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Title of the thesis: Characterization of cGAS-mediated DNA sensing in murine T 

cells. 

Author: Aparna Ponnurangam 

Abstract 

cGAS senses DNA from different sources in a sequence-independent, length- 

dependent fashion via the STING-TBK1-IRF3 axis. cGAS-mediated sensing of 

retroviruses and DNA viruses has gained momentum in the past years revealing the 

ubiquitous nature of cGAS in orchestrating innate immunity. cGAS was proposed to 

sense HIV-1 cDNA in murine L929 and MEFs. HIV-1-induced type I interferon 

responses are well characterized in major innate immune cells such as macrophages 

and dendritic cells. However, the HIV-1-specific innate responses occurring in CD4+ 

T cells are subject to discrepancies. We hypothesized that cGAS-mediated sensing 

of HIV-1 comprised a mode of restriction in murine T cells against the virus, hence 

sought to explore the DNA-sensing properties of cGAS in these cells. We agreeably 

show expression of cGAS in specific murine T cell lines and in primary CD4+ T cells 

in which cGAS constituted the major pattern recognition receptor in sensing DNA. 

cGAS-expressing murine T cell lines positively reacted to plasmid DNA stimulus and 

abrogation of cGAS expression dampened this effect. However, major differences 

were observed in the antiviral property of cGAS when subject to HIV-1 lentiviral 

particles or HSV-1∆UL41 challenge. cGAS-driven type I interferon responses were 

clearly detectable upon HSV-1∆UL41 exposure of the murine T cells. cGAMP 

production, phosphorylation of IRF3 and Ifit1 mRNA synthesis were noted. However, 

HIV-1 lentiviral particles failed to elicit similar responses. Furthermore, in our system, 

Trex1 KO did not enhance HIV-1 sensing of viral DNA in murine T cells. In contrast, 

cGAS-dependent upregulation of ISG responses upon HSV-1∆UL41 challenge 

increased in Trex1 KO T cells. Trex1 KO sensitized the cells to ISD stimulation. We 

speculate that the quantity and/or availability of HIV-1 cDNA, as a cGAS-stimulant, is 

inadequate to trigger type I interferon responses in murine T cells. 
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Titel der Doktorarbeit: Charakterisierung cGAS-vermittelten DNA-Erkennung in 

murinen T Zellen. 

Autor: Aparna Ponnurangam 

Zusammenfassung 

Das cGAS-Protein ist in der Lage, DNA unterschiedlichen Ursprungs auf 

sequenzunabhängiger und längenabhängiger Weise zu erkennen und eine Typ I 

Interferonantwort über die STING-TBK1-IRF3-Kaskade zu induzieren. Die 

Entschlüsselung der cGAS-vermittelten Erkennung genomischer DNA von Retroviren 

und DNA-Viren stand im Fokus der Forschung der letzten Jahre und enthüllte die 

Bedeutung von cGAS bezüglich der Regulierung der angeborenen Immunantwort. In 

murinen L929-Zellen und MEFs wurde eine cGAS-vermittelte Erkennung berichtet. 

Die HIV-1-induzierte Typ I Interferonantwort ist mit Hinblick auf Immunzellen wie 

Makrophagen und dentritischen Zellen bereits ausgiebig erforscht, jedoch nicht 

ausreichend untersucht hinsichtlich der HIV-1-spezifischen Immunantwort in CD4+ T-

Zellen. Wir vermuteten, dass cGAS-vermittelte Erkennung von HIV-1 Teil der 

antiviralen Restriktion in murinen T-Zellen ist und untersuchten daraufhin die 

Eigenschaften der cGAS-Funktion dieser Zellen. Wir zeigen, dass cGAS-

exprimierende ausgewählte murine T-Zelllinien und primäre CD4+ T-Zellen auf 

Plasmid-DNA reagieren und cGAS als hauptsächlicher Mustererkennungsrezeptor 

für DNA fungiert. cGAS demonstrierte ein unterschiedliches Potential in seiner 

antiviralen Aktivität gegen die Transduktion durch HIV-1-Pseudopartikel und Infektion 

mit HSV-1∆UL41. In Murinen T-Zellen, die mit HSV-1∆UL41 infiziert wurden, konnten 

sowohl eine cGAS-abhängige Typ I Interferonantwort als auch cGAMP-Produktion, 

IRF3-Phosphorylierung und Ifit1 mRNA-Synthese beobachtet werden. Im Gegensatz 

dazu führte die Transduktion lentiviraler HIV-1-Pseudopartikel nicht zu einer 

vergleichbaren Immunantwort. Ein KO des Trex1 Gens in murinen T-Zellen bewirkte 

keine verstärkte Fähigkeit HIV-1 zu detektieren, während HSV-1∆UL41-infizierte 

Zellen eine gesteigerte Hochregulierung von ISGs aufwiesen. Darüber hinaus 

demonstrierten die Trex1 KO-Zellen erhöhte Sensitivität gegenüber ISD-Stimulation. 

Wir kommen zu dem Ergebnis, dass die HIV-1 cDNA, welche cGAS stimulieren 

könnte, während einer Infektion nicht in ausreichender Menge vorhanden oder nicht 

zugänglich ist, um eine Typ I Interferonantwort in murinen T-Zellen auszulösen.
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1.1: Nucleic acid sensing 

The discovery of DNA dates back to almost two centuries ago, when it was 

discovered unexpectedly by the Swiss chemist Johann Friedrich Miescher (Dahm, 

2010). He published his results between the periods of 1860-1874. Ever since the 

discovery of DNA, lot of exciting research has been conducted to determine its 

structure and building blocks, and demonstrated that DNA is the genetic material of 

an organism through which genetic information is passed on to the progeny. Many of 

these discoveries have earned noble prizes. This pioneering work is reviewed in 

details elsewhere (Dahm, 2005). 

 

1.1.1: Identification of DNA as an immune stimulant 

The concept of nucleic acids as triggers of innate immunity has existed for a long 

time. In 1890, a New York-based surgeon, Dr. William Coley, tested the use of live 

and heat-killed bacteria to treat tumor (Lamphier et al., 2006). The component which 

elicited the immunostimulatory effects was, however, only identified in 1980 to be 

bacterial DNA (Tokunaga et al., 1984). Since RNA and DNA are the life molecules 

present in all organisms, how the distinction happens between self and non-self is 

quite a remarkable process.  

RNA interference is a process known to be highly effective in invertebrates and 

plants, where pathogenic RNA is silenced via complementary RNA from the host 

(Cerutti and Casas-Mollano, 2006). The functionality of RNAi as a predominant host 

defense mechanism in vertebrates still attracts discussions. In fact, the components 

of the RNAi pathway are well conserved in mammals and many microRNAs that 

either are pro- or anti-virus have been reported. For example, miRNA 122 was 

reported to enhance hepatitis C viral RNA synthesis (Jopling et al., 2005). Another 

example are virus-encoded micro RNAs and their function to control the virus life 

cycle in its host. A study identified a list of human and Epstein-Barr virus-derived 

microRNAs in controlling viral latency (Riley et al., 2012).  

The well-studied CRISPR process is now appreciated as an adaptive immune system 

that protects the bacteria from invading phages. It is a pre-historical enigmatic 

process of immunity against invaders that are conserved among the lower ranking 
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members of the prokaryotic phylogenetic tree. CRISPR, Clustered Regularly 

Interspaced Short Palindromic Repeats, consists of repetitive sequences that are 

interspersed with non-repetitive DNA sequences termed ‘spacer’. The non-repeating 

DNA sequences belong to the viral genome (Mojica et al., 2005). Bacteria and 

archaea integrate exogenous DNA fragments from pathogens and later transcribe 

them upon the consecutive attack by the same pathogen (Garneau et al., 2010). The 

presence of CRISPR sequences in 90% of archaea genome and 40% of bacterial 

genome reflects the extent of the biological importance of this mechanism (Mojica et 

al., 2000). Although it took many years from the first discovery of the repetitive 

sequences to link them to bacterial immunity, at the basis of the process lays nucleic 

acid sensing. Hence regardless of their ranking in the phylogenetic tree, almost all 

organisms have relied on nucleic acid sensing as a necessary immunological 

process to counteract the foreign invaders.  

Mammalian cells exhibit another predominant mechanism in which the host 

generates copious amounts of interferons and other cytokines upon sensing of 

nucleic acids (NAs) during stressful conditions. This mechanism also alerts the 

neighboring cells of the impeding danger of a pathogen. It depends on the 

expression of pattern recognition receptors (PRRs). The host cell expresses many 

germline-encoded PRRs, which recognize components of pathogenic origin known 

as pathogen-associated molecular patterns (PAMPs). A number of factors determine 

the outcome of the sensing process and also prevent the aberrant sensing of NAs, 

which might result in autoimmune disorders. Factors influencing the initiation of 

sensing NAs are their localization in specific host cell compartments, the presence of 

PRRs in the proximity, the length, concentration and sequence of the NAs, the 

contribution of PAMP shielding brought about by viral proteins and the presence of 

negative host modulators. 

 

1.1.2: PRRs against RNA and DNA 

RNA sensors 

Many PRRs against RNA and DNA are reported. Several toll like receptors (TLRs) 

function as RNA sentinels. TLR3 recognizes double stranded (ds) RNA molecules 

(Alexopoulou et al., 2001), whereas TLR7 and TLR8 mediate recognition of single 
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stranded (ss) RNA molecules (Diebold et al., 2004) (Heil et al., 2004). These TLRs 

reside in endosomes where they recognize RNA. The presence of other cytosolic 

PRRs against RNA would naturally broaden the sensitivity of the host. RIG-1 is a 

well-studied PRR against many RNA viruses. RIG-1 induces type I IFN through NFκB 

and IRF3/7 transcription factors (Yoneyama et al., 2004). RIG-1 can also function as 

a direct acting antiviral molecule against some viruses like hepatitis B virus, by 

directly binding to the viral RNA generated during the viral life cycle (Sato et al., 

2015) or associating with viral proteins as demonstrated for influenza virus (Weber et 

al., 2015). OAS1 is yet another direct acting effector protein, which binds to dsRNA 

and synthesizes 2’-5’ oligo adenosine that in turn activates RNase L to degrade 

cytosolic RNAs (Zhou et al., 1993; Zilberstein et al., 1978). Other cellular proteins 

such as PKR and IFIT1 can also directly bind to RNA molecules and inhibit 

translational processes from initiating (Levin and London, 1978; Pichlmair et al., 

2011), thereby acting as RNA PRRs. IFIT1 was shown to recognize 5’-triphosphate 

RNA. Recently, the RNA-bound structure of IFIT1 was resolved and revealed further 

structural details of the proteins’ specificity towards viral RNA and inactive nature 

against host RNA (Abbas et al., 2017). 

The RNA PRRs listed above recognize their ligands and activate innate immune 

responses based on length and sequence, depending on the presence of secondary 

structures on the RNA molecules. For instance, TLR3 recognizes 35-39 base pair 

(bp) RNA sequences and, on the other hand, MDA5 is potently activated by long 

dsRNA of more than 300 bp in length (Leonard et al., 2008; Wu et al., 2013). RIG-1 

displays, however controversially, a broader sensing ability to recognize both short 

and long dsRNA (Kato et al., 2008). TLR7 and TLR8 are highly sensitive to GU-rich 

RNA sequences (Heil et al., 2004). RIG-1 was activated by very short RNA 

molecules harboring the presence of hairpin structures within the 5’-triphosphate 

dsRNA (Kohlway et al., 2013). 

 

DNA sensors 

The identification and characterization of DNA sensors was comparatively slow. For a 

long time, TLR9 was the only identified DNA sensor shown to recognize CpG-rich 

DNA strands (Hemmi et al., 2000). The authors demonstrated that macrophages and 
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dendritic cells derived from TLR9-deficient mice did not display any immuno-

stimulatory effects upon culturing with CpG DNA. TLR9 is endosomal in localization 

(Latz et al., 2004) and activates MAPK and NF-kB to initiate the synthesis of type I 

IFN responses.  

Figure 1: Host cell DNA-sensors. Host DNA sensors such as cGAS, IFI16 and DDX41 
initiate STING mediated type I IFN responses upon DNA sensing. TLR9 localized in the 
endosome initiates type I IFN responses through MyD88 signaling pathway whereas AIM2 
localized in the cytoplasm initiates caspase1 signaling cascade. RNA Pol III upon sensing 
dsDNA generates 5’-triphosphate intermediate product which can be sensed by RIG-1. 
Adapted from (Ma et al., 2018). Image courtesy: With kind permission from Annual Review of 
Virology. 

 

Later, Stetson et al predicted the existence of a cytosolic DNA sensor through their 

experiments performed on TLR and NOD-like receptor (NLR)-deficient mouse 

macrophages. The authors fed macrophages with apoptotic cells habouring a pore-

forming bacterial enzyme to mediate the cytosolic escape of DNA, and measured 

ISG responses. They showed that sequence-independent DNA sensing of a 
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minimum length of 45 bp DNA molecule is carried out via a signaling pathway 

involving IRF3. Unfortunately, they did not invest in the further investigation of 

identifying the putative sensor (Stetson and Medzhitov, 2006). Today, the more likely 

sensor which fits their scientific results stands to be cGAS. Their simple and 

conceptual experiments still holds true in the light of new research evidence.  

Well before the discovery of STING and cGAS, TBK1 was reported as a component 

of the DNA sensing pathway involving IRF3 (Ishii et al., 2006). The experiments 

demonstrated that B-form DNA derived from various sources induced type I IFN 

responses in both human and mouse cells in a TBK1-dependent fashion. Moreover, 

they showed the absence of the involvement of TLRs and RIG-1. The accumulation 

of evidence pointing towards the existence of cytosolic DNA sensors fueled the pace 

towards their discovery in the upcoming years. DNA-dependent activator of IRFs 

(DAI) was reported to be a cytosolic dsDNA sensor in 2007. It was found to activate 

TBK1 and IRF3 pathways of type I IFN production in mouse fibroblasts (Takaoka et 

al., 2007).  

