterding, K.; Manns, M. P.; Cornberg, M.; Ljunggren, H.-

G.; Wedemeyer, H.; Björkström, N. K. Chronic Hepatitis C Virus Infection 

Irreversibly Impacts Human Natural Killer Cell Repertoire Diversity. Nat. 

Commun. 2018, 9 (1), 2275. https://doi.org/10.1038/s41467-018-04685-9. 

(203)  Khera, T.; Du, Y.; Todt, D.; Deterding, K.; Strunz, B.; Hardtke, S.; Aregay, A.; 

Port, K.; Hardtke-Wolenski, M.; Steinmann, E.; Björkström, N. K.; Manns, M. P.; 

Hengst, J.; Cornberg, M.; Wedemeyer, H. Long-Lasting Imprint in the Soluble 

Inflammatory Milieu despite Early Treatment of  Acute Symptomatic Hepatitis C. 

J. Infect. Dis. 2021. https://doi.org/10.1093/infdis/jiab048. 

(204)  Shrock, E.; Fujimura, E.; Kula, T.; Timms, R. T.; Lee, I.-H.; Leng, Y.; Robinson, 

M. L.; Sie, B. M.; Li, M. Z.; Chen, Y.; Logue, J.; Zuiani, A.; McCulloch, D.; Lelis, 

F. J. N.; Henson, S.; Monaco, D. R.; Travers, M.; Habibi, S.; Clarke, W. A.; 

Caturegli, P.; Laeyendecker, O.; Piechocka-Trocha, A.; Li, J. Z.; Khatri, A.; Chu, 

H. Y.; null null; Villani, A.-C.; Kays, K.; Goldberg, M. B.; Hacohen, N.; Filbin, M. 

R.; Yu, X. G.; Walker, B. D.; Wesemann, D. R.; Larman, H. B.; Lederer, J. A.; 

Elledge, S. J.; Lavin-Parsons, K.; Parry, B.; Lilley, B.; Lodenstein, C.; McKaig, B.; 

Charland, N.; Khanna, H.; Margolin, J.; Gonye, A.; Gushterova, I.; Lasalle, T.; 

Sharma, N.; Russo, B. C.; Rojas-Lopez, M.; Sade-Feldman, M.; 

Manakongtreecheep, K.; Tantivit, J.; Thomas, M. F.; Abayneh, B. A.; Allen, P.; 

Antille, D.; Armstrong, K.; Boyce, S.; Braley, J.; Branch, K.; Broderick, K.; 

Carney, J.; Chan, A.; Davidson, S.; Dougan, M.; Drew, D.; Elliman, A.; Flaherty, 

K.; Flannery, J.; Forde, P.; Gettings, E.; Griffin, A.; Grimmel, S.; Grinke, K.; Hall, 

K.; Healy, M.; Henault, D.; Holland, G.; Kayitesi, C.; LaValle, V.; Lu, Y.; 

Luthern, S.; (Schneider), J. M.; Martino, B.; McNamara, R.; Nambu, C.; Nelson, 



 216 

S.; Noone, M.; Ommerborn, C.; Pacheco, L. C.; Phan, N.; Porto, F. A.; Ryan, E.; 

Selleck, K.; Slaughenhaupt, S.; Sheppard, K. S.; Suschana, E.; Wilson, V.; Alter, 

G.; Balazs, A.; Bals, J.; Barbash, M.; Bartsch, Y.; Boucau, J.; Chevalier, J.; 

Chowdhury, F.; Einkauf, K.; Fallon, J.; Fedirko, L.; Finn, K.; Garcia-Broncano, P.; 

Hartana, C.; Jiang, C.; Kaplonek, P.; Karpell, M.; Lam, E. C.; Lefteri, K.; Lian, X.; 

Lichterfeld, M.; Lingwood, D.; Liu, H.; Liu, J.; Ly, N.; Michell, A.; Millstrom, I.; 

Miranda, N.; O’Callaghan, C.; Osborn, M.; Pillai, S.; Rassadkina, Y.; Reissis, A.; 

Ruzicka, F.; Seiger, K.; Sessa, L.; Sharr, C.; Shin, S.; Singh, N.; Sun, W.; Sun, X.; 

Ticheli, H.; Trocha-Piechocka, A.; Worrall, D.; Zhu, A.; Daley, G.; Golan, D.; 

Heller, H.; Sharpe, A.; Jilg, N.; Rosenthal, A.; Wong, C. Viral Epitope Profiling of 

COVID-19 Patients Reveals Cross-Reactivity and Correlates of Severity. Science 

(80-. ). 2020, 370 (6520), eabd4250. https://doi.org/10.1126/science.abd4250. 

(205)  Mina, M. J.; Kula, T.; Leng, Y.; Li, M.; de Vries, R. D.; Knip, M.; Siljander, H.; 

Rewers, M.; Choy, D. F.; Wilson, M. S.; Larman, H. B.; Nelson, A. N.; Griffin, D. 

E.; de Swart, R. L.; Elledge, S. J. Measles Virus Infection Diminishes Preexisting 

Antibodies That Offer Protection from  Other Pathogens. Science 2019, 366 

(6465), 599–606. https://doi.org/10.1126/science.aay6485. 

(206)  Dean, M.; Carrington, M.; Winkler, C.; Huttley, G. A.; Smith, M. W.; Allikmets, 

R.; Goedert, J. J.; Buchbinder, S. P.; Vittinghoff, E.; Gomperts, E.; Donfield, S.; 

Vlahov, D.; Kaslow, R.; Saah, A.; Rinaldo, C.; Detels, R.; O’Brien, S. J. Genetic 

Restriction of HIV-1 Infection and Progression to AIDS by a Deletion Allele  of 

the CKR5 Structural Gene. Hemophilia Growth and Development Study, 

Multicenter AIDS Cohort Study, Multicenter Hemophilia Cohort Study, San 

Francisco City Cohort, ALIVE. Science 1996, 273 (5283), 1856–1862. 

https://doi.org/10.1126/science.273.5283.1856. 

(207)  Liu, R.; Paxton, W. A.; Choe, S.; Ceradini, D.; Martin, S. R.; Horuk, R.; 

MacDonald, M. E.; Stuhlmann, H.; Koup, R. A.; Landau, N. R. Homozygous 

Defect in HIV-1 Coreceptor Accounts for Resistance of Some  Multiply-Exposed 

Individuals to HIV-1 Infection. Cell 1996, 86 (3), 367–377. 

https://doi.org/10.1016/s0092-8674(00)80110-5. 

(208)  Samson, M.; Libert, F.; Doranz, B. J.; Rucker, J.; Liesnard, C.; Farber, C. M.; 

Saragosti, S.; Lapoumeroulie, C.; Cognaux, J.; Forceille, C.; Muyldermans, G.; 

Verhofstede, C.; Burtonboy, G.; Georges, M.; Imai, T.; Rana, S.; Yi, Y.; Smyth, R. 

J.; Collman, R. G.; Doms, R. W.; Vassart, G.; Parmentier, M. Resistance to HIV-1 



 217 

Infection in Caucasian Individuals Bearing Mutant Alleles of the  CCR-5 

Chemokine Receptor Gene. Nature 1996, 382 (6593), 722–725. 

https://doi.org/10.1038/382722a0. 

(209)  Lindesmith, L.; Moe, C.; Marionneau, S.; Ruvoen, N.; Jiang, X.; Lindblad, L.; 

Stewart, P.; LePendu, J.; Baric, R. Human Susceptibility and Resistance to 

Norwalk Virus Infection. Nat. Med. 2003, 9 (5), 548–553. 

https://doi.org/10.1038/nm860. 

