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ABSTRACT

Viruses are small intracellular parasites and use the host cell’'s biosynthesis
machinery to replicate and spread. Therefore, viral particles incorporate
structures that are similar to the ones that naturally occur within host cells. A
major mechanism to identify viral entry and replication within an infected cell is
the recognition of viral nucleic acids. Sensors of the innate immune system can
detect foreign nucleic acids by their unusual subcellular localisation or
modification or both. Once innate immune sensors are activated, they induce
distinct signalling cascades which modulate cellular responses to invading
pathogens like viruses. In this thesis, we studied the role of RNA sensors RIG-I
(retinoic acid-inducible gene 1) and MDAS (melanoma differentiation-associated
protein 5) in CD4 T cells during infections with SeV (Sendai virus) or HIV-1

(Human Immunodeficiency virus 1).

HIV-1 is the causative agent for the acquired immunodeficiency syndrome
(AIDS). Globally, more than 30 million people are living with HIV-1 and hundreds
of thousands of people are newly infected every year. Today, HIV-1 infection is a
chronic and manageable disease. The progression to AIDS is prevented by ART
(antiretroviral therapy) which inhibits viral replication but is unable to clear the
latent viral reservoir — inactive HIV-1 proviruses within long-lived subsets of
immune cells. These latent viruses are not detected by innate and adaptive
immunity. Furthermore, HIV-1 manipulates cellular restriction factors and sensors
of viral infection to evade immune recognition. This highlights the demand for new
approaches to restore innate immune sensing during latency reversal to allow the

specific killing of infected cells to the clearance of the latent reservoir.

We first studied the RIG-I signalling pathway in human CD4 T cells, the main
reservoir for HIV-1 infection in vivo. Using SeV, a specific activator of RIG-I, and
a cell-based type-l interferon reporter assay we showed that the RIG-I signalling
pathway was functional in activated CD4 T cells. In resting CD4 T cells, we did
not detect the release of type-I IFNs and used next generation sequencing (NGS)

to verify the expression of members of the RIG-| signalling pathway. A typical
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type-I IFN signature was observed in resting CD4 T cells following the stimulation
of RIG-I with SeV. These data also showed the downregulation of pathways
relevant for T cell activation. We next evaluated how the activation of the RIG-I
signalling pathway affects the biology of CD4 T cells. RIG-I activation diminished
proliferation, metabolic activity and release of effector cytokine IFNy in CD4 T

cells.

RIG-I and MDAS are potential sensors for HIV-1 and their role during HIV-1
infection is not fully understood to date. We discovered that HIV-1 protease (PR)
directly degrades RIG-I and MDAS5 independently of other cellular factors. We
showed this by co-expression of HIV-1 PR and RIG-I or MDA5 in HEK293T cells
and in an in vitro assay using purified recombinant HIV-1 PR and RIG-I or MDA5
proteins. The degradation of RIG-I and MDAS by HIV-1 PR sequestrated the
sensing of stimulatory RNAs in an in vitro reporter assay. These data indicate
that the degradation of RIG-I and MDAS5 is a potential immune evasion
mechanism for HIV-1 which could be exploited in novel HIV-1 cure approaches.
Furthermore, we generated RIG-lI and MDAS5S knockouts in primary human CD4
T cells and Jurkat cells and performed initial characterisations of those cell lines.
Knockout cell lines will be useful in future studies on the role of RIG-I and MDA5

during HIV-1 infection.
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1. Literature Review



1. Introduction

Viruses can be detected by sensors of the innate immune system. Once
activated, these sensors induce a broad antiviral response within infected and
neighbouring cells to counteract viral replication and spread. The activation of
innate immune sensors leads to the induction of cell-autonomous defence

mechanisms and initiates adaptive immune responses.

CD4 T cells are the main target for infection with the Human Immunodeficiency
Virus 1 (HIV-1). Once established, HIV-1 infection is persistent and leads to
immune dysregulation if left untreated. The knowledge on viral nucleic acid
sensing in CD4 T cells and HIV-1 immune evasion strategies is incomplete and

will be addressed in this thesis.

1.1 Innate and Adaptive Immunity

The innate immune system is the so-called first line of defence against pathogens
like bacteria, fungi, parasites and viruses. It comprises physical barriers
(epithelia), the complement system, phagocytic and antigen-presenting cells
(APCs) as well as pattern recognition receptors (PRRs) (reviewed in Gasteiger
et al., 2017).

The innate immune response is immediate and induces different defence
mechanisms in infected and neighbouring cells. These mechanisms include
programmed cell death of infected cells, the release of cytokines and chemokines
and the attraction of cells of innate and adaptive immunity (reviewed in Stdgerer
and Stager, 2020). Cells involved in innate immune responses are dendritic cells
(DCs), macrophages, monocytes and natural killer (NK) cells, among others
(reviewed in Marshall et al., 2018). APCs possess the ability to recognise and
phagocytise extracellular pathogens. Internalised proteins are processed and
presented as short peptides in combination with major histocompatibility complex
[l (MHCII) on the cell surface, which can elicit an adaptive immune response
(Hamilos, 1989). T cells can recognise antigens presented by MHCI and MHCII
molecules, while B cells directly bind to their antigen. Antigen-specific activation

of B and T cells induces a process of cell differentiation, clonal selection and



expansion to finetune the adaptive immune response (reviewed in Cyster and
Allen, 2019 and Kumar et al., 2018). All nucleated cells of the human body
present MHCI molecules on their cell surface (reviewed in Montealegre and van
Endert, 2019). These proteins are loaded with short peptides, representing all
proteins within a cell, including pathogen-derived proteins that occur during
intracellular replication. Cytotoxic T cells, also called CD8 T cells, can detect non-
self peptides in combination with MHCI proteins and directly kill infected cells and
release large amounts of interferon gamma (IFNy). In contrast, CD4 T cells are
restricted by MHCII:peptide complexes and acquire different effector functions
(reviewed in Kedzierska and Koutsakos, 2020, see chapter 1.1.4 T cells). The
innate immune system is not only fundamental to initiate and orchestrate most
parts of adaptive immunity, but also to contain infections until adaptive immunity
sets in, which usually takes several days (reviewed in lwasaki and Medzhitov,
2015).

1.1.1 Pattern Recognition Receptors

PRRs are cytosolic or membrane-bound receptors, present in different
compartments of the body. They recognise pathogen-associated molecular
patterns (PAMPs) in molecules like carbohydrates, lipids, nucleic acids and
proteins derived from bacteria, viruses and other pathogens. PAMPs are
invariable among whole classes of pathogens and recognisable as non-self. They
comprise motifs in molecules that are essential for the survival of the pathogen
and are evolutionary conserved (Asiamah et al., 2019). Activation of PRRs induce
the expression of chemokines and cytokines, induce apoptosis and other cell
death pathways and provide co-stimulatory signals to adaptive immunity
(reviewed in Amarante-Mendes et al., 2018). This thesis explores the innate
immune recognition of viral nucleic acids and their effects on viral replication and
host cell functions. PRRs and other immune receptors relevant in the context of

nucleic acid-sensing will be discussed in more detail in the following sections.



1.1.2 DNA Sensing Receptors

Foreign nuclear acids are recognised as non-self if their localisation or chemical
modification differs from nucleic acid species that are typically present in the host.
DNA sensing receptors are found in the nucleus as well as in the cytoplasmic and
endosomal compartments of the cell. This section will discuss endosomal and

cytosolic DNA receptors.

Although many DNA receptors have been described, three DNA receptors are
commonly thought to be responsible for the majority of DNA-induced immune
responses: Absent in melanoma 2 (AIM2), toll-like receptor 9 (TLR9) and cyclic
GMP-AMP synthase (cGAS), Figure 1.1.
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Figure 1.1: DNA-sensing immune receptors. Toll-like receptor 9 (TLR9)
senses RNA-DNA hybrids and CpG-DNA in the endolysosomal compartment.
The downstream signalling cascade involves myeloid differentiation primary
response protein 88 (MYD88), interferon regulatory factor 7 (IRF7) and nuclear
factor kappa B (NFkB). IRF7 induces the expression of interferon (IFN), while



NFkB induces pro-interleukin-1 beta (pro-IL-1B) and inflammasome associated
factor NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3). Cytosolic
receptors absent in melanoma 2 (AIM2), cyclic GMP-AMP synthetase (cGAS)
and IFN gamma-inducible protein 16 (IFI16) recognise dsDNA. AIM2 activation
induces the assembly of the AIM2 inflammasome with active caspase-1 that
cleaves and activates pro-IL-1p and induces pyroptosis. Ligand binding by cGAS
and probably IFI16 triggers stimulator of IFN genes (STING) dependent IRF3
activation, which induces IFN expression and mediates apoptosis via BCL-2
associated X protein (BAX). Polyglutamine binding protein 1 (PQBP1) enhances
cGAS dependent recognition of retroviral cDNA transcripts (e.g. HIV-1). Type-|
IFN expression induces an antiviral response via the interferon-a/f receptor
(IFNAR). Interferon stimulated genes (ISGs) like retinoic acid-inducible gene 1
(RIG-I), interferon-induced protein with tetratricopeptide repeats 1 (IFIT1), 2°-5"-
oligoadenylate synthetase 1 (OAS1), protein kinase R (PKR) and IRF7 are
upregulated. They possess direct antiviral activity or are involved in innate nucleic
acid sensing pathways. (Figure adapted from Schlee and Hartmann, 2016).

AIM2 recognises double-stranded DNA (dsDNA) in the cytosol and induces the
assembly of the AIM2 inflammasome, which mediates caspase-1 dependent
processing of pro-interleukin-1 beta (pro-IL-13) and pro-IL-18 (Burckstimmer et
al., 2009; Hornung et al., 2009). TLR9 is a membrane-bound receptor, expressed
in the endoplasmic reticulum and translocated to the endosome. TLR9 is
activated by engagement with bacterial or viral hypomethylated CpG-dsDNA
(reviewed in Schlee and Hartmann, 2016). Downstream signalling through
myeloid differentiation primary response protein 88 (MYD88) induces the
activation of interferon regulatory factor 7 (IRF7) and nuclear factor kappa B
(NFkB)-dependent expression of type-l interferons (IFNs) and inflammatory
cytokines (reviewed in Schlee and Hartmann, 2016). cGAS is another important
cytosolic DNA sensor. It plays a crucial role in the innate immune response to
cytosolic and nuclear DNA viruses. cGas can bind to any DNA, self and non-self,
and longer DNA (>45 bp) induces a stronger stimulation of the pathway than
shorter DNA (20 bp) molecules (Li et al., 2013). The ability of cGAS to sense self-
DNA assists in the indirect recognition of RNA viruses (Dengue virus and Zika
virus) that cause the release of mitochondrial DNA into the cytoplasm of infected
cells (reviewed in Coldbeck-Shackley et al., 2020). cGAS processes guanosine
triphosphate (GTP) and adenosine triphosphate (ATP) to form the second
messenger cyclic guanosine monophosphate-adenosine monophosphate

(cGAMP). The latter activates adaptor protein stimulator of interferon genes



(STING), an endoplasmic reticulum-resident transmembrane protein.
Subsequently, STING is translocated to the Golgi and interacts with cytosolic
TANK-binding kinase 1 (TBK1). Downstream signalling involves IRF3 and
nuclear factor kappa B (NFkB) and induces a broad antiviral type-lI IFN-
dominated transcriptional programme. Besides, activation of the cGAS-STING
pathway can also affect other cellular processes like autophagy and apoptosis
(reviewed in Motwani et al., 2019). Involvement of cytosolic DNA sensor gamma-
interferon-inducible protein 16 (IFI16) in the cGAS-STING pathway has been
described, in which cGAS and IFI16 are both necessary for the optimal activation
of STING (Almine et al.,, 2017). DNA sensor polyglutamine binding protein 1
(PQBP1) functions as a co-receptor of cGAS: PQBP1 binds to unintegrated HIV-1
and other retroviral cDNAs and forms a signalling complex with cGAS. PBQP1
appears to play a role for efficient immune responses against early retroviral
infection events, but not for other cGAS-dependent responses to cytosolic DNAs
(Yoh et al., 2015).

1.1.3 RNA Sensing Receptors

While the presence of DNA is usually restricted to the nucleus and mitochondria,
RNA is more abundant throughout the cell, and its translocation between different
compartments is a fundamental requirement for gene expression (reviewed in
Williams et al., 2018). Detection of foreign RNA species by most RNA sensing
receptors relies on the localisation of RNAs as well as on chemical modifications

or the structure of nucleic acid molecules, Figure 1.2.

PRRs of the toll-like-receptor family (TLR3, TLR7, TLR8) as well as three
members of the retinoic acid-inducible gene-1-like receptor (RLR) family (retinoic
acid-inducible gene-1 (RIG-I), melanoma differentiation-associated protein 5
(MDADS), laboratory of genetics and physiology 2 (LPG2)) are involved in RNA-
mediated immune activation. While the mentioned RNA sensing TLRs are
expressed as membrane-bound proteins within the endosomal compartment of
the cell, RLRs are present as soluble receptors in the cytosol. TLR7 and TLR8

show affinities to polyU and GU-rich nucleic acid sequences, which are present



in viral, bacterial and host RNA species (reviewed in Schlee and Hartmann,
2016). The engagement of TLR7 and TLR8 drives distinct pathways involved in
cell differentiation and activation of monocytes and dendritic cells (Larange et al.,
2009; de Marcken et al., 2019).
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Figure 1.2: RNA-sensing immune receptors. Toll-like receptor (TLR) 3, TLR7
and TLR8 sense RNA in the endosomal compartment. TLR3 senses long,
double-stranded (ds) RNA, TLR7 senses single-stranded (ss) RNA and dsRNA
and TLR8 senses only ssRNA. Downstream signalling involves myeloid
differentiation primary re-sponse protein 88 (MYD88) or TIR domain-containing
adaptor protein inducing IFNB (TRIF), interferon regulatory factor (IRF) 3 and
IRF7 as well as nuclear factor kappa B (NFkB). IRF3/IRF7 induce, besides other
cytokines and chemokines, type-l interferon (IFN), while NFkB induces pro-
interleukin-1 beta (pro-IL-1B) and inflammasome associated factor NOD-, LRR-
and pyrin domain-containing protein 3 (NLRP3). Retinoic acid-inducible gene |
(RIG-I) and melanoma differentiation-associated gene 5 (MDAS5) detect dsRNA
in the cytosol. Both signal via mitochondrial associated antiviral signalling protein
(MAVS) to induce IRF3/IRF7 dependent IFN synthesis. Type-lI IFN expression
mediates an antiviral response via the interferon-a/f3 receptor (IFNAR). Interferon
stimulated genes (ISGs) can possess direct antiviral activity (interferon-induced



protein with tetratricopeptide repeats 1 (IFIT1), 2°-5"-oligoadenylate synthetase 1
(OAS1), protein kinase R (PKR) or are involved in innate nucleic acid pathways
(RIG-I) or downstream signalling/transcription (IRF7). Also, MAVS and IRF3
stimulate apoptosis via BCL-2 associated X protein (BAX) or caspase-8 and are
involved in the stimulation of the inflammasome. It is involved in pro-IL-13
processing and the induction of pyroptosis. (Figure adapted from Schlee and
Hartmann, 2016).

TLR3 is a sensor for viral dsRNA and UV-damaged noncoding self-RNA
(Alexopoulou et al., 2001; Bernard et al., 2012). While TLR7 and TLR8 signal
though MYD88, TLR3 associates with signalling adaptor TIR-domain-containing
adaptor-inducing interferon-p (TRIF) (Verstak et al., 2013). Pathway activation
induces interferon regulatory factors (IRFs) and NFkB regulated transcription of
proinflammatory cytokines and type-l IFNs, as previously described. Soluble
receptors RIG-I and MDAS5 share the same domain organisation: two N-terminal
caspase activation and recruitment domains (CARDs), a DexD/H-box helicase
domain (hel-1, hel-2 and hel-2i), and a C-terminal RNA-binding domain (CTD).
The domains are separated by two flexible hinge regions (Rawling and Pyle,
2014), Figure 1.3A.
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B Closed conformation C Open conformation

Hel-1 Hel-2i Hel-2

Hel-1 Hel-2i Hel-2

Figure 1.3: RIG-I-like receptor domain organisation. A: Retinoic acid-inducible
gene-1 (RIG-I) and melanoma differentiation-associated protein 5 (MDAS5) share
the same domain organisation. A flexible hinge region connects two N-terminal
caspase activation and recruitment domains (CARDs) with a DexD/H-box
helicase domain, which is separated into hel-1, hel-2 and hel-2i. Another flexible



hinge region leads to the RNA binding C-terminal domain (CTD). Both receptors
exist in two major conformations: the auto-inhibited state in the absence of a
specific ligand (B) and the open conformation during RNA recognition, which
releases the two CARDs and allows for downstream signalling (C, shows ligand
recognition by RIG-I). (Figure adapted from Abdullah and Atif, 2017; Uchikawa et
al., 2016).

Both receptors show specificity towards distinct RNA species. RIG-I recognises
short blunt-ended double stranded (dsRNA) molecules with a 5’ -triphosphate or
diphosphate. MDAS is activated by long dsRNA molecules or long single
stranded (ssRNA) molecules with internal base pairing (Berke and Modis, 2012;
Goubau et al., 2014; Hornung et al., 2006; Schlee et al., 2009; Schmidt et al.,
2009; Wu et al., 2013). Conformational changes upon ligand recognition enable
engagement of the CARDs with mitochondrial antiviral-signalling protein (MAVS),
Figure 1.3B/C.

The signal is transduced via TBK1 / I-kappa-B kinase epsilon (IKKe) and the
phosphorylation of transcription factors IRF3 and IRF7, which induce the
expression of type-l IFNs (Beckham et al., 2013; Berke and Modis, 2012). RIG-|
and MDAS are both interferon-stimulated genes (ISGs), creating a positive

feedback loop upon stimulation (Kang et al., 2002; L. Xu et al., 2017).

Type-l IFN can induce cell-autonomous effector proteins like adenosine
deaminase = RNA-specific  (ADAR1), interferon-induced protein  with
tetratricopeptide repeats 1 (IFIT1), 2°-5-oligoadenylate synthetase 1 (OAS1)
and protein kinase R (PKR), which posses RNA binding and direct antiviral
capabilities (reviewed in Schlee and Hartmann, 2016). It is important to note that
the expression of PRRs is cell type-specific and that many cell lines show defects
in one or more innate immune signalling pathways (East and Isacke, 2002; Muzio
et al., 2000; Rausell et al., 2016). The expression of PRRs in CD4 T cells is

outlined in section 1.1.4.3.
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114 T cells

T cells are fundamental for the adaptive immune response. They are involved in
the establishment and orchestration of immune responses and form immunologic
memory. They recognise antigens derived from pathogens, tumours and the
environment through a specialised T cell receptor (TCR). At the same time self-
tolerance is maintained through a complex selection process during T cell
maturation (reviewed in Kumar et al., 2018). All T cell progenitors arise from the
bone marrow (BM) and undergo selection and maturation in the thymus before
they migrate to tissues throughout the body. The majority of T cells reside in
lymphoid tissues like BM, lymph nodes and the spleen, but are found in smaller

numbers in nearly every organ and tissue (reviewed in Kumar et al., 2018).

It has been estimated that the human T cell compartment consists of about 102
T-cells with a TCR repertoire of more than 100 million different sequences. These
sequences mediate specificity against virtually every antigen (Qi et al., 2014). T
cells emigrate from the thymus as naive T cells with the capacity to be activated
upon antigen recognition and have an estimated lifespan of 6-10 years (den
Braber et al., 2012; Garcia et al., 1999; Wang et al., 2001). Antigen-specific
activation leads to the differentiation into various short-lived effector subsets
(further discussed in section 1.1.4.2). Apoptosis causes a rapid contraction of the
effector population once the antigen is cleared from the body and only a small
fraction of T cells differentiate into long-lived memory subsets (reviewed in Zhan
et al., 2017). The longevity of these cells was verified in different settings,
including the following. Yellow fever virus-specific memory CD8 T cells were
detectable more than 25 years after vaccination with a live-attenuated virus
vaccine (Fuertes Marraco et al.,, 2015) and a replication-incompetent HIV-1
provirus was contained in a pool of CD4 effector memory T cells for over 17 years
(Imamichi et al., 2014). While these long life spans guarantee long-term
immunological memory, they also bear the potential to harbour possibly harmful

infections like HIV-1 for a long time.
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1.1.4.1 T Cell Metabolism

T cells undergo extensive metabolic changes depending on their activation
status. While naive and memory T cells use oxidative phosphorylation (OxPhos)
as their primary energy source, activated T cells switch their metabolic program
and rely predominantly on aerobic glycolysis (reviewed in Maclver et al., 2013).
The usage of glycolysis in the presence of sufficient oxygen levels can also be
found in cancer cells and is known as the Warburg effect (Luengo et al., 2020).
Resting CD4 T cells show minimal nutrient uptake, ATP production and
biosynthesis activity and once they become activated their metabolism changes
rapidly (reviewed in Balyan et al., 2020). Anabolic pathways are upregulated, and
aerobic glycolysis becomes the main energy source. Subsequently, cells
increase in size and begin to proliferate. A fraction of activated T cells return to a
resting state and reverse the metabolic program once the antigen is cleared. Of
note, resting T cells are not resting in a classical sense; they migrate through
lymphoid tissues and provide constant immune surveillance (reviewed in Balyan
et al., 2020). Metabolic changes are a prerequisite for T cell activation and
effector functions, and the effects of nucleic acid sensor stimulation on T cell

activation and metabolism will be addressed in this thesis.

1.1.4.2 CD4 T Cell Differentiation

CD4 T cells are activated by their specific antigen, presented as a peptide:MHCII
complex by APCs. Their microenvironment determines the fate of naive CD4 T
cells. They can differentiate into various types depending on the cytokine milieu
and mediate distinct effector functions (reviewed in Kedzierska and Koutsakos,
2020). The cytokine milieu is modulated in dependence of the pathogen
(intracellular/extracellular, virus, bacteria, fungi, etc.) and prompts the
differentiation of CD4 T cell subsets specialised to assist in the clearance of a

specific class of pathogen, Figure 1.4.

The classic CD4 T cell subtypes include T helper 1 (Th1) and Th2 cells, which
induce immune responses against intracellular pathogens like viruses and

bacteria, and extracellular parasites like helminths, respectively (reviewed in Zhu
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and Zhu, 2020). Subsequent studies identified other CD4 T cell subtypes
including Th9, Th17, follicular helper T cells (Tfh), cytotoxic CD4 T cells (CTL)
and regulatory T cells (Treg) (reviewed in Golubovskaya and Wu, 2016 and
Pennock et al., 2013). Tregs limit the extent of the immune response and control
immune tolerance, while all other previously mentioned CD4 T cell classes

amplify the immune response.
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: . Virus/
Endocytosis i : Intracellular Bacteria
Virus/ % m \ e
Intracellular : ) A
Bacteria @ y _(f
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Presentation / J:
¢ E ) )
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Figure 1.4: Differentiation of CD4 T cells and their effector functions.
Antigen-presenting cells (APCs) recognise and process a spectrum of
pathogens. Subsequently, CD4 T cells are activated by engagement with their
specific antigen, which is presented as a peptide:MHCII complex by APCs (not
shown). Cytokines in the microenvironment reflect the initial immune response to
the causing pathogen and drive different transcriptional programs in CD4 T cells.
They allow for a pathogen-specific amplification of the immune response in order
to control and clear the infection. Differentiated CD4 T cells produce various
cytokines, which feed back into the cytokine milieu, activating or suppressing
other immune cells or promoting the expression of cell-autonomous defence
mechanisms in neighbouring cells. Cytotoxic T cell (CTL), granzyme B (Gz),
interferon (IFN), interleukin (IL), T follicular helper cell (Tfh), T helper cell (Th),
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transcription growth factor beta (TGF[B), tumor necrosis factor alpha (TNFa),
regulatory T cell (Treg). (Figure adapted from Pennock et al., 2013).

Intracellular pathogens like viruses induce and increase type-l IFNs and IL-12
production, which upregulate transcription factor T-bet in activated CD4 T cells.
Th1 differentiation is driven by T-bet and induces the expression of large amounts
of IFNy and tumour necrosis factor alpha (TNFa), which assist in the clearing of

intracellular pathogens (Hernandez-Pando and Rook, 1994; Mullen, 2001).

Cytotoxic CD4 T cells (CD4 CTLs) are a small and emerging subtype of the CD4
T cell population. Detection and cytotoxic killing of virus-infected cells is a crucial
feature of cytotoxic CD8 T and NK cells. CD4 CTLs were once believed to be an
in vitro artefact, but subsequent studies have identified them in vivo. They can
release perforin and granzyme B and mediate direct killing of virus-infected cells.
They are activated via MHCII receptors, which is remarkable in the context of
viral escape from CD8 CTLs by downregulation of MHCI receptors (Juno et al.,
2017; Takeuchi and Saito, 2017).

Effector T cell numbers increase exponentially during an adaptive immune
response and decline rapidly once the antigen is cleared. Only 5-10 % of antigen-
specific CD4 T cells survive and differentiate into long-lived memory cells
(Gasper et al., 2014). The two main types of memory cells are central memory
(Tem) and effector-memory (Tewm) cells. Tcm have a high proliferative potential after
reactivation, while Tem show a lower potential for proliferation, but a rapid release

of effector cytokines (reviewed in Pennock et al., 2013).

1.1.4.3 PRRs in CD4 T cells and their role in T cell immunity

The cytokine milieu plays an important role in determining T cell fates, as outlined
in the previous section. Other important regulators of the biology of T cells are
innate immune sensors. They can provide co-stimulatory signals that modulate
cell survival, proliferation and the release of effector cytokines (Reynolds et al.,
2010; Wang et al., 2007).
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PRRs are differentially expressed, and not all of them are found in CD4 T cells.
Resting pan-T cells (CD4/CD8 positive) express only low levels of TLR1-3 and
TLR6/8/9 mRNA (Hornung et al., 2002). A subsequent study analysed TLR
expression levels in highly purified CD4 T cells and Jurkat cells. They found
TLR1-3 and TLR5 messenger RNA (mRNA) to be expressed at high levels and
TLR4/7/9 mRNA to be expressed at low levels in CD4 T cells. TLR expression
differed in Jurkat cells, and only TLR3 and TLR5 mRNAs were present at high
levels, with TLR1/2/7/9 being expressed at low levels. In addition to different
TLRs, CD4 T cells express DDX58 (RIG-I), IFIH1 (MDAS5), cGAS, EIF2AK2
(PKR) and interferon gamma inducible gene 16 (IFI116), among others (Elsner et
al., 2020; Li et al., 2016; Monroe et al., 2014; Nagai et al., 1997; Proteinatlas,
2020; Uhlen et al., 2017; Vermeire et al., 2016).

The stimulation of TLR2, TLR5 or TLRY7 significantly increased IFNy production
and cell proliferation of CD4 T cells in vitro. The effect on proliferation was more
prominent in Tem than in naive CD4 T cells (Caron et al., 2005). Another study
with CD4 T cells derived from mice showed that TLR3 and TLR9 stimulation
promotes survival of activated cells, without affecting proliferation kinetics
(Gelman et al., 2004).

Activation of the cGAS-STING pathway in murine T cells was found to induce a
type-I IFN response and cell death (Larkin et al., 2017). In contrast, RIG-I showed
more differential functions beyond its role as an innate immune receptor. A
myeloproliferative disorder was observed in mice with a disrupted RIG-I gene
(Zhang et al., 2008) and RIG-I-deficient mice showed defects in interferon
responses and T cell activation during influenza infection (Kandasamy et al.,
2016). It became evident that not only T cell activation but also T cell
differentiation may be affected by RIG-I. Treg generation was impaired in RIG-|
deficient mice, resulting in an imbalance of Treg and Th17 cells and the
occurrence of colitis, an inflammatory disease of the colon (Yang et al., 2017).

These finings might have implications during HIV-1 infection, as RIG-I is
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degraded by a mechanism involving HIV-1 protease (Solis et al., 2011), with

potential effects on T cell differentiation.