 

AIM2- the first cytosolic DNA sensor 

AIM2, a member of the AIM2-like receptors (ALR) family activates the inflammasome 

response by regulating caspase 1 in response to dsDNA (Hornung et al., 2009). The 

HIN200 domain and the pyrin domain of AIM2 interact with DNA and the adaptor 

protein ASC, respectively, to initiate NF-κB- and caspase 1-mediated responses. The 

authors showed that AIM2 was a cytosolic DNA sensor of dsDNA-containing vaccinia 

virus. Mice possess 13 ALRs in contrast to humans, who have only four ALRs (Gray 

et al., 2016a). However, the contribution of ALR in DNA sensing has also 

contradicting data. Gray et al, impressively demonstrated that depleting mice of their 

13 ALRs does not interfere in their ability to sense transfected DNA, DNA viruses like 

MCMV, or lentiviruses. Macrophages from ALR-knockout mice were found to be 

resistant to pyroptotic cell death, thereby signaling their role in inflammasome-

mediated responses (Gray et al., 2016a). The former study specifically looked at 

inflammasome responses whereas the later study focused on type I IFN responses. 

ALR family proteins induce inflammasome-mediated innate responses more 
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predominantly which could explain their dispensable nature in type I IFN-mediated 

outputs.  

 

IFI16 - The new PYHIN protein  

IFI16, another PYHIN protein (containing both pyrin and HIN200 domains) was 

reported to be involved in DNA sensing (Unterholzner et al., 2010). IFI16 and AIM2 

were then collectively called AIM2-like receptors (ALR) due to the common py-HIN 

domains, although they differed in their predominant subcellular localization. IFI16 

localized in the nucleus, but found to activate IFN-β responses in a STING- 

dependent manner, which are thought to be mediated in the cytosol, upon DNA 

stimulation. It was the first PYHIN protein to function as a DNA sensor to initiate type 

I IFN responses against virus-derived DNA. The mouse orthologue of IFI16, p204, 

was found to functionally mimic its human counterpart in recognizing DNA and joined 

the family of ALRs (Unterholzner et al., 2010). The crystal structures of pyhin proteins 

(AIM2 and IFI16 bound to dsDNA) were found to interact with the sugar phosphate 

backbone of the DNA, thereby initiating sequence-independent sensing of DNA (Jin 

et al., 2012). Although IFI16 was found later to be involved in inflammasome 

responses against many viruses, it is also capable of initiating IRF3-mediated type I 

IFN responses (Unterholzner et al., 2010). 

It was reported that IFI16 potently sensed the stem loop structures present in the 

ssDNA derived from HIV-1 reverse transcribed products, resulting in IRF3 activation 

in macrophages (Jakobsen et al., 2013). This was one of the early reports suggesting 

that lentiviral replication products from HIV are strongly sensed by the innate PRRs 

present in the host cytoplasm. Doitsh et al, reported the depletion of resting CD4+ T 

cells from HIV-infected individuals by a highly inflamed cell death process called 

pyroptosis (Doitsh et al., 2014). This study was followed by a related study which 

identified that IFI16 acts as the DNA sensor that induced death of abortively HIV-

infected CD4+ T cells through caspase 1 and pyroptosis. Currently, IFI16 is 

implicated in the sensing of many other virus-derived DNA (Monroe et al., 2014). 

IFI16 is heavily implicated in triggering host innate immunity against herpes viruses 

such as KSHV, HCMV, HSV-1 and other viruses like Epstein-Barr virus through 

inflammasome-mediated responses (Ansari et al., 2013; Johnson et al., 2013; Kerur 
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et al., 2011). It was reported that pathogenic DNA sensing takes place directly in the 

nucleus in case of HSV-1 and Epstein-Barr virus. Herpes viruses replicate their 

genome in the nucleus, which is the predominant subcellular location of IFI16 and 

hence might naturally succumb to IFI16-sensing properties. More recently, IFI16 was 

implicated in initiating NF-kB responses upon sensing nuclear damaged DNA in a 

cGAS-independent manner (Dunphy et al., 2018). In this new study, the authors also 

highlight the alternate signaling pathways of STING, which is activated depending on 

the type of stimulus the cell receives. Hence IFI16 is capable of initiating both 

inflammasome-mediated and IRF3-mediated responses against stimulatory DNAs in 

a sequence-independent manner. The shuttling of IFI16 between the nucleus and the 

cytoplasm was attributed to acetylation signals present in the nuclear localization 

signals present in the protein (Li et al., 2012b). How IFI16 discriminates between self 

and non-self molecules, given the fact that sensing could take place both in the 

cytoplasm and nucleus, is puzzling and warrants further elucidation. 

STING, the stimulator of interferon genes was discovered in 2008 by Ishikawa et al 

(Ishikawa and Barber, 2008). They reported high susceptibility of mouse embryonic 

fibroblasts depleted of STING to VSV, diminished IFN-β responses to B-form DNA 

and HSV-1. The same group reported that STING-deficient mice succumbed to HSV-

1 in vivo, highlighting the significant role exerted by STING in DNA- sensing 

pathways (Ishikawa et al., 2009). Around the same time, STING (MPYS) was linked 

to the induction of apoptotic signals in B lymphoma cells, giving the early evidence of 

STING involvement in cell death pathways (Jin et al., 2008). The detailed mechanism 

of the process of STING phosphorylating IRF3 through TBK1, a critical step in the 

induction of innate immune genes was described in 2012 (Tanaka and Chen, 2012). 

STING is a direct PRR against bacterial second messengers and that implies the 

evolutionarily conserved role of STING in host immunity (Burdette et al., 2011). 

STING implication in cancer is another field under constant monitor. Protective role of 

STING in cancer has compelling recent evidence. STING regulates proliferation of T 

cells. STING activation leads to the specific upregulation of pro-apoptotic genes in T 

cells, whereas it did not induce cell death in other cell types such as dendritic cells, 

macrophages and fibroblats (Gulen et al., 2017). The authors also demonstrated that 

T cell lymphomas can be specifically targeted by over-activating STING in these 

cells.  
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Yet another study proposes that STING activation reduces the proliferation of T 

lymphocytes through NF-κB pathways, independent of apoptosis induction (Cerboni 

et al., 2017). Both of these studies unveil the different signalling capacities of STING 

in initiating two distinct types of outcomes. STING activates the NF-κB pathway in 

response to damaged DNA via the formation of an alternative signalling complex 

involving ATM, PARP-1 and IFI16 (Dunphy et al., 2018). STING certainly plays a 

major role of an adaptor protein, responsible for inducing specific pathways based on 

cell type and stimulus. STING is subject to a number of post-translational 

modifications such as phosphorylation, sumoylation, palmitoylation, lysine 

modifications and ubiquitination to regulate its activity (Chiang and Gack, 2017; Hu et 

al., 2016; Konno et al., 2013; Mukai et al., 2016; Zhang et al., 2012). 

 

The new DNA sensor cGAS 

cGAS discovery in 2013 was a significant achievement in the field of DNA sensing. 

cGAS is probably one of the best characterised and structurally studied DNA sensor, 

owing to its striking role in detecting pathogenic DNA from a vast range of sources. 

cGAS is an evolutionarily conserved protein. A recent study using phylogenetic 

analysis revealed that the conservation of cGAS dates back to metazoa (Wu et al., 

2014). Interestingly, the analysis revealed that evolutionary conservation preserved 

both cGAS and STING together in species, highlighting the non-redundant nature of 

the cGAS-STING pathway. Recently, the conservation of the cGAS–STING DNA 

sensing pathway was studied in sea anemones (Kranzusch et al., 2015). There is 

evidence pointing towards the enzymatically similar functioning proteins of cGAS in 

bacteria. The enzyme dinucleotide cyclase from Vibrio Cholerae is a structural 

homolog to human cGAS and catalyses the generation of 3’-3’ cGAMP (Zhou et al., 

2018; Zhu et al., 2014). Interestingly, human specific STING amino acid exchange 

(R232H) reduces its capacity to interact with 3’-3’ cGAMP while maintaining its 

interaction with 2’-3’cGAMP (Ablasser et al., 2013a). The wildtype human R232 

STING variants, however, can still bind to 3’-3’ cGAMP with a reduced sensitivity 

(Ablasser et al., 2013a; Kranzusch et al., 2015). 
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Figure 2: The cGAS STING Pathway. Scheme adapted from (Ni et al., 2018) depicting the 
multistep cGAS-mediated DNA sensing from DNA and retroviruses. cGAS catalyzes the 
production of 2’-3’cGAMP upon DNA binding. 2’-3’cGAMP directly interacts with STING 
leading to its dimerization. This is followed by the recruitment of TBK1 and phosphorylation 
of IRF3. Nuclear translocation of phosphorylated IRF3 triggers the synthesis of type I IFN 
genes. 

 

The C-terminus of cGAS is highly conserved and contains the nucleotidyl transferase 

(NTase) core domain and the Mab21 domain. The NTase domain consists of a zinc 

ribbon domain (Almine et al., 2017). Both the DNA binding and protein interaction 

surfaces are located in this region (Gao et al., 2013a; Li et al., 2013b). Structural 

analysis revealed that cGAS shares a high degree of structural homology with OAS1, 

despite a low amino acid sequence similarity (11%) (Kranzusch and Vance, 2013). 

Both of these proteins are known to bind to viral nucleic acids and synthesize small 

nucleotide second messengers (Hornung et al., 2014). 

Although human and mouse cGAS share approximately 60% of amino acid identity, 

cGAS from both species function remarkably similar. The human gene MB21D1 is 

under a strong positive selection pressure and diverges at a faster pace (Hancks et 



CHAPTER 1: INTRODUCTION 
__________________________________________________________ 

22 
 

al., 2015). The structures of mouse cGAS in free state and dsDNA bound state 

(18bp) were resolved independently by many groups between 2013 and 2014 (Civril 

et al., 2013; Gao et al., 2013b) (Li et al., 2013a; Zhang et al., 2014). More recently, 

binding of human cGAS to a short 17 bp ds DNA was revealed. The structural studies 

shed more light on the intrinsically enhanced active nature of mouse cGAS protein in 

comparison to human cGAS in terms of cGAMP synthesis (Zhou et al., 2018). The 

authors elegantly generated chimeric cGAS protein containing human and mouse 

domains, and, through a series of amino acid substitutions, identified that the 

evolutionarily conserved K187 and L195 amino acid residues in human cGAS 

determines its specificity towards long ds DNA, thereby placing an evolutionary 

checkpoint to build tolerance towards shorter dsDNAs. Structural studies revealed 

that cGAS binds as dimers onto two DNA helices. cGAS binding was found to be 

more stable as the length of the DNA increased. The consecutive cGAS dimers 

maintained head-to-head and tail-to-tail conformations in alternating fashion for 

efficient energy utilisation, thereby forming a protein-DNA ladder (Andreeva et al., 

2017). The information from these studies will allow to specifically design drugs to 

target cGAS or STING in many pathological conditions. 

 

cGAS activation by dsDNA 

With many functional and structural data revealing the interaction and organisation of 

cGAS with dsDNA, it has become more clear that a minimum sequence length of 20-

40 bp DNA is required to activate cGAS. Luecke et al, validated the DNA sequence 

length-dependent activation of cGAS by generating PCR products in the range of 88-

4003 bps. Through these experiments, they proved that the longer the DNA 

sequence, the more likely it is to activate cGAS, even at low concentrations (Luecke 

et al., 2017). Corroborating studies reported that unpaired guanosine residues 

flanking a short 12-20 bp double stranded Y-form DNA exhibited a highly immuno-

stimulatory nature in human macrophages (Herzner et al., 2015). Although a 

minimum length of 20 bp is required for cGAS activation, this short DNA fragment is a 

poor activator of cGAS in vitro and fails to robustly activate cGAS in vivo (Herzner et 

al., 2015). This observation is well explained by the formation of cGAS dimers on 

DNA helices. A recent structural study demonstrated that cGAS dimers formed on a 

20 bp DNA are rather unstabble. A protein:DNA complex formation in the order of 

cGAS2(n) : DNA2 results in the formation of more stable higher molecular weight 
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complexes. The bending of DNA is also crucial in accomodating more cGAS dimers 

without physical hinderence. HMGB1/2 and TFAM are proposed to structurally pre-

arrange cytosolic DNA in order to faciliate the curvature of DNA and, in turn, increase 

higher degree of cGAS activation upon DNA binding (Andreeva et al., 2017). Yet 

another recent study proposes the formation of liquid phase separation in the 

cytoplasm in the form of liquid droplets upon cGAS-DNA interaction. Long DNA 

sequence promoted the phase separation and enhanced cGAS activity (Du and 

Chen, 2018). 

The activity of cGAS is tightly regulated through different mechanisms. Beclin1 

inhibits the catalytic activity of cGAS by directly interacting with it (Liang et al., 2014). 

Akt kinase down-modulates cGAS enzymatic functions, by phosphorylating a serine 

residue (S291) in the C-terminal enzymatic domain (Seo et al., 2015). Glutamylation 

interferes with the DNA-binding ability of cGAS. TTLL6 and TTLL4 are poly- and 

mono-glutamylates that are responsible for this modification (Xia et al., 2016). 

Sumoylation is an additional post-translational modification recently reported to take 

place in order to negatively regulate oligomerization, DNA binding and nucleotidyl 

transferase activity of cGAS (Cui et al., 2017). Glutamylation of cGAS is reversed by 

CCP6 and CCP5 to reactivate cGAS (Xia et al., 2016). SENP7 is a sumo-specific 

protease that relieves cGAS from sumoylation and reactivates it (Cui et al., 2017). 

 

Co-factors of cGAS 

Co-factors that facilitate or enhance cGAS-DNA binding also exist. Polyglutamine 

binding protein1 (PQBP1) in MDDCs was reported to physically bind onto reverse 

transcribed HIV-1 cDNA and simultaneously interact with cGAS, resulting in an IRF3- 

dependent innate response. PQBP1 intriguingly was found to localise in both the 

cytoplasm and the nucleus (Yoh et al., 2015). Recent studies place cGAS directly in 

the nucleus (Lahaye et al., 2018). However, PQBP1 was dispensable to other viral 

DNA sensing. Along the same lines, ZCCHC3, a CCHC type zinc finger protein, was 

reported as a co-sensor that enhances cGAS-mediated sensing of DNA viruses as 

well as cytosolic dsDNA molecules. This protein directly binds to dsDNA and 

promotes cGAS binding to DNA. ZCCHC3 depletion led to decreased IFN and 

cytokine response to many DNA viruses such as HSV-1, VACV and MCMV (Lian et 

al., 2018). 