(210)  Miller, L. H.; Mason, S. J.; Clyde, D. F.; McGinniss, M. H. The Resistance Factor 

to Plasmodium Vivax in Blacks. The Duffy-Blood-Group Genotype,  FyFy. N. 

Engl. J. Med. 1976, 295 (6), 302–304. 

https://doi.org/10.1056/NEJM197608052950602. 

(211)  Zhang, Q.; Bastard, P.; Liu, Z.; Le Pen, J.; Moncada-Velez, M.; Chen, J.; Ogishi, 

M.; Sabli, I. K. D.; Hodeib, S.; Korol, C.; Rosain, J.; Bilguvar, K.; Ye, J.; Bolze, 

A.; Bigio, B.; Yang, R.; Arias, A. A.; Zhou, Q.; Zhang, Y.; Onodi, F.; Korniotis, 

S.; Karpf, L.; Philippot, Q.; Chbihi, M.; Bonnet-Madin, L.; Dorgham, K.; Smith, 

N.; Schneider, W. M.; Razooky, B. S.; Hoffmann, H.-H.; Michailidis, E.; Moens, 

L.; Han, J. E.; Lorenzo, L.; Bizien, L.; Meade, P.; Neehus, A.-L.; Ugurbil, A. C.; 

Corneau, A.; Kerner, G.; Zhang, P.; Rapaport, F.; Seeleuthner, Y.; Manry, J.; 

Masson, C.; Schmitt, Y.; Schlüter, A.; Le Voyer, T.; Khan, T.; Li, J.; Fellay, J.; 

Roussel, L.; Shahrooei, M.; Alosaimi, M. F.; Mansouri, D.; Al-Saud, H.; Al-Mulla, 

F.; Almourfi, F.; Al-Muhsen, S. Z.; Alsohime, F.; Al Turki, S.; Hasanato, R.; van 

de Beek, D.; Biondi, A.; Bettini, L. R.; D’Angio’, M.; Bonfanti, P.; Imberti, L.; 

Sottini, A.; Paghera, S.; Quiros-Roldan, E.; Rossi, C.; Oler, A. J.; Tompkins, M. F.; 

Alba, C.; Vandernoot, I.; Goffard, J.-C.; Smits, G.; Migeotte, I.; Haerynck, F.; 

Soler-Palacin, P.; Martin-Nalda, A.; Colobran, R.; Morange, P.-E.; Keles, S.; 

Çölkesen, F.; Ozcelik, T.; Yasar, K. K.; Senoglu, S.; Karabela, Ş. N.; Rodríguez-

Gallego, C.; Novelli, G.; Hraiech, S.; Tandjaoui-Lambiotte, Y.; Duval, X.; 

Laouénan, C.; Clinicians, C.-S.; Clinicians, C.; Group, I. C.; Group, F. C. C. S.; 

Cohort, C.-C.; Biobank, A. U. M. C. C.-19; Effort, C. H. G.; Group, N.-U. C. I.; 

Snow, A. L.; Dalgard, C. L.; Milner, J. D.; Vinh, D. C.; Mogensen, T. H.; Marr, 

N.; Spaan, A. N.; Boisson, B.; Boisson-Dupuis, S.; Bustamante, J.; Puel, A.; 

Ciancanelli, M. J.; Meyts, I.; Maniatis, T.; Soumelis, V.; Amara, A.; Nussenzweig, 

M.; García-Sastre, A.; Krammer, F.; Pujol, A.; Duffy, D.; Lifton, R. P.; Zhang, S.-

Y.; Gorochov, G.; Béziat, V.; Jouanguy, E.; Sancho-Shimizu, V.; Rice, C. M.; 



 218 

Abel, L.; Notarangelo, L. D.; Cobat, A.; Su, H. C.; Casanova, J.-L. Inborn Errors 

of Type I IFN Immunity in Patients with Life-Threatening COVID-19. Science 

(80-. ). 2020, 370 (6515), eabd4570. https://doi.org/10.1126/science.abd4570. 

(212)  Initiative, C.-19 H. G. Mapping the Human Genetic Architecture of COVID-19. 

Nature 2021. https://doi.org/10.1038/s41586-021-03767-x. 

(213)  Andersen, L. L.; Mørk, N.; Reinert, L. S.; Kofod-Olsen, E.; Narita, R.; Jørgensen, 

S. E.; Skipper, K. A.; Höning, K.; Gad, H. H.; Østergaard, L.; Ørntoft, T. F.; 

Hornung, V.; Paludan, S. R.; Mikkelsen, J. G.; Fujita, T.; Christiansen, M.; 

Hartmann, R.; Mogensen, T. H. Functional IRF3 Deficiency in a Patient with 

Herpes Simplex Encephalitis. J. Exp. Med. 2015, 212 (9), 1371–1379. 

https://doi.org/10.1084/jem.20142274. 

(214)  Andreakos, E.; Abel, L.; Vinh, D. C.; Kaja, E.; Drolet, B. A.; Zhang, Q.; 

O’Farrelly, C.; Novelli, G.; Rodríguez-Gallego, C.; Haerynck, F.; Prando, C.; 

Pujol, A.; Bastard, P.; Biggs, C. M.; Bigio, B.; Boisson, B.; Bolze, A.; 

Bondarenko, A.; Brodin, P.; Chakravorty, S.; Christodoulou, J.; Cobat, A.; 

Condino-Neto, A.; Constantinescu, S. N.; Feldman, H. B.; Fellay, J.; Halwani, R.; 

Jouanguy, E.; Lau, Y.-L.; Meyts, I.; Mogensen, T. H.; Okada, S.; Okamoto, K.; 

Ozcelik, T.; Pan-Hammarström, Q.; Planas, A. M.; Puel, A.; Quintana-Murci, L.; 

Renia, L.; Resnick, I.; Sediva, A.; Shcherbina, A.; Slaby, O.; Tancevski, I.; Turvey, 

S. E.; Uddin, K. M. F.; van de Beek, D.; Zatz, M.; Zawadzki, P.; Zhang, S.-Y.; Su, 

H. C.; Casanova, J.-L.; Spaan, A. N.; Effort, C. H. G. A Global Effort to Dissect 

the Human Genetic Basis of Resistance to SARS-CoV-2 Infection. Nat. Immunol. 

2021. https://doi.org/10.1038/s41590-021-01030-z. 

(215)  Alperin, J. M.; Ortiz-Fernández, L.; Sawalha, A. H. Monogenic Lupus: A 

Developing Paradigm of Disease   . Frontiers in Immunology  . 2018, p 2496. 

(216)  Orr, N.; Chanock, S. Common Genetic Variation and Human Disease. Adv. Genet. 

2008, 62, 1–32. https://doi.org/10.1016/S0065-2660(08)00601-9. 

(217)  Kimchi-Sarfaty, C.; Oh, J. M.; Kim, I.-W.; Sauna, Z. E.; Calcagno, A. M.; 

Ambudkar, S. V; Gottesman, M. M. A “Silent” Polymorphism in the MDR1 Gene 

Changes Substrate Specificity. Science 2007, 315 (5811), 525–528. 

https://doi.org/10.1126/science.1135308. 

(218)  Ramensky, V.; Bork, P.; Sunyaev, S. Human Non-Synonymous SNPs: Server and 

Survey. Nucleic Acids Res. 2002, 30 (17), 3894–3900. 

https://doi.org/10.1093/nar/gkf493. 



 219 

(219)  de Weerd, N. A.; Vivian, J. P.; Lim, S. S.; Huang, S. U.-S.; Hertzog, P. J. 