1.2 The Human Immunodeficiency Virus

1.2.1 The HIV pandemic and AIDS

Since the onset of the HIV pandemic (including HIV-1 and HIV-2), more than 32
million people have died from Acquired Immunodeficiency Syndrome (AIDS)-
related illnesses, and between 32.7 million to 44.0 million people were living with
HIV in 2018 (UNAIDS, 2019). Two HIV types exist, HIV-1 and HIV-2, two related
viruses with 35-55 % amino acid and 55 % nucleotide sequence identity
(reviewed in Esbjornsson et al.,, 2019). HIV-1 has a higher prevalence and
pathogenicity than HIV-2 (Esbjornsson et al., 2019). This thesis and the following
review focus on HIV-1, the term HIV is used for statements that are relevant for
HIV-1 and HIV-2.

Transmission occurs from human to human through contact with certain body
fluids from an HIV infected person who has a detectable viral load (Bavinton and
Rodger, 2020; Levy, 1993). Upon infection, HIV disseminates quickly throughout
the body and predominantly replicates in CD4 T cells. The acute phase of the
infection is recognisable by high levels of viremia and decreasing CD4 T cells

counts in the blood, Figure 1.5.

A few weeks following primary infection, viremia drops and CD4 T cell counts
recover. A balance between viral replication and immune control is established
and indicative for the beginning of the chronic phase of the infection, which can
last for many years. The ongoing chronic infection eventually progresses to AIDS.
Viral replication is no longer effectively controlled and CD4 T cell counts rapidly
decline while the viral load increases. The resulting immunodeficiency makes
patients more susceptible to secondary infections and other AIDS-related
illnesses, ultimately leading to the death of the infected individual (reviewed in
Deeks et al., 2015).
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Figure 1.5: Course of untreated HIV-1 infection. The exponential increase of
viremia occurs during the early stages of the acute phase of infection. Cytotoxic
effects of viral replication and immune recognition of infected cells causes a
decrease of CD4 T cells. After several weeks, the infection is controlled by the
immune system and CD4 T cell numbers recover, followed by an asymptomatic
phase, which can last for several years. Eventually, viremia increases and CD4
T cells counts decrease, initiating the progression to AIDS (Figure adapted from
Grossman et al., 2006).

1.2.2 Controlling HIV and prevention of AIDS

Today, more than forty antiretroviral drugs and drug combinations are available
for the treatment of HIV, effectively controlling viral replication and preventing the
progression to AIDS (AIDSinfo, 2020). Modern antiretroviral therapy (ART) is
highly effective and induces a rapid decrease in viral load (Hoenigl et al., 2016).
After nearly four decades of extensive research on HIV, medicine is still lacking
a treatment to cure the infection. A rapid viral rebound (2-8 weeks after treatment
interruption) occurs even in individuals who received treatment for a prolonged

period (Pannus et al., 2020), Figure 1.6.

ART targets different steps of the viral lifecycle and the drugs can be divided into
seven different classes: Nucleoside reverse transcriptase inhibitors (NRTIs) and

non-nucleoside reverse transcriptase inhibitors (NNRTIs) interfere with the
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process of reverse transcription; protease inhibitors (PlIs) block proteolytic
maturation of viral particles and render them non-infectious; integration inhibitors
prevent integration of the provirus into the host genome; fusion inhibitors, CCR5
antagonists and post-attachment inhibitors block viral entry (AIDSinfo, 2020;
Kemnic and Gulick, 2020).
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Figure 1.6: Dynamics of plasma viremia in the setting of antiretroviral
therapy and treatment interruption. Exponentially increasing plasma viremia
can be detected during a phase of active HIV replication. Administration of ART
induces the suppression of viral replication below the limit of detection. A rapid
viral rebound occurs shortly after treatment interruption. (Figure adapted from
Kulpa and Chomont, 2015).

While ART is becoming widely accessible, one third of people living with HIV
(PLWH) do not receive any ART regimen, resulting in the ongoing spread of the
virus with an estimated 1.7 million new cases worldwide in 2018 (UNAIDS, 2019).
A cure for HIV is of high importance despite the effectiveness of ART. Modern
ART regimens are normally safe, but can have side effects in some individuals
and many PLWH are affected by stigmatisation and discrimination (Tran et al.,
2019; Venter et al., 2019). A cure for HIV would improve transmission control and

ease the pressure on public-health systems (reviewed in Ndung'u et al., 2019).
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1.2.3 The HIV-1 genome and its gene products

The HIV-1 genome is made up of two identical copies of a 9.2 kb long, positive-
sense, ssRNA molecule (reviewed in Shi et al., 2021) and is organised in nine
genes (Clever and Parslow, 1997). The viral genes can be divided into three
classes: structural proteins (gag, pol and env), essential regulatory elements (tat
and rev) and accessory regulatory proteins (nef, vpr, vif and vpu) (Frankel and
Young, 1998). Coding regions are flanked by long terminal repeat (LTR)
sequences. They assist in the integration of the viral genome and regulation of
viral gene expression (Khan et al., 1991; Shah et al., 2014). A complex system
of RNA splicing and post-translational processing gives rise to fifteen viral

proteins, Figure 1.7.
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Figure 1.7: HIV-1 genome organisation and gene products. A: The HIV-1
genome is organised in nine viral genes, and expression involves mRNA splicing
events for some of the genes. The coding region is flanked by long terminal
repeats (LTRs), which assist in viral integration and regulation of viral gene
expression. B: Multiply spliced viral mRNA gives rise to early viral proteins Nef,
Tat and Rev. Singly spliced viral mMRNA allows expression of env, tat, vif, vpr and
vpu. Unspliced viral mRNA encodes Gag and Gag-Pol proteins. Precursor
proteins Gag, Gag-Pol and Env are proteolytically processed to matrix protein
(MA), capsid protein (CA), spacer protein 1 and 2 (p2, p1), nucleocapsid protein
(NC), protease (PR), reverse transcriptase / RNase H (RT/RH), glycoprotein 120
(SU) and glycoprotein 41 (TM). (Figure adapted from Peterlin and Trono, 2003;
Stoltzfus, 2009).
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The transcribed viral genome harbours multiple splice sites, which allow for
multiply spliced, singly spliced and unspliced mRNA species. During the early
stage of viral replication multiply spliced mRNA gives rise to regulatory proteins
trans-activating regulatory protein (Tat), Rev and Nef (Kim et al., 1989; Klotman
et al., 1991). Tat enhances the transcription of the viral genome (Parada and
Roeder, 1996; Zhu et al., 1997). Rev protein binds to the Rev Responsive
Element (RRE) in single spliced and unspliced transcripts and facilitates the
export from the nucleus to the cytoplasm (Hadzopoulou-Cladaras et al., 1989),
enabling the translation of structural, accessory and envelope proteins (Tazi et
al., 2010).

Envelope (env) is transcribed from a singly spliced mRNA species and encodes
glycoprotein 160 (Gp160), which is processed to envelope glycoprotein 120
(Gp120, SU) and glycoprotein 41 (Gp41, TM) catalysed by host proteases
including protease furin (Arrigo et al., 1990; Hallenberger et al., 1992; Willey et
al., 1988).

Group-specific antigen (gag) and DNA polymerase (pol) are transcribed from the
unspliced viral mMRNA. Precursor protein Gag is processed to matrix protein (MA,
P17), capsid protein (CA, P24), spacer peptide 1 (SP1, P2), spacer peptide 2
(SP2, P1), nucleocapsid protein (NC, P7) and P6 protein by viral protease
(Kénnya et al., 2013). Pol is translated as the Gag-Pol precursor protein. A -1 bp
ribosomal frameshift during translation allows the expression of the Gag-Pol
fusion protein in about 5 % of the translations (Jacks et al., 1988; Shehu-Xhilaga
et al., 2001; Wilson et al., 1988). The Gag-Pol precursor protein gives rise to viral
enzymes reverse transcriptase (RT), RNase H, integrase (IN) and protease (PR)
(Kénnyl et al., 2013), as well as to the Gag precursor derived proteins (see

above).

1.2.4 The HIV-1 particle — structure and formation
HIV-1 propagation relies on particles that can leave the producer cells to spread

and infect other susceptible cells. HIV-1 is an enveloped virus, and its envelope
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is derived from the host’s cell membrane (reviewed in Podkalicka and Bassereau,
2019). An estimated seven to fourteen molecules of trimeric envelope
glycoproteins, which are heterodimers of the transmembrane glycoprotein (Gp41,
TM) and surface glycoprotein (Gp120, SU) are presented on the surface of each
virion (Chertova et al., 2002). MA protein is associated with the inner layer of the
envelope. The central icosahedral capsid encapsulates a non-covalently linked
genomic RNA (gRNA) dimer (Xiao et al., 2019). The viral genome is coated with
NC proteins which assist in viral RNA packaging and reverse transcription during
early infection (reviewed in Thomas and Gorelick, 2008). Several copies of
mature viral enzymes RT (heterodimer) and IN (tetramer) are associated with the
viral gRNA (Esposito and Craigie, 1999; Wang et al., 1994). Further proteins
present in the viral particle are PR, P1, P2 and accessory proteins Vif, Vpr and
Nef, Figure 1.8.

Gp120 (SU)

viral RNA

Protease (PR) tRNAZYS
Capsid (CA) Nef
Vpr
Integrase (IN)
m Matrix (MA)

( ) Nucleocapsid (NC)

Figure 1.8: Organisation of the HIV-1 virion. The envelope encloses an
icosahedral capsid (CA) which encapsulates two copies of the ssRNA genome.
Viral RNA is coated with nucleocapsid protein (NC) and associated with reverse
transcriptase (RT) and integrase (IN). Protease (PR) and accessory proteins Vif,
Vpr and Nef are also present in the viral particle. tRNAYS is selectively packaged
into the particle. The envelope is derived from the plasma membrane of the host
cell. It is associated with matrix protein (MA) on the inside and exposes several
molecules of trimeric envelope glycoproteins, which are heterodimers of the
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transmembrane glycoprotein (Gp41, TM) and surface glycoprotein (Gp120, SU),
on the outside. (Figure adapted from Frankel and Young, 1998; Steckbeck et al.,
2013).

The formation of infective HIV-1 virions can be divided into three major steps: the
assembly of the viral particle in proximity to the host’s cell membrane; budding
(release) of the viral particle and maturation, wherein proteolytic processing and
structural rearrangement of viral proteins renders the particles infectious
(Sundquist and Krausslich, 2012).

After translation, viral proteins assemble at the plasma membrane: Gp160 protein
is processed and trafficked through the Golgi and trans-Golgi-network (TGN) and
oligomerised Gp120 and Gp41 proteins are presented on the cell’s surface (Stein
and Engleman, 1990). Gag polyproteins fold into auto-inhibited structures and
polymerise at the plasma membrane, but not in the cytosol (Kutluay and Bieniasz,
2010).

Four domains of the Gag polyprotein are involved in early steps of particle
formation. A highly basic region of N-terminal MA domain interacts with the
plasma membrane and assists in RNA binding. The NC domain specifically
selects viral unspliced gRNA by binding the packaging signal (W), which is mainly
located in the 5 -untranslated region (UTR). Also, MA-MA, CA-CA and NC-NC
interactions have been described during particle formation (Berkowitz et al.,
1995; Chukkapalli et al., 2010; Kroupa et al., 2020; Mariani et al., 2014; Zhang
and Barklis, 1995). Pol polyprotein is incorporated as Gag-Pol precursor (Cen et
al., 2004).

HIV-1 selectively packages transfer RNAYS into the viral particle, which acts as a
primer for reverse transcription during the next replicative cycle (Isel et al., 1996;
Lanchy et al., 1998; Mak et al., 1994). Budding is mediated by the C-terminal P6
domain of Gag, which recruits the endosomal sorting complexes required for
transport machinery (ESCRT) to facilitate particle release (Garrus et al., 2001).

The immature particle is organised in different radial layers of viral proteins, with
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the MA domain bound to the envelope and the P6 domain facing to the inside of
the particle (Fuller et al., 1997).

Maturation occurs while or shortly after budding of the particle and is initiated by
HIV-1 protease, which is part of the Gag-Pol precursor protein. HIV-1 protease is
autocatalytic and gains enzymatic activity by assembling to homodimers. It
cleaves Gag and Gag-Pol precursor proteins at eleven different sites to release
MA, CA, P2, NC, P1, P6, RT and IN proteins (Torrecilla et al., 2014). Sequential
proteolytic cleavage induces the rearrangement of viral proteins and gRNA into

mature and infectious HIV-1 virions (Wiegers et al., 1998).

1.2.5 The HIV-1 replication cycle

The HIV-1 replicative cycle can be divided into different steps, Figure 1.9, and
begins with the infection of susceptible cells, predominantly CD4 T cells that
express one or both of the HIV-1 entry co-receptors CCR5 or CXCR4 (Deeks et
al., 2015). Reports about other cell types that can be infected by HIV-1 in vivo
and in vitro include macrophages, monocytes and DCs, even though viral entry
and replication in those cell types are reduced compared to activated CD4 T cells
(Cavrois et al., 2006; Kedzierska and Crowe, 2002; Pion et al., 2006).

The first step during HIV-1 replication is the delivery of the viral core to the
cytoplasm of the host cell. This process is initiated by binding of Gp120 on the
viral particle to the viral entry receptor CD4 on the surface of the target cell
(Maddon et al., 1986; McDougal et al., 1986). Binding leads to conformational
changes within Gp120 and allows for subsequent binding of HIV-1 co-receptor
CCR5 or CXCR4 (Kwong et al., 1998; Raja et al., 2003).

Engagement of the co-receptor exposes the fusion peptide (FP) portion of Gp41,
which inserts either in an a-helical or -sheet confirmation into the lipid bilayer of
the target cell (Lai and Freed, 2014). Membrane fusion allows the entry of the

viral core into the cytoplasm of the target cell (reviewed in Wilen et al., 2012).
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Figure 1.9: The HIV-1 replication cycle. Attachment of HIV-1 to its target cell
allows the binding of Gp120 to entry receptor CD4. Conformational changes of
Gp120 mediate engagement of HIV-1 co-receptor CCR5 or CXCR4 with gp41,
which initiates fusion of the viral envelope and cell membrane. Organised
disassembly of the viral core begins after it reached the cytoplasm. Viral genomic
RNA is released, and viral reverse transcriptase (RT) produces the double-
stranded proviral DNA. The pre-integration complex (PIC) assembles and is
transported into the nucleus. Viral integrase catalyses the integration of the
proviral DNA into the host genome. Transcription of the provirus and subsequent
MRNA splicing gives rise to Tat, Rev and Nef proteins. Tat induces a positive
feedback loop by enhancing transcription. Presence of Rev facilitates nuclear
export of singly and unspliced mRNA species, which give rise to Vpr, Vif, Vpu
and precursor proteins Env, Gag and Gag-pol. Env is processed in the
endoplasmic reticulum and trans-Golgi network and presented as trimeric
heterodimers on the cell surface. Assembly of the viral particle occurs at the
plasma membrane. Maturation of the viral particle is mediated by viral protease
while or after budding. Enzymatic processing and rearrangement give rise to
infectious, mature HIV-1 virions. (Figure adapted from Ferguson et al., 2002).
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Efficient disassembly of the viral core is a prerequisite for the subsequent
transcription of the viral RNA into complement DNA (cDNA) (Forshey et al.,
2002). Reverse transcription is dependent on tRNAYS3, which is associated with
the viral gRNA and functions as a primer for RT (Isel et al., 1996; Lanchy et al.,
1998).

The newly formed RNA-DNA duplex is a substrate for RNase H, which degrades
the RNA template. DNA polymerase activity of RT synthesises the sense strand
from the antisense cDNA to form the proviral dsDNA genome (Hu and Hughes,
2012). The 9.8 kb proviral genome associates with IN, MA, Vpr, RT, and host
cell-derived high-mobility group protein (HMG/Y) to form the pre-integration
complex (PIC).

PIC has an affinity to cellular karyopherin alpha, which facilitates nuclear import
across the intact nuclear membrane (Miller et al., 1997; Popov, 1998). IN
catalyses the integration of the proviral dsDNA into the host cell genome. Two 3’
nucleotides (d(C-A)) are cleaved from each proviral DNA strand, and the free 3’-
hydroxyls assist in restriction of the chromosomal DNA. The free 5’-phosphates
are then joined with the proviral DNA (Engelman and Cherepanov, 2012;

Esposito and Craigie, 1999).

Following the integration of the viral genome, the virus can either stay in an
inactive (latent) state, which will be discussed in the next section, or proceed to
late steps of the replication cycle. Late replicative steps include the expression of
viral genes, the assembly, budding and maturation of infective particles, which

has been outlined in the previous sections.

1.2.6 HIV-1 latency - establishment, maintenance and reversal

Once HIV-1 integrated into the genome of the host cell, new virions can be
produced. However, under certain circumstances the viral life cycle comes to a
halt and viral genes are no longer expressed. The state of reversible non-

productive infection is called latency. Establishment, maintenance and reversal
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of latency is dependent on several factors, which will be further discussed in this

section.

Usually CD4 T cells die shortly after de-novo HIV-1 infection due to cytotoxic
effects during productive infection or innate immune responses during abortive
infections (reviewed in Doitsh and Greene, 2016). Rarely, an infected cell
survives and differentiates into a long-lived memory CD4 T cell in which
epigenetic and metabolic changes promote the formation of transcriptionally
inactive integrated virus (Kumar et al., 2015; Palmer et al., 2018). HIV-1 can stay
in a latent state during the whole lifetime of an infected cell and those latent
proviruses make up the viral reservoir and are the main obstacle for an HIV-1
cure (Buzon et al., 2014). Latent viruses are eventually reactivated once cellular
factors change. The early phase of proviral gene expression is dependent on
cellular factors, for example, the presence of transcription factors and epigenetic
modifications of histones and DNA (Hakre et al., 2011; Kumar et al., 2015; Nabel
and Baltimore, 1987). A prime example for naturally occurring latency reversal is
the activation of resting memory CD4 T cells during an adaptive immune
response. T cell activation leads to the upregulation of transcription factors NFkB
and Sp1. The resulting changes in cell metabolism and anabolic pathways can
then promote progression of the HIV-1 replicative cycle (Amie et al., 2013;
Bohnlein et al., 1988; Pearce et al., 2013; Perkins et al., 1993; Tong-Starksen et
al., 1987; Valle-Casuso et al., 2019).

While cellular factors NFkB and Sp1 directly bind the viral promoter to induce viral
gene expression, the transcriptional elongation is very inefficient at this stage,
and only a few molecules of full-length transcripts are completed. RNA splicing
gives rise to viral regulatory factors Tat and Rev. Tat induces a positive feedback
loop by recruiting the super elongation complex (SEC) to the LTR, which
promotes a more efficient transcription (Frankel and Young, 1998; He et al., 2010;
Kao et al., 1987; Marciniak and Sharp, 1991; Sobhian et al., 2010).
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Aside from the induction of cellular transcription factors, CD4 T cell activation
causes wide epigenetic and metabolic changes in these cells, as discussed
previously. These changes create an environment in which viral gene expression

is most efficient (reviewed in Pan et al., 2013).

Increasing knowledge on how HIV-1 latency is established and maintained
allowed the manipulation of underlying mechanisms and to reverse latency in
vitro, ex vivo and in vivo (Jiang et al., 2015; Rasmussen et al., 2014; Spina et al.,
2013). Compounds used for this purpose are called latency-reversing agents
(LRASs), and include histone deacetylase inhibitors (HDACi) and protein kinase C
(PKC) agonists, among others. Coordinated and effective latency reversal is of
importance to an HIV-1 cure attempt called shock and kill, which will be discussed

later in this review.

1.2.7 HIV-1 persistence and the viral reservoir

The size of the viral reservoir has been studied extensively. It was estimated that
the frequency of latently infected cells is about one cell per million resting CD4 T
cells, with an overall size of the reservoir being less than ten million cells (Chun
et al., 1997; Silicano, 2010). Interestingly most HIV-1 proviruses are defective (up
to 98 %), due to a missing proofreading function of the viral reverse transcriptase
(Bruner et al., 2016; Roberts et al., 1988). Latently infected cells are refractory to
drugs interfering with the viral life cycle and are not recognised and killed by the

immune system (G. Zhang et al., 2019).

To date, long-lived resting memory CD4 T cells (rCD4) are the only reservoir in
humans for which experimentally demonstrated evidence exists that it harbours
long-term replication-competent proviruses in vivo (Churchill et al., 2016; Eisele
and Siliciano, 2012). Upon reactivation these cells can produce new virions and
spread the infection as described in the previous section. Clonal expansion driven
by antigen-mediated, homeostatic and integration site proliferation shapes and

replenishes the viral reservoir in vivo (reviewed in Liu et al., 2020).
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Ongoing discussions to what extent other cell types and tissues contribute to the
viral reservoir are dependent on how the terms latency and reservoir are defined
(Churchill et al., 2016). In contrast, a reservoir can be defined as long-lived cells
that harbour a copy of a latent (as defined above) and replication-competent virus

for a prolonged period (Siliciano and Greene, 2011).

There are two forms of HIV-1 latency, pre-integration and post-integration
latency. Pre-integration latency describes the persistence of unintegrated HIV-1
DNA. Integration may still occur at a later time point within days of infection
(Hakre et al., 2012).

Macrophages and DCs are sometimes considered to be part of the HIV-1
reservoir as they can harbour infective HIV-1 particles and spread the infection
over several days (Geijtenbeek et al., 2000; Yu et al., 2008). If the short-term
persistence of HIV-1 in those cells qualifies as a latent reservoir has been

discussed ambiguously in the literature (Churchill et al., 2016).

1.2.8 HIV-1 and the Immune System

Exponential replication of viral particles during the early phase of HIV-1 infection
elicits a strong response of the innate immune system: a broad repertoire of pro-
inflammatory cytokines (cytokine storm), chemokines and type-l IFNs are
released and attract and activate innate and adaptive immune cells (reviewed in
Kazer et al., 2020). A significant reduction in CD4 T cell numbers in the blood and
gastrointestinal tract occurs, caused by direct viral cytotoxic effects, but also by
apoptosis and cell-mediated killing - indicative for an efficient innate immune
activation (Brenchley et al., 2004). Despite the robust and immediate response,
the immune system is not able to clear the infection.

The early immune response against HIV-1 infection involves NK cells, DCs,
monocytes, macrophages, natural killer T (NKT) cells, infected CD4 T cells,
among others. These cells release large amounts of cytokines and chemokines
(IFNs, CXC chemokine ligand 10 (CXCL10), TNFa, IFNy, IL- 1B, IL10, IL12, IL15,
IL18, IL22) (reviewed in Kazer et al., 2020).
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HIV-1 infects immune cells that are usually involved in innate and adaptive
immune responses against pathogens like bacteria and viruses, including HIV-1
(Mogensen et al.,, 2010). Ongoing viral replication leads to an exponential
increase of plasma viremia and decrease of CD4 T cell counts in the blood and
gastrointestinal tract during the acute phase of HIV-1 infection (Brenchley et al.,
2004).

The pressure of the adaptive immune response selects for escape mutants and
drives viral diversification (Price et al., 1997). Viremia declines naturally over a
period of several weeks if untreated and is rapidly reduced once ART commences
(Ananworanich et al., 2017; Perelson et al., 1996; Wei et al., 1995). Central
memory and naive CD4 T cells are not profoundly affected during the acute
phase of the infection due to the lack of CCR5 expression, allowing for recovery
of CD4 T cell levels in the blood (Grossman et al., 2006). A phase with stable
viremia (viral set point) and CD4 T cell counts follows and can last for years
before the onset of AIDS (Buchbinder et al., 1994).

Further, it has been shown, that HIV-1 infection causes ongoing lymphoid tissue
fibrosis and depletion of naive T cells and that prolonged ART with suppression

of plasma viremia failed to reverse these effects (Sanchez et al., 2015).

1.2.8.1 Evasion of Cellular Restriction Factors by HIV-1

HIV-1 uses a wide range of viral and host components to evade restriction factors
and innate immune sensing, summarised in Table 1.1. Proteins of the
apolipoprotein B mRNA editing enzyme catalytic polypeptide-like 3 (APOBEC3)
protein family (specifically APOBEC3G and APOBEC3F) can induce significant
inhibition of HIV-1 replication (Sheehy et al., 2003; Zheng et al., 2004).
APOBEC3G binds to NC and viral genomic RNA during the process of reverse
transcription. Deamination of cytidine to uridine in the newly synthesised cDNA
strand can induce the degradation of the viral genome. The provirus is usually

highly mutated and gives rise to defective mRNA if integration still occurs
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(Mangeat et al., 2003). HIV-1 circumvents this cellular restriction factor through
its accessory protein Vif, which induces the proteasomal degradation of
APOBEC3G (Sheehy et al., 2003).

Another well-known restriction factor for retroviral replication is tripartite motif-
containing protein 5 (TRIM5a). The protein can inhibit reverse transcription by
binding to the core of incoming viral particles. While the expression of simian
TRIMSa renders old world monkey (OWM) and human cells resistant against
HIV-1 infection, the human analogue shows weak HIV-1 restriction (Nakayama
and Shioda, 2012). Human TRIMS5a alleles are some of the strongest selected
alleles in the human linage, with TRIM5a being among the major restriction
factors of cross-species transmission of simian immunodeficiency virus (SIV)
(Sawyer et al., 2005; Sharp and Hahn, 2011). HIV-1 may resemble a naturally
selected pool of viruses able to evade human TRIM5a (Malim and Emerman,
2008). Selective pressure can reverse this effect when cytotoxic CD8 T cell
escape mutants against CA protein arise. In essence, those HIV-1 mutants
showed to be up to ten times more sensitive to TRIM5a than wildtype viruses
(Battivelli et al., 2011).

Bone marrow stromal antigen 2 (BST2) is an interferon-stimulated gene,
encoding for tetherin, a membrane-bound glycoprotein. Tetherin can retain viral
HIV-1 particles on the cell surface and thereby restrict viral budding. Viral
accessory protein Vpu compromises this effect by inducing the degradation of
tetherin (Douglas et al., 2009; lwabu et al., 2009; Neil et al., 2007; Venkatesh and
Bieniasz, 2013). Vpu also targets newly synthesised CD4 proteins in the
endoplasmic reticulum for degradation (Magadan et al., 2010). Nef mediates a
similar function and targets CD4 receptors for internalisation and lysosomal
degradation, allowing for efficient budding and Env integration into the viral
particle (Lindwasser et al., 2007; Schaefer et al., 2008). Nef was also found to
prevent Gag-polyprotein and Vif degradation by HDAC6 (Marrero-Hernandez et
al., 2019).
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HIV-1 does not only target the previously mentioned cellular restriction factors of
viral replication but also PRR mediated antiviral responses. Envelope protein
Gp120 renders plasmacytoid dendritic cells (pDCs) unresponsive to TLR9
signalling through a mechanism involving CD4 and mannose-binding C-type
lectin receptors (MCLRs), causing suppression of IFNa, IL-6 and TNFa synthesis
upon CpG-oligonucleotide challenge. This effect demonstrated to have even
broader consequences as subsequent B cell and NK cell activation by pDCs was
impaired in vitro (Chung et al., 2012; Martinelli et al., 2007).

PKR and its downstream signalling are targeted through different mechanisms
by HIV-1. The trans-activation response sequence (TAR) within the viral genomic
RNA is recognised by PKR. Low concentrations of TAR RNA have a stimulatory
effect on PKR, while high TAT RNA concentrations inhibit PKR activation
(Gunnery et al., 1990; Maitra et al., 1994). This mechanism may prevent PKR-
dependent recognition of viral RNA during late stages of the viral lifecycle. PKR
activity is sensed by Tat during the early stages of the viral lifecycle. Tat is a
substrate for PKR and phosphorylated Tat binds TAR RNA faster and stronger
than the unphosphorylated Tat. More efficient binding leads to more efficient
transcription and expression of viral genes (Endo-Munoz et al., 2005). High levels
of Tat can inhibit PKR signalling in three different ways: 1) Tat competes with the
natural substrate of PKR, eukaryotic translation initiation factor 2A (elF2a),
thereby decreasing the effectiveness of signal transduction. 2) Tat binds TAT
RNA and shields it against PKR. 3) Tat binds directly to PKR and inhibits its
autophosphorylation and activation (Brand et al., 1997; Cai et al., 2000; Clerzius
et al., 2011). In conclusion, low level PKR activation seems to be beneficial for
viral replication at early stages of viral replication and PKR signalling is effectively

abrogated at later time points.