CHAPTER 1: INTRODUCTION 
__________________________________________________________ 

24 
 

Remarkably, cGAS is also positively regulated by a metal cofactor. Mn2+ is released 

from cytosolic organelles and activates the cGAS-STING pathway. Manganese 

deficiency in mice, induced by interfering with their diet, makes them prone to DNA 

virus infection (Wang et al., 2018). 

 

1.1.3:The cGAS-STING co-operation in sensing DNA damage 

cGAS sensing of DNA is implicated in cancerous conditions. Studies have 

demonstrated the potential role of cGAS in DNA sensing (Zhang et al., 2011b) and 

mitochondrial DNA sensing (Liu et al., 2018; Rongvaux et al., 2014). DNA damaging 

agents trigger inflammatory responses (Cerboni et al., 2017). cGAS sensing of 

chromosomal DNA fixes the cells in a senescence state from the resulting 

inflammatory responses (Glück et al., 2017; Yang et al., 2017). Essentially, cGAS-

mediated sensing of micronuclei structures was reported to take place in the 

cytoplasm (Harding et al., 2017). cGAS was found associated with the micronuclei 

(Mackenzie et al., 2017). Aditionally, the generation of cGAMP was quantified 

through LC-MS in senescent cells (Dou et al., 2017), thereby implicating cGAS 

activity. STING- and cGAS- deficient mice failed to show tumor rejection, further 

exacerbating the role of these proteins in cancer (Woo et al., 2014; Xu et al., 2017). 

On the other hand, how cGAS remains unactivated during mitosis is not well 

elucidated. Post-translational modifications of cGAS could well explain such 

phenomenons. 

In line with these findings, many STING agonists are under development as a 

strategy to treat cancer. The tumor antagonising properties of STING, with CMA as 

the STING agonist, was well demonstrated (Gulen et al., 2017). FAA and DMXAA, 

two flavonoid candidate STING interactors, failed in the clinical phase trials due to 

their incapacity to bind to human STING in contrary to mouse STING (Kim et al., 

2013). 2’-3’cGAMP so far, is the only STING agonist with high affinity (Kd = 4 nM) to 

the protein (Gao et al., 2013b), hence it is described as a potent STING stimulator. 

Synthetic as well as bacterial cyclic dinucleotides (CDN) like ADU-S100 and c-

diGMP, respectively, are further being developed by the pharmaceutical companies 

to exploit the antitumor activities of STING. On the other hand, activating STING via 

activation of cGAS, which naturally catalyses the production of cGAMP, is under 
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exploration as well. The mechanism of STING-mediated antitumor processes are well 

reviewed elsewhere (Sokolowska and Nowis, 2018).  

 

2’-3’cGAMP can reach neighboring cells via gap junctions and activate STING-

dependent immune response in those cells. This mechanism serves to alert these 

cells about spreading infections (Ablasser et al., 2013b). Our lab reported that 

cGAMP produced in HIV-1-infected cells can be transferred intercellularly via HIV-1 

envelope-induced fusion sites. This also results in a strong STING-dependent 

activation of type I IFN gene expression and release (Xu et al., 2016). Gentili et al. 

and Bridgeman et al. reported that cGAMP could be incorporated into viral particles 

and transferred to newly infected cells. This mechanism could take place to activate 

antiviral mechanisms immediately following infection (Bridgeman et al., 2015; Gentili 

et al., 2015).  

cGAMP is cleared from the host cytoplasm by phosphodiesterases. ENPP1 was 

identified to play a role in the clearance of 2’-3’cGAMP (Li et al., 2014). STING has 

been suggested to contribute to clearing 2’-3’cGAMP (Rodero and Crow, 2015). It is 

hypothesized that STING translocates 2’-3’ cGAMP into the ER lumen where ENPP1 

cleaves it, although the exact mechanism is unclear. The use of snake venom 

phosphodiesterase in experimental protocols serves to cleave cyclic-di-nucleotides 

by hydrolyzing phosphodiester bonds (Xu et al., 2016) 

 

1.1.4: Other existing DNA sensors 

Cytosolic DNA sensing is a very crucial process. Survival of the host depends on 

accurately accessing the nature of the signal and driving appropriate responses. 

Hence it is more beneficial to the host to have several sensors in place as a fail proof. 

In line with this, the list of DNA sensors includes many other proteins. DNA- 

dependent activator of IFN regulatory factors (DAI) was identified as a cytosolic DNA 

sensor (Takaoka et al., 2007). DAI associated with B-form dsDNA and initiated 

activation of IRF3 via TBK1 in mouse fibroblasts. It was reported to sense DNA 

arising from bacteria as well as mammals in a sequence-independent manner 

(Takaoka et al., 2007).  
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DDX41, a cytosolic protein that satisfied the requirements of a DNA sensor, was able 

to bind to B-form dsDNA and initiate type I IFN responses mediated through the 

STING axis. DDX41 was active during HSV-1 infection of MDDCs (Zhang et al., 

2011b). Other DExD/H box proteins such as DHX36 and DHX9 were reported to bind 

to CpGA and CpGB DNA respectively. They triggered the MyD88-mediated IRF7 and 

NF-κB responses, after which they were implicated in sensing HSV DNA (Kim et al., 

2010).  

 

MRE11 was shown to bind to DNA directly and initiate type I IFN signalling using the 

STING IRF3 axis (Kondo et al., 2013). Interestingly, unlike other DNA sensors, 

MRE11 was not required in the immune activation against HSV-1. Ku70, yet another 

cytosolic DNA sensor was found for the first time to induce type III IFN responses 

against many different types of DNA (Zhang et al., 2011a). A crosstalk between the 

DNA sensing and RNA sensing pathways is well-illustrated with the example of RNA 

Pol III. This protein induces RIG-1 responses through the intermediate transcription 

of RNA moities from the DNA substrate. DNA from Epstein-Barr virus was 

transcribed into small RNAs by RNA Pol III, which were then subjected to RIG-1 

sensing (Ablasser et al., 2009). 

 

1.1.5: cGAS and STING counteraction by viruses 

As important as it is to sense foreign DNA for the host, it is just as important to 

escape sensing from the pathogens’ perspective. Although the list of viruses 

susceptible to cGAS-STING sensing is ever growing, one virus family stands out. 

Members of the Herpesviridae family are most widely studied to test cGAS sensitivity 

against DNA viruses and these studies have resulted in turn in the identification of 

viral antagonists. Many in vivo studies in mice have pointed out that STING 

deficiency increased the lethality of HSV infections, highlighting the importance of the 

DNA sensing pathway (Kalamvoki and Roizman, 2014; Reinert et al., 2016). HSV-1 

UL46 was found to directly interact with STING and inhibit innate immune gene 

induction. UL46 deficient virus had lower viral titres and did not block STING 

activation. However, it was not clear if UL46 simply blocked STING activation by 

directly binding to it or targeting it to proteosomal degradation (Deschamps and 

Kalamvoki, 2017). UL41, another HSV-1 tegument protein, directly targeted cGAS 
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mRNA expression through its endoribonuclease activity, thereby controlling the host 

immune responses (Su and Zheng, 2017).  

 

Figure 3: The cGAS STING counteraction by viral proteins.  Many viral proteins 
successfully antagonize the antiviral activities of cGAS and STING. Viruses such as KSHV 
have evolved more than one viral protein (ORF52 and vIRF1) to target different effectors of 
the cGAS-STING pathway. Scheme adapted from (Ni et al., 2018). 
 

Kaposi’s sarcoma-associated herpes virus (KHSV) has evolved many viral proteins to 

target specifically the cGAS-STING pathway. The gamma herpes virus specific 

tegument protein ORF52 blocked the enzymatic activities of cGAS by directly binding 

to cGAS and DNA. This study also highlighted the conserved nature of tegument 

protein in other gamma herpes viruses such as MHV68, RRv and EBV in 

antagonising cGAS functions (Wu et al., 2015). Cytoplasmic isoforms of KHSV-LANA 

were shown to directly interact with cGAS, thereby inhibiting the downstream 

signaling cascades (Zhang et al., 2016b). Although retroviruses like HIV and MLV 

have been proposed to be susceptible to the cGAS pathway, so far no retroviral 
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proteins are implicated in mediating the evasion of this sensing process (Gao et al., 

2013a; Stavrou et al., 2015). 

 

1.1.6: PRRs and autoimmunity 

Nucleic acids are thus far known to be the most predominant PAMP. Given the fact 

that nucleic acids form the basis of life in every organism, it is vital to segregate 

genuine danger signals from faulty ones. The shear spatial seperation of nucleic 

acids into subcellular compartments such as the nucleus, reduces the imminent 

danger but needs additional support to protect from self-sensing. This challenge calls 

for the necessity of the existence of immunomodulators, which impart tolerance 

towards aberrant self-sensing. Anything that shifts the balance between these 

processes results in deleterious drawbacks to the host. Mutations accumulated in the 

genome during the course of evolution exhibit supportive as well as destructive 

phenotypes on PRRs and immuno-modulators. Deleterious loss of function mutations 

on PRRs prove to be fatal. TREX1 (DNase III), a 3’ exonuclease, is probably one the 

most studied negative regulators in DNA sensing. It is associated with severe and 

chronic inflammatory responses in human patients with Aicardi-Goutières syndrome 

(AGS) due to the accumulation of undigested self DNA in the cytoplasm. The 

cytoplasmic presence of DNA induced prolonged STING stimulation and culminated 

in excessive type I IFN release (Crow et al., 2006; Gall et al., 2012). TREX1 

mutations are also associated with systemic lupus erythematosus (SLE) and familial 

chilbain lupus (Lee-Kirsch et al., 2007; Rice et al., 2007a). Additionally, the pro-

inflammatory phenotype observed in Trex1 gene-ablated mice was rescued by 

targeting cGas and Sting genes, and significantly reduced the mortality rate (Gall et 

al., 2012; Gao et al., 2015). Other DNases such as DNaseI and DNaseII also exhibit 

a role in inducing SLE-like conditions and rheumatoid arthritis (Napirei et al., 2000; 

Rossol et al., 2009). 

 



CHAPTER 1: INTRODUCTION 
__________________________________________________________ 

29 
 

 
Figure 4: Mechanism of action of TREX-1 and SAMHD1 during viral infection. Host 
cellular proteins such as TREX-1 and SAMHD1 degrade viral reverse transcribed DNA and 
cellular dNTP respectively thereby inhibiting innate immune recognition of the virus. (Hasan 
and Yan, 2014). 
 

Central in tightly regulating the autoimmune reactions lies STING. Gain-of-function 

mutations in STING are associated with increased activity of the protein and 

culminate in interferonopathies including SAVI (STING Associated Vasculopathy with 

onset in Infancy). V147L/M, N154S, V155M (mutations of STING) are some of the 

implicating mutations in SAVI (Jeremiah et al., 2014; Liu et al., 2014). The patients 

displayed elevated levels of IFN-β mRNA transcription and other ISGs in PBMCs. 

Another spontaneous mutation in STING (not presenting SAVI phenotype) is R284S. 

This mutation led to elevated levels of pro-inflammatory cytokines, intriguingly even in 

the absence of a DNA stimulus (Konno et al., 2018). Sjogrens syndrome (SS) is an 

autoimmune disease that is characterised by the presence of dry eyes and mouth. 

IFI16 is highly expressed in the salivary glands of patients with SS (Baer et al., 2016). 
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IFI16 antibodies are also produced in patients suffering from SLE (Seelig et al., 

1994). However, the exact role of IFI16 in SS or SLE is not clear. Apart from the 

mentioned ones, there are several other PRRs contributing to autoimmune diseases. 

SAMHD1, ADAR, RNASEH and ISG15 are few to name (Crow and Manel, 2015). 

Generally, these studies highlight the protective and precarious nature of the 

components involved in DNA sensing. 

 

1.2: Discovery of HIV 

Human immunodeficiency virus-1 (HIV-1) was identified in 1983 by french virologists. 

Previously, HIV was adressed as lymphoadenopathy-associated virus (LAV) (Barre-

Sinoussi et al., 1983). Since its discovery, a wealth of knowledge has accumulated 

unveiling critical information about the structure of the virus, the transmission route, 

receptor usage and the disease it causes. Soon after the discovery of HIV, the main 

receptor used by the virus was identified as CD4 (Dalgleish et al., 1984). A few years 

later, the co-receptors exploited by the virus were identified to be CXCR4 and CCR5 

(Alkhatib et al., 1996; Feng et al., 1996). After a genomic analysis of HIV-1 and HIV-

2, it was concluded that in fact these viruses are the result of cross-species 

transmission events of primate lentiviruses (Hirsch et al., 1989; Peeters et al., 1989). 

HIV-1 is demonstrated to be a direct descendant of Simian immunodeficiency virus, 

SIVcpz, which naturally infects the central african chimpanzees (Pan troglodytes 

troglodytes) (Gao et al., 1999). Hence these viruses share many disease-inducing 

features. Strikingly, a loss of CD4+ T cells was observed in the gastrointestinal tracts 

following HIV and SIV infections in human and rhesus macaques respectively, 

demonstrating similar nature of the viruses (Mehandru et al., 2004; Veazey et al., 

1998). Direct viral infection induced-activation was linked to the loss of the CD4+ T 

cells and additional scenarios such as prolonged host cytotoxic responses were 

found to enhance the loss of CD4+ T cells (Mehandru et al., 2007). 

 

1.2.1: HIV - the etiological agent causing AIDS 

According to the World Health Organization, more than 70 million people have been 

infected with HIV-1 since the beginning of epidemic. 36.9 million people are living 

with HIV-1 in 2017 according to WHO. Nearly 70% of people carrying the virus live in 

sub-Saharan Africa. HIV predominantly spreads via two major routes: horizontal 
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transmission from an infected donor to an uninfected recipient and vertical 

transmission from mother-to-child (Petroll et al., 2008). Transmission of the virus 

requires exchange of body fluids between HIV infected and uninfected individuals. 