Structural Integrity with Functional Plasticity: What Type I IFN Receptor 

Polymorphisms Reveal. J. Leukoc. Biol. 2020, 108 (3), 909–924. 

https://doi.org/https://doi.org/10.1002/JLB.2MR0420-152R. 

(220)  Laska, M. J.; Troldborg, A.; Hansen, B.; Stengaard-Pedersen, K.; Junker, P.; Nexø, 

B. A.; Voss, A. Polymorphisms within Toll-like Receptors Are Associated with 

Systemic Lupus  Erythematosus in a Cohort of Danish Females. Rheumatology 

(Oxford). 2014, 53 (1), 48–55. https://doi.org/10.1093/rheumatology/ket316. 

(221)  Assmann, T. S.; Brondani, L. de A.; Bauer, A. C.; Canani, L. H.; Crispim, D. 

Polymorphisms in the TLR3 Gene Are Associated with Risk for Type 1 Diabetes  

Mellitus. Eur. J. Endocrinol. 2014, 170 (4), 519–527. https://doi.org/10.1530/EJE-

13-0963. 

(222)  O’Dwyer, D. N.; Armstrong, M. E.; Trujillo, G.; Cooke, G.; Keane, M. P.; Fallon, 

P. G.; Simpson, A. J.; Millar, A. B.; McGrath, E. E.; Whyte, M. K.; Hirani, N.; 

Hogaboam, C. M.; Donnelly, S. C. The Toll-like Receptor 3 L412F Polymorphism 

and Disease Progression in Idiopathic  Pulmonary Fibrosis. Am. J. Respir. Crit. 

Care Med. 2013, 188 (12), 1442–1450. https://doi.org/10.1164/rccm.201304-

0760OC. 

(223)  Yates, A. D.; Achuthan, P.; Akanni, W.; Allen, J.; Allen, J.; Alvarez-Jarreta, J.; 

Amode, M. R.; Armean, I. M.; Azov, A. G.; Bennett, R.; Bhai, J.; Billis, K.; 

Boddu, S.; Marugán, J. C.; Cummins, C.; Davidson, C.; Dodiya, K.; Fatima, R.; 

Gall, A.; Giron, C. G.; Gil, L.; Grego, T.; Haggerty, L.; Haskell, E.; Hourlier, T.; 

Izuogu, O. G.; Janacek, S. H.; Juettemann, T.; Kay, M.; Lavidas, I.; Le, T.; Lemos, 

D.; Martinez, J. G.; Maurel, T.; McDowall, M.; McMahon, A.; Mohanan, S.; 

Moore, B.; Nuhn, M.; Oheh, D. N.; Parker, A.; Parton, A.; Patricio, M.; Sakthivel, 

M. P.; Abdul Salam, A. I.; Schmitt, B. M.; Schuilenburg, H.; Sheppard, D.; 

Sycheva, M.; Szuba, M.; Taylor, K.; Thormann, A.; Threadgold, G.; Vullo, A.; 

Walts, B.; Winterbottom, A.; Zadissa, A.; Chakiachvili, M.; Flint, B.; Frankish, A.; 

Hunt, S. E.; IIsley, G.; Kostadima, M.; Langridge, N.; Loveland, J. E.; Martin, F. 

J.; Morales, J.; Mudge, J. M.; Muffato, M.; Perry, E.; Ruffier, M.; Trevanion, S. J.; 

Cunningham, F.; Howe, K. L.; Zerbino, D. R.; Flicek, P. Ensembl 2020. Nucleic 

Acids Res. 2020, 48 (D1), D682–D688. https://doi.org/10.1093/nar/gkz966. 

(224)  Zhang, F.; Wang, Y.-F.; Zhang, Y.; Lin, Z.; Cao, Y.; Zhang, H.; Liu, Z.-Y.; 

Morris, D. L.; Sheng, Y.; Cui, Y.; Zhang, X.; Vyse, T. J.; Lau, Y. L.; Yang, W.; 



 220 

Chen, Y. Independent Replication on Genome-Wide Association Study Signals 

Identifies IRF3 as a Novel Locus for Systemic Lupus Erythematosus   . Frontiers 

in Genetics  . 2020, p 600. 

(225)  Wang, S. S.; Bratti, M. C.; Rodríguez, A. C.; Herrero, R.; Burk, R. D.; Porras, C.; 

González, P.; Sherman, M. E.; Wacholder, S.; Lan, Z. E.; Schiffman, M.; Chanock, 

S. J.; Hildesheim, A. Common Variants in Immune and DNA Repair Genes and 

Risk for Human Papillomavirus Persistence and Progression to Cervical Cancer. J. 

Infect. Dis. 2009, 199 (1), 20–30. https://doi.org/10.1086/595563. 

(226)  Zhou, J.; Huang, J. D.; Poon, V. K. M.; Chen, D. Q.; Chan, C. C. S.; Ng, F.; Guan, 

X. Y.; Watt, R. M.; Lu, L.; Yuen, K. Y.; Zheng, B. J. Functional Dissection of an 

IFN-α/β Receptor 1 Promoter Variant That Confers Higher Risk to Chronic 

Hepatitis B Virus Infection. J. Hepatol. 2009, 51 (2), 322–332. 

https://doi.org/10.1016/j.jhep.2009.03.020. 

(227)  Antunes, K. H.; Fachi, J. L.; de Paula, R.; da Silva, E. F.; Pral, L. P.; dos Santos, 

A. Á.; Dias, G. B. M.; Vargas, J. E.; Puga, R.; Mayer, F. Q.; Maito, F.; Zárate-

Bladés, C. R.; Ajami, N. J.; Sant’Ana, M. R.; Candreva, T.; Rodrigues, H. G.; 

Schmiele, M.; Silva Clerici, M. T. P.; Proença-Modena, J. L.; Vieira, A. T.; 

Mackay, C. R.; Mansur, D.; Caballero, M. T.; Marzec, J.; Li, J.; Wang, X.; Bell, 

D.; Polack, F. P.; Kleeberger, S. R.; Stein, R. T.; Vinolo, M. A. R.; de Souza, A. P. 

D. Microbiota-Derived Acetate Protects against Respiratory Syncytial Virus 

Infection through a GPR43-Type 1 Interferon Response. Nat. Commun. 2019, 10 

(1), 3273. https://doi.org/10.1038/s41467-019-11152-6. 

(228)  Reyes-Gibby, C. C.; Spitz, M. R.; Yennurajalingam, S.; Swartz, M.; Gu, J.; Wu, 

X.; Bruera, E.; Shete, S. Role of Inflammation Gene Polymorphisms on Pain 

Severity in Lung Cancer Patients. Cancer Epidemiol. biomarkers Prev.  a Publ. 

Am.  Assoc. Cancer Res. cosponsored by Am. Soc. Prev. Oncol. 2009, 18 (10), 

2636–2642. https://doi.org/10.1158/1055-9965.EPI-09-0426. 

(229)  Leyva, L.; Fernández, O.; Fedetz, M.; Blanco, E.; Fernandez, V.; Oliver, B.; Leon, 

A.; Pinto-Medel, M.-J.; Mayorga, C.; Guerrero, M.; Luque, G.; Alcina, A.; 

Matesanz, F. IFNAR1 and IFNAR2 Polymorphisms Confer Susceptibility to 

Multiple Sclerosis but Not to Interferon-Beta Treatment Response; 2005; Vol. 163. 

https://doi.org/10.1016/j.jneuroim.2005.02.010. 

(230)  Traks, T.; Karelson, M.; Reimann, E.; Rätsep, R.; Silm, H.; Vasar, E.; Kõks, S.; 

Kingo, K. Association Analysis of Class II Cytokine and Receptor Genes in 



 221 

Vitiligo Patients. Hum. Immunol. 2016, 77 (5), 375–381. 

https://doi.org/10.1016/j.humimm.2015.09.050. 