Another important protein is HIV-1 PR. It is not only crucial for the maturation of
viral particles, but also for immune evasion. Several cellular proteins are
substrates for HIV-1 protease, and it was reported that viral protease is involved

in sequestration of the RIG-I signalling pathway (Impens et al., 2012; Solis et al.,
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2011). The underlying mechanism is not fully understood and will be addressed

in this thesis.

Signal transducer and activator of transcription (STAT) 1 and STAT3 are
necessary for the signal transduction after receptor-ligand-binding (e.g. IFNa and
type-l IFN receptor) (reviewed in Tsai et al., 2019). Viral proteins Nef and Vpu
have been described to block the phosphorylation and thereby the activation of
STAT1 (Nguyen et al., 2018) and viral protein Vif was found to mediate the
degradation of STAT1 and STAT3, but not STAT2 (Gargan et al., 2018).

Table 1.1: HIV-1 components and their cellular targets.

Viral Cellular target | Effect References
component
Gp120 MCLRs and Immune evasion by Chung et al., 2012;
CD4 abrogation of TLR9 Martinelli et al.,
signalling in pDCs; 2007
impaired B and NK cell
activation.
Nef CD4 Efficient budding by Lindwasser et al.,
preventing retention of | 2007; Schaefer et
viral particles. al., 2008)
HDAC6 Counteracts HDACG6 Marrero-
mediated degradation | Hernandez et al.,
of Gag-polyprotein and | 2019
Vif.
STAT1 Blockage of the Nguyen et al.,
antiviral effects of type- | 2018
| IFNs.
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Viral Cellular target | Effect References

component

Protease RIG-I Immune evasion by Solis et al., 2011
abrogating of RIG-I
signalling.

TAR RNA PKR Immune evasion by Gunnery et al.,
inhibition of PKR at 1990
high concentrations.

Tat PKR Immune evasion by Brand et al., 1997;
inhibition of PKR auto- | Cai et al., 2000
phosphorylation;
competes with elF2a
as a substrate for
PKR.

Vif APOBEC3G Immune escape by Sheehy et al.,
degradation of 2003
APOBEC3G;
progression of reverse
transcription and
integration.

STAT1/3 Blockage of the
antiviral effects of type- | Gargan et al.,
| IFNs. 2018

Vpu Tetherin, CD4 | Efficient budding by Douglas et al.,
preventing retention of | 2009; Lindwasser
viral particles. et al., 2007

STAT1 Blockage of the Nguyen et al.,
antiviral effects of type- | 2018

| IFNs.
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1.2.9 A cure for HIV-1

After cessation of ART, HIV-1 rapidly rebounds in about 2-3 weeks. The source
of viral rebound is not fully understood but is thought to predominantly arise from
long lived and proliferating latently infected cells. Two cure strategies have been
proposed, both aiming for removing the need for long term ART. The first one is
the sterilising cure strategy, which attempts to eliminate all replication-competent
proviruses from the body, resulting in complete clearance of the viral reservoir.
The second strategy aims for a functional cure, or what is now commonly called
remission, through reduction (not elimination of infected cells) as well as induction
of a sustained and more effective immune response, which can control viral
replication in the absence of ART (reviewed in Deeks et al., 2016; and Xu et al.,
2017).

There are only two cases of long-term remission of HIV-1, referred to as the Berlin
patient and the London patient. The circumstances of these cases are
extraordinary: Both patients suffered from acute myeloid leukemia, underwent
full-body irradiation and received allogenic haemopoietic stem-cell transplants
that did not express HIV-1 coreceptor CCR5 (CCR5A32). Both patients
developed mild forms of graft versus host disease (GvHD), and it remains unclear
if GvHD is a necessary component of achieving HIV-1 remission off ART (R. K.
Gupta et al., 2020; Hutter et al., 2009; Zou et al., 2013). Both patients were
monitored extensively following transplantation. Low levels of HIV-1 DNA, RNA
and declining amounts of antibodies against Env were found in different tissue
samples of the Berlin patient (Hutter et al., 2009; Yukl et al., 2013). Replication
competent virus was not detected, no sequence confirmation was provided and
calculated viral levels were far below what was found in ART-treated patients. As
full length and replication competent virus could not be identified, the patient was
considered cured (Yukl et al., 2013).

Similar findings have been reported for the London patient: low-level HIV-1 DNA
and declining antibodies against Env protein over 27 months after stopping ART.

Mathematical modelling found the probability of a life-long remission to be 98 %
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(R. K. Gupta et al., 2020). Even though this treatment regimen is not applicable

for a population-wide use, it shows that an HIV-1 cure is achievable in general.

1.2.9.1 Gene therapy as a cure for HIV-1

Methods to eradicate the viral reservoir include gene therapy (CRISPR/Cas9
mediated destruction of provirus; transplantation of altered autologous virus-
resistant stem cells) (Dash et al., 2019; Xu et al., 2019), summarised in Table
1.2.

Table 1.2: HIV-1 cure strategies involving gene therapy

Strategy Target Study Effect References
design

CCR5A32 Replication | In vivo, Eradication of Gupta et al.,
allogenic and human the viral reservoir | 2020, Hutter
haemopoietic | reservoir. and prevention of | et al., 2009
stem-cell re-infection by
transplants CCR5-tropic HIV

strains.
CRISPR in situ | Replication | In vivo, Prevention of Dash et al.,
gene editing in | and human viral spread and | 2019
combination reservoir. excision of
with ART provirus.
CRISPR ex Replication | Ex vivo / in | Reduction of the | Xu et al.,
vivo edited and vivo, human | frequency of 2019
stem cell reservoir. HIV-1
transplants susceptible CD4

T cells.

Functional cure strategies aim for complete immune control or long-term
inhibition of the viral life cycle instead of removing all proviruses from the body. It
is known that the human immune system can effectively control an HIV-1 infection

under certain conditions in the absence of ART, evident in a small number of
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people living with HIV. These patients are termed controllers (<5000 HIV-RNA
copies/mL), elite controllers or long term non-progressors (<50 HIV-RNA
copies/mL, the threshold of many assays) (Morou et al., 2019). Even though
different host and viral factors have been identified to have beneficial effects on
containing the infection, no universal combination of factors is known to mediate
long term HIV-1 control (Pernas et al.,, 2017). Extensive research is done to
investigate the role of innate and adaptive immunity during viral control. While the
detailed mechanisms of immune control stay unclear, it seems that the presence
of broad-neutralising antibodies is not crucial as they are absent in most elite

controllers (Baker et al., 2009).

1.2.9.2 Targeting PRRs to cure HIV-1

The so-called shock and kill attempt aims for the reactivation of the entire viral
reservoir, inducing the death of infected cells while preventing viral spread to
uninfected cells (reviewed in Kim et al., 2018 and Xu et al., 2017). Over the past
years, innate immune receptors were included more frequently in studies for an
HIV-1 cure. Activation of innate immunity has bee explored to boost reactivation
of latent virus or to facilitate detection and subsequent cellular immune
responses. Studies targeting the HIV-1 reservoir using PRR agonists are listed

in Table 1.3 and will be further discussed in the following paragraphs.

Table 1.3: HIV-1 cure strategies involving innate immune sensor agonists.

Compound Target Study Effect References
design
Pam3CSK4 TLR1/2 In vitro NF-kB activation, | Novis et al.,
TNFa secretion 2013
and viral
reactivation.
Pam2CSK4 TLR2 and | Ex vivo NF-kB activation, | Macedo et
and TLR7 TNFa secretion al., 2018
GS-9620




36

and viral
reactivation.

GS-9620 TLR7 Ex vivo, Induction of type- | Tsai et al.,

and/or human and | | IFNs and viral 2017, Lim et

GS986 in vitro non- | reactivation. al., 2018

human
primates
MGN1703 TLR9 In vivo, Viral reactivation | Vibholm et
human and al., 2017
enhancement of
cellular immune
responses.

Acitretin RIG-I Ex vivo Reactivation of Li et al.,
latent virus and 2016
induction of
apoptosis in
infected cells.

The TLR7 agonist GS-9620 was used in PLWH on ART and induced type-l IFN
dependent HIV reactivation (Tsai et al., 2017). Another study used two TLR7
agonists (GS-9620, GS986) and observed S|V reactivation and reduction of the
reservoir size in macaques on ART (Lim et al., 2018). Combinational activation
of TLR2 and TLR7 was found to induce viral reactivation and an antiviral state in
CD4 T cells ex vivo (Macedo et al., 2018) and confirmed findings published by
Novis et al., 2013, involving TLR1/2 activation and viral reactivation in CD4 T
cells. TLR9 was targeted by agonist MGN1703 in a human study and showed
latency-reversing action and enhanced innate immune responses (Vibholm et al.,
2017).

The cytosolic innate immune sensor RIG-I was targeted with acitretin; an FDA

approved retinoid used for the treatment of psoriasis. The study found that
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latently infected cells were reactivated and preferentially underwent apoptosis in
vitro (Li et al., 2016). A subsequent study evaluated the findings of Li et al. and
was not able to replicate the results: Acitretin was found to have only modest
effects on HIV-1 reactivation and did not mediate the targeted killing of infected
cells (Garcia-Vidal et al., 2017).

1.3 Aims and Hypotheses:

RIG-I and MDAS are important sensors for viral infections and possibly involved
in the detection of HIV-1 infection. Apart from its role as an innate immune sensor,
RIG-I can possibly modulate T cell differentiation and functions. There is a gap in
literature on how the specific activation of RIG-| affects the biology of primary
human CD4 T cells. This is also relevant in the context of HIV-1 infection, in which

RIG-I is degraded by an unknown mechanism involving HIV-1 protease.

1.3.1 Hypotheses:
1. The activation of the RIG-I signalling pathway triggers an antiviral response in

CD4 T cells and modulates biological processes within these cells.

2. HIV-1 protease directly degrades RIG-I independently of cellular factors.
3. The loss of RIG-I and MDAS5 enhances latent and productive HIV-1 infection in
primary CD4 T cells and Jurkat CD4 T cell line.

1.3.2 Aims:
1. To study the effects of RIG-I pathway activation on cellular processes and T

cell effector functions in primary human CD4 T cells.

2. The identification of the molecular mechanism responsible for the degradation

of RIG-I during HIV-1 de novo infection.

3. The generation of primary CD4 T cell and Jurkat RIG-I, MDA5 and MAVS
knockout cell lines. To study these cell lines in productive and latent HIV-1

infection.
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2.1 Materials
2.1.1 Chemicals

All chemicals were of analytical grade or higher and supplied by Sigma-Aldrich
(St. Louis, MO, USA).

2.1.2 Oligonucleotides

Oligonucleotides used in this study were synthesised by IDT (Newark, NJ, USA)
and Sigma-Aldrich and are outlined in Table 2.1. Unless otherwise stated, the
oligonucleotides were desalt-purified and received dry. Oligos were reconstituted
using nuclease-free water at 100 uM stock concentration.

Table 2.1: Oligonucleotides used for cloning and sequencing.

Name Sequence 5°-3’ Description
RIG- TAAGCAAAGCTTATGACCACCGAGC | RIG-1 2CARD cloning,
2CARD- AGC adds Hindlll restriction
HINDIII site to PCR product.
RIG- TGCTTAGGATCCTTTTTTAAGATGAT | RIG-1 2CARD cloning,
2CARD_R | GTTCACATATAAGCAGTG adds BamHlI restriction
ev1 site to PCR product.
pEF-BOS | ATGCGATGGAGTTTCCCCAC Primer for pEF-BOS
Seq fwd Sanger sequencing,
forward
pEF-BOS | TACTCTCAAGGGTCCCAGGT Primer for pEF-BOS
Seq rev Sanger sequencing,
reverse
pET28a+ | AGCTTCCTTTCGGGCTTTGT Primer for pET28a+
Seq fwd Sanger sequencing,
forward
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Name Sequence 5°-3’ Description
pET28a+ | CCCTTATGCGACTCCTGCAT Primer for pET28a+
Seq rev Sanger sequencing,
reverse
2.1.3 Plasmids

All plasmids cloned for use in this study are listed in Table 2.2. Correct products

were confirmed using restriction digestion and Sanger sequencing. All plasmids

obtained from other sources are listed in Table 2.3.

Table 2.2: Plasmids cloned for use in this study.

Name Template Description
Name Source

pRP-puro- pRP-puro- | Steven RIG-I 2CARD mammalian

RIG284 / FL- Wolter expression plasmid, first 284 N-

pRP-puro- hnRNPM terminal amino acids of RIG-I,

RIG-I-2CARD | Flag untagged, lentiviral construct.

pEF-BOS pEF-BOS | Prof. Veit HIV-1 PR WT mammalian

HIV1I PRWT | RIG-I WT | Hornung expression plasmid, C-terminal
FLAG- and HIS-tag. Tags can be
proteolytically processed by
HIV-1 PR WT via the included
factor-Xa site.

pEF-BOS pEF-BOS | Prof. Veit HIV-1 PR D25A mammalian

HIV1 PR RIG-l WT | Hornung expression plasmid, C-terminal

D25A FLAG- and HIS-tag.

pEF-BOS pEF-BOS | Prof. Veit HIV-1 PR T26A mammalian

HIV1 PR RIG-l WT | Hornung expression plasmid, C-terminal

T26A FLAG- and HIS-tag.
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Name Template Description
Name Source

pEF-BOS pEF-BOS | Prof. Veit HIV-1 PR D29N mammalian

HIV1 PR RIG-l WT | Hornung expression plasmid, C-terminal

D29N FLAG- and HIS-tag.

ApET28a+ pET-28a+ | Novagen RIG-I WT bacterial expression

RIG-I WT plasmid, C-terminal HIS-tag.

ApET28a+ pET-28a+ | Novagen MDAS5 WT bacterial expression

MDAS WT plasmid, C-terminal HIS-tag.

ApET28a+ pET-28a+ | Novagen HIV-1 PR WT bacterial

HIV PR WT expression plasmid, C-terminal
HIS-tag.

ApET28a+ pET-28a+ | Novagen HIV-1 PR D25A bacterial

HIV PR D25A expression plasmid, C-terminal
HIS-tag.

ApET28a+ pET-28a+ | Novagen HIV-1 PR T26A bacterial

HIV PR T26A expression plasmid, C-terminal
HIS-tag.

ApET28a+ pET-28a+ | Novagen HIV-1 PR D29N bacterial

HIV PR expression plasmid, C-terminal

D29N HIS-tag.

Table 2.3: Plasmids used in this thesis and obtained from other sources.

Name Owner/Source | Description Reference
pEF-BOS Prof. Veit Human RIG-I mammalian
RIG-I WT Hornung/Steven | expression plasmid, C-
Wolter terminal FLAG- and HIS-
tag.




42

Name Owner/Source | Description Reference
pEF-BOS- Dr. Thomas Human MDAS
hsMDAS- Zillinger mammalian expression
3xFlag-His10 plasmid, C-terminal
FLAG- and HIS-tag.
pNL-4.3 Dr. Jenny X4-tropic HIV1 (Env- Yamamoto et
Anderson eGFP-IRES-nef) al., 2009
pNL-4.3(AD8) | Dr. Jenny R5-tropic HIV1 (Env- Yamamoto et
Anderson eGFP-IRES-nef) al., 2009
pIFN-B-Gluc | Prof. Veit Reporter plasmid.
Hornung/Dr. Gaussia luciferase
Ann Kristin de expression under the
Regt control of the IFNf
promoter.
pEF1-a-Fluc | Dr. Thomas Reporter plasmid. Firefly
Zillinger/Dr. Ann | luciferase expression
Kristin de Regt | under the control of the
EF1a promoter.
pRSV-Rev Didier Trono 3rd generation lentiviral Dull et al., 1998
packaging plasmid.
Contains Rev.
pMD2.G Didier Trono VSV-G envelope
expressing plasmid.
pMDLg/pRRE | Didier Trono 3rd generation lentiviral Dull et al., 1998

packaging plasmid.

Contains Gag and Pol.
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2.1.4 Antibodies
All antibodies used in this study for immunoblotting and flow cytometry were

supplied by BD (Franklin Lakes, NJ, USA), Cell Signaling Technologies (Danvers,

MA, USA) or GeneTex (Irvine, CA, USA) and are listed in

Table 2.4.
Table 2.4: Antibodies used in this thesis.
Antibody | Supplier | Clone Fluorophore | Dilution
CCR5 BD 2D7/CCR5 | PE -
CXCR4 BD 12G5 APC -
CD4 BD RPA-T4 FITC -
RIG-I Cell D14G6 - 1:2,000
Signaling
MDA5 Cell D74E4 - 1:2,000
Signaling
MAVS Cell - - 1:2,000
Signaling
IRF3 Cell D614C - 1:2,000
Signaling
Anti-rabbit | Cell - - 1:2,000
IgG, HRP- | Signaling
linked
beta Actin | GeneTex | - - 1:10,000
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2.2 Methods
2.2.1 General methods

2.2.1.1 Nucleic Acid Quantification
DNA and RNA were quantified using NanoDrop™ 2000 Spectrophotometer
(Thermo Fisher Scientific, Waltham, MA USA) at wavelengths of 260/280 nm.

Appropriate buffers were used to calibrate the instrument.

2.2.1.2 Cloning

PCR Amplification. Genes or gene fragments were amplified using 0.5 U of
Phusion™ High-Fidelity DNA Polymerase and 0.2 mM final concentration (f.c.)
dNTPs (both NEB, Ipswich, MA USA) in combination with forward and reverse
primers at 0.4 uM f.c.. Phusion Buffer HF (5x) was used at 1x f.c. and volumes
were adjusted to 25 pL with PCR-grade water. PCR cycling conditions as
recommended by the manufacturer: Initial denaturation at 98 °C for 30 seconds,
30 cycles of 98 °C for 10 seconds, 45-72 °C for 30 seconds and 72 °C for 30
seconds per kilobase (kb) of template, and a final extension step at 72 °C for 5

minutes.

Restriction Digest. Restriction mixes included 20 Units (U) of each restriction
enzyme (NEB), the appropriate buffer at 1x concentration and 1-3 pg of DNA.
Reactions were incubated for 15-60 minutes at 37 °C or as indicated by the

manufacturer.

Gel Electrophoresis and Purification. PCR reactions and restriction digests
were mixed with DNA loading dye (NEB), loaded onto a 0.7-1.5 % agarose gel
containing GelRed™ (Biotium, Fermont, CA USA) and resolved at 80-120 Volt
(V) for 30-45 minutes. 1 kb Plus DNA Ladder (Thermo Fisher Scientific) was run
on the same gel as size reference. Correctly sized bands were excised from the
gel and purified using the NucleoSpin Gel and PCR Clean-up Kit (Macherey-

Nagel, Dueren, Germany) following the manufacturers instructions.
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Ligation. DNA insert ligation into vector DNA was done with 5U T4 DNA Ligase
(Thermo Fisher Scientific). Up to 150 ng total DNA was ligated per reaction in a
total volume of 20 uL of T4 DNA Ligase Buffer (1x f.c.). Molar ratios were varied
between 1:3 to 1:5 (backbone to insert ratio) and the reactions were incubated at

room temperature (RT) for 1 hour (sticky ends) or at 8 °C over night (blunt-end).

Transformation. Ligated products were transferred to tubes containing 25-50 uL
chemically competent Escherichia coli (E. coli) DH5a or Stbl3 (both Thermo
Fisher Scientific) and incubated on ice for 10-30 minutes. A heat shock was
performed in a heat block at 42 °C for 45-60 seconds and tubes were returned to
ice for 1-2 minutes. 500 uL of super optimal broth with catabolite repression
(SOC) media was added to the tubes and bacteria were incubated at 37 °C and
180 rpm for 45 minutes. Bacteria were pelleted at 3,000 relative centrifugal force
(rcf), 400 pL supernatant (SN) were discarded and cells were resuspended in the
residual media. 5-50 L cell suspension was plated on agar plates supplemented
with Ampicillin (100 ug/mL) or Kanamycin (30 ug/mL) depending on the antibiotic
resistance gene of the vector. Plates were incubated at 37 °C overnight or at RT

over the weekend.

2.2.1.3 Plasmid preparation and confirmation of vectors

Bacterial clones were scratched from selective agar plates and used to inoculate
3 mL selective Luria-Bertani broth (LB) media (Media Preparation Unit,
Department of Microbiology and Immunology, University of Melbourne Australia).
Tubes were incubated for 6-9 hours at 37 °C and 180 rpm. Mini-preparation of
plasmid DNA was performed with 2 mL of the bacterial culture using the
NucleoSpin Plasmid Easypure Kit (Macherey-Nagel). For Midi-preparation of
plasmid DNA 100 mL of selective LB media was inoculated with 1 mL of the 3 mL
culture and grown over night at 37 °C. Column-based NucleoBond Xtra Midi Kit

(Macherey-Nagel) was used, following the manufacturer’s instructions.

Plasmids from Mini- and Midi-preparations were screened for correct plasmid

assembly by restriction digestion and Sanger sequencing.
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2.2.1.4 SDS-PAGE and western blot

Sample preparation. Cells were washed off the tissue culture plastic with
phosphate buffered saline (PBS) (adherent cells) or harvested by centrifugation
(suspension cells). Cells were resuspended in ice-cold radioimmunoprecipitation
assay (RIPA) buffer (Scientifix, Clayton, Australia) complemented with protease
inhibitor cocktail (cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail,
Roche, Basel, Switzerland) at 2x concentration and incubated on ice for 30
minutes to complete cell lysis. The lysate was cleared by centrifugation at 12,000
rcf for 10 minutes in a chilled centrifuge and transferred to a new tube. The protein
concentration was quantified using the Pierce BCA Protein Assay Kit (Thermo

Fisher Scientific) following the manufacturers instructions.

SDS-PAGE. Sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis
(PAGE) gels were prepared using the Bio-Rad (Hercules, CA, USA) gel casting
system. The separation gel was prepared with 8-16 % Acrylamide (40 %
Acrylamide/bis-Acrylamide solution 29:1, Bio-Rad), 0.375 M Tris-HCI pH 8.8, 0.1
% (w/v) SDS, 0.25 % (w/v) APS, 0.1 % TEMED in deionised water. The stacking
gel was prepared with 4-10 % Acrylamide, 0.125 M Tris-HCI pH 6.8, 0.1 % (w/v)
SDS, 0.25 % (w/v) APS, 0.1 % TEMED in deionised water. Equal amounts of
protein (5-80 pg per sample) were prepared with SBL loading dye (4x: 250 mM
Tris-HCI pH 6.8, 8 % SDS, 40 % Glycerol, 20 % 2-Mercaptoethanol, 0.04 %
Bromophenol blue in deionised water) and incubated at 95 °C for five minutes to
denature proteins. Samples were cooled on ice for 2 minutes and loaded along
with the Precision Plus Protein Dual Colour standard (Bio-Rad) onto the cast SDS
gel. The gels were run at constant 80 V for 20 minutes followed by constant 120-
140 V for 45-60 minutes with SDS-PAGE running buffer (10x: 250 mM Tris-HCI,
1.92 M glycine, 1 % SDS in deionised water).

Transfer of proteins and western blot. Proteins were transferred from the SDS
gel to a 0.45 pm nitrocellulose membrane (Bio-Rad). SDS gel, membrane and
sponges were equilibrated for 2 minutes in transfer buffer (25 mM Tris-HCI,

0.192 M glycine, 20 % Methanol). The transfer buffer was pre-cooled and was
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kept cool during the transfer with ice packs. The standard setting for the protein
transfer was a constant 400 mA for 45 minutes. The membrane was washed with
deionised water, stained with Ponceau S solution (Edwards Group, Narellan,
Australia) for 2 minutes and washed for 2 minutes in deionised water to control
the even transfer of proteins. Membranes were blocked using 5 % BSA in PBST
(0.1 % Tween-20 in PBS) for 30 minutes at RT, followed by one five-minute wash
with PBST. The primary antibodies were diluted 1:2,000 (rabbit-RIG-I, rabbit-
MDADS5, rabbit-MAVS, rabbit-TBK1, rabbit-IRF3) or 1:10,000 (beta Actin) in 5 %
BSA in PBST and incubated together with the membrane for 1 hour at RT or over
night at 4 °C. The membrane was washed three times for five minutes in PBST.
The secondary antibody (anti-rabbit-HRP) was diluted 1:10,000 in 5 % BSA in
PBST and incubated together with the membrane for 1 hour at RT. The
membrane was washed three times for three minutes with PBST, incubated with
1 mL of the SuperSignal™ West Pico Chemiluminescence substrate (Thermo
Fisher Scientific) for two minutes and imaged using the ChemiDoc Imaging
System (BioRad). Stripping buffer (0.25 M glycine, 1 % w/v SDS, pH 2.0) was
used to remove primary and secondary antibodies to allow the re-use of the
membrane and the detection of more than one protein within one sample.
Membranes were blocked again with BSA and the protocol described above was

repeated.

2.2.1.5 Cell Culture

Adherent cell lines and maintenance. HEK293T (ATCC, Manassas, VA USA),
HEK-Blue™ IFN-a/b (InvivoGen, San Diego, CA USA), Flp-In™ 293 T-REx RM
(based on Flp-In™ 293 T-Rex - Thermo Fisher Scientific, genetically modified by
Dr. Ann Kristin de Regt to achieve a double knockout of RIG-I and MDAS5), and
TZM-bl cells (NIH AIDS Reagent Program, Division of AIDS, NIAID, Dr. John C.
Kappes, Xiaoyun Wu) were maintained in Dulbelco’s Modified Eagle’s medium
(DMEM) (Media Preparation Unit), supplemented with GlutaMax™ (1x f.c.) and
10 % (v/v) foetal bovine serum (FBS) (both Thermo Fisher Scientific) and cultured

at 37 °Cin 5 % (v/v) COs.



48

Suspension cell lines and maintenance. Jurkat cells (ATCC) were maintained
in Roswell Park Memorial Institute (RPMI) 1640 medium (Media Preparation
Unit), supplemented with GlutaMax™ (1x f.c.) and 10 % (v/v) FBS (both Thermo
Fisher Scientific) and cultured at 37 °C in 5 % (v/v) CO..

Primary CD4 T cells. Cells were maintained in RPMI 1640 medium (Thermo
Fisher Scientific) supplemented with 5 % (v/v) of human AB serum (Sigma
Aldrich) and 100 U/mL recombinant hlL-2 (Miltenyi Biotech, Bergisch-Gladbach,
Germany) if not stated otherwise. Cells were incubated with Dynabeads Human
T-Activator CD3/CD28 (Thermo Fisher Scientific) to induce activation and
proliferation. 1ES5 cells were plated together with 0.5E5 CD3/CD28 beads per 96-
round-bottom well in 200 pL media. Cells were cultured at 37 °C in 5 % (v/v) COs..
After three days, beads were removed and cells were seeded at a concentration
of 1E6 cells/mL into 12- or 6-well plates or T25 or T75 tissue culture flasks. After
7-10 days, CD3/CD28 beads (0.1-0.5 beads/cell) were added to the culture

vessel if prolonged activation and expansion was desired.

2.2.1.6 PBMC isolation and enrichment of CD14 and CD4 T cells

Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats. The
blood was mixed with an equal volume of NaCl (0.9 %) or PBS and layered over
15 mL Ficoll-Paque (Cytiva, NSW, Australia) in a 50 mL tube. Gradient was
established by centrifugation at 800 rcf for 20 minutes (acceleration 1, break 1).
The intermediate layer containing the PBMCs was transferred to a new 50 mL
tube. Cells were washed twice with 40 mL natrium chloride (NaCl) (0.9 %) or PBS
and centrifuged at 200 rcf for 15 minutes to reduce the amount of platelets within
the cell fraction. Erythrocytes were removed by incubation with 5 mL red blood
cell lysis buffer (155 mM ammonium chloride, 10 mM potassium bicarbonate,
0.1 mM EDTA) and cells were washed with 45 mL NaCl (0.9 %) or PBS and

centrifuged at 200 rcf for 15 minutes.