HIV can be detected in most body fluidics such as semen, vaginal and rectal fluids, 

breast milk, saliva, urine and tears of viremic individuals. Predominantly, infections 

are established through the exchange of genital and rectal fluids, and breast milk, 

where the concentration of the virus is found to be high (Campo et al., 2006; Hewson 

et al., 1999; Swanstrom and Coffin, 2012). 

Sexually transmitted diseases such as syphilis, herpes and chlamydia that result in 

genital ulcers can increase the susceptibility and infectivity of HIV by destroying the 

host’s naturally occurring physical barriers (Reis Machado et al., 2014). Acquired 

immunodeficiency syndrome (AIDS) is characterized by the severe loss of CD4+ T 

cells. Early studies indicate that the rate of progression into the disease is 

substantially different among the infected individuals (Buchbinder et al., 1994). This 

led to the classification of infected individuals into two groups: the progressors and 

non progressors (Pantaleo et al., 1993). Infection is followed by peak viremia and HIV 

protein-specific cytotoxic T lymphocyte responses are observed (Borrow et al., 1994). 

The failure of the early immune responses to control the virus leads to chronic 

infection in which HIV establishes life-long persistence. The latent period is 

characterized by the presence of low viremia, active replication of the virus 

continuously proceeds in the lymphoid organs (Embretson et al., 1993).  

Depletion of CD4+ T cells is a key event that determines disease progression. The 

number of blood CD4+ T cells falls below 200/ul in HIV-1 infected individuals during 

chronic infection (Rosok et al., 1996). However, CD4+ T cells can be rescued by the 

use of antiretroviral therapy (Fischl et al., 1987). Establishing CD4+ T cell count has 

been a crucial marker in determining the severity of the disease and progression into 

AIDS. It is also a well-known fact that HIV-1 infection in the early stages accelerates 

the turnover of CD4+ T cells (Hazenberg et al., 2000). HIV-1 infection leads to the 

destruction of both infected as well as uninfected bystander CD4+ T cells. The 

mechanism of cell death in infected CD4+ T cells appears to be orchestrated via 

DNA-PK and viral DNA integration was necessary for initiating the killing process 

(Cooper et al., 2013). However, IFI16 was held responsible for the elimination of 

abortively infected bystander resting CD4+ T cell population by the process of 
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pyroptosis (Monroe et al., 2014). Abortive HIV-1 cDNA triggers IFI16-induced 

inflammasome responses, which ultimately results in cell death. DNA-PK and IFI16 

activation results in killing of CD4+ T cells following a direct HIV-1 exposure. Chronic 

immune activation also results in the decrease of CD4+ T cells in the long run. The 

innate immune response of the host cell significantly contributes to the vicious 

immune activation cycle. 

 

1.2.2: The genome and replication cycle of HIV-1 

The HIV-1 genome is comprised of two identical copies of RNA. The RNA genome is 

reverse transcribed by viral reverse transcriptase. The reverse transcribed DNA is 

flanked by LTR sequences. The LTR region consists of viral promotor regions. The 

reading frame of the viral genome codes for gag, pol and env. The gag gene 

encodes Matrix (MA), capsid (CA), nucleocapsid (NC) spacer proteins 1 and 2, and 

p6 proteins . Pol gene encodes for protease (PR), reverse transcriptase (RT) and 

integrase (IN). The env gene encodes the two glycoproteins, gp120 and gp41. Many 

regulatory and accessory genes are coded by HIV-1 which comprise of tat, rev, nef, 

vpr,vif and vpu (German Advisory Committee Blood, 2016). 

To successfully infect a host, HIV has to carry out four main steps 

1. Attachment and entry 

2. Reverse transcription 

3. Nuclear import of proviral DNA and integration into host genome 

4. Assembly and release of nascent viral particles and maturation. 
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Figure 5: The lifecylce of HIV-1. HIV-1, following binding to cellular receptors, enters the 
cell, reverse transcribes its’ DNA and integrates into host genome establishing latency. Upon 
transcriptional activation, synthesizes viral RNA and proteins. Virus assembly takes place in 
the plasma membrane. Maturation of the virus initiates following budding of the virus from the 
plasma membrane. Image courtesy: With kind permission from Nature Reviews Microbiology 
(Lusic and Siliciano, 2016). 
 

In the first step, HIV-1 Env attaches to and interacts with the primary host receptor 

CD4 (McDougal et al., 1986). This is the key step initiating viral entry. HIV-1 Env 

interacts with several other factors to enhance the interaction with host CD4. Some of 

the interactors which facilitate the process of Env-CD4 interaction are DC-SIGN, a 

negatively charged heparan sulphate proteoglycans on the surface and α4β7 

integrins (Cicala et al., 2009; Geijtenbeek et al., 2000; Saphire et al., 2001). Env 

binding to CD4 causes structural rearrangements in the variable loops of gp120, 

which then triggers the formation of four β-sheets that are of critical importance for 

co-receptor engagement (Kwong et al., 1998). HIV-1 R5 strains use the chemokine 

receptor CCR5 while X4 use CXCR4 as co-receptor (Alkhatib et al., 1996; Feng et 

al., 1996). These two key steps then trigger a membrane fusion. The co-receptor 

interaction exposes the fusion peptide of gp41 in the HIV Env, which brings the host 

cell membrane and the viral membrane into close proximity, thereby triggering the 

formation of a fusion pore through formation of a six helix bundle (Chan et al., 1997). 

The fusion is followed by the release of the viral contents into the cytoplasm. The 
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second crucial step in the viral life cycle is the process of reverse transcription. The 

HIV-1 viral particle incorporates the enzyme reverse transcriptase (RT) and initiates 

reverse transcription in newly infected cells (Whitcomb et al., 1990).  

HIV-1 RT makes use of host tRNA Lys3 as a primer and initiates the synthesis of the 

first DNA strand from the genomic RNA template (Isel et al., 1996). This process 

results in the formation of RNA:DNA hybrid. Interestingly, some recent studies 

propose that RNA:DNA hybrids can be subjected to cGAS-mediated sensing 

(Mankan et al., 2014). The RNA:DNA hybrid is subsequently subjected to the 

RNaseH activity of the RT, where the RNA is removed, thereby exposing the minus 

strand DNA (Telesnitsky and Goff, 1993). The repeats present in the genomic RNA 

allow minus strand transfer to proceed. Furthermore, the polypurine tract present in 

the genomic RNA is resistant to RNAseH cleavage and functions as a primer for the 

plus strand synthesis to proceed (Panganiban and Fiore, 1988). RNAseH cleavage 

finally removes the host primer used in the reverse transcription process. The reverse 

transcription process generates the viral cDNA with LTR sequences at the ends. The 

role of viral capsid (CA) during the process of reverse transcription is a well studied 

mechanism. Studies support that the CA organises the assembly of the newly 

generated genome. Mutating the viral CA destabilizes the structure of CA and 

restricts viral reverse transcription (Forshey et al., 2002). In agreement, recent 

studies have higlighted the role of HIV-1 capsids in evading the innate immune 

sensing. CA mutants such as P90A and N74D are impaired from interacting with host 

cofactors and trigger type I IFN responses (Rasaiyaah et al., 2013). The mutations 

also lead to leaky reverse transcription and thereby elicited sensing of RT products in 

a cGAS-dependent manner in immune cells such as DCs (Lahaye et al., 2013). 

De novo reverse transcribed HIV cDNA forms a pre-integration complex (PIC). The 

HIV-1 proteins, MA and Vpr are implicated in the nuclear entry of HIV PIC (pre-

integration complex). The nuclear localisation signals (NLS) present in MA are 

reported to be important in initiating the nuclear import (Bukrinsky et al., 1993). Vpr, a 

viral accessory protein lacking the presence of NLS, is shown in in vitro experiments 

to localise in the nucleus (Jenkins et al., 1998). However, the exact process of 

nuclear import of HIV PIC remains elusive. The interplay between several HIV viral 

proteins such as MA, Vpr, CA and IN is well described elsewhere (Jayappa et al., 

2012).  
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HIV-1 Integrase (IN) orchastrates the nuclear integration of the PIC. HIV-1 IN 

multimerises on the reverse transcribed DNA and forms a complex known as 

intasome inside the PIC (Hare et al., 2010). Once inside the nucleus, the intasome 

binds to genomic target DNA and HIV-1 IN starts the integration process by initiating 

strand trasnfer (Lusic and Siliciano, 2016). This process of recombination generates 

unpaired bases and the cellular repair machinery completes the process by filling in 

the complementary basepairs (Vink et al., 1990). HIV-1 preferentially integrates into 

active genes. The cellular protein LEDGF was required for this process. Many factors 

influence the integration site of HIV-1 (Singh et al., 2015). Sequence specificity, 

chromatin structure and cellular tethering factors like LEDGF determine the outcome 

of this process  

HIV-1 Gag initiates the necessary steps involved in the assembly of new viral 

particles. Gag polyprotein traffics to the plasma membrane where assembly occurs. 

The Gag polyproteins initiate the polymerization of Gag-RNA complexes (Jouvenet et 

al., 2009). Myristoylation of the Gag protein is shown to be essential to trigger 

membrane trafficking (Ono et al., 2004). Virion production is highly dependent on 

sphingolipid and cholesterol. Gag interacts with several cellular chaperones to aid in 

the assembly process (Dooher et al., 2007). HIV-1 envelope protein reaches 

independently to the plasma membrane and is incorporated into the virions 

(Kirschman et al., 2018). The viral membrane is derived from the host cell plasma 

membrane (Aloia et al., 1993). Two copies of polyadenylated capped HIV-1 RNA 

genomes are specifically packaged into the nascent virion (Rulli et al., 2007). Gag-

RNA interactions are neccessary for this process. The virus exploits the host ESCRT 

pathway to complete the final step in its life cycle and initiate budding. TSG101, ALIX, 

ESCRT III and VPS4 are host ESCRT complexes used in the budding of the virus 

(Garrus et al., 2001; Sundquist and Kräusslich, 2012; Zhai et al., 2008). The viral 

protease (PR) initiates the maturation of the freshly released viral particles following 

budding. The complex processes of maturation involves several steps before a fully 

infectious virus emerges (Hill et al., 2005). 
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1.2.3: Innate and intrinsic responses during HIV infection 

Interferon and HIV 

Interferons are broadly-acting antivirals and the body’s first line of defense 

mechanism. Interferon production is implicated in both acute and chronic HIV-1 

infections. However, the beneficial role of IFNs during HIV infection is under debate. 

A study reported massive production of IFN-α following HIV-1 infection in the plasma 

of infected patients, accompanied by many proinflammatory cytokines (Stacey et al., 

2009). pDCs are innate cells specialised to produce huge amounts of IFN and might 

be the source of the plasma IFN observed in HIV-1 infected patients. In vitro 

experiments show that pDCs obtained from HIV-1 infected patients re-stimulated with 

HIV, secrete copious amounts of IFN-α (O’Brien et al., 2011). Hence it is vital for the 

virus to overcome the host’s innate immunity in order to successfully establish an 

infection. Corroborating this observation is the fact that transmitter founder viruses 

are found to exhibit higher resistance to IFN in cell culture (Parrish et al., 2013). A 

more recent study suggested that the resistance to type I IFN is a major factor in 

determining viral fitness of transmitter founder viruses (Iyer et al., 2017).  

IFN secreted by HIV-1-activated pDCs inhibits CD4+ T cells proliferation and triggers 

apoptosis in bystander CD4+ T cell via the TNF-related apoptosis inducing ligand 

(TRAIL) and death receptor 5 (DR5) pathway (Herbeuval et al., 2006). Using a 

rhesus macaque model of SIV infection, researchers demonstrated that 

administration of IFN-α2a increased the expression of restriction factors and thereby 

contributed in the prevention of systemic infection. However, long- term treatment 

with IFN lead to desensitization, reduced antiviral state, increased viral reservoir and 

depletion of CD4+ T cells (Sandler et al., 2014). The gut-associated lymphoid tissue 

(GALT), a site where the majority of CD4+ T cells are produced, is also a place where 

these activated cells are lost during HIV-1 infection (Mehandru et al., 2004), 

(Brenchley et al., 2004; Guadalupe et al., 2003). The substantial loss of CD4+ T cells 

from the gastrointestinal tract, in turn, results in the phenomenon of microbial 

translocation that is characterised by the release of lipopolysaccharides (LPS). 

Significantly, higher levels of circulating LPS were reported to be a cause of systemic 

immune activation in HIV-1 infected individuals (Brenchley et al., 2006). Hence there 

is a dichotomy in the role of IFN during HIV infection. Early administration of IFN 



CHAPTER 1: INTRODUCTION 
__________________________________________________________ 

37 
 

might be beneficial in inducing the upregulation of restriction factors, whereas 

inflammatory responses in the long run might prove deleterious to the host. 

 

Restriction factors 

There are several restriction factors against HIV-1 present in the host cell that 

effectively control viral replication. These proteins are encoded by IFN-stimulated 

genes, thereby can mediate protection. They block diverse stages of the viral life 

cycle and are sometimes expressed in a cell type-specific manner. However, HIV-1 

has successfully evolved many strategies to overcome the restrictive nature of these 

proteins. SAMHD1 successfully controls HIV-1 infection in resting CD4+ T cells, non- 

dividing cells such as macrophages and dendritic cells by hydrolyzing cytoplasmic 

dNTPs (Laguette et al., 2011). The dNTP hydrolytic activity of SAMHD1 is impaired in 

dividing cells by CDK1 and CDK2-induced phosphorylation of threonine at position 

592 of SAMHD1 (Mlcochova et al., 2017). Interestingly, SAMHD1 is not counteracted 

by any HIV-1 encoded protein, but by Vpx of HIV-2 (Hrecka et al., 2011). Studies that 

investigate how HIV-1 overcomes the antiviral activity of SAMHD1 have revealed that 

HIV-1 might have evolved the ability to replicate at lower concentrations of dNTP 

than required for HIV-2 (Amie et al., 2013). 