(231)  Ngo, S. T.; Steyn, F. J.; McCombe, P. A. Gender Differences in Autoimmune 

Disease. Front. Neuroendocrinol. 2014, 35 (3), 347–369. 

https://doi.org/10.1016/j.yfrne.2014.04.004. 

(232)  Liu, L. Y.; Schaub, M. A.; Sirota, M.; Butte, A. J. Sex Differences in Disease Risk 

from Reported Genome-Wide Association Study  Findings. Hum. Genet. 2012, 131 

(3), 353–364. https://doi.org/10.1007/s00439-011-1081-y. 

(233)  Khramtsova, E. A.; Davis, L. K.; Stranger, B. E. The Role of Sex in the Genomics 

of Human Complex Traits. Nat. Rev. Genet. 2019, 20 (3), 173–190. 

https://doi.org/10.1038/s41576-018-0083-1. 

(234)  Forbes, R. L.; Gibson, P. G.; Murphy, V. E.; Wark, P. A. B. Impaired Type I and 

III Interferon Response to Rhinovirus Infection during Pregnancy and Asthma. 

Thorax 2012, 67 (3), 209 LP – 214. https://doi.org/10.1136/thoraxjnl-2011-

200708. 

(235)  Forbes, R. L.; Gibson, P. G.; Murphy, V. E.; Wark, P. A. B. Impaired Type I and 

III Interferon Response to Rhinovirus Infection during Pregnancy and Asthma. 

Thorax 2012, 67 (3), 209 LP – 214. https://doi.org/10.1136/thoraxjnl-2011-

200708. 

(236)  Griesbeck, M.; Ziegler, S.; Laffont, S.; Smith, N.; Chauveau, L.; Tomezsko, P.; 

Sharei, A.; Kourjian, G.; Porichis, F.; Hart, M.; Palmer, C. D.; Sirignano, M.; 

Beisel, C.; Hildebrandt, H.; Cénac, C.; Villani, A.-C.; Diefenbach, T. J.; Le Gall, 

S.; Schwartz, O.; Herbeuval, J.-P.; Autran, B.; Guéry, J.-C.; Chang, J. J.; Altfeld, 

M. Sex Differences in Plasmacytoid Dendritic Cell Levels of IRF5 Drive Higher 

IFN-α Production in Women. J. Immunol. 2015, 195 (11), 5327–5336. 

https://doi.org/10.4049/jimmunol.1501684. 

(237)  Avner, P.; Heard, E. X-Chromosome Inactivation: Counting, Choice and Initiation. 

Nat. Rev. Genet. 2001, 2 (1), 59–67. https://doi.org/10.1038/35047580. 

(238)  Azar, P.; Mejía, J. E.; Cenac, C.; Shaiykova, A.; Youness, A.; Laffont, S.; Essat, 

A.; Izopet, J.; Passaes, C.; Müller-Trutwin, M.; Delobel, P.; Meyer, L.; Guéry, J.-

C. TLR7 Dosage Polymorphism Shapes Interferogenesis and HIV-1 Acute Viremia 

in Women. JCI Insight 2020, 5 (12). https://doi.org/10.1172/jci.insight.136047. 

(239)  Naqvi, S.; Godfrey, A. K.; Hughes, J. F.; Goodheart, M. L.; Mitchell, R. N.; Page, 

D. C. Conservation, Acquisition, and Functional Impact of Sex-Biased Gene 



 222 

Expression in Mammals. Science (80-. ). 2019, 365 (6450). 

https://doi.org/10.1126/science.aaw7317. 

(240)  Niroula, A.; Vihinen, M. How Good Are Pathogenicity Predictors in Detecting 

Benign Variants? PLOS Comput. Biol. 2019, 15 (2), e1006481. 

(241)  Ziegler, S. M.; Beisel, C.; Sutter, K.; Griesbeck, M.; Hildebrandt, H.; Hagen, S. H.; 

Dittmer, U.; Altfeld, M. Human PDCs Display Sex-Specific Differences in Type I 

Interferon Subtypes and  Interferon α/β Receptor Expression. Eur. J. Immunol. 

2017, 47 (2), 251–256. https://doi.org/10.1002/eji.201646725. 

(242)  Takahashi, T.; Ellingson, M. K.; Wong, P.; Israelow, B.; Lucas, C.; Klein, J.; Silva, 

J.; Mao, T.; Oh, J. E.; Tokuyama, M.; Lu, P.; Venkataraman, A.; Park, A.; Liu, F.; 

Meir, A.; Sun, J.; Wang, E. Y.; Casanovas-Massana, A.; Wyllie, A. L.; Vogels, C. 

B. F.; Earnest, R.; Lapidus, S.; Ott, I. M.; Moore, A. J.; Anastasio, K.; Askenase, 

M. H.; Batsu, M.; Beatty, H.; Bermejo, S.; Bickerton, S.; Brower, K.; Bucklin, M. 

L.; Cahill, S.; Campbell, M.; Cao, Y.; Courchaine, E.; Datta, R.; DeIuliis, G.; 

Geng, B.; Glick, L.; Handoko, R.; Kalinich, C.; Khoury-Hanold, W.; Kim, D.; 

Knaggs, L.; Kuang, M.; Kudo, E.; Lim, J.; Linehan, M.; Lu-Culligan, A.; Malik, A. 

A.; Martin, A.; Matos, I.; McDonald, D.; Minasyan, M.; Mohanty, S.; Muenker, M. 

C.; Naushad, N.; Nelson, A.; Nouws, J.; Nunez-Smith, M.; Obaid, A.; Ott, I.; Park, 

H.-J.; Peng, X.; Petrone, M.; Prophet, S.; Rahming, H.; Rice, T.; Rose, K.-A.; 

Sewanan, L.; Sharma, L.; Shepard, D.; Silva, E.; Simonov, M.; Smolgovsky, M.; 

Song, E.; Sonnert, N.; Strong, Y.; Todeasa, C.; Valdez, J.; Velazquez, S.; 

Vijayakumar, P.; Wang, H.; Watkins, A.; White, E. B.; Yang, Y.; Shaw, A.; 

Fournier, J. B.; Odio, C. D.; Farhadian, S.; Dela Cruz, C.; Grubaugh, N. D.; 

Schulz, W. L.; Ring, A. M.; Ko, A. I.; Omer, S. B.; Iwasaki, A.; Team, Y. I. R. Sex 

Differences in Immune Responses That Underlie COVID-19 Disease Outcomes. 

Nature 2020, 588 (7837), 315–320. https://doi.org/10.1038/s41586-020-2700-3. 

(243)  Klein, S. L.; Hodgson, A.; Robinson, D. P. Mechanisms of Sex Disparities in 

Influenza Pathogenesis. J. Leukoc. Biol. 2012, 92 (1), 67–73. 

https://doi.org/10.1189/jlb.0811427. 

(244)  Sudtida, P. IFNAR1 Gene Polymorphism Associated with Chronic Hepatitis B 

Virus Infection in a Thai Population. ScienceAsia 2015, 41, 22–27. 

https://doi.org/10.2306/scienceasia1513-1874.2015.41.022. 

(245)  Zhou, J.; Smith, D. K.; Lu, L.; Poon, V. K. M.; Ng, F.; Chen, D.-Q.; Huang, J.-D.; 

Yuen, K.-Y.; Cao, K.-Y.; Zheng, B.-J. A Non-Synonymous Single Nucleotide 



 223 

Polymorphism in IFNAR1 Affects Susceptibility to Chronic Hepatitis B Virus 

Infection. J. Viral Hepat. 2009, 16 (1), 45–52. https://doi.org/doi:10.1111/j.1365-

2893.2008.01040.x. 