CD14 positive cells were positively selected using CD14 MicroBeads (human)

and LS columns (both Miltenyi Biotec) according to the manufacturer’s
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instructions. CD4 T cells were enriched from PBMCs using the CD4 T cell
isolation kit and LS columns (both Miltenyi Biotec) following the manufacturer’'s
instructions. If both cell types were prepared from one sample, first, CD14 cells
were positively enriched and second, the leftover cells were used for negative

selection of CD4 T cells.

2.2.1.7 DNA and RNA Transfection

HEK293T and FLP-IN™ 293 T-REX RM cell transfection. Cells were
transfected with nucleic acids using Lipofectamine 2000 reagent (Thermo Fisher
Scientific) following the manufacturer’s protocol if not otherwise stated. In brief,
cells were seeded 6-20 hours prior transfection to be 80-90 % confluent by the
time of transfection. Nucleic acids were complexed with Lipofectamine 2000 in
Opti-MEM™ Reduced Serum Medium (Thermo Fisher Scientific) free of
Penicillin/Streptomycin and FBS with a ratio of 1 to 3-4 (Nucleic acids [ug] to
Lipofectamine 2000 [uL]).

CD4 T cell and PBMC transfection. Cells were transfected with synthetic RNA
using MACSfectin (Miltenyi Biotec), HiPerFect (Qiagen, Hilden, Germany),
Lipofectamine LTX (Thermo Fisher Scientific), Lipofectamine 2000 (Thermo
Fisher Scientific) or ScreenFectA (ScreenFect, Eggenstein-Leopoldshafen,

Germany) following the manufacturer’s protocol.

2.2.1.8 Flow Cytometry

Cells were washed and resuspended in FACS buffer (2 mM EDTA and 1 % BSA
(v/v) in PBS). Live/Dead™ Fixable Near-IR Dead Cell Stain Kit (Thermo Fisher
Scientific) was used to label apoptotic and dead cells if required. The dye was
diluted 1:800 in FACS buffer and 100 pL staining solution were used per 1E6
cells. After 15 minutes of incubation cells were washed twice in FACS buffer and
proceeded to extracellular antibody staining. Extracellular antibodies were diluted
in FACS buffer and added to cells, followed by an incubation period on ice for 45
minutes. Unbound antibodies were removed with three washes with FACS buffer.

Cells were fixed using 4 % PFA solution for 20 minutes and resuspended in 100-
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200 uL FACS buffer. Samples were used immediately or stored up to 24 hours

before acquisition.

Sample data was acquired using the Fortessa™ flow cytometer (BD) and

analysed using the FACSDiva software (BD).

2.2.1.9 Statistical Analysis
Calculations of means and standard deviations (SD) were done in Microsoft Excel
or Graphpad Prism. Statistical tests were done in Graphpad Prism and are

specified in the figure legend.

2.2.2 Methods Chapter 3 — Aim 1
2.2.2.1 Sendai Virus infection of CD4 T cells and PBMCs

Different batches of Sendai virus (SeV) strain Cantell (Charles River
Laboratories, Wilmington, MA, USA) were titrated and standardised to elicit a
type-l IFN response of approximately 1000 U/mL in 4E5 CD4 T cells after 16
hours (typically 100-200 HAU/mL SeV). Insoluble components were removed
from the allantoic fluid containing the virus by centrifugation at 200 rcf for two
minutes and transferring the clear supernatant to a fresh microtube. Undiluted
virus stock solutions were stored at -20 °C for short-term and at -80 °C for long-

term storage.

CD4 T cells and PBMCs were infected with varying doses of SeV as indicated in
corresponding figure legends. Cells were cultivated as previously described. The
SeV stock solution was diluted prior to use in complete media (typically 1:10-
1:100) and added to cells for 16 hours or as indicated. Media was not replaced

during the incubation period.

2.2.2.2 Exosome stimulation of CD4 T cells
Exosomes were obtained from AG Coch (Dr. Juliane Daller-Plenker and Bastian
Putschli, The University Hospital Bonn, Germany) and were generated in primary

human melanoma cells (D05mel) that were left untreated (unloaded exosomes)
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or transfected with in vitro transcript 4 (IVT4) (IVT4-loaded exosomes).
Exosomes were validated by Dr. Daller-Plenker (unpublished data): While there
is no experimental evidence that IVT4 is being loaded into exosomes, indirect
proof exists. It was shown that the type-I IFN response to IVT4-loaded exosomes
is 3pRNA- and RIG-I-dependent: RNA isolated from IVT4-loaded exosomes
induced type-l IFN in RIG-I expressing recipient cells, but not after the removal
of 3p with alkaline phosphatase. In addition, IVT4-loaded exosomes or RNA
isolated from them failed to induce a type-I IFN response in RIG-I knockout cell
lines. The potency of IVT4-loaded exosomes to induce a type-I IFN response in
recipient cells was independent of RIG-I signalling in exosome producing cells:
IVT4-loaded exosomes that derived from RIG-I wildtype or RIG-I knockout cells

showed similar capacity of type-l IFN induction in recipient cells.

Primary CD4 T cells were seeded in 96-well plates (4E5 cells per well) and
treated with 0, 2 or 10 pg exosome preparations for 18 hours at 37 °C and 5 %
COz. Type-l IFN levels in cell-free supernatants were measured using the HEK-

blue™ IFN-a/B reporter assay.

2.2.2.3 Electroporation of CD4 T cells

Nucleic acids or CRISPR/Cas9 complexes were delivered to Jurkat cell line or
primary CD4 T cells using the Neon® Transfection System in combination with
the 10 yL Neon® tips (Thermo Fisher Scientific). 5E5 cells were prepared per
reaction in Buffer T as instructed by the manufacturer. The machine was set up

to run with an optimised protocol (3 pulses of 10 ms width at 1600 V).

2.2.2.4 miRNA stimulation of CD4 T cells

RNA oligos 3p-antisense (5-pppGACGCUGACCCUGAAGUUCAUCUU-3") and
GFP-Chol (CUGCGACUGGGACUUCAAGUAGAA-C6-Cholesterol) were
ordered from IDT. The oligos were used at equimolar concentrations (120 yM)
and denatured at 75 °C for 5 minutes and annealed by gradual reduction of the
temperature (1 °C/min) to 18 °C. 4E5 CD4 T cells were plated per 96-well and
treated with 10, 20 or 30 uM f.c. of the annealed oligo for 16 hours. Type-I IFN
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levels in the supernatant were measured using a cell-based IFN reporter assay
(2.2.2.5).

2.2.2.5 Type-l IFN Reporter Assay

HEK-blue™ IFN-a/B cells were used to measure type-I IFN levels in tissue culture
supernatants according to the manufacturer’s instructions. 5E4 cell were seeded
in a 96-well culture plate in 180 yuL medium. 20 uL cell free supernatant (sample)
was added along to an IFNa standard dilution (15-2000 U IFN/mL) in duplicate
or triplicate. Cells were incubated for 20-24 hours and the cell free supernatant
was transferred to a clear 96-well plate. 40 uL para-Nitrophenylphosphate
(pPNPP) solution (1 mg/mL pNPP in 100 mM TRIS-HCI, 100 mM NaCl, 5 mM
MgCl2, pH 9.5) was added per well and plates were incubated for 15-60 mins at
RT. The absorbance was measured at a wavelength of 405 nm using the

FLUOstar® Omega microplate reader (BMG Labtech, Ortenberg, Germany).

2.2.2.6 IP-10 ELISA

Cells were stimulated for 16 hours and IP-10 levels in the cell-free supernatant
were determined using the human IP-10 ELISA Kit (BD). Only minor changes
were made to the manufacturer's protocol: final volumes and amounts of
antibodies were halved. In brief, plate coating was performed over night at 4 °C
using Coating Buffer (100 mM sodium bicarbonate, 33.6 mM sodium carbonate
in PBS, pH 9.5). Blocking of the plate and sample dilution was carried out in
Assay Buffer (10 % (v/v) FBS in PBS). Samples were added to the coated plate
along with an IP-10 protein standard and incubated for 2 hours at RT to allow
binding. Plates were washed five times with Wash Buffer (Tween-20 0.05 % (v/v)
in PBS) and the detection antibody and horseradish peroxidase (HRP)-conjugate
were added simultaneously for 1 hour at RT with light shaking in the dark. Plates
were washed seven times with Wash Buffer. Substrate solution A and B were
added to the plate and the reaction was stopped with sulfuric acid once the

standard samples reached their final optical density (OD).
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2.2.2.7 Real-Time Cell Metabolic Analysis

CD4 T cell metabolism was monitored during CD3/CD28 activation using a
Seahorse XFe96 Analyser (Agilent, CA, USA). Primary CD4 T cells were
prepared as described previously and treated with SeV or left untreated for 2 to
24 hours before activation. Cells were washed once with PBS and immobilised
with Corning® Cell-Tak Cell Tissue Adhesive (Sigma-Aldrich) in a Seahorse 96-
well plate (Agilent) following the manufacturer’s instructions. The T cell activation
assay was done following the manufacturer’s protocol (Real-time Detection of T
Cell Activation Using an Agilent Seahorse XFp Analyser). Briefly summarised as
follows: Adhered cells in assay media (Seahorse RPMI 1640 medium without
bicarbonate or phenol red (Agilent), 2 mM L-Glutamine (Corning, NY, USA),
1 mM Sodium Pyruvate (Corning), 10 mM Glucose (Corning), pH 7.4) were
incubated at 37 °C /5 % CO; for one hour. CD3/CD28 Dynabeads™ were loaded
into Port A of a hydrated XFp catridge (4 beads per CD4 T cell) just prior to the
start of XFP calibration. The instruments protocol was set up as follows:
Calibration, equilibration, basal measurement cycles (3 cycles, mix: 3 minutes,
wait: 0 minutes, measure: 5 minutes), injection (Port A), measurement after
injection (15 cycles, mix: 3 minutes, wait: 0 minutes, measure: 5 minutes). Cells
derived from three different donors were used and each condition was monitored

in triplicates.

2.2.2.8 Proliferation Assays

Metabolic Assay. 5E4 cells were seeded per 96-well in 100 yL media and
incubated for 48 hours. Cell proliferation was monitored using CellTiter 96®
AQueous One Solution Cell Proliferation Assay (Promega, Madison, WI, USA)

following the manufacturer’s instructions.

Manual cell counting. CD4 T cells were activated with CD3/CD38 beads for 72
hours as described previously. The beads were removed prior to stimulation and
2E5 cells were seeded per 96-well in 100 uL media. Wells were topped up with
100 pyL media containing IFNa2 (2000 U/mL, Miltenyi Biotec) or SeV (20, 100,
200 or 400 HAU/mL). Cells were incubated for 48 hours at 37 °C and 5 % CO..
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Cell suspensions were diluted with 4 % Trypan blue solution (Sigma Aldrich) as

required and counted using a Neubauer Chamber.

2.2.2.9 Next generation RNA Sequencing

RNA Extraction. Cells were harvested by centrifugation and homogenised using
TRIzol™ Reagent (Thermo Fisher Scientific) following the manufacturer’s
protocol. The dried RNA pellet was resuspended in 10-15 pL nuclease-free water
and stored at -80 °C. Purity and concentration of samples was estimated using

Nanodrop 2000 Spectrophotometer as described previously.

Sample and library preparation. CD4 T cells were enriched as previously
described and activated with CD3/CD28 beads or left untreated for 72 hours.
Cells (>1E6 per sample) were infected with Sendai virus (100-200
Hemagglutination Units (HAU)) or left untreated for 7 hours. Total RNA was
extracted using Trizol™ reagent as previously described. Library preparation and
sequencing was done by the Next Generation Sequencing Facility (Life&Brain
Center, University of Bonn, Germany). The library was prepared using the
QuantSeq 3 mRNA-Seq Library prep Kit FWD for lllumina (Lexogen, Vienna,
Austria) and the sequencing data was acquired using the HiSeq 2500 V4 platform
(Mlumina, San Diego, CA, USA).

Bioinformatic analysis. RNA sequencing data was analysed using the Partek®
Flow software package (Partek, St. Louis, MO, USA). The analysis pipeline
included filtering for contaminants (Bowtie 2 v2.2.5), adapter trimming, base
trimming, sequence alignment (STAR aligner v2.6.1d, hg38), quantification and
annotation (Partek E/M model, hg38, RefSeq Transcripts 93 — 2020-02-03),
normalisation (TMM), differential gene expression analysis (ANOVA) and filtering
of low expressed genes. Pre- and post-alignment QA/QC, PCA plots and

hierarchical clustering were used to monitor data quality.
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2.2.2.10 IFNy enrichment and release assay

Fast DCs and CMV pp65 peptide loading. CD14 and CD4 positive cells were
prepared from CMV positive blood donors as previously described. 2E6 CD14
positive cells were plated per 12-well in 2 mL of fast DC media A (RPMI-1640
(Gibco), 5 % human AB serum (Sigma Aldrich), Penicillin/Streptomycin (100
U/mL, Life Technologies), GM-CSF (1000 U/mL, Miltenyi Biotec), IL-4 (500 U/mL,
Miltenyi Biotec)). PepTivator® CMV pp65 (15 pmol/well, Miltenyi Biotec) was
added to 50 % of the wells. Cells were incubated at 37 °C and 5 % CO- for 24
hours. 1 mL of supernatant was aspirated, discarded and replaced with fast DC
media B (RPMI-1640, 5 % human AB serum, Penicillin/Streptomycin (100 U/mL),
GM-CSF (1000 U/mL), IL-4 (500 U/mL), IL-6 (2000 U/mL, Miltenyi Biotec), TNFa
(20 ng/mL, Miltenyi Biotec), PGE-2 (2 ug/mL, Miltenyi Biotec), IL-1B (20 ng/mL,
Miltenyi Biotec)). Cells were incubated for another 24-48 hours. The supernatant
was removed and cells were washed off the tissue culture plastic. One half of the
cells was stored at -80 °C in cryomedia (RPMI-1640, 10 % human AB serum, 10
% DMSO). The other half of the cells was plated in 500 uL of co-culture media
(RPMI-1640, Penicillin/Streptomycin (100 U/mL), 10 % human AB serum) in a

12-well plastic plate.

Activation, enrichment and expansion of CMV pp65-specific CD4 T cells. To
activate CMV pp65-specific CD4 T cells, the appropriate amount (T cell to DC
ratio 5:1) of CD4 T cells was resuspended in 500 uL of co-culture media (see
above) and added to the CMV pp65-loaded fast DCs in 12-well plates. Cells were
incubated for 1 hour, mixed by cautious pipetting and incubated for another 3-4
hours at 37 °C and 5 % CO.. Activated CD4 T cells were positively selected using
the IFNy Secretion Assay - Cell Enrichment and Detection Kit (Miltenyi Biotec)
following the manufacturer’s instructions. Enriched cells were expanded in T cell
media (RPMI-1640, 5 % human AB serum, Penicillin/streptomycin (100 U/mL),
IL-2 (100 U/mL)) for six to seven days without further activation. Media was

replaced when required.
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Treatment and re-activation of CMV pp65-specific CD4 T cells. CMV pp65-
specific CD4 T cells were treated with SeV, type-l IFN (1000 U/mL, Miltenyi
Biotec) or left untreated for 16 hours before re-activation. CMV pp65-loaded or
unloaded DCs were thawed on the day of T cell re-activation, plated in 12-well
plates and allowed to adhere. CD4 T cells were washed in media to remove virus
or type-l IFN and added to the DCs (T cell to DC ratio 5:1) for 4-6 hours. The
IFNy Secretion Assay - Cell Enrichment and Detection Kit (Miltenyi Biotec) was
used to label IFNy-secreting cells and the read-out was done using flow

cytometry.

2.2.3 Methods Chapter 4- Aim 2

2.2.3.1 Co-expression of RLRs and HIV-1 PRs

HEK293T cells were seeded in 12-well plates and transfected at 80-90 %
confluency with expression plasmids for RIG-I or MDAS5 (pEF-BOS RIG-I WT,
pEF-BOS-hsMDA5-3xFlag-His10) and HIV-1 PR (ApET28a+ HIV PR WT / D25A
/ T26A or D29N) as described previously. Darunavir (NIH AIDS Reagent
Program) was added prior to transfection and was maintained at 5 uM (f.c.) as
indicated in the corresponding figure legend. Cells were incubated for at least 20
hours at 37 °C / 5 % CO2 before harvest. RIG-I and MDAS5 protein levels were
evaluated via western blot as described previously (40 ug total protein was

loaded per lane).

2.2.3.2 Recombinant protein expression in bacteria

E.coli BL21 were transformed with plasmids coding for RIG-I, MDAS5, or different
HIV-1 PRs (ApET28a+ RIG-I WT / MDA5 WT / HIV1 PR WT or HIV1 PR D25A)
as described before. Cells were grown in Luria-Bertani broth (LB) medium
supplemented with kanamycin (f.c. 30 ng/mL) and D-Glucose (f.c. 0.5 % w/v).
Expression of recombinant proteins was induced with isopropyl B-d-1-
thiogalactopyranoside (IPTG, f.c. 0.1 mM) once the cell suspensions reached
0.4-0.6 ODeoo. Cells were harvested after 3 hours by centrifugation and were

stored at -20 °C or used immediately.
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Protein purification from inclusion bodies. Cell pellets were resuspended in
10 mL ice-cold Buffer A (50 mM TrisHCI, pH 8.0, 50 mM NaCl, 0.1 mM EDTA,
NP-40 0.2 % (v/v), cOmplete™ Protease Inhibitor (Roche)). Cell lysis was
induced by freeze/thaw cycles on dry ice or at RT and completed by sonication
on ice. Lysates were centrifuged and the pellets were washed twice with 7 mL
ice-cold Buffer A + TritonX-100 (1% (v/v)). Residual inclusion bodies were
resuspended in Buffer B (50 mM Tis-HCI, pH 8.0, 50 mM NaCl, 10 mM 2-
Mercaptoethanol, 8 M Urea, 10 mM imidazole) at RT and gentle shaking.
Resuspended recombinant proteins were passed through 0.45 pm pore-size
filters, added to nickel charged affinity resin (Ni-NTA Agarose, Qiagen) and
incubated with gentle shacking at 4 °C for one hour. Recombinant proteins were
washed and re-folded on the column by gradual reduction of urea (Buffer B with
8 M to 0 M urea). His-tagged proteins were eluted with 3 mL of Buffer C (50 mM
Tis-HCI, pH 7.7, 50 mM NaCl, 0.1 mM EDTA, 0.5 M imidazole). Amicon® Pro
filters (Merck Millipore, Darmstadt, Germany) with cut-offs of 3 or 50 kDa were
used to exchange Buffer C to Buffer D (60 mM Tris-HCI, pH 7.0, 50 mM NaCl, 1
mM 2-Mercaptoethanol, 10 % (v/v) glycerol). Protein expression and purification
was followed by SDS-PAGE and Coomassie staining or western blot. Aliquots of
recombinant HIV-1 PR were stored at -20 °C for short-term storage or at -80 °C

for long-term storage.

2.2.3.3 Small scale recombinant protein expression in mammalian cells

HEK293 T cells were transfected with expression plasmids for RIG-I or MDA5
(PEF-BOS RIG-I WT, pEF-BOS-hsMDA5-3xFlag-His10) as described previously.
Cells were harvested two days after transfection (six 12-wells per protein of
interest). The cell pellet was washed with PBS and resuspended in ice-cold Lysis
Buffer (20 mM TRIS-HCI (pH 7.2), 150 mM NaCl, 0.5 % NP40, 1 mM Dithiothreitol
(DTT), cOmpleteTM Protease Inhibitor (Roche)). Recombinant proteins were
enriched with anti-Flag M2 affinity gel (Sigma Aldrich) following the
manufacturer’s instructions. Recombinant proteins were eluted from the M2
affinity gel with 100 pyL Elution Buffer (20 mM Tris-HCI (pH 7.2, 4 °C), 150 mM
NaCl, 1 mM DTT, cOmplete Protease Inhibitor (Roche), 0.15 mg/mL Flag-Peptide
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(Sigma-Aldrich)). Recombinant proteins were stored at 4 °C for up to 3 days or

used immediately.

2.2.3.4 HIV-1 Protease Activity Assay

The activity of recombinant HIV-1 protease was validated using the HIV-1
Protease Activity Assay Kit Fluorometric (abcam, Cambridge, MA, USA) following
the manufacturer’s instructions. The assay is based on a synthetic peptide, which
acts as a substrate for HIV-1 PR. Cleavage of the substrate releases a

fluorophore which can be quantified using a fluorescence reader.

The HIV-1 PR activity was calculated as:

B
HIV-1 PR Activity (nmol/min /mg) = (AT * M)

Where B is the amount of product (nmol), AT is the reaction time T2-T1 (min) in

the linear phase of the reaction, M is the amount of HIV-1 protease per well (mg).

2.2.3.5 HIV-1 Protease degradation Assays
Whole-cell-based assay. RIG-I or MDA5 were co-expressed with HIV-PR in
HEK293T cells for 20 hours. Cells were harvested, lysed and samples analysed

by western blot as described previously.

Whole-cell lysate-based assay. RIG-I or MDA5 were expressed in HEK293T
cells as described previously. Cells were harvested by centrifugation and washed
twice with PBS. Cells were lysed in ice-cold Lysis Buffer (50 mM MES (2-(N-
morpholino)ethanesulfonic acid), 300 mM NaCl, 50 mM NaH2PO4, 1 mM DTT,
protease inhibitor cocktail (2x f.c., Roche) in deionised water, pH adjusted to 6.85
with NaOH) on ice for 20 minutes. Samples were frozen and thawed once to
complete cell lysis when necessary. Lysates were cleared by centrifugation at
12,000 rcf for 10 minutes in a chilled centrifuge and transferred to a new tube. 10
ML RIG-I- or MDA5-containing whole-cell lysate (60-70 ug of total protein) and 1
ML of recombinant HIV-1 PR were used per reaction. Optional: 1 pL IVT4

(generously provided by Dr. Thomas Zillinger) or polyinosinic polycytidylic acid
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(poly(I:C), Sigma Aldrich) at 1 ug/pL or 1 yL Darunavir (5 uM f.c.) were added to
samples and adjusted to a final volume of 12 uL with Lysis Buffer. Samples were
incubated at 37 °C for 30-90 minutes. Degradation was monitored using western
blot analysis (5 yL 4xSBL was added per reaction, heated to 95 °C for 3 minutes,

chilled on ice and loaded onto an SDS-PAGE as described previously).

Purified protein-based in vitro assay. Recombinant RIG-I or MDA5 proteins
(FLAG-tag purified) were used in combination with recombinant HIV-1 PR (HIS-
tag purified). Reaction mixes included 3-4 pyL recombinant RIG-I or MDAS5, 0.5 uL
recombinant HIV-1 PR and optional 1 yL IVT4 or poly(l:C) at 1 pg/uL or 1 pL
Darunavir (DV, 5 uM f.c.) and were adjusted to a final volume of 12 pL with
Reaction Buffer (20 mM TRIS-HCI, 150 mM NaCl, 1 mM DTT, pH 7.2, 4 °C).
Samples were incubated at 37 °C for two hours using Eppendorfs flexlid
Mastercycler nexus (Eppendorf, Hamburg, Germany). Of note, when heated to
37 °C the Reaction Buffer exceeds its buffer capacity and the pH value shifts to
a slightly acidic pH of 6.72, which promotes the activity of HIV-1 PR (optimal pH
range 4-6 (ldo et al., 1991)). Degradation was monitored using western blot
analysis (5 yL 4xSBL was added per reaction, heated to 95 °C for 3 minutes,

chilled on ice and loaded onto an SDS-PAGE as described previously).

2.2.3.6 Dual Luciferase Reporter Assay

Flp-In™ 293 T-REx RM cells were seeded in 96-well plates (3E4 cells/well in 100
ML media) on the day prior to transfection. Cells were co-transfected as described
previously with pEF1-a-Fluc (5 ng), pIFN-B-Gluc (10 ng), pEF-BOS HIV1 PR (20
ng) and pEF-BOS RIG-I WT or pEF-BOS-hsMDA5-3xFlag-His10 (20 ng) and
treated with Darunavir (5 uM f.c.) where indicated. After 8-10 hours, stimulatory
RNAs IVT4 (100 ng) or poly(l:C) (100 ng) were delivered via a second
transfection. Cells were incubated for 20 hours at 37 °C and 5 % COa..
Supernatants were transferred to a white 96-well plate (Corning). An equal
volume of coelenterazine solution (Cayman Chemical, Ann Arbor, MI, USA, 1
pg/mL in deionised water) was added to samples and Gaussia luciferase (GLuc)

activity was measured immediately using Fluostar® Omega (BMG Labtech)
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reader. Intracellular firefly luciferase (FLuc) expression was measured using the
Britelite™ plus reporter gene assay system (PerkinElmer, Llantrisant, UK)
following the manufacturer’s instructions. GLuc is a surrogate for IFN promoter
activation while FLuc is constitutively expressed and serves as a transfection
control. Relative light units (RLUs) measured for GLuc were normalised to the

corresponding RLUs measured for FLuc.

2.2.3 Methods chapter 5 — Aim 3

2.2.3.1 Generation of knock out cell lines

The CRISPR/Cas9 gene editing system

We chose a system that utilises recombinant CRISPR/Cas9 and synthetic
tracrRNA and crRNAs over a plasmid-based system. Complexation of
recombinant CRISPR/Cas9 with synthetic RNAs allows the quick adaptation of
the system to new gene targets by exchanging the crRNA. In comparison to a
plasmid-based system no free nucleic acids are introduced into the target cells,
potentially reducing immunogenicity. This system has the advantage that a fully
functional CRISPR/Cas9 complex is delivered to target cells, making plasmid-
delivery to the nucleus und subsequent gene expression and CRISPR/Cas9

complex assembly in target cells unnecessary.

All reagents were obtained from IDT and sequences of the crRNAs are shown in
Table 2.5. crRNA sequences were selected to target early exons within each
target gene to increase the probability of a loss of function event. TracrRNA (f.c.
200 pM), crRNAs (f.c. 200 yM) and transfection enhancer (f.c. 100 uM) were
resuspended in IDTE buffer and stored at -20 °C. The transfection enhancer was
further diluted in IDTE buffer (f.c. 10.8 uM) on the day of use.

TracrRNA and crRNA were hybridised by heating equal amounts (1.1 yL each)
in 2.8 uL IDTE buffer to 95 °C for 5 mins, followed by a 20 mins incubation period

at RT. Reactions were stored at -20 °C or used immediately.
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The ribonucleoprotein (RNP) complex was prepared fresh or on the day
preceding the experiment in Buffer T from the Neon® Transfection Kit following
the manufacturer’s instructions.

Table 2.5: CRISPR/Cas9 gene targets and crRNA sequences.

Gene target Sequence

DDX58 (RIG-I) | GGATTATATCCGGAAGACCC

IFIH1 (MDA5) | TTGGACTCGGGAATTCGTGG

MAVS GTCCTGCTCCTGATGCCCGC
or
GTAGATACAACTGACCCTGT

Genetic manipulation of primary CD4 T cells and Jurkat cell lines

The RNP complex was delivered to primary CD4 T cells (activated for 72 h, beads
removed) and Jurkat cell lines as described previously (2.2.2.3 Electroporation of
CD4 T cells).

Generation of single cell or polyclonal cell lines

Cells manipulated in the previous step were manually counted and seeded into
384 well plates at densities of 1 or 5 cells per well. After 3 days, cells were
monitored on a daily basis for 4-6 weeks and stimulated with Dynabeads Human
T-Activator CD3/CD28 (Thermo Fisher Scientific). The amount of beads was
adjusted to each individual well depending on the number of cells. Re-activation
was repeated every 7 days until cells reached 50-80 % confluency. The media
was replaced 1-2 times per week. Cells were transferred to plates with increasing
well sizes (96-, 48-, 12-, 6-well plates). Once the 6-well format was reached one
6-well was used for western blot analysis and one 6-well was stored in liquid
nitrogen (LN) per cell line. Cell lines that were identified as knockouts were
thawed, expanded and stored in LN.

2.2.3.3 Preparation of HIV-1 stocks

HEK293T cells were transfected with X4- or R5-tropic HIV-1 coding plasmids that

were complexed with FuGene® HD Transfection Reagent (Promega) according
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to the manufacturer’s instructions. The media was replaced on the day following
the transfection. Supernatants were harvested two days after the transfection.
Cell debris was removed by centrifugation and passing through 0.45 uym pore-
size filters. Virus stocks were concentrated using the Lenti-X™ Concentrator
(Takara Bio, Mountain View, CA, USA) following the manufacturer’s instructions
and stored in 30 pL aliquots at -80 °C. The median tissue culture infectious dose
(TCID50) was estimated for each batch of virus using the TZM-bl reporter cell

line.