Apolipoprotein B mRNA editing enzyme catalytic-like 3G (APOBEC3G) is a cellular 

cytidine deaminase. Deamination process results in the substitution of guanine (G) 

into adenine (A). Consequently, premature stop codons are inserted in the coding 

sequence. APOBEC3 is packaged into viral particles and deaminates the viral 

genome with G-A substitutions, thereby rendering it severely attenuated. A number of 

proteins in the APOBEC3 family are reported to be antiviral against HIV-1. HIV-1 Vif 

(Viral infectivity factor) successfully counteracts the functions of APOBEC3 proteins. 

Vif leads APOBEC3 proteins to ubiquitin/proteosome pathways (Sheehy et al., 2002). 

The interaction of APOBEC3 proteins with HIV-1 in vivo is reviewed by Albin et al 

(Albin and Harris, 2010).  

MX Dynamin-like GTPase 2 (MX2) overexpression reduced the levels of 2LTR circles 

in the nucleus. (Kane et al., 2013; Liu et al., 2013). MX2 antiviral action proceeds 

post entry, targeting nuclear import of the viral cDNA. Cyclophilin A, a well known 

HIV-1 capsid interactor, is required for this antiviral activity (Goujon et al., 2013; Liu et 

al., 2013). Additionally, HIV-1 Gag mutations of N57S and G89V were reported to 
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exhibit MX2 resistance (Goujon et al., 2013). Schlafen 11 (SLFN 11) potently inhibits 

HIV-1 by inhibiting viral protein synthesis but not transcription, based on codon usage 

of HIV-1 proteins (Li et al., 2012a) 

Guanylate-binding protein 5 (GBP5) is an interferon-inducible GTPase with strong 

anti-HIV-1 activities (Krapp et al., 2016). GBP5 interfered with the N-linked 

glycosylation of HIV-1 Env protein. Interestingly, Krapp et al. demonstrated that a 

deletion in the initiation codon of the HIV-1 Vpu gene confers resistance to GBP5 and 

increases Env expression. Tetherin is a type 2 membrane protein identified as the 

host factor that iscounteracted by HIV-1 Vpu protein. It was demonstrated to possess 

anti-HIV-1 functions simultaneously by two groups (Neil et al., 2008; Van Damme et 

al., 2008). Tetherin severly inhibited the budding of nascent viral particles from the 

plasma membrane by physically retaining them (Perez-Caballero et al., 2009). 

Interestingly, a human protein was found to hinder the release of many retroviruses 

(HIV-2, MoMLV) in early studies before the identification of the tetherin (Göttlinger et 

al., 1993). 

Although there are many restriction factors identified against HIV-1, so far, none is 

able to inhibit the viral integration of HIV-1 into host genome and establishment of 

latency. These restriction factors are the means of natural immunity in the host but 

nevertheless fail to hinder the chronic infection of HIV. The latent reservoir of HIV-1 is 

a replenishing source of nascent viruses establishing new infections, thereby making 

HIV-1 a lifelong infection. Currently, there is no vaccine against HIV-1 infection and 

the treatment options entirely rely on combined antiretroviral therapy (cART). 

 

1.3: Therapeutic options to treat HIV 

Soon after the discovery of the virus, the use of reverse transcriptase inhibitors were 

demonstrated to improve the quality of the immune system by reducing viremia and 

restoring CD4+ T cell count (Fischl et al., 1987). This led to the development of many 

anti-retroviral drugs to control HIV-1 replication in infected patients. Highly active 

antiretroviral therapy (HAART), also known today as cART, is a combination of drugs 

prescribed to HIV-1 infected individuals. The FDA has approved at least 40 drugs to 

be used against HIV in a monotherapy or combination therapy.  
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These drugs fall under one of the categories: 

1. Nucleoside reverse transcriptase inhibitor 

2. Non-nucleoside reverse transcriptase inhibitors 

3. Protease inhibitor 

4. Fusion inhibitor 

5. CCR5 antagonist 

6. Integrase inhibitors 

 

These drugs target a particular step in the viral life cycle. In addition to taking these 

drugs in monotherapy or combination fashions, pharmacokinetic enhancers are 

available to increase the effectiveness of the HIV drugs.  

 

1.3.1: Vaccine trials against HIV-1 

In addition to the assault on the homeostatic physical processes induced by the 

chronic immune activation, the side effects incurred due to the continuous usage of 

cART is another driving force to develop a vaccine intervention against HIV-1. A 

vaccine would aid in the global eradication of HIV-1. One of the first HIV vaccine trials 

with a large cohort, began in Thailand. The study participants were given four priming 

injections of a recombinant canarypox vector vaccine (ALVAC-HIV), followed by two 

injections of recombinant gp120 from HIV clade B and E (AIDSVAX B/E), 

respectively. The researchers concluded that there was a trend in the prevention of 

HIV-1 acquisition among study participants with a vaccine efficacy rate of 26.4% 

(Rerks-Ngarm et al., 2009). This was the first study that suggested a decrease in 

HIV-1 acquisition after immunization. Studies of such nature are promising by 

demonstrating that the development of preventive HIV-1 vaccines is on the horizon. 

Earlier studies using a cell-mediated immunity vaccine approach (MRKAd5 HIV-1 

gag/pol/nef) showed that this approach did not prevent infection and failed to control 

viral levels in the plasma of those individuals that got infected in the course of the 

study (Buchbinder et al., 2008). 

In 2005, a preventive vaccine trial using recombinant g120 was conducted by Gilbert 

et al. Although the vaccine induced augmented levels of innate responses, it failed to 

prevent HIV-1 acquisition (Gilbert et al., 2005). Many more studies highlighted the 

protective role of T cell-mediated responses against SIV acquisition in macaque 
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models. Exposure of the monkeys to a CMV vector-expressing SIV Gag, Rev-Tat-Nef 

and Env demonstrated persistent effector CD4+ and CD8+ T cell responses following 

challenge with SIV (Hansen et al., 2009). The exact antiviral role of CD4+ T cells 

responses during HIV-1 infection is not well understood. This calls for more studies to 

elucidate the role of CD4+ T cells during HIV-1 infections. The information might aid 

in the design of effective vaccine candidates triggering appropriate T cell immune 

reponses.  

 

1.3.2: Animal models to study HIV 

Although vaccines hold the potential in curtailing AIDS pandemic, there are many 

contributing factors in slowing down the vaccine research. The first among those is 

the lack of a suitable immunocompetent small animal model. Although HIV-1 can 

infect chimpanzees, it rarely results in disease development (Alter et al., 1984). This 

along with the endangered nature of chimpanzees limits their use in HIV research. 

 

Small animal models for studying HIV-1 infection  

Rhesus macaques rank as the best characterized primate model to study AIDS 

pathogenesis. SIVmac251 and SIVmac239 are two strains of SIV well adapted to these 

animals. Long-term infection results in high viral load, accompanied by slow and 

steady decline of CD4+ T cells, particularly in the GALT. These animals develop AIDS 

rapidly after 1-2 years following infection, which is in contrast to humans who typically 

take 10-15 years to develop AIDS (Hatziioannou and Evans, 2012). The 

development of transgenic animals took us a step forward but nevertheless failed to 

fulfill the need of an animal model. The reconstitution of these transgenic animals 

with human receptors engaged during HIV entry did not result in viral replication or 

disease progression (Browning et al., 1997; Keppler et al., 2002). Humanized mouse 

are genetically immunocompromised mice that are reconstituted with the human 

immune system via human tissue grafts. The available humanized mouse models to 

study HIV-1 infections are SCID-hu-Thy/Liv mice (McCune et al., 1988), SCID-hu-

PBL mice (Mosier et al., 1988), BLT mice (Melkus et al., 2006). The models have 

their own pros and cons. 
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Blocks to HIV-1 replication in mouse cells. 

Apart from the entry block, owing to the absence of HIV-1 entry receptors in murine 

cells, mice possess additional transcriptional and post-transcriptional blocks and are 

thus unable to support HIV-1 replication. Cell type-specific blocks were also 

observed. For example, murine fibroblasts were more permissive to HIV-1 

transduction than T-cells. Murine CD4 and CCR5 receptors do not support HIV-1 

entry, but the murine CXCR4 could be utilized by the virus as a co-receptor (Bieniasz 

et al., 1997). The need for entry receptors and co-receptors was successfully 

overcome by pseudo-typing HIV-1 with vesicular stomatitis viral glycoprotein (Tervo 

et al., 2008). Human cyclinT1 was also found to be essential for the transcription of 

HIV1 in mouse cells (Wei et al., 1998). Reverse transcription and nuclear import of 

HIV-1 DNA has been reported to efficiently take place in mouse T-cells whereas 

reduced integration has been observed (Tervo et al., 2008). It is interesting to also 

note that other lines of evidence exist, claiming the poor integration efficiency of viral 

cDNA due to a block at nuclear import (Tsurutani et al., 2007a). 

 

1.3.3: Cure approaches developed towards eradicating HIV-1. 

The discovery of CRISPR/Cas9 system of genome editing has opened the doors to 

creatively re-approaching the latency challenges. HIV latency is a major obstacle that 

delays in the control of the epidemic. New research is accumulating, utilizing 

CRISPR/Cas9 to edit integrated HIV genes from the host genome. An early study in 

2013 by Ebina et al successfully examined that targeting HIV-1 LTR regions resulted 

in a significant loss of LTR driven viral gene expression in T cells following 

stimulation (Ebina et al., 2013). Another study demonstrated the targeting of HIV 

regulatory genes using CRISPR/Cas9 technology in 293T and HeLa cells stably 

expressing the viral genes (Ophinni et al., 2018).  

The ‘Shock and Kill’ or ‘Kick and Kill’ strategy explores ways and means to activate 

latently infected cells and subjects them to the attack of cytotoxic T cells. The method 

is based on the use of latency reversal agents (LRA) such as HDAC inhibitors. HDAC 

inhibitors such as vorinostat, panobinostat, romidepsin and disulfiram are tested 

extensively in vitro and in in vivo experiments. An in vitro study performed on CD4+ T 

cells isolated from HIV-1 infected patients on ART demonstrated the use of vorinostat 



CHAPTER 1: INTRODUCTION 
__________________________________________________________ 

42 
 

in disrupting latency and inducing the expression of HIV-1 RNA in the cells (Archin et 

al., 2012).  

An inverse way of approaching the latent reservoir problem is the “Block and lock” 

strategy. This method is based on the properties of a Tat inhibitor, didehydro 

cortistatinA (dCA). HIV-1 Tat is a transcriptional initiator of viral gene expression and 

blocking Tat functions could lock the infected cells in an irreversible latent status. 

dCA prevented viral rebound after ART discontinuation in CD4+ T cells isolated from 

HIV-1 infected patients (Kessing et al., 2017). Such cells would fail to activate and 

eventually be eliminated from the host resulting in a sterilizing cure of HIV. 

In 2009, Hutter et al., reported that the allogenic transplantation of stem cells from a 

homozygous CCR5 delta 32 (32 bp deletion in the CCR5 gene) donor into a HIV-1 -

infected patient with acute myeloid leukemia rendered complete suppression of 

viremia in the peripheral blood, bone marrow and the rectal mucosa of the recepient 

(Hütter et al., 2009). This case study highlights the dependency of HIV-1 on CCR5 

co-receptor usage. The natural mutation in the CCR5 gene found approximately in 

1% of caucasians imparts a natural resistance to HIV-1 acquisition (Samson et al., 

1996). This mutation prevents the expression of a functional CCR5 protein. 

Evolutionary studies predict that the delta 32 mutation is relatively new but might be 

under strong selection pressure (Stephens et al., 1998). Taking together these data, 

a new direction in achieving the functional cure of HIV has been identified and will 

soon be exploited to eradicate HIV. 

 

1.4: Scientific questions addressed in the project: 

Innate sensing of HIV-1 infection might restrict the virus in the initial stages following 

infection. Hence it is necessary to study the built-in mechanism present in the prime 

targets of HIV-1-the CD4+ T cells. We hypothesized that cGAS-mediated sensing of 

HIV-1 cDNA might trigger innate immune responses in mouse T cells and hence 

restricts critical steps in the viral life cycle this explaining the species-specific ability of 

HIV-1 to replicate. Additionally, considering the nature of AIDS resulting in the rapid 

depletion of CD4+ T cells, identification of sensing patterns may, in the future, help us 

to tune the innate responses. This would ultimately result in the control of HIV-1 
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spread within the CD4+ T cell population. Keeping these facts in mind, in this project 

we aimed to characterize the following: 

1) The existence of the cGAS-STING pathway in murine T cells, particularly 

CD4+ T cells. 

2) The cGAS-mediated DNA sensing ability of these T-cells. 

3) The susceptibility of HIV-1 

4)  and other retroviruses to cGAS-mediated DNA sensing in murine T cells. 

 

The unavailability of a small animal model has been a massive set back to study new 

treatment strategies for HIV-1. Characterizing the intrinsic mechanisms which serve 

as a barrier to viral replication in mouse T cells would be very interesting. The above 

postulated questions aim to address these issues and might lead us in overcoming 

these barriers in the endeavors to generate a small animal model.
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2.1. Materials 

2.1.1. Reagents 

Reagents Company  cat no. 