(246)  Fagny, M.; Paulson, J. N.; Kuijjer, M. L.; Sonawane, A. R.; Chen, C.-Y.; Lopes-

Ramos, C. M.; Glass, K.; Quackenbush, J.; Platig, J. Exploring Regulation in 

Tissues with EQTL Networks. Proc. Natl. Acad. Sci. 2017, 114 (37), E7841--

E7850. https://doi.org/10.1073/pnas.1707375114. 

(247)  Li, H.; Sharma, N.; General, I. J.; Schreiber, G.; Bahar, I. Dynamic Modulation of 

Binding Affinity as a Mechanism for Regulating Interferon  Signaling. J. Mol. 

Biol. 2017, 429 (16), 2571–2589. https://doi.org/10.1016/j.jmb.2017.06.011. 

(248)  Le Goffic, R.; Balloy, V.; Lagranderie, M.; Alexopoulou, L.; Escriou, N.; Flavell, 

R.; Chignard, M.; Si-Tahar, M. Detrimental Contribution of the Toll-like Receptor 

(TLR)3 to Influenza A  Virus-Induced Acute Pneumonia. PLoS Pathog. 2006, 2 

(6), e53. https://doi.org/10.1371/journal.ppat.0020053. 

(249)  Sartorius, R.; Trovato, M.; Manco, R.; D’Apice, L.; De Berardinis, P. Exploiting 

Viral Sensing Mediated by Toll-like Receptors to Design Innovative Vaccines. npj 

Vaccines 2021, 6 (1), 127. https://doi.org/10.1038/s41541-021-00391-8. 

(250)  Gibbert, K.; Schlaak, J. F.; Yang, D.; Dittmer, U. IFN-α Subtypes: Distinct 

Biological Activities in Anti-Viral Therapy. Br. J. Pharmacol. 2013, 168 (5), 

1048–1058. https://doi.org/10.1111/bph.12010. 

(251)  Avent, N. D.; Reid, M. E. The Rh Blood Group System: A Review. Blood 2000, 95 

(2), 375–387. https://doi.org/10.1182/blood.V95.2.375. 

(252)  Westhoff, C. M. The Rh Blood Group System in Review: A New Face for the next 

Decade. Transfusion 2004, 44 (11), 1663–1673. https://doi.org/10.1111/j.0041-

1132.2004.04237.x. 

(253)  Marini, A. M.; Matassi, G.; Raynal, V.; André, B.; Cartron, J. P.; Chérif-Zahar, B. 

The Human Rhesus-Associated RhAG Protein and a Kidney Homologue Promote 

Ammonium  Transport in Yeast. Nat. Genet. 2000, 26 (3), 341–344. 

https://doi.org/10.1038/81656. 

(254)  Endeward, V.; Cartron, J.-P.; Ripoche, P.; Gros, and Gerolf. RhAG Protein of the 

Rhesus Complex Is a CO2 Channel in the Human Red Cell Membrane. FASEB J. 

2008, 22 (1), 64–73. https://doi.org/https://doi.org/10.1096/fj.07-9097com. 

(255)  Pegoraro, V.; Urbinati, D.; Visser, G. H. A.; Di Renzo, G. C.; Zipursky, A.; Stotler, 

B. A.; Spitalnik, S. L. Hemolytic Disease of the Fetus and Newborn Due to Rh(D) 



 224 

Incompatibility: A Preventable Disease That Still Produces Significant Morbidity 

and Mortality in Children. PLoS One 2020, 15 (7), 1–11. 

https://doi.org/10.1371/journal.pone.0235807. 

(256)  Dahlén, T.; Clements, M.; Zhao, J.; Olsson, M. L.; Edgren, G. An Agnostic Study 

of Associations between ABO and RhD Blood Group and Phenome-Wide Disease 

Risk. Elife 2021, 10, e65658. https://doi.org/10.7554/eLife.65658. 

(257)  Flegr, J.; Hoffmann, R.; Dammann, M. Worse Health Status and Higher Incidence 

of Health Disorders in Rhesus Negative Subjects. PLoS ONE. 2015. 

https://doi.org/10.1371/journal.pone.0141362. 

(258)  Zietz, M.; Zucker, J.; Tatonetti, N. P. Associations between Blood Type and 

COVID-19 Infection, Intubation, and Death. Nat. Commun. 2020, 11 (1). 

https://doi.org/10.1038/s41467-020-19623-x. 

(259)  Perry, G. H.; Xue, Y.; Smith, R. S.; Meyer, W. K.; Calışkan, M.; Yanez-Cuna, O.; 

Lee, A. S.; Gutiérrez-Arcelus, M.; Ober, C.; Hollox, E. J.; Tyler-Smith, C.; Lee, C. 

Evolutionary Genetics of the Human Rh Blood Group System. Hum. Genet. 2012, 

131 (7), 1205–1216. https://doi.org/10.1007/s00439-012-1147-5. 

(260)  Thomas, S.; Rouilly, V.; Patin, E.; Alanio, C.; Dubois, A.; Delval, C.; Marquier, 

L.-G.; Fauchoux, N.; Sayegrih, S.; Vray, M.; Duffy, D.; Quintana-Murci, L.; 

Albert, M. L.; Abel, L.; Alcover, A.; Bousso, P.; Bruhns, P.; Cumano, A.; Daëron, 

M.; Delval, C.; Demangel, C.; Deriano, L.; Santo, J. Di; Dromer, F.; Eberl, G.; 

Enninga, J.; Freitas, A.; Gelpi, O.; Gomperts-Boneca, I.; Hercberg, S.; Lantz, O.; 

Leclerc, C.; Mouquet, H.; Pellegrini, S.; Pol, S.; Rogge, L.; Sakuntabhai, A.; 

Schwartz, O.; Schwikowski, B.; Shorte, S.; Soumelis, V.; Tangy, F.; Tartour, E.; 

Toubert, A.; Ungeheuer, M.-N.; Quintana-Murci, L.; Albert, M. L. The Milieu 

Intérieur Study — An Integrative Approach for Study of Human Immunological 

Variance. Clin. Immunol. 2015, 157 (2), 277–293. 

https://doi.org/https://doi.org/10.1016/j.clim.2014.12.004. 

(261)  Picarda, G.; Benedict, C. A. Cytomegalovirus: Shape-Shifting the Immune System. 

J. Immunol. 2018, 200 (12), 3881–3889. 

https://doi.org/10.4049/jimmunol.1800171. 

(262)  Piasecka, B.; Duffy, D.; Urrutia, A.; Quach, H.; Patin, E.; Posseme, C.; Bergstedt, 

J.; Charbit, B.; Rouilly, V.; MacPherson, C. R.; Hasan, M.; Albaud, B.; Gentien, 

D.; Fellay, J.; Albert, M. L.; Quintana-Murci, L. Distinctive Roles of Age, Sex, and 

Genetics in Shaping Transcriptional Variation of Human Immune Responses to 



 225 

Microbial Challenges. Proc. Natl. Acad. Sci. 2018, 115 (3), E488--E497. 

https://doi.org/10.1073/pnas.1714765115. 

(263)  Ali, A. A.; Aalto, M.; Jonasson, J.; Osman, A. Genome-Wide Analyses Disclose 

the Distinctive HLA Architecture and the Pharmacogenetic Landscape of the 

Somali Population. Sci. Rep. 2020, 10 (1), 5652. https://doi.org/10.1038/s41598-

020-62645-0. 