2.2.3.4 TZM-bl Assay — TCID50s of HIV-1 stocks

2E4 TZM-bl cells were seeded in 100 puL per 96 flat-bottom well. Cells were
incubated over night at 37 °C and 5 % COa. A 1:10 serial dilution of the viral stock
(1:10-1:100,000,000) was performed in 96-wells (15 pL virus stock added to
135 yL DMEM) in triplicates. The media was removed from the TZB-bl cells (70
% confluent) and 100 uL of the diluted viral stocks were added per well. 100 pyL
DMEM was added to negative control wells. Cells were incubated at 37 °C and
5 % CO2. One day after infection, virus containing supernatants were replaced
with 100 pL fresh DMEM. Cells were incubated for another day before reading

the assay.

The media was removed and replaced with 50 yL 1x Cell Culture Lysis Reagent
(Promega) per well. The plates were incubated at RT for 10 minutes to complete
cell lysis. Cell lysates were resuspended and 10 pyL per sample were transferred
per well of a white 96-well plate. 25 uL Luciferase Assay Buffer (Promega, E1501)
were added per well using the auto-injector function of the FLUOstar® Omega
microplate reader and read immediately. The TCID50 was done following the

protocol published by Reed and Muench, 1938.
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3. Aim 1: Activation of the RIG-l signalling pathway modulates
CD4 T cell biology
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3.1 Introduction

CD4 T cells are an essential part of the adaptive immune response against
infections and are also involved in autoimmune dysregulation (reviewed by
Raphael et al., 2020). Different viruses, including HIV-1, specifically target CD4
T cells (Agosto et al., 2018; Rahimi et al., 2014). The understanding of the effects
of innate immune pathway activation in CD4 T cells and the effects on effector
functions is currently incomplete. CD4 T cells express several innate immune
receptors, but it is less clear if associated pathways are functional and how their
activation affects CD4 T cell biology. Given that the activation of endosomal toll-
like receptors (TLRs) can promote or diminish CD4 T cell differentiation and
effector functions (Dominguez-Villar et al., 2015; Liu et al., 2017; Meas et al.,
2020), it is feasible that these pathways are indeed active. In addition, RIG-I
activation has been linked to reduced proliferation in the Jurkat cell line, and RIG-
| knockout mice show an imbalance of CD4 T cell subtypes (Yang et al., 2017; L.
Zhang et al.,, 2019). This chapter aims to understand the effects of RIG-I

activation on the biology of primary human CD4 T cells.

We aimed to deliver stimulatory RNAs to the cytoplasm of CD4 T cells, a
prerequisite to study the effect of RIG-I signalling pathway stimulation. Using
cationic lipid-mediated transfection of CD4 T cells, we were unable to stimulate
RIG-I, consistent with prior reports demonstrating that CD4 T cells were widely
refractory towards transfection with Lipofectamine 2000 (Zhao et al., 2006). We
therefore first investigated different methods to induce RIG-I signalling in CD4 T
cells, which include exosome-mediated transport, live virus (Sendai virus (SeV)),

electroporation and chemically engineered RNA, Figure 3.1.

Next, we assessed the gene transcript levels of known members of the RIG-I
signalling pathway in resting and CD3/CD28 activated CD4 T cells and whether
RIG-I activation affects the transcriptome of resting CD4 T cells. We found that
important pathways involved in CD4 T cell activation were differentially expressed
following RIG-I activation. We validated these findings using metabolic,

proliferation and IFNy-release assays.
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Figure 3.1: Techniques to activate cytosolic RNA sensing pathways in CD4
T cells. Exosomes can deliver stimulatory RNAs to CD4 T cells. RNA viruses like
Sendai Virus (SeV) can activate cytosolic RNA signalling pathways. Lipofection
and electroporation are widely used techniques to deliver nucleic acids to various
cell types and were assessed in this thesis. Chemically modified RNAs are used
for gene silencing in CD4 T cells and were studied for their capability to stimulate
RIG-I. Dashed arrows indicate techniques that were not efficient in stimulating a
type-l IFN response in CD4 T cells.

3.2 Results
3.2.1 Stimulating the RIG-l signalling pathway in CD4 T cells

3.2.1.1 CD4 T cells are widely refractory to cationic lipid transfection
Cationic lipid transfection is a well-studied method to deliver nucleic acids to cells.
CD4 T cells have been described as difficult to transfect and we assessed
different commercially available formulations to deliver RNA analogues to CD4 T
cells. We utilized a FITC-labelled RNA analogue and measured cell association
using flow cytometry Figure 3.2A, or an unlabelled RNA analogue and measured
IP10 induction using ELISA, Figure 3.2B.
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Figure 3.2: Efficacy of cationic lipid transfection of CD4 T cells. A)
CD3/CD28 activated CD4 T cells were transfected with synthetic RNA analogue
FITC-poly(l:C) using different cationic lipid formulations. Four hours after
transfection, frequencies of FITC positive cells were estimated using flow
cytometry. B) PBMCs and CD3/CD28 activated CD4 T cells were transfected with
unlabelled RNA analogue poly(l:C) using different cationic lipid formulations. IP-
10 levels were measured in the supernatant using an ELISA assay sixteen hours
after transfection. Uncomplexed FITC-poly(I:C) (RNA only), untreated control
(CTRL), Lipofectamine LTX (LTX), Lipofectamine 2000 (L2K), ScreenFectA
(SFA), TransIT-LT1 (LT1), MACSfectin (MF), HiPerFect (HP). N = 2, mean + SD.

We observed different frequencies of cell-associated FITC-labelled RNA
depending on the cationic lipid formulation that was used. MACSfectin (MF),
Lipofectamine LTX and 2000 (LTX and L2K, respectively) showed the highest
transfection efficiencies of the tested formulations with 10-15 % FITC positive
cells. We compared L2K, MF and HiPerFect (HP) reagents towards their ability
to deliver RNA analogue poly(l:C) to the cytoplasm of CD4 T cells. Even though
we found cell-associated FITC-labelled RNA, we could not detect an increase of
IP-10 in the supernatant of transfected CD4 T cells. In contrast, transfection of
PBMCs with poly(l:C) induced high levels of IP-10.

3.2.1.2 Sendai virus induces a type-l IFN response in primary human CD4 T
cells

SeV is a well-described stimulator of the RIG-I signalling pathway (Strahle et al.,
2007). It is a negative ssRNA virus with a dsRNA intermediate within the viral
replication cycle. SeV copy-back defective interfering dsRNAs have been

reported to potently stimulate the RIG-I signalling pathway (Baum et al., 2010;
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Sanchez-Aparicio et al., 2017). We assessed the immuno-stimulatory capacity of

the SeV strain Cantell in CD4 T cells derived from three healthy donors.

In brief, CD4 T cells were enriched from PBMCs and infected with SeV. Type-I
IFN levels in the supernatants were measured using a cell-based reporter assay
(2.2.2.5) 16 hours post-infection. Type-I IFNs were detected in activated but not
in resting CD4 T cells following stimulation with SeV, and the magnitude of the

type-l IFN response differed widely between the three donors, Figure 3.3.
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Figure 3.3: Type-l IFN release by CD4 T cells after Sendai virus infection.
CD4 T cells were infected with Sendai Virus (200 HAU/mL). After 16 hours, type-|
IFN levels were measured using a HEK.blue cell-based reporter assay. Activated
= CD4 T cells activated by CD3/CD28, resting = unstimulated CD4 T cells, SeV
= Sendai virus, CTRL = uninfected control. Type-I IFN detection limit (dotted line)
as estimated by using a recombinant IFNa2 standard. N = 3, one experiment,
columns and error bars represent the mean + SD.

3.2.1.3 Exosomes induce a type-l IFN response in primary human CD4 T
cells

Exosomes are extracellular vesicles that can carry different cargo, including
nucleic acids, proteins, and lipids present within the secretory cell (Sork et al.,
2018). Given that exosomes can be engineered to deliver micro RNAs (miRNAs)
to cancer cells (Naseri et al., 2018), we evaluated the capability of exosomes to
deliver the RIG-I agonist in vitro transcript 4 (IVT4) to CD4 T cells.
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Activated CD4 T cells were incubated with exosomes derived from untreated or
IVT4-treated DOSmel cells. Exosomes from untreated cells did not induce a type-
I IFN response (Figure 3.4). IVT4-loaded exosomes induced a dose-dependent
type-l IFN response. The highest exosome dose tested (10 pg / 4E5 cells)
induced type-l IFN levels as high as 75 % of the amount of type-I IFN released

upon Sendai virus infection, Figure 3.4.

1500+

1000+ —

IFNo/B [U/mL]

500+

Exosomes

Figure 3.4: IVT4-loaded exosomes induce type-l IFNs in CD4 T cells.
CD3/CD28 activated CD4 T cells were treated with 2 ug or 10 pg exosomes.
Exosomes were derived from untreated DO5mel cells (@) or IVT4-treated DO5mel
cells (IVT4). Type-l IFN detection limit (dotted line) as estimated by using a
recombinant IFNa2 standard. N = 2, one experiment, columns and error bars
represent mean + SD.

IVT4-loaded exosomes induced a dose-dependent type-l IFN response in
activated CD4 T cells. Unloaded exosomes did not stimulate the release of type-|
IFNs. Relatively high amounts of exosomes (10 pg) were necessary to elicit a

type-l IFN response similar to the response induced by SeV.

3.2.1.4 Electroporation delivers RIG-l agonists to CD4 T cells
Electroporation of chemically modified in-house RIG-I agonists
(triphosphorylated, synthetic RNA) induced a type-l IFN response in activated
CDA4 T cells, and no type-I IFN was detected in resting CD4 T cells, Figure 3.5.
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Figure 3.5: Type-l IFN response to RIG-l ligands delivered to CD4 T cells by
electroporation. Two chemically engineered RIG-I stimuli (3p-RNA 1 or 2) were
electroporated into either resting or activated CD4 T cells. 200 ng of 3p-RNA 1 or
75 ng of 3p-RNA 2 were used. Type-| IFN detection limit (dotted line) as estimated
by using a recombinant IFNa2 standard. N = 2 (resting) or 4 (activated), pooled
data from two biological replicates, columns and error bars represent mean + SD.

The specificity of the chemically modified in-house RIG-I agonists to stimulate the
RIG-I signalling pathway has been extensively studied by the Schlee laboratory
(Dr. Ann Kristin de Regt, unpublished data). Small amounts of stimulatory
molecules were necessary to induce a type-l IFN response in activated CD4 T
cells, and no type-l IFN was detected in resting CD4 T cells. We observed high
amounts of cell debris after electroporation, indicating a negative effect on cell

viability.

3.2.1.5 A chemically engineered micro RNA is a weak inducer of type-l IFNs
in CD4 T cells

Chemically engineered anti-miRNAs were previously shown to translocate from
the supernatant into the cytoplasm of CD4 T cells and subsequently silencing
gene expression (Haftmann et al., 2015). The authors used cholesterol-tagged,
single-stranded miRNAs. We therefore investigated the ability of a similarly
designed RNA to stimulate the RIG-I signalling pathway in CD4 T cells.
Functional dsRNA (3p-ds-GFP-Chol) was formed by hybridising the triphosphate-
bearing antisense strand (3p-antisense) and the GFP-Chol sense strand, Figure
3.6A. High doses (30 uM) 3p-ds-GFP-Chol induced low levels of type-I IFNs in
activated CD4 T cells, Figure 3.6B.
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Figure 3.6: Type-l IFN response to a chemically modified dsRNA in CD4 T
cells. A) Design of the 24 base pair long chemically modified dsRNA. The
hybridisation of the triphosphorylated antisense RNA strand (3p-antisense) and
cholesterol-tagged sense strand (GFP-Chol) led to the formation of the functional
dsRNA (3p-ds-GFP-Chol). B) CD3/CD28 activated CD4 T cells were treated with
3p-ds-GFP-Chol or Sendai Virus (SeV). Type-l IFN levels were measured using
a cell-based reporter assay. Type-l IFN detection limit (dotted line) as estimated
by using a recombinant IFNa2 standard. N = 2, one experiment, columns and
error bars represent mean + SD. Control (ctrl).

In summary, SeV induced repeatedly high levels of type-I IFNs (1000 IU/mL and
above) in different donors. Exosomes were not found to induce higher levels of
type-l IFN compared to SeV. Relatively large amounts of exosomes were
necessary to induce a strong type-l IFN response. In addition, exosomes are of
a less known composition than SeV particles and can deliver unwanted cargo to
CD4 T cells. Electroporation was found to deliver stimulatory RNAs with medium
to high efficiencies. The negative impact on cell viability nullified this method's
advantage to deliver stimulatory RNAs independently of other factors. Others
have reported high frequencies of dead cells in the context of electroporation of
CD4 T cells as well (Aksoy et al., 2018; Zhao et al., 2006). Therefore, SeV
infection was the method of choice for the induction of a type-l IFN response in
primary, human CD4 T cells acknowledging that the response to SeV varied

between donors.

We next aimed to determine if SeV induced a type-I IFN response exclusively via
the RIG-I signalling pathway and not through other innate immune sensors
expressed in CD4 T cells. Primary CD4 T cells were genetically modified to
disrupt the DDX58 (RIG-I) gene using CRISPR/Cas9 and subsequently infected
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with SeV. The type-l IFN response to SeV infection was measured using a cell-

based reporter assay (2.2.2.5), Figure 3.7.
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Figure 3.7: RIG-l senses Sendai virus in primary CD4 T cells. (A) The RIG-I
coding region (DDX58) was targeted by CRISPR/Cas9 in primary CD4 T cells.
Single-cell clones were expanded and stimulated with IFNa (1000 U/mL) to
induce RIG-I expression. 30 uL whole cell lysate per sample was loaded onto an
SDS PAGE and subjected to immunoblotting using anti-RIG-I and anti-B-actin
antibodies. (B) Different wild-type (WT) and RIG-I knockout (KO) CD4 T cell
clones were mock-infected (mock, open column) or SeV-infected (40 HAU/mL,
SeV, grey column) for 16 hours. The release of type-I IFNs was detected using a
cell-based reporter assay. Type-I IFN detection limit (dotted line) as estimated by
using a recombinant IFNa2 standard. N = 4, one experiment, column and error
bars represent mean + SD.

Wild-type CD4 T cell clones released high amounts of type-l IFNs upon SeV
infection. In contrast, no type-l IFNs were detected in CD4 T cells deficient for
DDX58 (RIG-I) following SeV infection.

3.2.2 Modulation of the CD4 T cell transcriptome upon RIG-I activation
3.2.2.1 Expression levels of the RIG-I signalling pathway in CD4 T cells
Experiments performed in the previous sections found high type-I IFN levels in

activated CD4 T cells following SeV infection and during electroporation, but not
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in resting CD4 T cells. RIG-I mediated this as the production of type | IFN was
eliminated in RIG-I knock out cells. Next-generation sequencing was next used
to assess if CD4 T cell activation affected the expression level of members of the
RIG-I signalling pathway. CD4 T cells were enriched from PBMCs from healthy
donors by depletion of unwanted cell populations. CD4 T cells were enriched to
purities of 94 % or higher. Transcripts of markers for B cells, NK cells, monocytes,
macrophages and granulocytes were detected at low levels (Appendix, figure

8.1), confirming expected contaminating cell types within the samples.

The expression levels of the RIG-I and MDADS signalling pathways in resting and

activated CD4 T cells were analysed, Figure 3.8.
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Figure 3.8: Expression levels of members of the RIG-l and MDAS signalling
pathways in CD4 T cells. Next-generation sequencing was used to assess
MRNA expression of cytosolic RNA receptors RIG-I and MDA5 and their
downstream signalling proteins in resting (light grey) or after 72 hours of
stimulation with CD3/CD28 (activated, dark grey) of CD4 T cells. RIG-I (retinoic
acid-inducible gene 1), MDAS (melanoma differentiation-associated protein 5),
MAVS (mitochondrial antiviral-signalling protein), TRAF3/6 (tumour necrosis
factor associated factor 3/6), TBK1 (TANK-binding kinase 1), IKKe/y/a/@ (inhibitor
of nuclear factor kappa-B kinase subunit €/y/a/), IRF3/7 (interferon regulatory
factor 3/7), NFKB (nuclear factor kappa B subunit), RELA (RELA proto-
oncogene). N = 3, mean + SD, three technical replicates from one of two
biological replicates (representative data). The gene expression levels were
compared between resting and activated CD4 T cells: no statistically significant
differences were found if not otherwise indicated, two-tailed student’s t-test,
***p<0.001.
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We found transcripts coding for RIG-I and MDAS5 and known members of their
signalling pathways in resting and activated CD4 T cells. Some of the gene
transcripts (DDX58, IFIH1, IKBKE, IRF7) were more abundant in resting
compared to activated CD4 T cells. Based on these data we conclude that the
changes in the transcriptome following T cell activation alone did not explain

different responses to SeV in resting and activated CD4 T cells.

3.2.2.2 Transcriptomic changes during Sendai virus infection in resting CD4
T cells

Genes involved in the innate immune response against RNA viruses were found
to be expressed in resting CD4 T cells, but type-I IFNs were not detected in the
supernatant of those cells using a cell-based type-l IFN reporter assay (2.2.2.5).
One potential explanation of these findings is that resting CD4 T cells show less
translational activity than activated cells and that the transcriptome and proteome
do not necessarily match in resting cells (Ricciardi et al., 2018). Therefore, we
assessed the changes in gene expression in resting CD4 T cells following SeV

infection, Figure 3.9.
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Figure 3.9: Type-l IFN-stimulated genes are upregulated in resting CD4 T
cells upon Sendai virus infection. Resting CD4 T cells were inoculated with
Sendai virus or left untreated for seven hours. Total RNA was extracted using
TRIZol reagent. Next-generation sequencing of the polyA-RNA transcriptome
was performed. The relative expression of interferon-stimulated genes (ISGs) in
the Sendai virus treated cells to the untreated cells is shown. DDX58 (DExD/H-
box helicase 58), IFIH1 (interferon induced with helicase C domain 1), IFI6
(interferon alpha inducible protein 6), IFIT (interferon-induced protein with
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tetratricopeptide repeats), IFITM (interferon-induced transmembrane protein),
OAS (2’-5’-oligoadenylate synthetase), EIF2AK2 (eukaryotic translation initiation
factor 2 alpha kinase 2), MX (MX dynamin-like GTPase), IRF7 (interferon
regulatory factor 7), ISG (interferon-stimulated gene). N = 3, mean + SD, three
technical replicates from one of two biological replicates (representative data).

Resting CD4 T cells respond to SeV infection with the upregulation of multiple
interferon-stimulated genes (ISGs), indicating a functional RIG-I signalling
pathway. IFNa and IFNB transcripts were detected in SeV treated CD4 T cells
but not in the untreated control. Furthermore, the analysis of differentially
expressed genes revealed an enrichment or reduction of different cellular

pathways, Figure 3.10A and B.
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Figure 3.10: Differentially regulated pathways in resting CD4 T cells upon
Sendai virus infection. Resting CD4 T cells were inoculated with SeV or left
untreated for seven hours. Next-generation sequencing of the polyA-RNA
transcriptome was performed. Functional gene set enrichment analysis (g:GOSt,
version: e100_eg47 p14_7733820, organism: hsapiens, Raudvere et al., 2019)
identified enriched (A) and downregulated (B) pathways in resting CD4 T cells
seven hours after SeV inoculation. N = 6 (three technical replicates per donor,
two donors in total, pooled data). Each dot represents one pathway. GO:MF
(gene ontology term (GO) molecular function), GO:BP (GO biological process),
REAC (reactome pathway database). The Y-axis shows the adjusted enrichment
p-values in a negative decadic logarithm scale.

The sequencing data revealed a broad antiviral response in resting CD4 T cells

upon SeV infection and stimulation of the RIG-I signalling pathway. Pathways
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involved in RNA binding, type-l IFN production, innate immune responses and
RIG-I and MDA5-mediated induction of type-l IFNs were found to be upregulated,
among others. A few pathways were found to be downregulated; all of them
connected to T cell activation. Therefore, we decided to investigate the effects of
RIG-I activation on the different steps of CD4 T cell activation, including metabolic

reprogramming, proliferation and release of effector cytokines.

3.2.3 Effects of RIG-I activation on CD4 T cell activation and proliferation

A hallmark of CD4 T cell activation is the upregulation and modulation of
metabolic pathways, reviewed in Shyer et al., 2020. We therefore assessed the
metabolic response of resting CD4 T cells to activation using CD3/CD28 beads.
Cells were either left untreated or were infected with SeV before activation, Figure

3.11.
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Figure 3.11: Metabolic activity of CD4 T cells after Sendai virus infection.
The extracellular acidification rate (ECAR, left) and oxygen consumption rate
(OCR, right) were measured to monitor oxidative phosphorylation and glycolysis.
Resting CD4 T cells were mock-infected (CTRL), or Sendai virus (SeV) infected
for 2 or 24 hours before activation with CD3/CD28 beads. AECAR and AOCR
were calculated as the differences between the metabolic rates before and after
activation. Two-way ANOVA, Tukey’s test. *(p<0.05), **(p<0.01), ***(p<0.001). N
= 3, mean + SD, one experiment.

We used a Seahorse flux analyser to measure the oxygen consumption rate
(OCR) and the extracellular acidification rate (ECAR). Both parameters serve as
surrogate markers to monitor oxidative phosphorylation and glycolysis,
respectively. One out of three donors (donor 1, Figure 3.11) was non-responsive
to SeV infection. Two donors showed a decrease in their metabolic response
upon activation 24 hours after SeV infection. This was true for both monitored

markers OCR and ECAR. One donor showed a reduction of the metabolic
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response (ECAR and OCR) upon activation as soon as two hours after SeV

infection.

Clonal expansion is tightly connected to the metabolic activity of CD4 T cells and
is a prerequisite for an effective T cell-mediated immune response, (reviewed in
Dimeloe et al., 2017). Next, we studied if RIG-I activation during SeV infection

affected the proliferative activity of CD4 T cells, Figure 3.12.
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Figure 3.12: Effects of Sendai virus infection and RIG-l activation on
proliferation and viability of CD4 T cells. CD4 T cells were activated with
CD3/CD28 for 72 hours and then mock-infected (mock), treated with IFNa (1000
U/mL IFNa) or infected with different doses of Sendai virus (SeV). Cell count
(columns) and viability (line) were determined 36 hours after infection. The
starting cell density of 1E6 cells/mL is indicated as a dotted line. A significant
decline (p < 0.001) in cell numbers was found for the groups treated with IFNa or
SeV when compared to the mock-treated control. No statistically significant
changes in cell viability were observed. One-way ANOVA, Dunnett’s test. N = 3,
mean + SD, one experiment.

SeV infected cells showed significantly lower total cell numbers compared to the
mock-infected control. This effect was dose-dependent with increasing amounts
of SeV, causing a decrease of total CD4 T cell numbers. At the same time, cell
viability was not affected at low and medium doses of SeV. A slight drop of cell
viability was observed in samples infected with a high dose of SeV (200 HAU/mL)
but was not found to be statistically significant. Also, a significant reduction in

total cell numbers was observed in the type-| IFN treated group.



77

3.2.4 Effects of RIG-I activation on CD4 T cell effector function

CD4 T cells interact with antigen-presenting cells (APCs) (Burgdorf et al., 2007).
Upon the engagement with their specific antigen in combination with self
molecules, T cells become activated and are primed to release effector cytokines
(Zinkernagel and Doherty, 1974). It has been described in the literature that type-|
IFNs can affect the biology of CD4 T cells, and we confirmed some of these
effects in the context of RIG-I and SeV infection. We used a model of CD4 T cell
activation that resembles processes of T cell activation in vivo to study the effect

of RIG-I activation and SeV infection on CD4 T cell effector functions.

CD14 monocytic cells and CD4 T cells were enriched from peripheral blood
mononuclear cells (PBMCs) from cytomegalovirus (CMV) infected individuals.
The CD14 positive cell fraction was differentiated into antigen-presenting
dendritic cells (DCs) by adding a cytokine cocktail, and these cells were loaded
with an overlapping peptide pool to the CMV phosphoprotein 65 (pp65). Pp65
peptide-loaded DCs were co-cultured with CD4 T cells. T cells specific for pp65
became activated and were enriched using an IFNy capture assay. Cells were
clonally expanded and allowed to finish their activation cycle. Six to seven days
after primary activation, pp65-specific CD4 T cells were infected with SeV, treated
with type-I IFN or left untreated for 16 hours. After that, cells were co-cultivated
with pp65-loaded or unloaded DCs, and the release of IFNy was measured using

an IFNy capture assay, Figure 3.13.
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Figure 3.13: Effects of Sendai Virus infection and stimulation of RIG-l on
CDA4 T cell effector function. A) CD4 T cells and monocytes were derived from
blood donors with IgG to Cytomegalovirus (CMV). Monocytes were differentiated
into dendritic cells (DCs) and loaded with an overlapping peptide pool to the CMV
pp65, a structural protein. Pp65-specific CD4 T cells became activated and
clonally expanded during co-cultivation with pp65-loaded DCs. CD4 T cells were
harvested and allowed to revert back into a resting state leading to an enriched
population of CD4 T cells with known antigen-specificity. Cells were then
challenged with SeV, incubated with IFNa (1000 U/mL) or left untreated for 16
hours. B) Cells were incubated with empty or pp65-loaded DCs, and the release
of IFNy was monitored using flow cytometry. Similar results were obtained in two
independent experiments.

Co-cultivation of pp65-specific CD4 T cells with unloaded DCs did not induce the
release of IFNy. However, more than 95 % of CD4 T cells released IFNy when
co-cultured with pp65-loaded DCs. Cells infected with SeV showed a reduction
of IFNy released, and only 85 % of CD4 T cells were found positive for IFNy. A
similar decrease of IFNy levels was detected when cells were pre-treated with
type-l IFN.

Together these data demonstrate that SeV infection triggers a RIG-I dependent

type-l IFN response in CD4 T cells. And that the activation of RIG-I negatively
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affects the activation cascade in CD4 T cells, including metabolic rate,

proliferation and the release of effector cytokine IFNy.

3.3 Discussion

Innate immune sensor activation plays an important role during the priming of
adaptive immune responses. The role of innate immune receptors in CD4 T cells
has been addressed by others but is not fully understood to date. Here we studied
the effect of RIG-I stimulation on the biology of CD4 T cells. Different methods to
stimulate the RIG-I signalling pathway in CD4 T cells were assessed and RIG-|
was strongly and reproducibly activated by infection with live virus (SeV). High
amounts of type-l IFNs were present in the supernatant of activated CD4 T cells
following SeV infection. In contrast, no type-l IFNs were found in the supernatant
of resting CD4 T cells, but RNA deep sequencing data revealed that these cells
initiate a broad antiviral response by altering their transcriptomic profile. Gene
enrichment analysis uncovered the downregulation of cellular pathways
connected to T cell activation. This finding was confirmed on the level of T cell

activation (metabolic rate), proliferation and effector function.

Electroporation, exosomes and SeV infection mediated the stimulation of RIG-I
in CD4 T cells while cationic lipid-mediated transfection and a chemically
modified microRNA had no effect. We observed the association of a FITC-
labelled RNA analogue with CD4 T cells shortly after cationic lipid transfection
but did not detect the induction of IP-10. One explanation for this could be that
the cationic lipid encapsulation of the labelled RNA analogue mediates cell
association but not incorporation. Or the particles are internalised but do not enter

a compartment where sensing is possible (cytoplasm or endosome).

Electroporation negatively impacted cell viability and was excluded from
subsequent studies. We decided to use SeV for various reasons: The SeV
Cantell strain is a well-described, specific activator of the RIG-I signalling
pathway, commercially available and easy to grow in a laboratory environment.