2’3’ cGAMP InvivoGen  tlrl-nacga23 

Acycloguanosine (Acyclovir) Sigma-Aldrich A4669 

Agarose Carl Roth  3810.4 

Amicon Ultra 3K filter Millipore  UFC500396 

Ammonium persulfate Carl Roth  9178.1 

Ampicillin Sodium salt Roth  K029.1 

Bacto Tryptone BD/Difco  211705 

Bacto Yeast extract BD/Difco  288620 

Bacto-Agar BD/Difco  214010 

Benzonase nuclease Sigma-Aldrich E8263-5KU 

Beta mercaptoethanol Sigma  M3148 

Bovine serum albumin Gibco  30036-578 

Bromophenol blue Biomol  A512.1 

Cell culture dish 100x20 mm Corning  353003 

Cell culture dish 150x25 mm Corning  353025 

Cell culture flasks 175 cm2 Sarstedt  83.3912.002 

Cell culture flasks 75 cm2 Sarstedt  83.3911.002 

Cell culture plates (12 well) Greiner Bio-One 665 180 

Cell culture plates (24 well) Greiner Bio-One 662 160 

Cell culture plates (6 well)  Greiner Bio-One  657 160 

Chloroform Sigma-Aldrich C2432 

ConcanavalinA Sigma-Aldrich C2272 

c-diUMP InvivoGen  tlrl-nacdu  

Cryotubes  Sarstedt  72.379.007 

DNA ladder 1 Kb Thermo Fischer Scientific 10488085 

dNTP Thermo Fischer Scientific R0192 

DMEM Sigma-Aldrich D5796 

DTT Sigma-Aldrich 646563-10x  

EDTA Biochrom  L2113  

Efavirenz (EFV) Bristol – Myers Squibb  tablet 
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Ethanol Carl Roth  T913.3  

FACS tubes Corning  352054  

Falcon tubes 15 ml Sarstedt  62.554.502  

Falcon tubes 50 ml Sarstedt  62.547.254  

Fetal calf serum (FCS) Sigma-Aldrich 7524  

Biocoll separating solution Biochrom  0043F 

Filter tips (1000/100 µl) Biozym  VT0260, VT0230 

Glycine Carl Roth  3908.2  

Glycerol Carl Roth  3783.1 

HEPES Gibco  15630-056  

Interleukin-2 Sigma-Aldrich SRP3085  

ISD naked Invivogen  tlrl-isdn 

ISD control naked Invivogen  tlrl-isdcn 

Isopropanol Carl Roth  6752.4 

L-glutamine 200 mM Gibco   25030-024 

Luminometer plates (96 well) white Berthold  23300 

Magnesium chloride Carl Roth  KK36.1  

Methanol Carl Roth  CP43.3 

M-MuLV Reverse Transcriptase New England BioLabs  M0253L 

Mammalian protein extraction reagent Thermo Fisher Scientific 78501F 

MicroAmp Optical Adhesive Film Thermo Fisher Scientific 4311971 

Milk powder Carl Roth  T145.2 

Mouse CD3/CD28 beads Thermo Fisher Scientific 11456D 

Mouse Interferon Alpha1 pbl assay science 12105-1 

Non-essential Amino Acids (100X) Gibco  1140-035  

Opti-MEM Gibco  31985-047 

Penicillin-Streptomycin Gibco  15140-122  

Phosphate-Buffered Saline Sigma-Aldrich  D8537  

Paraformaldehyde Roth  0335.3  

Polyethyleneimine Sigma-Aldrich P3143 

Phenol Chloroform Isoamylalcohol Sigma-Aldrich P3803 

Precision Plus Protein Standard Bio-Rad  1610375 

Puromycin Sigma-Aldrich P8833 

Quali PCR-plates Kisker  G060/H/1E-7500 
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Random Hexamers Jena Bioscience  PM-301L 

RBC Lysis buffer Sigma-Aldrich 11814389001 

Reaction tubes 1.5 ml Sarstedt   72.690.301 

Reaction tubes 1.5 ml Sarstedt   72.695.500 

Reaction tubes 0.2ml Eppendorf  951010022 

Reagent reservoirs VWR  89094-680 

Rotiphorese gel 30 (37.5:1) Carl Roth   3029.1 

Rotisafe Carl Roth  3865.1 

RPMI 1640 Sigma-Aldrich R8758 

Serological pipette 5ml Sarstedt  86.1253.001 

Serological pipette 10ml Sarstedt  86.1254.001 

Serological pipette 25ml Sarstedt  86.1685.001 

Snake venom phosphodiesterase  Affymetrix   P3243 

Sodium azide Roth  K305.1  

Sodium chloride Sigma-Aldrich S3014   

Sodium pyruvate Gibco  11360-070  

Sodiumdodecylsulfate Sigma-Aldrich  4360.2 

S.O.C medium Invitrogen  15544-034  

Sucrose Sigma-Aldrich 16104 

Stericup 0.45 µm PVDF Millipore  SCHVU01RE 

Taqman Q-PCR master mix Life Technologies 4304437 

TEMED  Sigma-Aldrich  T9281 

Tris pure AppliChem   A2756.1000 

Triton X-100 Roth  3051.2 

Trypsin-EDTA solution (10X) Gibco  15400-054 

Tween 20 Sigma-Aldrich P7949 

Whatman paper Whatman  3030-931 

Whatman Protran nitrocellulose  

membrane GE Healthcare  10600002 

Azidothymidine (Zidovudine) Sigma-Aldrich PHR1292 
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2.1.2. Buffers and media composition 

1x TBS 50 mM Tris                                

150 mM NaCl                                 

pH 7.3 with HCl 

1x TBST 1x TBS, 0.5% Tween-20 

20% sucrose 20 % (w/v) sucrose in PBS, sterile 

filtered 

Blocking buffer for western blot 1% (w/v) milk powder in PBS or 

BSA in TBS 

Buffer for primary antibodies (western blot) 1% (w/v) BSA                       

0.05% (w/v) NaN3 in PBS or TBST 

Buffer for secondary antibodies (western blot) 0.5% (w/v) milk powder in PBS or 

BSA in TBST 

Complete DMEM / RPMI 10% (w/v) of heat inactivated FBS                         

100 Units/ml Penicillin               

100 µg/ml Streptomycin                

2 mM L-glutamine 

Complete DMEM for MEF cells Complete DMEM                           

1 % (w/v) NEAA                               

50 µM βME  

DNAse buffer (10x) 400 mM Tris HCL                      

100 mM MgSO4                              

10 mM CaCl2  

FACs medium (in PBS) 3 % FBS                                                                

0.05 % Sodium Azide 

Fixation buffer 2 % (w/v) PFA in PBS 

Freezing medium 30 % (w/v)FBS containing DMEM                        

10 % (w/v) DMSO                                                  

Sterile filter. Freeze at – 20oC 

Homogenisation buffer (for splenocyte isolation) 2% (w/v) FBS in PBS (without 

Ca2+ and Mg2+) with 2 mM of 

EDTA 

LB agar plates 15 g/l agar in LB medium 
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LB medium 10 g/l bacto tryptone                       

5 g/l yeast extract                        

10 g/l NaCl                               

Adjust pH to 7.5 with NaOH 

Autoclave  

Resolving gel (7.5%): for one gel (8 cm × 10 cm) 1.5 ml Rotiphorese gel 30          

1.2 ml 1.88 M TrisHCl         pH 8.8 

1.2 ml 0.5% (w/v) SDS               

2.1 ml H2O                                  

10 μl TEMED                                    

60 μl 10% (w/v) APS 

Running Buffer (10X) MES (per litre) 0.5 M MES                                 

0.5 M Tris Base                                 

1% (w/v) SDS                                    

10 mM EDTA. Store at 4 oC. 

SDS sample buffer (4X) 250 mM Tris HCl pH 6.8               

8 % (w/v) SDS                            

40 % (w/v) glycerol                   

400 mM βME                           

0.08 % (w/v) Bromphenol blue 

Stacking gel 0.33 ml Rotiphorese gel 30        

0.4 ml 0.625 M Tris HCl pH 6.8 

0.4 ml 0.5% (w/v) SDS             

0.87 ml H2O, 4 μl TEMED          

20 μl 10% (w/v) APS 

Terrific broth Solution A (per Litre)                                             

13.3 g/l Tryptone                      

26.6 g/l Yeast extract                  

4.4 ml Glycerin                   

Solution B (per litre)                 

23.1 g/l KH2PO4                       

125.9 g/l K2HPO4  .                                                

Autoclave and mix Sol A and SolB 

in a ratio of 9:1                                                       
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Transfer buffer (per litre) 3 g/l Tris                                   

14.4 g/l glycine                               

1 g/l SDS                                         

200 ml methanol 

Trypsin-EDTA (per 100 ml) 10 ml of 0.5% (w/v) Trypsin in 

PBS. 

X-100 buffer 1 mM NaCl                                    

3 mM MgCl2                                  

1 mM EDTA                                     

1% triton X-100                           

10 mM Tris pH 7.4 

TAE (1X) 40 mM Tris (pH 7.6)                                              

20 mM acetic acid                                                 

1 mM EDTA 

 

2.1.3. Kits  

CalPhos mammalian transfection kit Clontech  

Lipofectamine RNAiMAX Thermo Fischer Scientific  

Lipofectamine 2000 Thermo Fischer Scientific  

Lipofectamine 3000 Thermo Fischer Scientific  

Lipofectamine LTX with PlusTM Thermo Fischer Scientific  

Luciferase assay system Promega  

Maxwell 16 LEV simplyRNA tissue kit Promega  

Maxwell 16 Blood DNA kit Promega  

Easysep Mouse CD4+T cell isolation kit Stemcell Technologies 

Plasmid DNA purification kit Macherery-Nagel  

 

2.1.4. Instruments 

7500 Fast Real-Time PCR system Applied Biosystems  

Cell culture centrifuge 5810R Eppendorf  

Cell culture hood (HeraSafeKS) Thermo Fischer Scientific 

Centro XS3 LB 960 microplate luminometer Berthold Technologies  
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FACS Calibur BD Bioscience 

Gene pulser Xcell (Cell electroporation system) Bio-Rad 

Light cycler (Carousel based system) Roche Diagnostics 

Light Microscope DMIL Leica  

Maxwell 16 Instrument Promega 

ODYSSEY CLx LI-COR Biosciences   

PAGE Electrophoresis chamber system Analytik Jena  

PCR cycler (Tpersonal) Biometra 

PowerPac HC power supplier: Bio-Rad  

Rocker 2D basic IKA  

Sorvall LYNX 4000 centrifuge Thermo Fisher Scientific 

Sorvall WX Ultra series centrifuge Thermo Fisher Scientific 

Spectrometer (NanoDrop 1000) Peqlab 

Sterile cycle CO2 incubator (HEPA Class100) Thermo Fisher Scientific,  

T100 cycler thermal cycler Bio-Rad 

Table top centrifuge (5430R) Eppendorf 

Thermo mixer (1.5 ml) Eppendorf 

Trans-Blot TurboTM system Bio-Rad  

 

2.1.5. Plasmids and Restriction enzymes 

Plasmids 

pcDNA6/myc His A,B and C CMV promotor driven C-myc 

expression with 6x histidine 

epitope tags and ampicillin 

resistance gene. Transformed in 

STABl 2 bacterial cells Purchased 

from Thermo Fisher (Wicher and 

Fries, 2004) 

pCMV DR8.91  plasmid encoding HIV gag pol 

under CMV promotor. Used for 

lentivirus production (Dull et al., 

1998) 
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pCMV-VSV-G plasmid encoding the glycoprotein 

of vesicular stomatitis virus.(Emi 

et al., 1991) 

pHR-eGFP lentiviral plasmid encoding GFP 

under the CMV promotor. (Miyoshi 

et al., 1997) 

pMoMLV IRESeGFP full length moloney murine 

leukemia encoding plasmid with 

GFP (Goffinet et al., 2007b) 

pSER S11 SF GFP transfer plasmid encoding superior 

GFP. Used in the production of 

MLV lentiviral particles. Kind gift 

from Dr. Jens Bohne (MHH) 

pCMVi gag pol  plasmid coding moMLV gag pol 

under CMV promotor. Used in the 

production of lentiviral particles. 

Kind gift from Dr. Jens Bohne 

(MHH) 

 

Restriction Enzymes 

ApaI New England Biolabs 

BamHI New England Biolabs 

EcoRI New England Biolabs 

EcoRV New England Biolabs 

MluI New England Biolabs 

NotI New England Biolabs 

NheI New England Biolabs 

PvuI New England Biolabs 

XbaI New England Biolabs 

XhoI New England Biolabs 

 

 



CHAPTER 2: MATERIALS AND METHODS 
__________________________________________________________ 

52 
 

2.1.6. Antibodies 

Primary antibodies for immunoblotting 

Mouse anti-mouse TREX-1 BD Biosciences 611987 

Rabbit anti-beta actin Abcam  ab8227 

Rabbit anti-mouse cGAS Cell signaling 31659 

Rabbit anti p-IRF3 (Ser396) Cell signaling 4947S 

Rabbit anti p-TBK1 (Ser172) Cell signaling 5483 

Rabbit anti-ERK2 (MAPK) Santa Cruz SC-153 

Rabbit anti-STING Cell signaling 13647 

 

Secondary antibodies for immunoblotting 

IRdye 800CW Goat anti Rabbit IgG Licor Bioscience (Odyssey) 

IRdye 680RD Goat anti Rabbit IgG Licor Bioscience (Odyssey) 

 

Primary antibodies for flow cytometry 

Rat anti-mouse CD3, FITC conjugated BD Bioscience 

Rat anti mouse CD4, APC conjugated BD Bioscience 

 

2.1.7. Q-RT PCR reagents 

Primer Probe kits 

Mouse Ifit1 (FAM TAMRA) Life Technologies  

Mouse cGAS (FAM TAMRA) Life Technologies  

Mouse Mx2 (FAM TAMRA) Life Technologies  

Mouse Trex1 (FAM TAMRA) Life Technologies 

Rodent Gapdh (Vic) Life Technologies  

Mouse IFN-β (FAM TAMRA ) Life Technologies  

Human IFIT1 (FAM TAMRA ) Life Technologies  

Human cGAS (FAM TAMRA ) Life Technologies  

Human RNAseP (Vic) Life Technologies  

FastStart DNA Master Hyb Probe Roche 
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Available sequences of primers and probes 

Name Company Binding region Sequence 

Total viral DNA 
(HIV) Forward 
Primer (Goffinet 
et al., 2007a) 

Biomers LTR U5 and gag 5’-TGT GTC CCC GTC 
TGT TGT GT- 3’ 

Total viral DNA 
(HIV) Reverse 
Primer (Goffinet 
et al., 2007a) 

Biomers LTR U5 and gag 5’-GAG TCC TGC GTC 
GAG AGA GC – 3’ 

Total viral DNA 
(HIV) probe 
(Goffinet et al., 
2007a) 

Biomers LTR U5 and gag FAM 5’-CAG TGG CGC 
CCG AAC AGG GA-3’ 
TAMRA 

HSV-5 Sigma-
Aldrich 

Glycoprotein B, UL27 5’-CCA CGA GAC CGA 
CAT GGA GC-3’ 

HSV-9 Sigma-
Aldrich 

Glycoprotein B, UL27 5’-GTG CTY GGT GTG 
CGA CCC CTC-3’ (Y=C or 
T) 

HSV510F Sigma-
Aldrich 

Glycoprotein B, UL27 5’-TGT TGG CGA CTG 
GCG ACT TTG-3’ 

HSV510R640 Sigma-
Aldrich 

Glycoprotein B, UL27 red 640 5’-TAC ATG TCC 
CCG TTT TAC GGC TAC 
CGG-3’ phosphate 

 

2.1.8. Cell lines 

YAC-1 Mouse lymphoblastic T cell line 

derived from a lymphoma induced 

by inoculating moloney leukemia 

virus into a newborn A/Sn mouse. 