(264)  Park, Y. M.; Cheong, H. S.; Lee, J.-K. Genome-Wide Detection of Allelic Gene 

Expression in Hepatocellular Carcinoma Cells Using a Human Exome SNP Chip. 

Gene 2014, 551 (2), 236–242. 

https://doi.org/https://doi.org/10.1016/j.gene.2014.09.001. 

(265)  Klein, S. L.; Dhakal, S.; Ursin, R. L.; Deshpande, S.; Sandberg, K.; Mauvais-

Jarvis, F. Biological Sex Impacts COVID-19 Outcomes. PLOS Pathog. 2020, 16 

(6), e1008570. 

(266)  Auton, A.; Abecasis, G. R.; Altshuler, D. M.; Durbin, R. M.; Abecasis, G. R.; 

Bentley, D. R.; Chakravarti, A.; Clark, A. G.; Donnelly, P.; Eichler, E. E.; Flicek, 

P.; Gabriel, S. B.; Gibbs, R. A.; Green, E. D.; Hurles, M. E.; Knoppers, B. M.; 

Korbel, J. O.; Lander, E. S.; Lee, C.; Lehrach, H.; Mardis, E. R.; Marth, G. T.; 

McVean, G. A.; Nickerson, D. A.; Schmidt, J. P.; Sherry, S. T.; Wang, J.; Wilson, 

R. K.; Gibbs, R. A.; Boerwinkle, E.; Doddapaneni, H.; Han, Y.; Korchina, V.; 

Kovar, C.; Lee, S.; Muzny, D.; Reid, J. G.; Zhu, Y.; Wang, J.; Chang, Y.; Feng, Q.; 

Fang, X.; Guo, X.; Jian, M.; Jiang, H.; Jin, X.; Lan, T.; Li, G.; Li, J.; Li, Y.; Liu, 

S.; Liu, X.; Lu, Y.; Ma, X.; Tang, M.; Wang, B.; Wang, G.; Wu, H.; Wu, R.; Xu, 

X.; Yin, Y.; Zhang, D.; Zhang, W.; Zhao, J.; Zhao, M.; Zheng, X.; Lander, E. S.; 

Altshuler, D. M.; Gabriel, S. B.; Gupta, N.; Gharani, N.; Toji, L. H.; Gerry, N. P.; 

Resch, A. M.; Flicek, P.; Barker, J.; Clarke, L.; Gil, L.; Hunt, S. E.; Kelman, G.; 

Kulesha, E.; Leinonen, R.; McLaren, W. M.; Radhakrishnan, R.; Roa, A.; Smirnov, 

D.; Smith, R. E.; Streeter, I.; Thormann, A.; Toneva, I.; Vaughan, B.; Zheng-

Bradley, X.; Bentley, D. R.; Grocock, R.; Humphray, S.; James, T.; Kingsbury, Z.; 

Lehrach, H.; Sudbrak, R.; Albrecht, M. W.; Amstislavskiy, V. S.; Borodina, T. A.; 

Lienhard, M.; Mertes, F.; Sultan, M.; Timmermann, B.; Yaspo, M.-L.; Mardis, E. 

R.; Wilson, R. K.; Fulton, L.; Fulton, R.; Sherry, S. T.; Ananiev, V.; Belaia, Z.; 

Beloslyudtsev, D.; Bouk, N.; Chen, C.; Church, D.; Cohen, R.; Cook, C.; Garner, 

J.; Hefferon, T.; Kimelman, M.; Liu, C.; Lopez, J.; Meric, P.; O’Sullivan, C.; 

Ostapchuk, Y.; Phan, L.; Ponomarov, S.; Schneider, V.; Shekhtman, E.; Sirotkin, 



 226 

K.; Slotta, D.; Zhang, H.; McVean, G. A.; Durbin, R. M.; Balasubramaniam, S.; 

Burton, J.; Danecek, P.; Keane, T. M.; Kolb-Kokocinski, A.; McCarthy, S.; 

Stalker, J.; Quail, M.; Schmidt, J. P.; Davies, C. J.; Gollub, J.; Webster, T.; Wong, 

B.; Zhan, Y.; Auton, A.; Campbell, C. L.; Kong, Y.; Marcketta, A.; Gibbs, R. A.; 

Yu, F.; Antunes, L.; Bainbridge, M.; Muzny, D.; Sabo, A.; Huang, Z.; Wang, J.; 

Coin, L. J. M.; Fang, L.; Guo, X.; Jin, X.; Li, G.; Li, Q.; Li, Y.; Li, Z.; Lin, H.; Liu, 

B.; Luo, R.; Shao, H.; Xie, Y.; Ye, C.; Yu, C.; Zhang, F.; Zheng, H.; Zhu, H.; 

Alkan, C.; Dal, E.; Kahveci, F.; Marth, G. T.; Garrison, E. P.; Kural, D.; Lee, W.-

P.; Fung Leong, W.; Stromberg, M.; Ward, A. N.; Wu, J.; Zhang, M.; Daly, M. J.; 

DePristo, M. A.; Handsaker, R. E.; Altshuler, D. M.; Banks, E.; Bhatia, G.; del 

Angel, G.; Gabriel, S. B.; Genovese, G.; Gupta, N.; Li, H.; Kashin, S.; Lander, E. 

S.; McCarroll, S. A.; Nemesh, J. C.; Poplin, R. E.; Yoon, S. C.; Lihm, J.; Makarov, 

V.; Clark, A. G.; Gottipati, S.; Keinan, A.; Rodriguez-Flores, J. L.; Korbel, J. O.; 

Rausch, T.; Fritz, M. H.; Stütz, A. M.; Flicek, P.; Beal, K.; Clarke, L.; Datta, A.; 

Herrero, J.; McLaren, W. M.; Ritchie, G. R. S.; Smith, R. E.; Zerbino, D.; Zheng-

Bradley, X.; Sabeti, P. C.; Shlyakhter, I.; Schaffner, S. F.; Vitti, J.; Cooper, D. N.; 

Ball, E. V; Stenson, P. D.; Bentley, D. R.; Barnes, B.; Bauer, M.; Keira Cheetham, 

R.; Cox, A.; Eberle, M.; Humphray, S.; Kahn, S.; Murray, L.; Peden, J.; Shaw, R.; 

Kenny, E. E.; Batzer, M. A.; Konkel, M. K.; Walker, J. A.; MacArthur, D. G.; Lek, 

M.; Sudbrak, R.; Amstislavskiy, V. S.; Herwig, R.; Mardis, E. R.; Ding, L.; 

Koboldt, D. C.; Larson, D.; Ye, K.; Gravel, S.; Consortium, T. 1000 G. P.; authors, 

C.; committee, S.; group, P.; Medicine, B. C. of; BGI-Shenzhen; Harvard, B. I. of 

M. I. T. and; Research, C. I. for M.; European Molecular Biology Laboratory, E. B. 

I.; Illumina; Genetics, M. P. I. for M.; University, M. G. I. at W.; Health, U. S. N. 

I. of; Oxford, U. of; Institute, W. T. S.; group, A.; Affymetrix; Medicine, A. E. C. 

of; University, B.; College, B.; Laboratory, C. S. H.; University, C.; Laboratory, E. 

M. B.; University, H.; Database, H. G. M.; Sinai, I. S. of M. at M.; University, L. 

S.; Hospital, M. G.; University, M.; National Eye Institute, N. I. H. A Global 

Reference for Human Genetic Variation. Nature 2015, 526 (7571), 68–74. 

https://doi.org/10.1038/nature15393. 