In comparison, relatively large amounts of exosomes were necessary to elicit a
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type-l IFN response similar to SeV infection in CD4 T cells. Exosomes have a
less known composition compared to a viral particle. They can incorporate a wide
range of nucleic acids and proteins that may affect cellular processes apart from
the RIG-I signalling pathway (Nolte-‘t Hoen et al., 2009; Okoye et al., 2014).
Therefore, exosomes were not found to be advantageous over SeV, which was

subsequently used to stimulate the RIG-I signalling pathway in CD4 T cells.

Using RIG-I knockout cell lines, we confirmed that the type-l IFN response
following SeV infection is dependent on RIG-I. We further characterised the effect
of SeV on CD4 T cells and found that SeV caused a reduction of the proliferative
activity, while the cell viability was unaffected. We observed a similar effect in
CD4 T cells treated with type-I IFN alone, which is in line with what has been
previously reported by others. It has been shown that type-lI IFNs can have an
antiproliferative effect on CD4 T cells in vitro (Dondi et al., 2004; Havenar-
Daughton et al., 2006; Tanabe et al., 2005). We explain the reduced proliferation
of SeV-infected CD4 T cells with the release of high levels of type-I IFNs upon

infection.

SeV infection caused a reduced metabolic activity in resting CD4 T cells following
activation with CD3/CD28 beads. This result supports observations made by
others in which type-l IFNs induced a cell cycle arrest and inhibited proliferation
of resting CD4 T cells (Dondi et al., 2003), as well as data obtained during RNA

sequencing experiments shown in this thesis.

IFNy is a signature cytokine for the Th1 CD4 T cell linage (Bradley et al., 1996).
We did not control for other cytokines or markers that identify different T cell
subsets. Therefore, we can not exclude that the inflammatory environment during
SeV infection or type-I IFN treatment caused plasticity in the T cell responses due
to the re-assignment of cells to different T cell subclasses. Even though a loss of
Th1 T cell function is unlikely, according to previous publications, which include
the following: Memory CD4 T cells were found to show certain plasticity upon

reactivation depending on their microenvironment but maintained their initial
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effector fate (Lee et al.,, 2009). Instead of acquiring an entirely different
phenotype, they maintained the capability to express effector cytokines specific
to their original linage and additionally released cytokines that were commonly
found in other T cell subclasses (Krawczyk et al., 2007). Experiments shown in
this thesis monitored early time points after reactivation of CD4 T cells. Hence,
we can only determine the effect of RIG-I activation during SeV infection on the
early stages of CD4 T cell activation. Cells may acquire full metabolic activity and
effector functions at later time points after activation, but the initial response is

diminished.

Similar effects on proliferative activity and IFNy release were found when cells
were treated with type-l IFNs or infected with SeV. This indicates that the
stimulation of RIG-I and the subsequent release of type-l IFNs are involved in the
modulation of CD4 T cell responses. We did not detect type-l IFNs in resting CD4
T cells using a cell-based reporter assay, with a detection limit of approximately
100 U/mL type-l IFN. Transcriptomic data confirmed the presence of type-l IFN
MRNA upon SeV infection in resting CD4 T cells. A more sensitive assay, e.g.
ELISA, could be used to assess the type-I IFN levels in SeV infected resting CD4
T cells. Antibodies blocking the interferon receptor (IFNAR) could also be used
to further differentiate between the direct effect of RIG-I activation and the effect

of the subsequent release of type-I IFNs on CD4 T cells.

Using a replication-competent virus in a living cell system can significantly
modulate the biology of the host cell. The immunomodulatory effects of SeV have
been extensively studied elsewhere. The multiple effects include the following.
First, the C- and V-proteins of SeV have been described to inhibit type-l and
type-Il IFN induction and their signal transduction via MDAS, RIG-I, STAT1 and
IFNAR2 (Andrejeva et al., 2004; Kitagawa et al., 2020; Oda et al., 2015; Sanchez-
Aparicio et al., 2018). Accumulation of defective interfering RNAs allows the
infected cell to overcome the immunosuppressive effects during SeV strain
Cantell replication (Takeuchi et al., 2008). Transcriptomic changes during SeV

infection have been studied in different cell types and were similar to antiviral



82

responses observed in the presence of type-l IFNs, even though some gene
expression patterns were exclusively found during SeV infection (Mandhana and
Horvath, 2018). No changes in the protein biosynthesis rate of cellular proteins
were found during SeV infection (Takeuchi et al., 2008). Even though we can not
exclude effects other than RIG-I activation during SeV infection, controls
including RIG-I knockout cell lines and supplementation of media with type-I IFNs
indicate that the activation of RIG-I and the subsequent type-I IFN response is at

least partly involved in modulating CD4 T cell responses as studied in this thesis.

Our findings could have significant implications for HIV-1 cure strategies.
Pharmacological activators of the RIG-I signalling pathway have been exploited
in the context of other viral infections, including Ebola, Hepatitis B, Influenza A
and Dengue virus, in order to prevent or clear the infection (Coch et al., 2017; Ho
et al., 2019; Jasenosky et al., 2019; Korolowicz et al., 2016). Effects of RIG-I
activation on HIV-1 latency reversal has been discussed controversially. Li et al.,
2016, reported latency-reversal and the specific killing of HIV-1 infected cells by
acitretin, an FDA-approved drug that activates RIG-I. A subsequent study could
not reproduce the specific killing of HIV-1 infected cells and only found modest

effects on latency reversal by acitretin (Garcia-Vidal et al., 2017).

RIG-I activation alone may not be sufficient to reverse latency or trigger the killing
of latently infected cells, but the pathway could play an important role in
multifactorial HIV-1 cure approaches. One cure strategy being tested includes
activating latent HIV-1 to induce expression of viral proteins and virus-induced or
immune-mediated clearance of the infected cell. HIV-1 relies on activated,
metabolically active CD4 T cells for efficient replication and viral spread (Valle-
Casuso et al., 2019). Active viral HIV-1 replication also has cytotoxic effects on
uninfected bystander cells (Ahr et al., 2004; Maccarrone et al., 1998). If activation
of latent virus activated RIG-I, as seen in productively HIV-1 infected CD4 T cells,
this would reduce the metabolic activity of the cell and could also reduce the
number of viral particles released by these cells, thereby decreasing cytotoxic

effects in bystander cell populations.
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An indication for the importance of the RIG-I signalling pathway is the fact that
HIV-1 established a mechanism to evade RIG-I immune surveillance in infected
cells (Solis etal., 2011). In the following chapters, we will focus on the mechanism
that HIV-1 utilises to circumvent RIG-I sensing and what role RIG-I-like receptors

play during productive HIV-1 infection.
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4. Aim 2: HIV-1 protease cleaves RIG-l and MDA5 — a potential

immune evasion mechanism for HIV-1
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4.1 Introduction

Despite the advances of antiretroviral therapy (ART) in people living with HIV-1
leading to substantially reduced morbidity and mortality, treatment is needed life
long and there is no cure (reviewed in Pitman et al., 2018). HIV-1 persists in
PLWH on ART as long-lived and latently infected cells (Bui et al., 2017). We now
know that in nearly all PWLH on ART, low levels of cell-associated HIV-1 RNA
(Anderson et al., 2020; Lewin et al., 1999) and plasma HIV-1 RNA (Palmer et al.,
2008) are always detected and in some individuals, constitutive expression of
viral proteins also persists (T. Wang et al., 2015). Although RNA producing cells
in both blood and tissue are less common in PLWH who have been on ART for
prolonged compared to shorter periods of time (Banga et al., 2016), others have
shown that detection of plasma HIV-1 RNA in plasma is associated with slower
decay of the latent reservoir (Bachmann et al., 2019). What remains unclear is
why or how virus-producing cells can persist on ART and whether HIV-1 employs
an immune evasion mechanism to escape detection of infected cells by either the
innate or adaptive immune system. These immune evasion pathways could also
hamper efforts to eliminate HIV-1 infected cells through activation or reversal of

latency (reviewed in Zerbato et al., 2019)

RNA and DNA viruses use various strategies to evade the host’s innate immune
defence (reviewed in Beachboard and Horner, 2016). An important pathway for
early detection of viral nucleic acid are the cytosolic RNA sensors RIG-I and
MDADS5, which are targeted directly or indirectly by sequestration of downstream
signalling adaptors or activating factors (Feng et al., 2014; Gack et al., 2009; Li
et al., 2005; Papon et al., 2009). In fact, the RIG-I like receptors (RLR) RIG-I and
MDAS5 have been shown to recognise HIV-1 RNA species (Nasr et al., 2017,
Ringeard et al., 2019; M. Q. Wang et al., 2015). Despite their high structural
similarity and a shared downstream signalling pathway, their specificity towards
RNAs during HIV-1 infection differs. It has been shown that MDA5 detects
unmethylated, genomic HIV-1 RNA (Ringeard et al., 2019), while RIG-I is
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activated by HIV-1 RNA as well as by endogenous RNA species that only occur
during viral replication (Berg et al., 2012; Vabret et al., 2019).

A previous study demonstrated that RIG-I was degraded during HIV-1 infection
through a mechanism involving HIV-1 protease (HIV-1 PR) (Solis et al., 2011).
They claimed that during HIV-1 infection of THP-1 cells, RIG-I protein levels were
decreased by a mechanism involving HIV-1 PR, but not via the catalytic activity
of the enzyme. They used an HIV-1 PR deficient virus or the protease inhibitor
saquinavir during overexpression of RIG-I and HIV-1 PR in HEK293 cells to
demonstrate the effects of HIV-1 PR on RIG-I. When they co-expressed HIV-1
PR and MDAS5 in HEK293 cells, they found that MDAS5 protein levels were not
affected by HIV-1 PR. These experiments first warrant independent confirmation
as well as an exploration of the mechanism of how HIV-1 PR mediates
degradation of RIG-I.

HIV-1 PR is essential for viral maturation and infectivity and has been identified
as an antiviral drug target with multiple protease inhibitors licensed for the
treatment of HIV-1 (reviewed in Lv et al., 2015). The catalytically active enzyme
comprises two identical subunits with two aspartic acid residues at position 25,

forming the catalytic centre (Maximova et al., 2019), Figure 4.1.
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Figure 4.1: 3D structure of HIV-1 protease. Two identical subunits (dark and
light grey) form a catalytically active dimer. Two aspartic acid residues (one from
each monomer, in red) form the catalytic centre, which is covered by flexible flaps
(teal). Each monomer is made up of 99 amino acids with a total molecular weight
of 11 kDa and 22 kDa for the homodimer. (Image rendered with PyMOL 2.4.0,
using PDB data file 10DW.)

Introduction of mutation D25A renders the enzyme inactive (Pettit et al., 2003).
Residues T26 and D29 have been identified to be essential for dimerization and
the mutations T26A and D29N prevent the formation of homodimers and cause

the loss of enzymatic activity, too (Louis et al., 2003).

We hypothesised that the enzymatic function of HIV-1 PR is required for RIG-I
degradation and that the mechanism was independent of other cellular factors.
To address this hypothesis, wild-type HIV-1 PR or different protease mutants
were co-expressed with RIG-I and MDAS in HEK293T cells in combination with
the protease inhibitor darunavir. Furthermore, recombinant proteins expressed in
E. coli or HEK293T cells were purified, and interactions between HIV-1 PRs and
RIG-I or MDA5 were studied in the presence or absence of cellular factors.
Finally, we investigated if the presence of stimulatory RNAs affected RIG-I and

MDADS5 protein levels in the presence of HIV-1 PR.
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4.2 Results
4.2.1 Wild-type HIV-1 protease but not dead mutant D25A reduces protein

levels of RIG- and MDAS5 during co-expression

To determine if the catalytic centre of HIV-1 PR was required for RIG-I
degradation, we co-expressed wild type or a mutated version of HIV-1 protease
with RIG-1 and MDAS in HEK 293T cells. DNA transfection was first optimised in
HEK293T cells, Figure 4.2A. The expression constructs included a protease
cleavage site, which separated the recombinant protein from the C-terminal His-
tag and enabled HIV-1 PR to cleave off the tag. Therefore, HIV-1 PR expression
levels were not monitored during co-expression experiments using a His-tag
antibody, Figure 4.2B.
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Figure 4.2: Transfection optimisation of recombinant HIV-1 proteases in
HEK293T cells. A) Different ratios of DNA to Lipofectamine2000 (L2K) were
tested, and protein expression was assessed after 24 to 48 hours using immuno-
blot. The expression constructs included a protease cleavage site, which
separated the recombinant protein from the His-tag and enabled wild-type HIV-1
PR to auto-process the tag. Recombinant proteases were detected using an anti-
HIS antibody which therefore detected mutant but not wild type PR. B) Efficient
expression of wild-type PR was confirmed in the presence of darunavir (DV),
which inhibited cleavage of the HIS-tag and enabled detection via immuno-blot.

The wild-type or dead mutant D25A HIV-1 PR were co-expressed with RIG-I, in
combination with the protease inhibitor darunavir in HEK293T cells, to assess
whether the catalytic centre of HIV-1 PR was required for the degradation of
RIG-I. Wild-type HIV-1 PR induced reduced levels of RIG-I in a concentration-
dependent manner. There was no change in RIG-I levels in the presence of the
dead mutant D25A. The addition of the protease inhibitor darunavir restored

RIG-I levels during co-expression with the wild-type protease, Figure 4.3.
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Figure 4.3: Effect of HIV-1 PR on RIG-I protein levels during co-expression.
A constant amount of RIG-I expressing plasmid (1.5 ug/12-well) was used across
all conditions. Increasing amounts of wild-type HIV-1 protease (HIV-1-PR WT;
0.5, 1.0 or 1.5 pg/12-well) were co-expressed with RIG-I in HEK293T cells for 20
hours. The dead mutant D25A HIV-1 PR (1.5 pg/12-well) and darunavir (5 pM)
were used as controls. 40 ug whole cell lysate was loaded per lane, RIG-| was
detected using an anti-RIG-I antibody and an anti-B-Actin antibody was used as
a loading control. Similar results were obtained in three independent
experiments.
RIG-I and MDAS5 share similar domain structures and MDA5 was also
investigated as a potential target for HIV-1 PR. Solis et al., 2011, observed that
a GFP-tagged HIV-1 PR did not target MDAS5. We suspected steric hindrance of
HIV-1 PR by the GFP tag and used a tag-free HIV-1 PR to ask whether MDA5
was also degraded by the HIV-1 PR. MDAS was co-expressed with increasing
amounts of wild-type HIV-1 PR in HEK293T cells. Wild-type HIV-1 PR co-
expression reduced MDAS levels in a concentration-dependent manner, while
high levels of MDAS protein were maintained during co-expression with the HIV-1

PR mutant D25A, Figure 4.4.
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Figure 4.4: Effect of HIV-1 PR on MDAJS protein levels during co-expression.
A constant amount of MDA5 expressing plasmid (1.5 pg/12-well) was used
across all conditions. Increasing amounts of wild-type HIV-1 protease (HIV-1-PR
WT; 0.5, 1.0 or 1.5 pg/12-well) were co-expressed with MDAS5 in HEK293T cells
for 20 hours. Protease dead mutant D25A (1.5 pg/12-well) was used as a control.
40 ug whole cell lysate per lane, MDA5 was detected using an anti-MDA5
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antibody, an anti-B-Actin antibody was used as a loading control. Similar results
were obtained in two independent experiments.

4.2.2 Wild-type HIV-1 protease induces cleavage of RIG-l and MDAS in a cell-
free assay

Even though no cytotoxic effects were observed during the previous co-
expression experiments, off-target effects of an active protease could potentially
occur in living cells. We therefore used a different experimental approach to
provide evidence that the reduction in recombinant protein levels was due to
degradation processes and not due to off-target effects of HIV-1 PR on cellular
biosynthesis pathways. HIV-1 PR expression was optimised in the E. coli strain
BL21. The bacterial expression constructs added a cleavage resistant six-HIS-
tag to the recombinant proteases. Ni-NTA resins bind six tandem histidine
residues with high affinity and selectivity and were used to purify the HIS-tagged
recombinant proteins. Activity or loss of activity of recombinant proteases was
analysed using an HIV-1 protease activity assay. The assay is based on the
proteolytic cleavage of a commercially provided substrate and the release of a
fluorescent product. The formation of the fluorescent product can be followed
using a fluorometer and is directly proportional to the activity of the assayed HIV-1
PR, Figure 4.5.
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Figure 4.5: HIV-1 protease activity assay. Recombinant HIV-1 PRs were
analysed for enzymatic activity. In this assay, enzymatic processing of a synthetic
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substrate releases a fluorescent product upon cleavage, which is detected by a
change in fluorescence. Wild-type or mutant HIV-1 PR or substrate alone was
used to control for background fluorescence (salmon-coloured, grey and green,
respectively). Wild-type HIV-1 PR (red) induced cleavage of the substrate and
mutant protease D25A (black) was catalytically inactive as expected. Positive
control (dashed yellow) included recombinant HIV-1 protease provided with the
assay kit. 2 pyL recombinant protein was used per reaction. Wild-type (WT),
activity assay kit internal control (CTRL), Aspartic acid to alanine HIV-1 PR dead
mutant (D25A), background control (BG).

The enzymatic activity of the recombinant wild-type HIV-1 PR was estimated to
be 3.4 ymol/min/mg, which is within the same range as reported previously by
Leuthardt and Roesel, 1993, who measured a specific activity of 4.4 pmol/min/mg

for a recombinant HIV-1 PR.

RIG-I and MDA5 were expressed in HEK293T cells as described before. Cell
lysates were prepared in the presence of protease inhibitors targeting
endogenous proteases but not HIV-1 PR. Purified, recombinant HIV-1 PRs were
added to the whole-cell lysates containing recombinant RIG-I or MDAS. Cleavage
of RIG-I and MDA5 was observed in the presence of wild-type HIV-1 PR but not
in samples incubated with dead mutant D25A. The protease inhibitor darunavir

prevented degradation of RIG-I and MDAS in samples containing wild-type HIV-1

PR, Figure 4.6.
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Figure 4.6: HIV-1 protease degrades RIG-l and MDAS in-vitro. Whole-cell
lysates of RIG-I or MDA5 expressing HEK293T cells were incubated with purified,
recombinant wild-type or mutant HIV-1 PR for indicated times. Wildtype HIV-1
PR induced degradation of RIG-l and MDAS and degradation was inhibited in the
presence of 5 yM darunavir. Degradation products are indicated as RIG-I’ and
MDAS5’. D25A did not cause degradation. RIG-I and MDA5 RNA ligands (in-vitro
transcript 4 (IVT4) and poly(l:C)) were added to determine their effect on
degradation kinetics. Recombinant RNA sensors were detected using specific
antibodies against RIG-I or MDA5. Membranes were stripped, and HIV-1 PRs
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were detected using an anti-HIS antibody. Similar results were obtained in two
independent experiments.

The addition of MDAS5 ligand poly(l:C) did not affect degradation kinetics of
MDADS5. In contrast, in-vitro transcript 4 (IVT4), a RIG-I ligand, accelerated the
degradation of RIG-I. Reduced levels of full-length RIG-I and increased levels of
degraded RIG-I (RIG-I') were found in the presence of IVT4, Figure 4.7.
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Figure 4.7: Effect of IVT4 on RIG-l degradation by HIV-1 PR. Whole-cell
lysates of RIG-I expressing HEK293T cells were incubated with purified,
recombinant wild-type HIV-1 PR in the presence or absence of in-vitro transcript
4 (IVT4), a RIG-I ligand. Detection of full-length RIG-I (RIG-I) and its degradation
product (RIG-I') was determined using immunoblotting and quantified using
ImageStudioL.ite software. Signal intensities were normalised to the control group
(RIG-I only). RIG-I + PR (RIG-I incubated with HIV-1 PR), RIG-I + PR + IVT4
(RIG-I incubated with HIV-1 PR and 1 ug IVT4). Data are shown from two
independent experiments (indicated by dashed and solid lines).

These experiments provide evidence that degradation of RIG-I in the presence
of HIV-1 PR is dependent on the catalytic activity of the enzyme and that MDA5
is a novel target for HIV-1 PR.

We next screened for effects on endogenous downstream signalling adaptor
mitochondrial antiviral signalling protein (MAVS), TANK binding kinase 1 (TBK1)
and interferon regulatory factor 3 (IRF3) as possible targets for HIV-1 PR. We
saw no degradation of these proteins following exposure to wild type or the D52A
mutant HIV-1 PR in HEK293T cells, Figure 4.8.



93

MAVS TBK1 IRF3
D25A WT D25A WT D25A WT

— e—

B-Actin  cumr-—— D G G w—

Figure 4.8: MAVS, TBK1 and IRF3 are not targeted by HIV-1 protease. Whole-
cell lysates of IFNa stimulated HEK293T cells, transfected with plasmids coding
for wild-type or D25A HIV-1 protease were analysed for endogenous protein
levels of mitochondrial antiviral signalling protein (MAVS), TANK binding kinase
1 (TBK1) and interferon regulatory factor 3 (IRF3). 30 ug total protein per lane,
anti-MAVS, anti-TBK1 or anti-IRF3 antibodies were used for detection. B-Actin
was used as a loading control. Similar results were obtained in two independent
experiments.

4.2.3 Wild-type HIV-1 protease degrades RIG-l and MDA5 independently of
endogenous cellular factors

The previous experiments clearly show the necessity of an active catalytic centre
of HIV-1 PR to mediate RIG-I and MDAS5 degradation. The involvement of other
cellular factors could not be excluded at this stage as experiments were carried
out in-vivo or using whole cell lysates. To address this issue, we used in-vitro
digestion of recombinant RIG-I and MDAS5 by recombinant HIV-1 PRs.
Expression of recombinant RIG-I and MDAS in E.coli BL21 was attempted but

was not successful after two rounds of optimisation, Figure 4.9.
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Figure 4.9: Recombinant expression of RIG-l and MDAS5 in E.coli BL21. RIG-
| and MDAS5 were expressed analogous to HIV-1 PRs as described before. Two
rounds of optimisation did not result in sufficient amounts or purity of recombinant
proteins. The two rounds of optimisation are shown as the second round (rd 2) or
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the first round (rd 1). Considerable amounts of RIG-| were recovered in round two
but were contaminated with a degraded protein. Full-length MDAS was not
recovered at all. Anti-RIG-I and anti-MDAS5 antibodies were used for detection.
Flow-through (FT), protein standard (S).

We next attempted to express recombinant proteins using a mammalian
expression system. RIG-I and MDAS5 were successfully expressed in HEK293T
cells and purified via FLAG affinity gel. RIG-I and MDAS were incubated with
purified, recombinant wild-type HIV-1 PR in the presence or absence of their
ligands IVT4 or poly(l:C) for indicated times to assess if ligand-binding impacts
degradation in a cell-free system. HIV-1 PR successfully degraded both proteins,
with levels of the full-length proteins decreasing over time while degradation

products accumulated, Figure 4.10, (quantification: Appendix Figure 8.2).

In the presence of IVT4, there was an accelerated degradation of RIG-I and
accumulation of the degradation product RIG-I’, as previously shown in a cell-
based assay (Figure 4.6 and Figure 4.7). RIG-I' was further degraded to RIG-I”
in the absence of IVT4 as seen in immuno-blots using anti-HIS antibodies. In
contrast, full-length MDAS levels decreased over time, and the kinetic and
products were not altered in the presence of poly(l:C). Band patterns that were
observed during MDAS degradation differed depending on the antibody used for
detection (anti-MDAS5 or anti-HIS), consistent with a degradation site between
both antibody detection sites. This was not the case for the degradation of RIG-I
by HIV-1 PR as the main degradation product RIG-I' was detected with anti-RIG-I
and anti-HIS antibodies, indicating that the degradation site was likely nearer to
the N-terminal from the recognition site of the RIG-I antibody. The significance of

this observation will be further addressed in section 4.2.4.1.
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Figure 4.10: In-vitro digestion of RIG-l and MDAS5 by HIV-1 PR. Recombinant
RIG-I (A) and MDAS5 (B) were incubated for indicated times with recombinant
wild-type HIV-1 PR and degradation was quantified over time by immuno-blotting.
The effect of stimulatory RNAs VT4 (in-vitro transcript 4) or poly(l:C)
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(poly(inosine:cytidine) on degradation kinetics was compared to the protease
only control. Controls included recombinant protein only, incubation with HIV-1
PR dead mutant D25A, wild-type HIV-1 protease (PR) in combination with the
protease inhibitor darunavir (DV), and stimulating RNA. Controls are shown in
the right panel of each blot. Membranes were incubated with antibodies against
RIG-I and MDAS5 and stripped after imaging. HIS-tagged proteins RIG-I, MDA5
and HIV-1 PR were detected using an anti-HIS antibody. Similar results were
obtained in two independent experiments.

4.2.4 Degradation of RIG-l and MDAS5 by HIV-1 protease disrupts innate
immune recognition of stimulatory RNA species

RIG-I and MDAS induce downstream signalling upon binding of specific ligands,
which induce conformational changes and the release of the CARD signalling
domains. A dual-luciferase reporter assay was used to determine the impact of

HIV-1 PR on innate immune signalling through RIG-I and MDAS5 pathways.

Flp-In™ 293 T-REx RM cells, deficient for endogenous RIG-I and MDAS (RM),
were transfected with RIG-I or MDA5 in combination with wild-type or
proteolytically inactive HIV-1 PR mutant (T26A or D25A) expressing plasmids.
Stimulatory RNAs (IVT4, poly(l:C)) were transfected at a later timepoint and
expression of the Gaussia luciferase (IFNB-GLuc) reporter gene was measured
in the supernatant 20 hours after stimulation through detection of luciferase.
Signals were normalised to expression levels of Firefly luciferase (CMV-FLuc) in
whole-cell lysates to adjust for different transfection efficiencies between

replicates.

Co-expression of wild-type HIV-1 PR abrogated RIG-I and MDAS signalling,
which was restored in the presence of the protease inhibitor darunavir. By
contrast, co-expression of mutant HIV-1 PRs T26A and D25A did not affect signal
induction by stimulatory RNAs, Figure 4.11.
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Figure 4.11: RIG-l and MDAS signaling is abolished in the presence of wild-
type HIV-1 PR. FLP-IN™ 293 T-REX RM cells expressing RIG-I (A) or MDA5
(B) were stimulated with IVT4 or poly(1:C) (p(I:C)), respectively, (100 ng/96-well).
The IFNB response was determined 20 hours after RNA transfection using a dual-
luciferase reporter assay. RNA stimulated samples were compared to the
unstimulated control T26A. Additional comparisons were made by a horizontal
line as indicated. N = 3, mean + SD, one-way ANOVA, Dunnett’s test.
***(p<0.001), ****(p<0.0001). Similar results were obtained in two independent
experiments.

4.2.4.1 RIG-l 2CARD signalling domain is targeted by HIV-1 protease

As mentioned before (4.2.3, Figure 4.10), similar degradation patterns of RIG-I
(but not MDAS5) were observed regardless of the antibodies (anti-RIG-I or anti-
HIS) that were used. Considering the band sizes observed in immuno-blot
experiments, we predicted a cleavage site located within the N-terminal linker
region or the C-terminal region of the 2" CARD, Figure 4.12A. This was of
interest as free RIG-I CARD can induce type-l IFN signalling on its own
(Yoneyama et al., 2004). Therefore the degradation of RIG-I could either

abrogate or induce RIG-I signalling.

A series of experiments were conducted to investigate if degradation of RIG-I
releases the signalling domain (2CARD) and induces an IFN response or if the
signalling domain is itself a target for degradation by the HIV-1 PR, Figure
4.12C-E.