Kind gift from Dr. Roland Jacobs, 

Clinic for Immunology and 

Rheumatalogy at MHH (Kiessling 

et al., 1975) 

YAC-1 cGAS KO Parental YAC-1 cells subjected to 

CRISPR/Cas9 mediated knockout 

of MB21D1. Generated by Dr. 

Thomas Zillinger at the University 

of Bonn, Germany. cGAS 
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genotype: Allele 1 and 2: +2bp 

GCCCGCC[+YM]GTACGGG. 

YAC-1 TREX-1 KO Parental YAC-1 cells subjected to 

CRISPR/Cas9 mediated knockout 

of TREX1. Generated by Dr. 

Thomas Zillinger at the University 

of Bonn, Germany. TREX-1 

genotype: Allele 1:+1bp 

CCAGACC[+C]GCCCCG (Moore 

et al., 1966) 

L1210 Mouse lymphoblastic T cell line 

established from a tumor induced 

by skin painting mouse with 0.2% 

methylcholanthrene in ether. Kind 

gift from Dr. Roland Jacobs, Clinic 

for Immunology and 

Rheumatalogy at MHH (Moore et 

al., 1966) 

S1A.TB.4.8.2 (S1A.TB) T lymphocyte cell line derived 

from the S1A lymphoma of 

BALB/c mice. Source: ATCC. 

(Tervo et al., 2008) 

TIMI.4 T-lymphoblastic cell line derived 

from radiation leukemia virus 

induced thymoma of C57BL/6 

mice. Source: ATCC (Tervo et al., 

2008) 

R1.1 T lymphocytes derived from a 

spontaneous thymoma of a C58/J 

mice. Source: ATCC.(Tervo et al., 

2008) 

MEF MX2 luc Cell line established by 

immortalizing mouse embryonic 

fibroblast cells with firefly 
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luciferase placed under the control 

of interferon regulated mouse 

MX2 promoter. Kind gift from Dr. 

Mario Koester at the HZI, 

Braunschweig (Kugel et al., 2011) 

SUP-T1 Human T lymphoblastic cell line 

obtained from a patient with 

lyphoblastic leukemia. Source: 

NIH (Yu and Liu, 2018) 

THP-1 Human monocytic cell line 

established from the blood of 

acute monocytic leukemia 

diagnosed patient. PMA treatment 

results in differentiation into 

macrophage like cell type. Source: 

NIH (Tsuchiya et al., 1982). 

HEK 293T  A derivative of the human 

embryonic kidney 293 cells, 

contains the SV40 T antigen. 

Source: Kind gift from Dr.Jens 

Bohne at the Institute of Virology, 

MHH (Pear et al., 1993) 

 

2.2. Methods 

Molecular Biology 

2.2.1. Bacterial transformation 

1-2 µl of plasmid DNA with a concentration range of 100-200 ng/µl was added to 30 

µl of Stable2 competent bacterial cells (104 CFU/100 µl) and incubated on ice for 30 

mins. The mixture was subjected to a heat shock at 42 oC for 30-45 sec and 

immediately cooled on ice for 2 mins. 900 µl of pre-warmed S.O.C medium was 

added to the suspension and incubated at 37 oC for an hour. The bacterial culture 

was then pelleted at 3500 xg for 5 mins. 800 µl of supernatant is discarded leaving 
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100 µl in the reaction tube. The bacterial pellet is gently resuspended in the 100 µl 

and spread onto a LB agar plate containing the appropriate bacterial resistance 

antibiotic. Incubation was carried at 37 oC overnight. 

 

2.2.2. Glycerol stock preparation 

850 µl of dense bacterial culture was mixed with 150 µl of glycerin (86.5%) in a 

cryotube and stored at minus 80 oC. 

 

2.2.3. Plasmid DNA isolation and restriction digestion 

A single bacterial colony was picked from the LB agar plate containing transformed 

bacteria or alternatively a scratch from the glycerol stock of the appropriate bacteria 

was taken and inoculated with 100 ml of TB medium supplemented with appropriate 

antibiotic at a final concentration of 100 µg/ml. The culture was incubated at 37 oC 

under constant shaking (190 rpm) overnight. Dense overnight bacterial cultures were 

pelleted at 3500 xg for 10 mins at RT and plasmid DNA isolation was performed 

using commercial DNA extraction kits (Machery Nagel) following manufactures 

protocol. Concentration and purity was quantified spectrophotometrically.  

Digestion of DNA with restriction endonucleases. 

The purified DNA was then restriction digested with appropriate enzymes to assure 

the correctness of the plasmid. 

Plasmid Restriction enzyme used 
pcDNA6/myc His A,B and C BamH1/XbaI 
pCMV DR8.91 EcoR1/XbaI 
pCMV-VSV-G EcoRI 
pHR-eGFP BamHI/ApaI 
pMoMLV IRESeGFP NotI/MluI 
pSER S11 SF GFP AgeI/NotI 
pCMVi gag pol NotI/EcoRI 
 

2.2.4. Agarose gel electrophoresis of DNA 

0.8 % agarose gel was prepared using 1x TAE buffer. 3 µl of rotisafe dye was added 

to the dissolved solution when cooled (dissolved by microwaving) and poured into a 
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DNA electrophoresis chamber to solidify. DNA was mixed with loading dye in a ratio 

of 1:1, loaded onto the individual pockets and electrophoresed at 130 V for 30 min. 

As a reference, DNA ladder comprising of known molecular weight molecules was 

electrophoresed in a separate pocket simultaneously in the same gel. DNA was 

visualized under UV light. 

 

2.2.5. RNA and DNA extraction 

RNA or DNA was extracted from cell pellets containing approximately 25 x103 cells 

using the Maxwell 16 instrument (Promega) with the Maxwell 16 LEV simply RNA 

tissue kit or Maxwell 16 Blood DNA kit (Promega) following the manufactures 

protocol. 

 

2.2.6. cDNA synthesis. 

cDNA was synthesized using isolated RNA under the following reaction conditions. 

RNA 10 µl 
dNTP (10 mM) 0.5 µl 
Random Hexamers (10 mM) 0.5 µl 
Sterile water 5 µl 
Initial denaturation at 75 oC for 10 minutes followed by rapid cooling. 
20x RT buffer 1 µl 
MuMLV reverse transcriptase (200K 
U/ml) 

0.5 µl 

Sterile water 2.5 µl 
cDNA synthesis proceeds at 42 oC for 60 min followed by incubation at 90 oC for 10 
mins to stop the reaction. 
 

The resulting cDNA is stored at minus 20 oC. 

 

2.2.7. Quantitative real time PCR (Q-RT PCR) 

To measure the mRNA expression of selected genes in cells, Q-RT PCR was 

performed using the 7500 Fast Real Time PCR system (Applied Biosystems). The 

following reaction mixtures and reaction conditions were used. 

cDNA 2 µl 
Select mRNA primer probe mix (20x) 1 µl 
Rodent GAPDH FP (10 µM) 0.5 µl 
Rodent GAPDH RP (10 µM) 0.5 µl 
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Rodent GAPDH probe (20 µM) 0.5 µl 
Taqman universal PCR master mix (2x) 10 µl 
Sterile water 4.5 µl 
 

Cycling conditions 

Holding state 
2 min 50 oC 
10 min 95 oC 
Cycling state (40x) 
15 seconds 95 oC 
1 min 60 oC 
 

2.2.8. Quantification of HIV-1 reverse transcribed DNA copy numbers 

Total HIV-1 DNA copy number was quantified from DNA extracted from HIV-1 

infected cells. Primers binding to LTR U5 and gag regions of the HIV genome were 

employed. For establishing standard curves, plasmid encoding HIV-1 proviral DNA 

was serially diluted to obtain different copy numbers (250-2.5 x 106/reaction). The 

obtained HIV-1 copy numbers were normalized to cellular Gapdh quantified in the 

same reaction mixture. Cellular DNA standard was prepared by serially diluting 

genomic DNA from uninfected cells to achieve a range of concentrations (200-0.32 

ng/reaction). Values were calculated to show copy number per cell. Data analysis 

was performed using the AB 7500 system software. Method adapted from (Goffinet 

et al., 2007a).The following reaction mixtures and cycling conditions were used. 

DNA (50-100 µg) 2 µl 
HIV total viral DNA FP (5 µM) 1.5 µl 
HIV total viral DNA RP (5 µM) 1.5 µl 
HIV total viral DNA Probe (5 µM) 1.5 µl 
Rodent GAPDH FP (10 µM) 0.5 µl 
Rodent GAPDH RP (10 µM) 0.5 µl 
Rodent GAPDH probe (20 µM) 0.5 µl 
Taqman universal PCR master mix (2x) 12.5 µl 
Sterile water 4.5 µl 
 

Cycling conditions 

Holding state 
2 min 50 oC 
10 min 95 oC 
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Cycling state (40x) 
15 seconds 95 oC 
1 min 60 oC 
 

2.2.9. Standard PCR to measure HSV-1 DNA copy numbers 

DNA from HSV-1 infected cells was extracted using Maxwell Blood DNA kit 

(Promega) following manufacturer’s protocol. Viral copy numbers were measured 

using quantitative PCR with primers annealing to the UL27 ORF. Viral copy numbers 

were normalized to the total cellular DNA measured spectrophotometrically. PCRs 

were performed by Anja Pohlmann at the Institute of Virology, MHH. PCR method is 

described in (Engelmann et al., 2008). 

 

Cell Biology 

2.2.10. Flow cytometry 

Anti-CD4/CD3 immuno staining of T cells 

1 x105 cells/ml were centrifuged at 100 xg for 5 mins at RT and washed once with 

PBS. Following washing, the cell pellet was resuspended in 100 µl antibody 

containing solution (PBS containing 2 % FCS, anti-mouse CD4-APC, 1:100 and anti-

mouse CD3-FITC, 1:100) and incubated at 4 oC for 30 mins. An additional aliquot of 

cells was left unstained as a reference. CD4 and CD3 expression was measured on 

FACS Calibur in the FL4 and FL1 channels respectively (Sup Fig 1). 

 

Quantification of GFP expression 

Cells transfected with a GFP plasmid or transduced with a GFP encoding virus were 

pelleted at 100 xg for 5 mins at RT and washed with PBS, followed by fixation with 2 

% PFA for 90 mins at RT. GFP fluorescence was acquired in the FL1 channel in the 

FACS Calibur. 
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2.2.11. Immunoblotting 

Cell pellet was washed and resuspended in PBS or TBST. (TBST was used for 

blotting phosphorylated proteins). Cells were lysed following washing using a 4X SDS 

lysis buffer and denatured at 95 oC for 10 mins. Alternatively cell pellets were lysed 

using 40-60 µl of MPER (Mammalian Protein extraction reagent), centrifugated at 

17000 xg in 4 oC for 20 mins. The supernatant was collected and transferred to a 

different reaction tube. SDS lysis buffer was added to the supernatant and the 

mixture was cooked at 95 oC for 10 mins. The denatured proteins were loaded onto 

10 % SDS PAGE and electrophoresed at 125 volts for 60 mins (Biometra). The 

separated proteins were transferred onto a nitrocellulose membrane using the Trans-

Blot TurboTM transfer system at 25 volts for 30 mins. The membrane containing 

transferred proteins was incubated in 5 ml of blocking solution for 1 hour at RT or 4 
oC (non-phosphorylated and phosphorylated proteins respectively). The membrane 

was washed following the blocking step in PBS or TBST and incubated with primary 

antibody prepared in 5 ml of antibody preparing solution (in appropriate dilutions) and 

incubated overnight at 4 oC. Following the overnight incubation, membranes were 

washed and re-incubated with secondary antibody solution (1 in 10000 µl) for 30 

mins in dark at RT. The membrane was scanned using the Odyssey Infrared imaging 

system (LICOR) to visualize protein bands and analyzed using the ImageJ software.  

 

2.2.12. Cryopreservation and revival of cells 

Cells from a fully confluent culture (trypsinized in case of adherent cells) was 

centrifugated at 300 xg for 6 mins at RT and resuspended gently in 5 ml of freezing 

medium The cells were frozen in cryotubes by placing the tube in a Mr. Frosty 

container at minus 80 oC to allow gradual cooling. Following an overnight incubation 

at minus 80oC, the cells were shifted to minus 150 oC for long term storage. 

Frozen cell vials were quickly thawed by hands, transferred to 5 ml of pre-warmed 

medium and pelleted at 106 xg for 5 mins at RT. Cell pellet was gently resuspended 

in fresh pre-warmed medium and incubated at 37 oC in a CO2 incubator. 
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2.2.13. Cell culture 

Suspension cells 

T cells were cultured in complete RPMI at a cell density of 2 to 5 x106 cells/ml in T75 

flasks. Cells were passaged in a ratio of 1:3 once in 2-3 days. 

THP-1 cells were cultured in complete RPMI. THP-1 cells were differentiated into 

adherent macrophage like cells by seeding at a density of 105 cells/ml in a 12 well cell 

culture plate, supplemented with PMA (20 nM) for 24 hours followed by a fresh 

medium change without PMA. 