(267)  Marshall-Clarke, S.; Downes, J. E.; Haga, I. R.; Bowie, A. G.; Borrow, P.; 

Pennock, J. L.; Grencis, R. K.; Rothwell, P. Polyinosinic Acid Is a Ligand for Toll-

like Receptor 3 *. J. Biol. Chem. 2007, 282 (34), 24759–24766. 

https://doi.org/10.1074/jbc.M700188200. 



 227 

(268)  Park, B. S.; Lee, J.-O. Recognition of Lipopolysaccharide Pattern by TLR4 

Complexes. Exp. Mol. Med. 2013, 45 (12), e66. 

https://doi.org/10.1038/emm.2013.97. 

(269)  Chen, X.; Liu, S.; Goraya, M. U.; Maarouf, M.; Huang, S.; Chen, J.-L. Host 

Immune Response to Influenza A Virus Infection. Front. Immunol. 2018, 9. 

https://doi.org/10.3389/fimmu.2018.00320. 

(270)  Scepanovic, P.; Alanio, C.; Hammer, C.; Hodel, F.; Bergstedt, J.; Patin, E.; 

Thorball, C. W.; Chaturvedi, N.; Charbit, B.; Abel, L.; Quintana-Murci, L.; Duffy, 

D.; Albert, M. L.; Fellay, J.; Abel, L.; Alcover, A.; Aschard, H.; Astrom, K.; 

Bousso, P.; Bruhns, P.; Cumano, A.; Demangel, C.; Deriano, L.; Di Santo, J.; 

Dromer, F.; Duffy, D.; Eberl, G.; Enninga, J.; Fellay, J.; Gelpi, O.; Gomperts-

Boneca, I.; Hasan, M.; Hercberg, S.; Lantz, O.; Leclerc, C.; Mouquet, H.; 

Pellegrini, S.; Pol, S.; Rausell, A.; Rogge, L.; Sakuntabhai, A.; Schwartz, O.; 

Schwikowski, B.; Shorte, S.; Soumelis, V.; Tangy, F.; Tartour, E.; Toubert, A.; 

Touvier, M.; Ungeheuer, M.-N.; Albert, M. L.; Quintana-Murci, L.; Consortium,  

for T. M. I. Human Genetic Variants and Age Are the Strongest Predictors of 

Humoral Immune Responses to Common Pathogens and Vaccines. Genome Med. 

2018, 10 (1), 59. https://doi.org/10.1186/s13073-018-0568-8. 

(271)  Flegr, J. REVIEW Influence of Latent Toxoplasma Infection on Human 

Personality, Physiology and Morphology: Pros and Cons of the Toxoplasma-

Human Model in Studying the Manipulation Hypothesis THE JOURNAL OF 

EXPERIMENTAL BIOLOGY. J. Exp. Biol. 2013, 216, 127–133. 

https://doi.org/10.1242/jeb.073635. 

(272)  Heneghan, M. A.; McCarthy, C. F.; Moran, A. P. Relationship of Blood Group 

Determinants on Helicobacter Pylori Lipopolysaccharide with Host Lewis 

Phenotype and Inflammatory Response. Infect. Immun. 2000, 68 (2), 937–941. 

https://doi.org/10.1128/IAI.68.2.937-941.2000. 

(273)  Björkholm, B.; Lundin, A.; Sillén, A.; Guillemin, K.; Salama, N.; Rubio, C.; 

Gordon, J. I.; Falk, P.; Engstrand, L. Comparison of Genetic Divergence and 

Fitness between Two Subclones of Helicobacter Pylori. Infect. Immun. 2001, 69 

(12), 7832–7838. https://doi.org/10.1128/IAI.69.12.7832-7838.2001. 

(274)  Roberts, H.; Boktor, S. W.; Waller, K.; Daar, Z. S.; Boscarino, J. A.; Dubin, P. H.; 

Suryaprasad, A.; Moorman, A. C. Underreporting of Hepatitis B and C Virus 

Infections - Pennsylvania, 2001-2015. PLoS One 2019, 14 (6), e0217455. 



 228 

https://doi.org/10.1371/journal.pone.0217455. 

(275)  Van Alsten, S. C.; Aversa, J. G.; Santo, L.; Camargo, M. C.; Kemp, T.; Liu, J.; 

Huang, W.-Y.; Sampson, J.; Rabkin, C. S. Association between ABO and Duffy 

Blood Types and Circulating Chemokines and Cytokines. Genes Immun. 2021, 22 

(3), 161–171. https://doi.org/10.1038/s41435-021-00137-5. 

(276)  Rhein, B. A.; Powers, L. S.; Rogers, K.; Anantpadma, M.; Singh, B. K.; Sakurai, 

Y.; Bair, T.; Miller-Hunt, C.; Sinn, P.; Davey, R. A.; Monick, M. M.; Maury, W. 

Interferon-γ Inhibits Ebola Virus Infection. PLOS Pathog. 2015, 11 (11), 

e1005263. 

(277)  Ruetsch, C.; Brglez, V.; Crémoni, M.; Zorzi, K.; Fernandez, C.; Boyer-Suavet, S.; 

Benzaken, S.; Demonchy, E.; Risso, K.; Courjon, J.; Cua, E.; Ichai, C.; 

Dellamonica, J.; Passeron, T.; Seitz-Polski, B. Functional Exhaustion of Type I and 

II Interferons Production in Severe COVID-19 Patients   . Frontiers in Medicine  . 

2021, p 1106. 

(278)  Vivier, E.; Tomasello, E.; Baratin, M.; Walzer, T.; Ugolini, S. Functions of Natural 

Killer Cells. Nat. Immunol. 2008, 9 (5), 503–510. https://doi.org/10.1038/ni1582. 

(279)  Billi, A. C.; Kahlenberg, J. M.; Gudjonsson, J. E. Sex Bias in Autoimmunity. Curr. 

Opin. Rheumatol. 2019, 31 (1), 53–61. 

https://doi.org/10.1097/BOR.0000000000000564. 

(280)  Crosby, D. A.; Glover, L. E.; Brennan, E. P.; Kelly, P.; Cormican, P.; Moran, B.; 

Giangrazi, F.; Downey, P.; Mooney, E. E.; Loftus, B. J.; McAuliffe, F. M.; 

Wingfield, M.; O’Farrelly, C.; Brennan, D. J. Dysregulation of the Interleukin-17A 

Pathway in Endometrial Tissue from Women with  Unexplained Infertility Affects 

Pregnancy Outcome Following Assisted Reproductive Treatment. Hum. Reprod. 

2020, 35 (8), 1875–1888. https://doi.org/10.1093/humrep/deaa111. 

(281)  Bermas, B. L.; Sammaritano, L. R. Fertility and Pregnancy in Rheumatoid Arthritis 

and Systemic Lupus Erythematosus. Fertil. Res. Pract. 2015, 1 (1), 13. 

https://doi.org/10.1186/s40738-015-0004-3. 

(282)  Brouwer, J.; Fleurbaaij, R.; Hazes, J. M. W.; Dolhain, R. J. E. M.; Laven, J. S. E. 

Subfertility in Women With Rheumatoid Arthritis and the Outcome of Fertility  

Assessments. Arthritis Care Res. (Hoboken). 2017, 69 (8), 1142–1149. 

https://doi.org/10.1002/acr.23124. 

(283)  Xu, G. J.; Kula, T.; Xu, Q.; Li, M. Z.; Vernon, S. D.; Ndung’u, T.; Ruxrungtham, 

K.; Sanchez, J.; Brander, C.; Chung, R. T.; O’Connor, K. C.; Walker, B.; Larman, 



 229 

H. B.; Elledge, S. J. Viral Immunology. Comprehensive Serological Profiling of 

Human Populations Using a  Synthetic Human Virome. Science 2015, 348 (6239), 

aaa0698. https://doi.org/10.1126/science.aaa0698. 