We co-expressed HIV-1 PR and RIG-I and did not observe an induction of type-I
IFN signalling following RIG-I degradation by HIV-1 PR, Figure 4.12C.
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Figure 4.12: HIV-1 protease abrogates signal induction by RIG- 2CARD. (A)
RIG-I domain structure: RIG-I consists of two N-terminal signalling domains
(CARD1/2), a helicase domain (Hel-1/2i/2) and a C-terminal domain (CTD).
Green arrows indicate binding sites of antibodies used in this study (anti-RIG-I,
anti-HIS). The red arrow and circle indicate the predicted area where restrictions
by HIV-1 PR occurs. The molecular weight of indicated fragments was calculated
based on the gene size using DNA to protein converter on molbiol.ru/eng/scripts.
(B) Immuno-blot of RIG-I expressing HEK293T cells, RIG-I only (1) or in
combination with wild-type HIV-1 PR (2). Bands detected with anti-RIG-I (B) and
anti-HIS (not shown) antibodies show the same fragment sizes. (C) FLP-IN™ 293
T-REX RM cells expressing RIG-| were transfected with HIV-1 PRs, and the IFN
response was determined 20 hours after transfection using a dual-luciferase
reporter assay. Degradation of RIG-I did not induce 2CARD signalling as no IFN
response was detected in the presence of wild-type HIV-1 PR. RIG-1 only (CTRL).
N = 3, mean + SD, one-way ANOVA, Dunnett’s test. (D) FLP-IN™ 293 T-REX
RM cells were transfected with a 2CARD expression plasmid, and a dose-
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dependent IFNB response was detected in a dual-luciferase reporter assay 20
hours after transfection. N = 2, mean + SD. (E) Wild-type and mutant HIV-1 PRs
were co-expressed with the 2CARD construct. Protease inhibitor darunavir (DV)
was used to control the catalytic activity of the wild-type HIV-1 PR. All samples
were compared to control T26A. Additional comparisons as indicated. N = 3,
mean + SD, one-way ANOVA, Dunnett's test. **(p<0.01), ***(p<0.001),
****(p<0.0001). Similar results were obtained in two independent experiments.

We confirmed the finding of Yoneyama et al., 2004, that the expression of free
RIG-I CARD is sufficient to elicit an IFNB response, Figure 4.12D. Therefore, to
counteract RIG-I signalling, the CARDs have to be destroyed.

RIG-I expressing HEK T-REx RM cells were transfected with a wild-type HIV-1
PR expression plasmid and the IFNB response was measured using a dual-
luciferase reporter assay. No induction of the IFNB promoter was observed,
Figure 4.12C. An expression plasmid containing the same 2CARD expression
sequence as published by Yoneyama et al., 2004, was used in a dual-luciferase
reporter assay. Dose-dependent induction of the IFNB promoter was observed,
Figure 4.12D. When co-expressed with wild-type HIV-1 PR, the induction of the
IFNB promoter decreased and was restored in the presence of darunavir. Mutant
HIV-1 PRs T26A and D25A did not affect the induction of the IFNB promoter.

4.3 Discussion

HIV-1 PR plays an essential role in the viral life-cycle. It is necessary for the
proteolytic processing of the Gag and Gag-Pol polyproteins and the formation of
infective particles. Here we show that HIV-1 PR is also capable of mediating the
degradation of RIG-I and MDAS, two important innate immune receptors in the
context of viral infections. We provide experimental evidence that catalytically
active HIV-1 PR directly targets both receptors and that the interaction occurs
independently of other cellular factors. The degradation of RIG-I and MDA5
abrogated the detection of stimulatory RNAs and the subsequent induction of
type-l IFNs, indicating its potential role as an innate immune evasion mechanism
of HIV-1.
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We assessed the involvement of the catalytic activity of HIV-1 PR in the
degradation of RIG-I using the HIV-1 PR dead mutant D25A, which failed to
induce degradation of RIG-I. Further, we showed that wild-type HIV-1 PR induced
reduced levels of RIG-I in a concentration-dependent manner and that the
protease inhibitor darunavir reversed this effect. These results are contrary to the
findings obtained by Solis et al. with the protease inhibitor saquinavir. Different
IC50 values have been published for saquinavir in the literature, ranging from
2 nM in C8166 cells to 26 nM in MT4 cells (Dierynck et al., 2007; Roberts et al.,
1990). Although the final concentration of saquinavir (5 uM) used by Solis et al.
exceeded these concentrations, it needs to be considered that the antiviral
activity of saquinavir was determined in cell models or primary cells using live
virus with MOls as low as 0.01 (Dierynck et al., 2007). Higher concentrations may
be needed during plasmid expression of HIV-1 PR in mammalian cells. Solis et
al. did not control the effectiveness of saquinavir in their experimental setting. In
contrast, we used the protease inhibitor darunavir, which has a higher binding
affinity to the catalytic centre of HIV-1 PR, of about 100 fold compared to
saquinavir (Dierynck et al., 2007). This may explain the different results in

overcoming the effect of wild type PR using an HIV-1 protease inhibitor.

An in-vitro degradation assay was used to exclude the involvement of cellular
factors in the degradation of RIG-1 and MDAS. Thereby, MDAS5 was identified as
a novel, direct target for HIV-1 PR. This finding is contrary to previously published
data by Solis et al., who did not observe any effect of HIV-1 PR on MDAS. The
different experimental design can explain the outcome of the experiments
presented in this thesis. First, Solis et al. used an HIV-1 PR that was tagged with
GFP. In contrast, we used an HIV-1 PR that was untagged or incorporated a short
signal sequence (HIS-tag). The proteolytic activity of HIV-1 PR is tightly controlled
by a mechanism involving structural changes of the protein. Flexible flap regions
restrict or allow access to the catalytic centre (Figure 4.1), and different
conformational stages have been described for HIV-1 PR (T6th and Borics, 2006;
Yu et al., 2017). The wide-open confirmation is assumed to be necessary for

binding of the substrate and is energetically less favoured in comparison to the
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closed conformation (Gardner and Abrams, 2019). Maximova et al., 2019,
published data providing experimental evidence for the reduced enzymatic
activity of HIV-1 PR in crowded solutions. The authors explain their observations
with the dynamics of the HIV-1 PR flaps and a slower substrate-enzyme
association. We speculate that the GFP-tag used by Solis et al. inhibited the open
confirmation of HIV-1 PR and therefore, the interaction of MDA5 and HIV-1 PR

was sterically hindered in the presence of the GFP-tag.

It is known that RIG-I and MDAS undergo conformational changes upon binding
of stimulatory RNAs (Zheng et al., 2015). We showed that degradation of MDA5
was not affected by stimulatory RNA analogue poly(l:C). In contrast, degradation
of RIG-I was accelerated in the presence of stimulating ligand IVT4. In addition,
the degradation pattern of RIG-I changed in the presence of IVT4 and the large
degradation product RIG-I" accumulated. The nature of RIG-I and MDA5 could
explain the different effects of IVT4 and poly(l:C). First, free MDA5 has a dynamic
structure with flexible CARDs (Berke and Modis, 2012), which may expose
restriction sites for HIV-1 PR independently of ligand binding. In contrast, free
RIG-I was found to have a closed, auto-repressed conformation (Kowalinski et
al., 2011). Second, binding of IVT4 may induce conformational changes that
expose vulnerable structures and make them more accessible for HIV-1 PR.

Finally, IVT4 may mask a restriction site within the helicase domain of RIG-I.

In-vitro degradation experiments revealed a distinct degradation pattern for RIG-I
independently of the antibodies (anti-RIG-I or anti-HIS) that were used for
detection. We predicted a restriction site within the 2" CARD or N-terminal linker
region based on the fragment sizes observed in immuno-blot experiments. Even
though others made attempts to identify and predict HIV-1 PR cleavage sites, no
ubiquitous applicable sequences were identified (Impens et al., 2012;
Rognvaldsson et al., 2015). The localisation of the restriction site was of particular
interest as free RIG-I CARDs are sufficient to induce an IFNB response. We
questioned if RIG-I degradation by HIV-1 PR could cause an IFNB response by
freeing the CARDs or if a cleavage within the 2"¥ CARD sequestered RIG-|
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signalling: The latter is true. Co-expression of RIG-I and HIV-1 PR did not induce
an IFNB response and signalling induced by a RIG-I 2CARD construct was

abrogated by HIV-1 PR. This was shown using a dual-luciferase reporter assay.

We showed that RIG-I and MDAS are directly targeted by HIV-1 PR and that
degradation of both receptors is sufficient to disrupt sensing of stimulatory RNA
species. HIV-1 can escape innate immune recognition by MDAS through other
pathways, including the recruitment of cellular factors TAR RNA-binding protein
(TRBP) and 2°-O-methyltransferase FTSJ3, which methylates the viral genomic
RNA and thereby renders it non-stimulatory for MDAS (Ringeard et al., 2019).
The fact that HIV-1 PR degrades MDAS hints at the role of MDAS in affecting or
sensing virus production. Others have shown that the overexpression of MDA5
increased viral replication as measured by p24 expression in HIV-1 infected
HelLa-CD4 cells (Cocude et al., 2003).

In other work, translocation of MDAS to the nuclear fraction in HIV-1-infected but
not in mock-infected cells was impaired. The effect occurred during late (after
24 h) but not during early (4-8 h) infection. MDA5 has also been identified as a
target for caspase-3 and caspase-8 during apoptosis, freeing the helicase
domain from the CARDs, allowing for translocation to the nucleus and the
modulation of the chromatin structure (Kovacsovics et al., 2002). The lack of
follow-up studies limits the understanding of the biological function of these
effects and if viral replication is positively or negatively affected by the
degradation of MDAS5. On the one hand, the complete degradation of MDAS may
prevent excessive production of viral proteins, thereby limiting cytotoxic effects
and inhibiting apoptosis. On the other hand, cleavage of MDA5 may mimic the

processing by caspases eight and three, thereby boosting viral replication.

For RIG-I, the triphosphatase DUSP11 is downregulated by the viral protein vpr
during HIV-1 infection. This leads to the accumulation of endogenous
triphosphate Y-RNAs, which can stimulate RIG-I (Vabret et al.,, 2019).
Degradation of RIG-I by HIV-1 PR may counteract this mechanism.
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In future work, it would be of interest to determine how the use of small molecule
protease inhibitors affects the innate immune response during untreated HIV-1
infection or on viral protein expression in CD4+ T-cells from PLWH on ART. It is
known that type-I IFN in the blood of HIV-1 infected individuals decreases to base
levels after antiretroviral therapy (ART) is started (Hardy et al.,, 2013).
Plasmacytoid dendritic cells (pDCS) were identified as the main producers of
type-l IFN during primary HIV-1 infection, which sense the virus mainly through
TLRY7 (Beignon et al., 2005; Lepelley et al., 2011; Li et al., 2014). The substantial
contribution of pDCs to type-l IFN levels may mask other effects at the level of
infected CD4 T cells. Even though the overall type-l IFN response is reduced
during ART, treatment regimens, including HIV-1 PR inhibitors, may demonstrate
different outcomes compared to regimens, including other classes of
antiretrovirals. One relevant example is the demonstration of ongoing expression
of ISGs during de novo HIV-1 infection of monocyte-derived macrophages in the
presence of protease inhibitor ritonavir, but not during treatment with other
antiretrovirals (reverse transcriptase inhibitor zidovudine; integrase inhibitor
raltegravir) (Nasr et al., 2017). The same study found that the expression of ISGs
was dependent on MAVS, the signalling adaptor for RIG-I and MDA5. One
potential explanation for this is that in the setting of a protease inhibitor, detection
of cellular viral RNA can occur by activation of RIG-I or MDAS. In the absence of
a protease inhibitor, this pathway is inactive due to the degradation of RIG-I or
MDAS5.

The impact of protease inhibitors on RIG-I and MDAS may also be relevant in the
context of shock and kill strategies. These aim to increase the expression of RNA
from the latent virus with the aim of stimulating virus-induced or immune-
mediated cytolysis. Restoring innate immune sensing during viral reactivation
could promote more robust cellular defence mechanisms and probably the
clearance of productively infected cells. HIV-1-PR inhibitors could play an

essential role in the redesign of shock and kill strategies.
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5. Aim 3: Generation of RIG-I-, MDAS5- and MAVS-deficient cell

lines and the effect on HIV-1 infection
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5.1 Introduction

We showed that HIV-1 protease targets innate immune sensors RIG-I and MDA5S
and that sensing of foreign RNA species is abrogated following their degradation.
This is of importance as others have reported that RIG-1 and MDAS5 can directly
or indirectly sense HIV-1 replication in infected cells (Nasr et al., 2017; Ringeard
et al., 2019; M. Q. Wang et al., 2015). Activation of these sensors can induce an
antiviral type-l IFN response in infected and uninfected cells, as outlined in
previous sections, and the ability of the virus to eliminate sensors of the innate
immune system could be beneficial for its replication and spread. Each HIV-1
particle contains an estimated 93-316 copies of protease (depending on the size
of the particle, 60-100 nm), which are released into the cytoplasm following
infection (Carlson et al., 2008). It was shown that the protease content of HIV-1
particles was sufficient to reduce RIG-I protein levels during early time points of
de novo HIV-1 infection of THP-1 cells (Solis et al., 2011). The release of type-|
IFNs by pDCs was shown to prevent the establishment of latent HIV-1 infection
(van der Sluis et al., 2020). The same study has found that in vitro or ex vivo IFNa
treatment-induced latency reversal in a model of latency or in cells derived from
PLWH, respectively. It remains unclear if the remaining RIG-I and MDAS5 protein
levels in de novo or productively HIV-1 infected CD4 T cells affect latency
formation, replication and spread of the virus. Assuming that residual RIG-I and
MDAS protein levels would allow viral sensing to a certain degree, we
hypothesised that the establishment of latency and viral replication would be
more efficient in RIG-I- and MDAS-deficient cells when compared to wildtype

cells.

To address our hypothesis, we aimed to generate Jurkat and primary CD4 T cell
lines that were deficient for RIG-I, MDAS5 and their signalling adaptor MAVS. We
identified and characterised several cell lines that were deficient for one of the

targeted proteins and studied HIV-1 replication in some of these cell lines.
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5.2 Results

5.2.1 Generation of RIG-l, MDAS5 and MAVS deficient cell lines

We generated RIG-I-, MDA5- and MAVS-deficient cell lines by using the
CRISPR/Cas9 gene-editing system (Jinek et al.,, 2012). Recombinant
endonuclease (Cas9) was complexed with a guide RNA targeting DDX58 (RIG-I),
IFIH1 (MDA5) or MAVS. The complexes were delivered to cells by
electroporation. Manipulated cells were expanded from single cells or small cell
populations (< 5 cells) to generate monoclonal or polyclonal cell lines. Cell lines
deficient for RIG-I, MDAS5 and MAVS, were identified using western blot analysis.

Representative results for the analysed Jurkat cell lines are shown in Figure 5.1.
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RIG-I — MDA5 | w. o
. -Actin
C WT3130 15 14 1312 11 10 8 7 6 5 4 S
full length %
MAVS
truncated - . .- - J - — 37 kDa
B-Actin “

— 37 kDa

Figure 5.1: Verification of RIG-I-, MDA5- and MAVS-deficient Jurkat cell
lines. Jurkat cells were treated with the CRISPR/Cas9 system that targeted
either DDX58 (RIG-I), IFIH1 (MDAS5) or MAVS. Cell lines were grown from single
cells or polyclonal cell populations (<5 cells). RIG-I and MDA5 deficient cell lines
were incubated with type-l IFN (1000 U IFN/mL) overnight to upregulate RIG-I
and MDAJS expression and to allow detection via immuno-blotting. Representative
western blots of RIG-I (A), MDAS5 (B) and MAVS (C) are shown. Each column
represents a different clone which was labelled with either a number or letter.
Proteins were detected with antibodies against RIG-I, MDA5, MAVS and B-Actin
was used as a loading control. Wildtype (WT), protein standard ladder (S).

The guide RNAs efficiently targeted DDX568, IFIH1 and MAVS and we identified

Jurkat cell lines deficient for RIG-I, MDA5 and MAVS (see Figure 5.1). The guide
RNA targeting MAVS did not cause the loss of MAVS in all clones but led to the
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formation of a truncated protein with a molecular weight of approximately 37 kDa

in some of the clones. Only one IFIH1 (MDA5) KO cell line was recovered.

We next used the same approach to generate RIG-I-deficient primary CD4 T cell
lines. Due to expected donor variation, we generated these cell lines using CD4
T cells derived from four different blood donors. A representative western blot to

confirm RIG-I-deficiency is shown in Figure 5.2.
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Figure 5.2: Verification of RIG-I-deficient primary CD4 T cells. CRISPR/Cas9
treated primary CD4 T cells were clonally expanded and incubated with type-I
IFN to induce RIG-I expression. Whole-cell lysates were analysed for RIG-I using
immunoblotting. B-Actin was used as a loading control. Each column represents
a different clone. The immunoblot shows samples derived from donor 4 and is
representative of a total of four donors

An overview of the generated Jurkat and primary CD4 T cell lines is shown in
Table 5.1.

Table 5.1: RIG-I-, MDA5- and MAVS-deficient cell lines generated in this
thesis. Jurkat and primary CD4 T cells were treated with the CRISPR/Cas9
system targeting either DDX58 (RIG-I), IFIH1 (MDAS) or MAVS. The table
summarises all knockout cell lines (KO) that were confirmed via western blot.

Target #KO cell lines — Jurkat #KO cell lines — primary CD4 T cells
DDX58 (RIG-I) 8 47 (four different blood donors)

IFIH1 (MDADS) 1 -

MAVS 15 (truncated or KO) -

5.2.2 Maintenance and characterisation of RIG-I deficient primary CD4 T cell
lines

The generation of primary KO CD4 T cell lines took between six to ten weeks, a
reasonable long propagation time for primary cells. In comparison to Jurkat cell
lines, which proliferate without external stimulation, CD4 T cells had to be

repeatedly activated with CD3/CD28 beads to maintain their proliferative state.
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Some of these clones became unresponsive towards further CD3/CD28
activation and cell lines with this feature were discontinued and excluded from

other experiments.

Given that the activation status of CD4 T cells affects their susceptibility towards
HIV-1 infection and viral replication (Stevenson et al., 1990), we characterised
the expression of early and late activation markers CD25 and HLA-DR,

respectively, in selected cell clones, Figure 5.3.
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Figure 5.3: Activation status of RIG-I-deficient primary CD4 T cells. RIG-| KO
clones from two donors were analysed for early and late activation markers CD69
and HLA-DR. D4 (Donor 4), D6 (Donor 6), WT (wildtype control), KO (knockout
(DDX58/RIG-I)).

Each of the CD4 T cell lines showed a high expression of late activation marker
HLA-DR. Expression of the early activation marker CD25 differed widely between
cell lines (5-50 % of cells were positive for CD25). Once the activation with
CD3/CD28 beads was ceased, cell numbers significantly decreased (near

complete loss of cells).

As mentioned before, susceptibility to HIV-1 infection and the progression to a
productive or latent infection is dependent on multiple factors, including the
activation status of the infected cell. To study the effect of RIG-I on HIV-1
infection, it was essential to reduce other factors that affect HIV-1 infection and
replication. We therefore next aimed to synchronise CD4 T cell activation to

generate cell lines with a similar activation status. One way to achieve this was
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to induce activated CD4 T cell lines to revert to a memory or resting state and
simultaneously re-activate them at the start of an experiment. Therefore, we tried
an experimental condition that was previously described in literature to promote
memory formation in activated CD4 T cells by reduced levels of IL-2 (Firpo et al.,
1994; Kaartinen et al., 2017). At first, we removed the CD3/CD28 beads from the
cells to prevent further rounds of activation. Cells were then cultivated with
gradually reduced levels of IL-2. The reduction of IL-2 after the removal of the
CD3/CD28 beads did not improve cell survival. Removal of the CD3/CD28 beads
while maintaining high levels of IL-2 (100 U/mL) also induced the near complete

loss of cells.

The heterogeneity of the primary CD4 T cell lines in regards to their activation
status was a major obstacle to study HIV-1 infection and latency formation in
these cells. We were expecting difficulties in comparing and interpreting
experimental outcomes of HIV-1 infection experiments. Since it appeared not
possible to achieve synchronisation of T cells within the time frame of this doctoral

thesis, this project was not pursued.

5.2.2 Effect of RIG-l on productive infection of Jurkat cell line

To determine the effects of RIG-I on productive HIV-1 infection, RIG-I deficient
and wildtype Jurkat cells were infected with an X4-tropic HIV-1 GFP reporter
virus. Productively infected cells become GFP positive and can be detected with

a flow cytometer, Figure 5.4.

HIV-1 productively infected wildtype Jurkat cells with a frequency of 2.5-3.0 %.
RIG-I deficiency was not found to affect the susceptibility of Jurkat cell lines to
productive HIV-1 infection. The frequency of productively infected cells varied
from 2.0 to 7.0 % in RIG-I-deficient cell lines. We further characterised these cells
and measured the expression of co-entry receptor CXCR4, which is differentially
expressed in dependence of the T cell activation status (Bermejo et al., 1998),
Figure 5.5A.
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Figure 5.4: Productive HIV-1 infection in RIG-I deficient Jurkat cell clones.
RIG-I deficient Jurkat cell clones were infected with an X4-tropic HIV-1 GFP
reporter virus (MOI of 0.5). Forty-eight hours after infection, the frequency of GFP
positive (productively infected) cells was estimated using flow cytometry. A)
Gating strategy of the flow experiment, gate hierarchy as indicated by arrows.
Gates were set on the target cell population, followed by the selection of single
cells and live cells. GFP positive cells were selected from the live cell population.
B) Frequency of GFP positive cells in wildtype (wt) or RIG-I deficient cell clones.
Each Jurkat knock out clone is indicated by a different number. N = 3, mean +
SD. One-way ANOVA, Dunnett's test. **(p<0.01), ***(p<0.001), ns (not
significant).
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Figure 5.5: CXCR4 expression levels in Jurkat cell clones and the effect on
productive HIV-1 infection. A) RIG-I deficient of wildtype (wt) Jurkat cell clones
were stained with an anti-CXCR4 antibody, measured using flow cytometry, and
the mean fluorescence intensity (MFI) was estimated using FACSDiva software.
B) The frequency of HIV-1 productively infected (GFP positive) cells (as shown
in Figure 5.B) was divided by the MFI of the CXCR4 receptor (as shown in this
figure, part A). RIG-I deficient cell lines were compared to the wildtype. One
experiment with n = 3, mean + SD. One-way ANOVA, Dunnett’s test. *(p<0.05),
***(p<0.001), ns (not significant).
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We found that the expression levels of co-entry receptor CXCR4 varied between
different Jurkat cell clones. Susceptibility towards productive HIV-1 infection
correlated with the expression levels of CXCR4. The frequency of productively
HIV-1 infected cells were normalised to the expression levels of CXCR4,
Figure 5.5B. One cell line (1.1) showed a significant reduction of productive HIV-1

infection, while clones 1.3 and 5.8 showed an increase in infection.

We next hypothesised that the RIG-I knock out effected proliferative activity and
this could alter HIV-1 infection. Proliferative activity was measured with
CellTiter96® and only one out of five analysed RIG-I-deficient cell lines (1.1)
showed a significantly reduced proliferative activity compared to the wildtype

control, Figure 5.6.
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Figure 5.6: Proliferative activity of selected RIG-I-deficient Jurkat cell lines.
A reporter assay (CellTiter 96®) was used to determine the proliferative activity

of RIG-I-deficient Jurkat cell lines. Wildtype (wt). N = 3, mean + SD. One-way
ANOVA, Dunnett’s test. *(p<0.05), ns (not significant).

In summary, Jurkat cell lines deficient for RIG-I, MDAS5 and MAVS and primary
cell lines deficient for RIG-I were generated in this thesis. Clonal effects in Jurkat
and primary cell lines, which can possibly affect HIV-1 infection, became evident.
In one pilot experiment, levels of productive HIV-1 infection in Jurkat cells varied
between clones and could not be explained with the presence or absence of
RIG-I. Time constraints put a stop to this part of the project. Cell lines generated
in this thesis will be further characterised (e.g. the expression of exhaustion

markers PD-1 and LAG-3 (Niu et al., 2019)) for their use in future projects.
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5.3 Discussion

We generated RIG-I-, MDAS- and MAVS-deficient Jurkat and RIG-I-deficient
primary CD4 T cell lines using the CRISPR/Cas9 gene-editing system. We
observed effects of the clonal selection of cell lines on the HIV-1 entry receptor
CXCR4 expression and this level of expression correlated with the susceptibility
of these cells for productive HIV-1 infection. Primary CD4 T cell lines with a RIG-
| knock out were successfully generated and maintained but showed signs of
activation with high levels of expression of HLA-DR. The RIG-I deficient Jurkat
cell lines were permissive to HIV-1 infection, but meaningful comparisons to wild

type cell lines will require further experiments.

5.3.1 Generation of knockout cell lines

Guide RNAs targeting DDX58 and IFIH1 were successful in generating RIG-I-
and MDA5-deficient Jurkat cell lines. The MAVS-targeting guide RNA did not
induce the loss of MAVS in all clones but led to the formation of a truncated
protein with a molecular weight of approximately 37 kDa in some cell lines. In
comparison, full-length MAVS has a predicted molecular weight of approximately
75 kDa (we repeatedly detected wildtype MAVS at ~70 kDa in CD4 T cell lysates).
Several polycistronic MAVS splice variants that give rise to at least nine MAVS
isoforms have been identified so far (Brubaker et al., 2014; Lad et al., 2008; Ota
et al., 2004; Qi et al., 2017; Seth et al., 2005), Figure 5.7.

The Crispr/Cas9 guide RNA used in this thesis targets a sequence that is located
within exon five of MAVS, Figure 5.7. Interruption of this exon may not be
sufficient to eliminate all existing MAVS isoforms. We speculate that the
expression of a truncated MAVS isoform is sufficient to disrupt the signalling of
RLRs.
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Figure 5.7: MAVS isoforms. Several isoforms of the mitochondrial antiviral-
signalling protein (MAVS) were observed in many reports. Up to six isoforms are
translated from a single full-length MAVS transcript and an additional three
isoforms were described to result from alternative splicing. The CRISPR/Cas9
system used in this thesis was targeted against a gene region within exon 5 of
MAVS (indicated with ). References: Seth et al., 2005 (A), Brubaker et al.,

2014(00), Qi et al., 2017(#), Ota et al., 2004(¥), Lad et al., 2008(o).

Full-length MAVS has an N-terminal CARD and a C-terminal transmembrane
domain and both domains are essential for signal transduction and localisation
within the mitochondrial membrane, respectively (Hou et al., 2011; Seth et al.,
2005). All previously described MAVS isoforms other than full-length MAVS are
either N-terminally truncated and are missing the CARD domain, or are splice
variants with reading-frame shifts or are missing the C-terminal transmembrane
domain (Lad et al., 2008; Qi et al., 2017).
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Further characterisation of the cell lines generated in this thesis will be necessary
to prove that the knockouts are functional. This could be done using specific
ligands for RIG-1 and MDA5 and by measuring the type-I IFN response in wildtype
and knockout cell lines following stimulation. Additionally, the CRISPR/Cas9-
targeted gene regions could be sequenced to confirm the genetic manipulation

and to specify the introduced mutations.

The process of generating RIG-I-deficient primary CD4 T cells was successful.
We observed unresponsiveness towards CD3/CD28 activation in several clones
during the expansion phase following the CRISPR/Cas9 manipulation. This
indicates a state of CD4 T cell exhaustion which can occur following prolonged T
cell activation (Balkhi et al., 2018). Together, these observations show that the
time-consuming process of generating knockout cell lines from small CD4 T cell
populations can induce T cell exhaustion and cellular senescence. This is of
importance in the context of HIV-1 infection as exhausted CD4 T cells show
epigenetic, transcriptional, metabolic and functional abnormalities which can
potentially affect their susceptibility to HIV-1 infection (Balkhi et al., 2018;
Crawford et al., 2014; Patsoukis et al., 2015; Rezaei, 2018).

The characterisation of some of the generated primary cell lines showed apparent
differences in their activation status, which prevented their direct use in HIV-1
infectivity assays. The removal of activating beads resulted in the loss of cells,
which reflects the process of effector cell contraction after pathogen clearance

observed in vivo (De Boer et al., 2003; Roman et al., 2002).

Despite the availability of different latently HIV-1 infected cell lines, it is crucial to
study host-virus interactions in primary cells. Others have shown that latently
infected cell lines differ from each other and primary cells derived from PLWH
(Telwatte et al., 2019). The authors identified differences in HIV-1 integration
sites, HIV-1 transcription profiles and expression levels of antiviral defence
pathways. Therefore, further optimisation is needed to generate primary CD4 T

cell lines that can be used to study HIV-1 infection. These cells will require
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monitoring for different immune checkpoint markers to ensure low and similar

levels of exhaustion to minimise secondary effects on HIV-1 replication.

5.3.2 The effect of RIG-I on HIV-1 infection in Jurkat cells

We performed HIV-1 infection experiments in RIG-I-deficient Jurkat cell lines and
a significantly lower productive HIV-1 infection was observed in one clone (1.1).
One explanation could be the reduced proliferative activity of this clone, which
was reduced considerably in comparison to wildtype cells. Based on these data,
the role of RIG-I during productive HIV-1 infection in Jurkat cells stays
inconclusive. We only studied a small proportion of the generated RIG-I-deficient
cell lines in comparison to one wildtype control so far. More knockout and wildtype
cell lines need to be included in further studies to conclude the effect of RIG-I on
productive HIV-1 infection. Furthermore, the degradation of RIG-I by HIV-1 PR,
as shown in Aim 2 of this thesis, could diminish the effects of the complete loss
of RIG-I during productive HIV-1 infection. The generated cell lines could be used
as controls in experiments involving HIV-PR inhibitors to restore innate immune
sensing and to differentiate between effects mediated by RIG-I and protease

inhibitors.

Furthermore, the characterisation of the studied cell lines was limited to their
proliferative activity and CXCR4 co-receptor expression. Additional data with
more cell lines are needed. Utilising MDA5- and MAVS-deficient cell lines will add
more knowledge on the role of the RIG-I and MDAS signalling pathways during
HIV-1 infection. Studies, including the MDAS- and MAVS-deficient cell lines,
exceeded the scope of this thesis. Still, the generation of these cell lines provides
the foundation for future investigations addressing the role of these proteins and

their underlying pathways in HIV-1 infection.

Clonal effects could be circumvented in future studies by using bulk cell
populations. We observed satisfactory knockout efficiencies above 50 % in Jurkat
and primary CD4 T cells. Knockout efficiencies could be further increased by a

second round of CRISPR/Cas9 editing. The bulk approach could significantly
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reduce the handling time of the cells and probably positively affect cell viability

and signs of T cell exhaustion in primary cells.
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6. General Discussion
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Our overall goal was to determine the role of the innate RNA sensor RIG-| in viral
infection of CD4 T cells. Several studies have reported transcriptomic data for
resting and activated CD4 T cells in different settings (Helgeland et al., 2020;
Sousa et al., 2019). To our knowledge, we were the first to study changes of the
transcriptome in resting human CD4 T cells following the specific stimulation of
the innate immune sensor RIG-I. We detected the induction of ISGs, indicative of
the effective priming of these cells for a broad, cell-autonomous antiviral
response. Furthermore, we demonstrated the downregulation of pathways that
are connected to T cell activation. We validated our findings in vitro and found
decreased metabolic and proliferative activities in CD4 T cells following RIG-I
activation. By utilising an antigen-specific, co-culture model for CD4 T cell
activation, we could show that the effector function (measured by IFNy release)

of CD4 T cells were also decreased following RIG-I activation.

We discovered that HIV-1-PR directly degrades RIG-l and MDAS5. The sensing of
RIG-I and MDAS5 agonists was abrogated in the presence of HIV-1-PR, hinting to

a possible immune evasion mechanism for HIV-1.

During the course of this project, Jurkat and primary CD4 T cell lines were
generated, which will allow future in vitro studies of the role of RIG-I, MDA5 and

their downstream adaptor MAVS during HIV-1 infection.

6.1 Harnessing the RIG-I-mediated T cell priming for novel HIV-1 therapies
It remains unclear if the in vitro effects on CD4 T cells (reduced proliferation,
metabolic activity and effector function) following RIG-I activation occur in vivo.
While many preclinical and clinical studies report benefits of RIG-I activation as
part of novel cancer therapies or as an adjuvant in immunisation regimens against
viral infections (reviewed in lurescia et al., 2020 and Yong and Luo, 2018), RIG-I
activation in CD4 T-cells has not been studied in vivo to date. The main limitation
in undertaking these studies is the lack of a CD4 T cell-specific delivery system

for RIG-I ligands in vivo. The development of such a system is one area of
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research undertaken by members of our group, where we are generating
nanoparticles that can be loaded with RIG-I agonists (and other drugs) to target

surface receptors on CD4 T cells to enhance cell-type-specific uptake.

An orally administered RIG-I agonist (inarigivir soproxil) was recently investigated
as a treatment for chronic hepatitis B virus (HBV) in a clinical trial but caused
severe liver injury in some virally-suppressed chronic HBV patients
(NCT04059198). In a previous study with healthy subjects, no severe adverse
effects became evident, but more than 40 % of the participants reported non-
severe adverse effects (NCT034936). The study outcomes were not published in
full to date, and it stays unclear if the liver toxicity was primarily caused by
inarigivir soproxil (e.g. toxic metabolites) or RIG-| activation and its effects on
chronic HBV patients. Immunologic responses following RIG-I activation might
cause adverse effects in infected tissues and might limit its use in the clearance

of persistent, viral infections.

In contrast to this clinical trial in chronic HBV, RIG-I agonists have been effectively
used in cancer cure strategies. RIG-| activation can mediate NK and CD8 T cell-
dependent killing of tumour cells in vitro (DaRler-Plenker et al., 2019; Duewell et
al., 2014) and intratumorally delivered compounds were found to be safe in
animal and human studies (reviewed in lurescia et al., 2020). The systemic
administration of a RIG-I agonist enhanced survival and led to long-term
remission in mice with acute myeloid leukemia (Ruzicka et al., 2020). These
studies highlight that therapeutic RIG-I activation can be safe in certain settings.
The potential to harness this pathway for viral infections like HIV-1 will depend
on the generation of drugs and drug-delivery methods that have a tolerable side-
effect profile (e.g. targeted delivery of RIG-I agonists with nanoparticles, as

mentioned above).
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6.2 Protecting cellular RNA sensing pathways to sensitise cells for HIV-1
and therapeutic RLR activation

RIG-I and MDAS5 are known sensors for HIV-1 infection, as discussed previously
(chapter 1). We identified active HIV-1 PR was responsible for the specific
degradation of RIG-I. We also demonstrated that HIV-1 PR targets and can
degrade MDAS. HIV-1 protease inhibitors are widely used for the treatment of
HIV-1 infection (Phanuphak and Gulick, 2020) and could potentially be used to
specifically prevent the degradation of RIG-1 and MDADS in vivo as a novel strategy
to enhance innate immune activation and potentially cell death following latency
reversal. In HIV-1 latency, there is limited expression of HIV-1 RNA or HIV-1
protein from the integrated pro-virus. Following latency reversal, the production
of viral RNA and protein and endogenous Y-RNAs should theoretically be
detected by innate factors such as RIG-I and MDA5 (Ringeard et al., 2019; Vabret
et al., 2019). Our work is consistent with a hypothesis that these pathways are
potentially disabled by HIV-1 protease. We therefore provide a rationale for
investigating the effects of latency reversal in the presence and absence of

protease inhibitors.

Precursor HIV-1 protease is translated as part of the Gag-pol polyprotein and has
limited activity and possibly a different specificity than mature HIV-1 protease
(Huang et al., 2019, 2011). The processing of Gag and Gag-pol by HIV-1
protease mainly occurs during particle assembly or shortly after and small
amounts of mature HIV-1 protease do not interfere with this process (Konnyi et
al., 2013). In contrast: the overexpression of the Gag-pol polyprotein enhanced
the proteolytic processing of Gag and Gag-pol and abrogated virion production
(Park and Morrow, 1991). Some non-nucleotide reverse transcriptase inhibitors
(NNRTIs) accelerated Gag-pol processing by promoting the formation of Gag-pol
homodimers (Figueiredo et al., 2006). NNRTI-accelerated Gag-pol maturation
induced CARDS8-dependend pyroptosis in productively HIV-1 infected cell lines
and ex vivo samples, which was dependent on HIV-1 protease activity (Wang et
al.,, 2021). The existence of processed Gag and Gag-pol polyproteins in

productively infected cells indicated the presence of active HIV-1 protease in
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absence of NNRTIs (Figueiredo et al., 2006; Park and Morrow, 1991; Wang et
al., 2021). Basal levels of mature HIV-1 protease might be sufficient to silence
RIG-I- and MDA5-mediated immune sensing. Wang et al, 2021, showed that
CARDS8 cleavage occurred in the absence of NNRTIs and was significantly
accelerated once NNRTIs were added to the cells, but only the latter induced cell
death. It stays unclear if CARDS8 activation plays a role during de novo HIV-1
infection, as incoming viral particles release mature viral protease into the
cytoplasm (degradation of RIG-I occurred during de novo infection and was
mediated by HIV-1 protease (Solis et al., 2011)). The effects of latency reversal

on RIG-I and MDAS protein levels require evaluation in future studies.

There are limited data available on the effects of HIV-1 treatment regimens with
or without protease inhibitors on the innate immune response and the HIV-1
reservoir size. The protease inhibitor ritonavir, but not other antivirals, mediated
the ongoing expression of ISGs following HIV-1 infection of monocyte-derived
macrophages in vitro (Nasr et al., 2017). In another study, there was no difference
in the size of the reservoir in PLWH on ART who were receiving a protease
inhibitors (lopinavir/ritonavir) containing regimen compared to those who were
not (Pasquereau et al., 2018). The specific role of protease inhibitors in restoring
innate immune sensing during in vivo reactivation of latent virus and their
potential to increase cellular sensitivity to therapeutic RLR activation (as

discussed above) has not been addressed yet.

It would be of interest to validate the results obtained by Nasr et al., 2017, in T
cell lines and primary CD4 T cells. If protease inhibitors mediated ongoing ISG
expression in these cells, the experimental layout could be extended to study
immune activation in different settings, including activated T cells (productive
HIV-1 infection) or resting T cells (latent HIV-1 infection) and the impact of
different CD4 T cell subsets. We would expect sustained type-l IFN expression
during productive infection in activated CD4 T cells in the presence of protease
inhibitors. The effects of protease inhibitors on immune activation in resting CD4

T cells during latent infection would be expected to be less significant, assuming



122

there is low or incomplete HIV-1 transcription in a non-activated cell (Yukl et al.,
2018).

The effect of protease inhibitors on immune activation during HIV-1 infection is of
particular interest in HIV-1 cure strategies. If innate immunity could be restored
by protease inhibitors during latency reversal, the clearance of the viral reservoir
could be more efficient. Clearance of infected cells involves innate and adaptive
immune responses, which can only be studied in vivo due to their full complexity.
Well established humanised mouse models are available to study HIV-1 infection
and the interactions with the human immune system in vivo (reviewed in Marsden
and Zack, 2017). These models are based on immunodeficient mice that support
engraftment with transplanted human cells to partly or near-completely re-
constitute the human immune system. Restoring innate immune sensors with
protease inhibitor treatment could be investigated in combination with latency-
reversing agents, RIG-I agonists (immune activation) or immune checkpoint
blockades (cell death) in mouse models for HIV-1 infection. It is noteworthy that
these animal models are limited by their relatively short timeframe of infection,
possible adverse effects of immune transplants (GvHD) and ongoing immune cell
activation despite ART (reviewed in Marsden, 2020). The latter might be an
obstacle in evaluating chronic immune activation in HIV-infected mice on ART, in

the presence or absence of protease inhibitors.

Antiretroviral treatment regimens with or without protease inhibitors are well
established and human ex vivo studies could be easily undertaken to investigate
the impact of protease inhibitors on the immune system and ongoing
inflammation. It would be of interest to monitor immune activation markers (e.g.
type-l IFNs, ISGs) in human blood samples from PLWH and if these markers
differ depending on the treatment type (incl./excl. protease inhibitors). This is of
importance as type-l IFN responses help to control early viral infection but could
have detrimental long-term effects (chronic immune activation), as discussed in
the next section. If protease inhibitors enhance the expression of ISGs in vivo

(indicative for ongoing innate immune activation) as seen in HIV-1 infection of
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monocyte-derived macrophages in vitro (Nasr et al., 2017) and do not help to
reduce the reservoir size in humans (Pasquereau et al., 2018), they should be

avoided in long-term ART to prevent ongoing immune activation.

6.3 RIG-I activation — more effective than type-l IFN monotherapies?

Type-I IFNs are widely used as therapeutics for different indications: recombinant
IFNo2 is used to treat cancer and chronic viral infections (HBV, HCV) and
recombinant IFN is in use to treat multiple sclerosis (reviewed in Lazear et al.,
2019). RIG-I mediates type-l IFN responses and is under investigation as a
therapeutic target with similar applications to type-I IFNs, e.g. for cancer and viral

infections.

The effect of type-I IFNs on HIV-1 infection has been broadly studied. Our group
has recently shown that IFNa can induce T cell activation and reverse HIV-1
latency using an in vitro model of HIV-1 latency and also CD4 T-cells from people
with HIV-1 (van der Sluis et al., 2020). IFNa alone has been extensively studied
in HIV-1 infection of humans and humanised mice and following SIV infection of
macaques, including the following. In humanised mice, IFNa reduced the
replication of HIV-1 once acute infection was established (Lavender et al., 2016).
In PLWH on ART, IFNa monotherapy reduced HIV-1 replication and cell-
associated HIV-1 DNA (Azzoni et al., 2013). A follow-up study by the same group
reported IFNa-mediated changes of the cell-surface glycome in CD8 T cells. The
authors hypothesised that this could potentially explain reduced HIV-gag-specific
CD8 T cell responses, and therefore an adverse effect of IFNa treatment (Giron
et al., 2020). Long-term recombinant IFNa treatment-induced IFNa antibodies or
autoantibodies, which caused the unresponsiveness to IFNa treatment and the
onset of auto-immune diseases (Aruna and Li, 2018; Mandac et al., 2006;
Scagnolari et al., 2012). It is unclear if RIG-I agonists would have similar adverse
effects to exogenous type-l interferons. Prolonged endogenous type-lI IFN
signalling has been associated with autoimmune diseases like systemic lupus
erythematosus and rheumatoid arthritis (Castafieda-Delgado et al., 2017; Shao
et al., 2016).
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The wide-ranging effects of IFNa have also been studied following SIV infection.
In SIV infected macaques on ART, IFNa had no effect on the viral reservoir
(Palesch et al., 2018). When IFNa was administered prior to SIV infection, there
was reduced acquisition of SIV infection and also reduced numbers of founder

viruses if infection occurred (Sandler et al., 2014).

Although we didn’t directly examine this in our work, it would be of interest to
determine the impact of CD4 T cell-specific delivery of RIG-I ligands on the latent
HIV-1 reservoir. Linehan et al., 2017, reported broad immunologic effects of
systemic RIG-I activation in mice. They found a strong upregulation of type-I IFNs
and ISGs, but also of chemokine receptors (CCR5, CCRY), chemokines (CCL2,
CCL3, CCL4), cellular remodelling factors (VAV3, SATB2) and other known
immune factors (TNFSF4 (OX40L), VDR), among others. Given the broad effects
of RIG-I activation on the immune system, its activation might be superior to type-|
IFN treatment and could be targeted as a novel component in future HIV-1 cure

strategies and treatment regimen.

We would expect varying outcomes of RIG-I activation relative to different stages
of HIV-1 infection: 1) Before infection, 2) during the acute phase of infection, 3)

during viral suppression on ART.

1) Even though RIG-I activation could possibly reduce the risk of acquiring HIV-1
similar to IFNaq, it should not be considered as a preventive treatment for the
following reasons. RIG-I agonists are strong immunomodulators, which can
induce an immunologic response with possible short- and long-term adverse
effects in otherwise healthy individuals. Also, very efficient and well-tolerated
FDA-approved drugs that block different steps in the early viral lifecycle are
available to prevent the acquisition of HIV-1 infection (reviewed in Riddell et al.,
2018).
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2) Once HIV-1 infection is established, blood viremia levels rise during the acute
phase of infection, which is accompanied by immune activation and antiviral
responses, which are not sufficient to clear the infection (reviewed in chapter 1).
Long-term recombinant IFNa monotherapy delayed and reduced the progression
to AIDS, maintained CD4 T cell counts and prolonged survival in asymptomatic,
treatment naive PLWH prior to the availability of antivirals as treatments for HIV-
1 (Rivero et al., 1997, 1994). We would expect that RIG-I agonists have similar
or extended effects during the acute phase of HIV-1 infection. RIG-I activation
induces the expression of type-l IFNs (IFNa and IFNB) (reviewed in Schlee and
Hartmann, 2016). IFNB has a higher binding affinity to the IFNAR1 receptor than
IFNa and induces a different transcriptional program (reviewed in Lazear et al.,
2019). The resulting broader immune response might be more efficient in

controlling viral replication than IFNa treatment alone.

The early onset of ART was positively correlated with a smaller reservoir size (Ho
et al., 2019; Kuhn et al., 2018). We would expect a beneficial effect of short-term
RIG-I activation accompanying ART during the acute phase of infection due to
the additional induction of type-l IFNs and their effects on viral replication and
spread. Transmitted HIV-1 strains were identified as more type-l IFN resistant
and associated with higher numbers of cell-free virus ex vivo when compared to
non-transmitted donor isolates (Fenton-May et al., 2013; lyer et al., 2017). Type-I
IFN half-maximal inhibitory concentrations (ICso) were 8-39 fold higher in
transmitted viruses than in donor isolates (lyer et al., 2017). HIV-1 isolates from
PLWH on ART showed high sensitivity to type-IFNs and rebounded viruses
became highly resistant to type-l IFNs once the treatment was interrupted
(Gondim et al., 2021). These findings indicate that type-l IFN resistant HIV-1
strains are selected due to the hosts innate responses during the acute phase of
infection in the absence of ART. The elevation of type-I IFN levels through RIG-I
agonists might assist in a more sustained viral control. We do not expect long-
term adverse effects on viral control as donor isolates showed low type-l IFN
resistance, indicating that resistance to type-l IFNs decreases during the chronic

phase of infection on ART.
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3) Once blood viremia levels are cleared and viral replication is effectively
suppressed by ART, RIG-I activation might be counter-indicated. ART frequently
achieves efficient viral suppression with a state of reduced chronic immune
activation, the primary driver of HIV-1 pathogenesis in PLWH on ART (reviewed
in Zicari et al., 2019). As outlined before, RIG-I agonists induce immune activation
and the release of type-I IFNs, which could possibly reactivate latent virus and

increase inflammatory processes.

6.4 Implications of this work for other RNA viruses like SARS-CoV2

At least 214 RNA virus species that infect humans have been identified, including
HIV, HTLV, Zika, Dengue, Ebola, Hepatitis A/C, corona and Influenza viruses
(reviewed in Woolhouse and Brierley, 2018). Some of these RNA viruses have
the potential to cause epidemics or pandemics or are already renown for frequent
outbreaks, imposing a high burden on public health systems (reviewed in

Carrasco-Hernandez et al., 2017).

In December 2019, novel coronavirus SARS-CoV2 (severe acute respiratory
syndrome coronavirus 2), causative for COVID-19 disease, was identified in
Wuhan, China (reviewed in Sofi et al., 2020). SARS-CoV2 spread rapidly
worldwide, infected more than 100 million people and caused nearly 2.5 million
deaths (WHO, 2021).

SARS-CoV2 and HIV-1 share similarities in how they affect the immune system:
Peripheral CD4 T cell loss accompanies the acute phase of HIV-1infection
(Brenchley et al., 2004) and is associated with a more severe disease
progression in SARS-CoV2 infected individuals (reviewed in Shrotri et al., 2021).
Cytokine-induced apoptosis and T cell migration were identified to promote the
peripheral CD4 T cell loss in COVID-19 disease (Adamo et al., 2020). SARS-
CoV2 infected CD4 T cells but not CD8 T cells were isolated from peripheral
blood of COVID-19 patients, and SARS-CoV2 infection of CD4 T cells was
established in vitro (Davanzo et al., 2020). The same group identified significant

changes in the proteome of SARS-CoV2 infected CD4 cells, affecting several
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cellular pathways, including TCR signalling, cell cycle, translation initiation and
apoptosis. IFNy expression was significantly reduced in CD4 T cells derived from
severe COVID-19 cases (low IFNy expression, similar to the healthy control)
when compared to CD4 T cells from moderate COVID-19 cases (up to 400-fold
induction of IFNy). It is important to note, that Davanzo et al., 2020, isolated
SARS-CoV2 infected CD4 T cells from patients with severe COVID-19 disease
but were unable to detect infected CD4 T cells in cases presenting with moderate
COVID-19 disease. The fact that Davanzo et al., 2020 observed reduced IFNy
expression in SARS-CoV2 infected but not in uninfected CD4 T cells, hints to a
possible involvement of cellular RNA sensors in modulating T cell responses
during SARS-CoV2 infection. We observed similar effects in primary CD4 T cells
following SeV infection, including reduced IFNy release and decreased metabolic
and proliferative activities. At the same time, SeV infected CD4 T cells were
primed for a broad antiviral response as seen in transcriptomic changes,
including the upregulation of antiviral genes and nucleic acid sensor pathways

(among others).

Type-l IFN responses are frequently suppressed in SARS-CoV2 patients
(Blanco-Melo et al., 2020; O’Brien et al.,, 2020). Viral membrane and
nucleocapsid proteins interfered with RIG-1 and MDA5 sensing of SARS-CoV2
and abrogated type-l and type-Ill IFN responses in vitro (Chen et al., 2020; Zheng
et al., 2020), while chemokine levels were robust during infection as measured
in vitro and ex vivo (Blanco-Melo et al., 2020). It is important to note that type-|
and type-lll IFNs significantly reduced SARS-CoV?2 replication in vitro (Mantlo et
al., 2020; Vanderheiden et al., 2020). Early but not late administration of
recombinant IFN-a2b was associated with a reduced mortality in COVID-19
patients in a multicentre cohort study (Wang et al., 2020). Several clinical trials
returned promising outcomes or are still investigating the clinical efficacies of
type-l and type-lll IFNs for the treatment of covid-19 disease (reviewed in Lee
and Shin, 2020). We observed diminished CD4 T cell responses following IFN-a
treatment in our in vitro T cell activation model. It is unclear if these negative

effects would occur in vivo but they might be overcome by the positive effect of
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the antiviral priming, which could possibly prevent CD4 T cell infection by SARS-

CoV2 and thereby reduce immune dysregulation.

These studies highlight the importance of functional RNA signalling pathways
during viral infections. Viruses evolved different innate immune evasion
mechanisms to prevent antiviral responses, including the evasion of PRRs or
ISGs and the degradation of adapter molecules and transcription factors
(reviewed in Beachboard and Horner, 2016). Protection or restoration and
activation of innate immune sensing pathways during viral infections might assist

in the clearance of the virus and the prevention of severe illness.

Therapeutic RIG-I or MDAS activation might provide a sustained type-l IFN
response to prevent severe outcomes of covid-19 disease if administered early
during infection. SARS-CoV2 can infect several tissue types and the upper and
lower respiratory tracts are the main replication sites (reviewed in Gupta et al.,
2020). Nebulised, inhaled IFNB is currently under investigation to treat SARS-
CoV2 infection and is expected to have less adverse effects than systemically
administered IFN (Synairgen Research, 2020). RIG-I and MDAS5 agonists could
be delivered in a similar dosage form to act directly on the infected tissue, with

possible beneficial outcomes compared to type-I IFN monotherapy.

6.5 Concluding Remarks

Functional RNA-sensing pathways are a prerequisite for efficient detection of
RNA virus replication in infected cells. HIV-1 directly targets cytosolic RNA
sensors RIG-I and MDAS5; thereby preventing the detection of foreign and
endogenous RNA species. For HIV-1, this mechanism can be inhibited by
protease inhibitors, which harbours the potential for new HIV-1 cure strategies
when used in combination with latency reversing agents. The activation of RNA-
sensing pathways by small molecules can be exploited in other infectious and
non-infectious diseases, if the activation and modulation of the immune system
is considered advantageous. Targeting of innate immune pathways has broad

therapeutic implications, even when infected or degenerated cells are not directly
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accessible for drug delivery as bystander cells can mediate immuno-modulatory
effects. The therapeutic activation of innate immune pathways is an emerging
strategy which can form the basis for the precise orchestration of immune

responses to achieve a better control of HIV-1 and other infectious diseases.
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Figure 8.1: Gene expression profile of enriched, primary CD4 T cells. CD4
T cells were enriched from PBMCs and analysed using RNA deep sequencing.
The representative data (1 Donor, naive CD4 T cells) shows an enrichment of T
cell specific markers (CD3, CD4), while transcripts for markers indicative for other
cell types were less abundant: CD8 T cells (CD8), monocytes (CD11b, CD14),
macrophages (CD14), granulocytes (CD66b), NK cells (CD56), B cells (CD19).
N =3, mean + SD.
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Figure 8.2: Quantification of RIG-l and MDAS5 band intensities in the HIV
protease degradation assay. Band intensities of full-length proteins (RIG or
MDAS5) and degradation products (RIG-I" and MDA5’) shown in western blots
detected with anti-RIG-I and anti-MDAS antibodies (Figure 4.10) were quantified
using ImageStudioLite software. Intensities are shown in relative units. RIG-I
(retinoic-inducible gene 1), MDAS (melanoma differentiation-associated protein
5), HIV PR (Human Immunodeficiency virus protease), WT (wildtype), IVT4 (in
vitro transcript 4), p(l:C) (polyinosinic-polycytidylic acid).
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Table 8.1: Top 50 differentially-regulated genes in Sendai virus infected
resting CD4 T cells. Transcriptomic changes in resting CD4 T cells following
Sendai virus infection. The top 50 up- and down-regulated genes are listed from
a total of approx. 2000 differentially expressed genes in this data set. Samples
and data were processed as described in 2.2.2.9. Pooled data from two different
donors, n = 6 (3 samples per donor).

Gene Symbol | Fold change Gene Symbol Fold change
(Up-regulated) | (infected vs. control) | (Down-regulated) | (infected vs. control)
SLC28A3 1424.3 LOC100507564 -26.5
IFNB1 170.4 GNB3 -12.3
SOBP 102.4 PHKG1 -12.0
IFIT1 74.8 CAPN12 -10.6
LINC01671 71.5 VSIG1 -9.9
IFIT2 55.9 KISS1R -8.6
B3GNT9 41.2 MSX2P1 -8.5
RSAD2 40.9 NOG -8.3
CXCL10 38.4 LOC100129148 -8.0
SPAG6 35.5 PTCH1 -6.5
AMOTL2 34.1 HPCAL4 -6.3
ANKRD37 33.3 PLLP -6.1
USP18 31.6 CROCCP3 -6.0
PPM1K-DT 30.2 IL23A -6.0
CMPK2 29.9 FBXL16 -5.8
MX1 28.2 THRA -5.6
HERCS 24.9 WNT10A -5.6
CH25H 24.6 EEPD1 -5.6
IFIT3 24.6 LINC00092 -5.5
IF16 23.6 PDGFB -5.1
LAMP3 23.3 PALD1 -5.0
NEXN 23.2 SMIM10L2A -4.8
OAS1 21.6 Pl16 4.7
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Gene Symbol | Fold change Gene Symbol Fold change
(Up-regulated) | (infected vs. control) | (Down-regulated) | (infected vs. control)
CHRNAG 211 PCF11-AS1 4.7
OASL 211 ASDURF -4.6
CXCL11 19.6 RIMBP3 -4.6
LOC102723534 | 19.6 GTF2IRD1P1 -4.6
OAS3 18.7 TSPAN18 -4.3
MX2 17.8 RAB4B-EGLN2 -4.3
CYP2J2 17.7 ANKRD44-AS1 4.3
ISG15 17.4 EPHA4 4.3
IFI44L 17.0 SULT1B1 -4.2
LGALS17A 16.0 PLD6 4.2
HELZ2 16.0 SEMA4C -4.2
BCL2L14 15.7 VSIR 4.2
IF144 15.6 PITPNM2 -4.1
LGALS9C 15.5 GRASP -4.1
TTC21A 15.4 SNAI3 -4.1
PLSCR1 14.6 LOC100134868 -4.0
CSAG3 14.4 MIR4697HG -4.0
ZBP1 13.5 MAP1A -4.0
PRR5 12.8 HKDC1 -4.0
DDX58 12.2 GALNT18 -4.0
NT5C3A 12.2 CP -3.9
DDX60L 11.9 LZTSA -3.9
RNF152 11.7 CCDC74A -3.9
HERC6 11.4 VPS9D1-AS1 -3.9
IRF7 11.4 CD27 -3.8
LRRC3 11.2 CAMKK1 -3.8
FRMD3 10.9 PEG13 -3.8