(284)  Luxenburger, H.; Neumann-Haefelin, C.; Thimme, R.; Boettler, T. HCV-Specific 

T Cell Responses During and After Chronic HCV Infection. Viruses 2018, 10 (11). 

https://doi.org/10.3390/v10110645. 

(285)  Hassan, J.; O’Neill, D.; Honari, B.; De Gascun, C.; Connell, J.; Keogan, M.; 

Hickey, D. Cytomegalovirus Infection in Ireland: Seroprevalence, HLA Class I 

Alleles, and  Implications. Medicine (Baltimore). 2016, 95 (6), e2735. 

https://doi.org/10.1097/MD.0000000000002735. 

(286)  Knowles, S. J.; Grundy, K.; Cahill, I.; Cafferkey, M. T.; Geary, M. Low 

Cytomegalovirus Sero-Prevalence in Irish Pregnant Women. Ir. Med. J. 2005, 98 

(7), 210–212. 

(287)  Lachmann, R.; Loenenbach, A.; Waterboer, T.; Brenner, N.; Pawlita, M.; Michel, 

A.; Thamm, M.; Poethko-Müller, C.; Wichmann, O.; Wiese-Posselt, M. 

Cytomegalovirus (CMV) Seroprevalence in the Adult Population of Germany. 

PLoS One 2018, 13 (7), e0200267. https://doi.org/10.1371/journal.pone.0200267. 

(288)  Joseph, S. A.; Beliveau, C.; Muecke, C. J.; Rahme, E.; Soto, J. C.; Flowerdew, G.; 

Johnston, L.; Langille, D.; Gyorkos, T. W. Risk Factors for Cytomegalovirus 

Seropositivity in a Population of Day Care  Educators in Montréal, Canada. Occup. 

Med. (Lond). 2005, 55 (7), 564–567. https://doi.org/10.1093/occmed/kqi121. 

(289)  Koziel, M. J. Cellular Immune Responses against Hepatitis C Virus. Clin. Infect. 

Dis. 2005, 41 (Supplement_1), S25–S31. https://doi.org/10.1086/429492. 

(290)  Mina, M. M.; Cameron, B.; Luciani, F.; Vollmer-Conna, U.; Lloyd, A. R. Natural 

Killer Cells in Highly Exposed Hepatitis C-Seronegative Injecting Drug  Users. J. 

Viral Hepat. 2016, 23 (6), 464–472. https://doi.org/10.1111/jvh.12511. 

(291)  Perrella, A.; Atripaldi, L.; Bellopede, P.; Patarino, T.; Sbreglia, C.; Tarantino, G.; 

Sorrentino, P.; Conca, P.; Ruggiero, L.; Perrella, O. Flow Cytometry Assay of 

Myeloid Dendritic Cells (MDCs) in Peripheral Blood during  Acute Hepatitis C: 

Possible Pathogenetic Mechanisms. World J. Gastroenterol. 2006, 12 (7), 1105–

1109. https://doi.org/10.3748/wjg.v12.i7.1105. 

(292)  Vollmer, J.; Weeratna, R.; Payette, P.; Jurk, M.; Schetter, C.; Laucht, M.; Wader, 

T.; Tluk, S.; Liu, M.; Davis, H. L.; Krieg, A. M. Characterization of Three CpG 

Oligodeoxynucleotide Classes with Distinct  Immunostimulatory Activities. Eur. J. 



 230 

Immunol. 2004, 34 (1), 251–262. https://doi.org/10.1002/eji.200324032. 

(293)  de Weerd, N. A.; Vivian, J. P.; Lim, S. S.; Huang, S. U.-S.; Hertzog, P. J. 

Structural Integrity with Functional Plasticity: What Type I IFN Receptor 

Polymorphisms Reveal. J. Leukoc. Biol. 2020, 108 (3), 909–924. 

https://doi.org/https://doi.org/10.1002/JLB.2MR0420-152R. 

(294)  Abd El-Baky, R. M.; Hetta, H. F.; Koneru, G.; Ammar, M.; Shafik, E. A.; 

Mohareb, D. A.; Abbas El-Masry, M.; Ramadan, H. K.; Abu Rahma, M. Z.; 

Fawzy, M. A.; Fathy, M. Impact of Interleukin IL-6 Rs-1474347 and IL-10 Rs-

1800896 Genetic Polymorphisms on the Susceptibility of HCV-Infected Egyptian 

Patients to Hepatocellular Carcinoma. Immunol. Res. 2020, 68 (3), 118–125. 

https://doi.org/10.1007/s12026-020-09126-8. 

(295)  Westhoff, C. M. The Structure and Function of the Rh Antigen Complex. Semin. 

Hematol. 2007, 44 (1), 42–50. 

https://doi.org/https://doi.org/10.1053/j.seminhematol.2006.09.010. 

(296)  Lam, L. K. M.; Murphy, S.; Kokkinaki, D.; Venosa, A.; Sherrill-Mix, S.; Casu, C.; 

Rivella, S.; Weiner, A.; Park, J.; Shin, S.; Vaughan, A. E.; Hahn, B. H.; Odom 

John, A. R.; Meyer, N. J.; Hunter, C. A.; Worthen, G. S.; Mangalmurti, N. S. DNA 

Binding to TLR9 Expressed by Red Blood Cells Promotes Innate Immune 

Activation  and Anemia. Sci. Transl. Med. 2021, 13 (616), eabj1008. 

https://doi.org/10.1126/scitranslmed.abj1008. 

(297)  Andreakos, E.; Abel, L.; Vinh, D. C.; Kaja, E.; Drolet, B. A.; Zhang, Q.; 

O’Farrelly, C.; Novelli, G.; Rodríguez-Gallego, C.; Haerynck, F.; Prando, C.; 

Pujol, A.; Bastard, P.; Biggs, C. M.; Bigio, B.; Boisson, B.; Bolze, A.; 

Bondarenko, A.; Brodin, P.; Chakravorty, S.; Christodoulou, J.; Cobat, A.; 

Condino-Neto, A.; Constantinescu, S. N.; Feldman, H. B.; Fellay, J.; Halwani, R.; 

Jouanguy, E.; Lau, Y.-L.; Meyts, I.; Mogensen, T. H.; Okada, S.; Okamoto, K.; 

Ozcelik, T.; Pan-Hammarström, Q.; Planas, A. M.; Puel, A.; Quintana-Murci, L.; 

Renia, L.; Resnick, I.; Sediva, A.; Shcherbina, A.; Slaby, O.; Tancevski, I.; Turvey, 

S. E.; Uddin, K. M. F.; van de Beek, D.; Zatz, M.; Zawadzki, P.; Zhang, S.-Y.; Su, 

H. C.; Casanova, J.-L.; Spaan, A. N.; Effort, C. H. G. A Global Effort to Dissect 

the Human Genetic Basis of Resistance to SARS-CoV-2 Infection. Nat. Immunol. 

2021. https://doi.org/10.1038/s41590-021-01030-z. 

(298)  Lai, C. W.; Nishio, A.; Hasan, S.; Kefalakes, H.; Rehermann, B.; Ghany, M. G. 

Spontaneous Clearance of Drug-Resistant Chronic Hepatitis C Virus Infection. 



 231 

Hepatology 2021, 74 (6), 3552–3553. https://doi.org/10.1002/hep.32205. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 



 232 

Appendix 
 

 
 
Appendix table 1. Details of the HCV peptide pool used for IFNg ELISpots.  