 

Adherent cells 

Confluent cell cultures, after microscopic examination was washed with 10 ml of 

PBS. Following washing, cells were trypsinized with 2 ml of 0.05% trypsin-EDTA for 

2-5 mins at 37 oC. Detached cells were resuspended in 10 ml growth medium and 

cultured in CO2 incubator at 37 oC.  

Parental HEK293T and mouse cGAS expressing HEK293T cells were cultured in 

complete DMEM and passaged once every 3 days at a ratio of 1:10. 

MEF MX2 luc cells were cultured in complete DMEM supplemented with 1 % non-

essential amino acids and 50 µM beta mercaptoethanol. Passaging was done once 

every 2-3 days in a ratio of 1:10. 

 

2.2.14. Isolation and stimulation of mouse Splenocytes. 

Wild type and cGAS KO C57BL/6 mice were sacrificed (by Pia Tegmeyer, Twincore) 

in accordance with good animal practice as defined by FELASA. The spleen was 

removed and homogenized in 10 ml of PBS (without Ca2+ and Mg2+) containing 2 % 

FBS. The homogenized cell suspension was filtered through a 70 µm cell strainer 

followed by centrifugating the cells at 300 xg for 7 mins at RT. Optional lysis of RBCs 

was performed by adding 2 ml of RBC lysing buffer (Sigma) to the cell suspension 

and centrifugating with PBS as mentioned above. This step was repeated once to 

quantitatively remove erythrocytes from the cell suspension. Finally the cell pellet 
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was gently resuspended in 5-10 ml of complete RPMI. The cell density was 

determined by counting the cells with a hemocytometer.  

Splenocytes were cultured in complete RPMI supplemented with IL-2 ( 50 ng/ml) and 

ConcanavalinA (2 µg/ml). 

 

 

2.2.15. Isolation and activation of mouse CD4+ T cells using EasySep Mouse 

CD4+ T cell isolation kit. 

Splenocytes were prepared as mentioned in 2.2.1 using PBS (without Ca2+ and Mg2+) 

containing 2 % FBS and 1 mM EDTA. The RBC lysis step is omitted. The cell 

suspension was then subjected to the isolation of pure non activated CD4+ T cells 

using the Easy Sep Mouse CD4+ T cell isolation kit following the manufacturer’s 

protocol. Purified cells were verified for CD4 surface expression as a measure for 

their purity via flow cytometry. 

CD4+ T cells were activated using mouse anti-CD3/CD28 beads (Gibco) using a 

bead to cell ratio of 0.5:1 and IL-2 (50 ng/ml). The cells were cultured for 3-4 days. 

 

2.2.16. Stimulation of T cells using plasmid DNA, small molecules and ISD 

Human and mouse T cells were resuspended in serum free RPMI at a density of       

5 x106/500 µl and electroporated in 2 mm glass cuvettes with either 12.5 µg of 

plasmid DNA, 3 µg cGAMP, 3 µg c-diUMP or 4 µg ISD using the Bio-Rad Genepulser 

Xcell at 250 V, 1000 µf capacitance. As a control, cells were mock electroporated. 

Following electroporation, cells were cultured in pre-warmed conditioned medium 

(500ul of fresh medium + 500ul of T cell supernatant) at 37 oC CO2 incubator and 

harvested at 6, 12 and 48 hours post electroporation. Supernatant from the 

electroporated cells were analyzed for the presence of bioactive type I IFN using the 

luminometric MEF MX2 assay. Cell pellets were subjected to RNA isolation and 

cDNA synthesis for Q-RT PCR assays aiming at determining the expression of Ifit1 

mRNA in response to DNA and small molecules stimulation. 
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2.2.17. Virus Production 

HEK293T cells were plated at a density of 2 x 105 cells/ml in a 100 x 20 mm cell 

culture dishes. Upon reaching 60 % confluency, cells were transfected using the 

CalPhos mammalian transfection reagent with the following reaction mixture per dish: 

Lentiviral packaging plasmid 10 µg 
Plasmid containing transfer gene 5 µg 
VSV glycoprotein coding plasmid 0.5 µg 
2 M calcium chloride 87 µl 
Sterile water Upto 700 µl 
2x HEPES buffer 700 µl 
 

This mixture was incubated for 5-20 mins at RT and added dropwise onto the cells. 

The cells were replaced with fresh medium the following day. 48-72 hours after 

transfection virus containing supernatant was harvested and initially centrifuged at 

900 xg to remove cellular debris. The supernatant was filtered through a 0.45 µm 

filter and is subjected to a 20 % sucrose gradient ultracentrifugation at 30,000 rpm for 

1.30 hours. The viral pellet was resuspended in 2 ml complete DMEM (concentration 

factor of 100 x), aliquoted and stored in minus 80 oC. 

 

2.2.18. DNAseI treatment of viral particles 

1 ml of concentrated virus containing solution was incubated with 100 µl of DNaseI 

(TURBO DNase 2 U/ul) and 100 µl of DNase I buffer at 37 oC for 1.5 hours. 200 µl of 

20 % sucrose was added to the bottom of the virus-containing tube and centrifugated 

at 20,000 xg for 1.5 hours. The process was performed twice to ensure quantitative 

removal of plasmid DNA from the viral stock. The DNase treated viral stock was 

aliquoted into cryotubes and stored at minus 80 oC. 

 

2.2.19. Determination of pseudoparticle infectivity using FACS 

5 x105 cells/ml were challenged with GFP expressing lentiviral stocks at escalating 

doses of 5 µl, 10 µl and15 µl, spinoculated at 612 xg for 1 hour at 32 oC. Three days 

post transduction, the cells were fixed with 2 % PFA for 90 mins at RT and assessed 

for GFP expression via the flow cytometry to quantify percentage of transduction. 
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2.2.20. Viral transduction of T cells with VSV-G pseudotyped HIV-1 GFP and 

MLV GFP particles 

Cells were seeded at a density of 5 x105/ml in a 24 well plate a day prior to 

transduction. VSV-G/HIV-1 GFP was added to the cells in appropriate volume. In an 

additional condition, cells transduced with lentiviral and retroviral particles were pre-

treated with 100 nM Efavirenz or 10 µM AZT (MLV only) for 30 mins to inhibit reverse 

transcription. For efficient transduction, the cells were spinoculated at 612 xg for 60 

mins at 32 oC. Transduced cells were cultured at 37 oC in a CO2 incubator. 

 

2.2.21. Challenge of T cells with HSV-1 ∆UL41 or HSV-1 Rev virus 

Cells were challenged with HSV-1 ∆UL41 or the revertant HSV-1 at a MOI of 0.1 

using the protocol mentioned in 2.2.20 The PFU of the virus was established on vero 

cells by Dr. Katinka Döhner at the Institute of Virology, MHH. Cells were 

supplemented with 20 µM acyclovir to inhibit replication of the virus. RNA extracted 

from infected cells was subjected to Q-RT PCR analysis for the quantification of 

ISGs. 

 

2.2.22. Luminometric MEF MX2-luc based assay for bioactive IFN 

MEFs carrying a luciferase gene under the interferon regulated MX2 promotor were 

seeded at a cell density of 105/ml in a 96 well flat bottom plate at 100 µl per well. The 

next day, the cells were inoculated with T-cell supernatant after removing the culture 

medium and incubated for 6 hours at 37 oC in a CO2 incubator. The luciferase activity 

was then measured using the Luciferase assay system (Promega) following 

manufacturer’s protocol. To quantify IFN, a standard was prepared on the same plate 

with murine IFNα1, serially diluted to generate quantities ranging between 50 IU/ml- 

0.39 IU/ml.  

 

2.2.23. Small molecule extraction 

Approximately 5 x105 cells were washed with ice cold PBS followed by centrifugating 

the cells at 1000 xg for 10 minutes at 4 oC. All centrifugation steps were performed at 
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4 oC. The pellet was resuspended in 500 µl of X-100 buffer and incubated on ice for 

20 minutes. The cell suspension was vortexed at regular 5 minutes interval during the 

length of the incubation to ensure proper lysis of the cell. The lysed resuspension is 

centrifuged at 1000 xg for 10 minutes. At this step, an additional sample containing 

spiked cGAMP is included. (1 µg in 500 µl of X-100 buffer). Following centrifugation, 

the supernatant is transferred to a separate tube. Benzonase (25 U) was added to 

the supernatant and incubated for 45 minutes on ice. Next, 500 µl of P:I:C was added 

and the mixture was vortexed vigorously, followed by centrifugation at 14000 xg for 5 

minutes. The upper aqueous layer was carefully collected and the step repeated. 

Lastly, the upper aqueous layer was recollected and mixed with 500 µl of chloroform, 

vortexed and centrifuged. Finally, the upper aqueous layer collected from the 

previous step was transferred to an Amicon 3K filter column and centrifuged at 14000 

xg for 5 minutes. The eluate was vacuum dried and resuspended in 15-20 µl of sterile 

water before storing at minus 20 oC. Protocol adapted from (Bridgeman et al., 2015) 

 

2.2.24. cGAMP bio-activity assay  

5 µl of small molecule extract was mixed with 5 µl of PBS. As a control, 5 µl of small 

molecule extract supplemented with 5 µl of SVPDE (100 U/ml) was incubated at     

37 oC for 60 minutes. THP-1 cells were transfected with SVPDE treated and 

untreated extracts using Lipofectamine 2000 following the manufacturer’s protocol. 

After 4 hours the transfected cells were subjected to a medium change and 

harvested two additional hours later. The cell pellet was subjected to RNA extraction 

and cDNA synthesis to quantify the upregulation of ISG expression. 

 

2.2.25. Statistical significance calculation  

Statistical significance, (p value), was calculated using One-way ANOVA 

(nonparametric) using the Graph pad Prism 5 software. students t-test (2 tails;1 type) 

was used to calculate the significance in Fig 12 alone. p≤0.05=*, p≤0.01=**, 

p≤0.001=3*,p≤0.0001=4*,ns=nonsignificant.
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3.1. cGAS protein is expressed in selected murine T cell lines 

cGAS is a well-characterised cytosolic DNA sensor and is ubiquitously expressed in 

many cell types including innate immune cells such as macrophages and dendritic 

cells, CD4+ T cells, fibroblasts and keratinocytes (Ablasser et al., 2013a; Almine et 

al., 2017; Cerboni et al., 2017; Gao et al., 2013a). Since we sought to study cGAS 

functions in murine T cells, we started by determining cGAS protein expression in 

these T cells. We prepared cell lysates from YAC-1, L1210, S1A.TB, TIMI.4, and 

R1.1 (established murine T lymphoblastic cell lines) and immunoblotted with anti-

cGAS antibody. As a positive control, lysates from HEK293T cells engineered to 

stably express mouse cGAS were used. We were able to detect cGAS protein 

expression in specific cell lines at the expected molecular weight of 50 kDa. YAC-1 

and S1A.TB scored positive and displayed high and low cGAS protein expression, 

respectively, while L1210, TIMI.4 and R1.1 showed no detectable expression of 

cGAS. As expected, parental HEK293T cells displayed no detectable cGAS 

expression (Fig.6A). 

 

Figure 6: cGAS protein expression in murine T cell lines. Cell lysates from different 
murine T cell lines, and human parental or murine cGAS-expressing human HEK293T cells 
(A) were probed for murine cGAS protein expression through western blot analysis. Wildtype 
(WT) YAC-1 and cGAS KO YAC-1 cells (B) were analysed for cGAS expression using             
SDS-PAGE. MAPK was used as a loading control  
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Since YAC-1 cells displayed high endogenous levels of cGAS protein expression 

compared to the other mouse T cell lines tested in our screen, this cell line was 

further subjected to CRISPR/Cas9-mediated knockout of cGAS (performed by Dr. 

Thomas Zillinger at the University of Bonn). Successful gene editing was confirmed 

through sanger sequencing (refer chapter 2.1.8 for genotype) and SDS-PAGE 

confirmed the lack of cGAS protein expression following gene editing of YAC-1 cells 

(Fig.6B). 

 

3.2. Primary murine CD4+ T cells and splenocytes express cGAS protein 

independent of their activation status. 

To determine if primary murine T cells express cGAS, we cultured splenocytes or 

pure CD4+ T cells isolated from C57BL/6 mice and subjected the cell lysates from 

those cultures to immunoblot analysis. Lysates were prepared from unactivated and 

IL-2/anti-CD3/CD28-activated cells obtained from wildtype (WT) and cGAS KO 

animals. Off note, CD4+ T cell cultures were subjected to FACS analysis immediately 

after isolation to confirm viability and purity of the cells before subjecting them for 

experimental purpose (refer supplementary Figs.1 and 2).  

CD4+ T cells expressed cGAS to a similar magnitude irrespective of the activation 

status, whereas cGAS-depleted cells failed to score positive (Fig.7A). The same hold 

true for WT splenocyte derived T cell cultures: unactivated and IL-2/ConA-activated 

cells exhibited cGAS expression, whereas cGAS KO splenocytes were negative 

(Fig.7B). The activation status of the cells did not directly modulate overall cGAS 

protein expression in our experimental set up as there was no considerable 

upregulation or downregulation observed between both conditions. 
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Figure 7: Murine CD4+ T cells and splenocyte cultures demonstrate cGAS expression. 
Lysates prepared from CD4+ T cells obtained from one wildtype (WT) and two cGAS KO 
C57BL/6 animals respectively, either unactivated or activated (IL-2/anti-CD3/28) (A), and 
from splenocyte cultures obtained from one WT and two cGAS KO C57BL/6 animals, either 
unactivated or activated (IL-2/ConA) (B) were analyzed for cGAS protein expression. 

 

3.3. The cGAS-STING DNA sensing pathway is functionally preserved in YAC-1 

murine T cells. 

Upon verification of cGAS protein expression through immunoblot analysis, we next 

sought to elucidate the functionality of cGAS signaling in murine T cells. All murine T-

cell lines used in our screen (Fig.6A) were subjected to a simple electroporation 

assay. Cells were individually challenged with different ligands comprising plasmid 

DNA, cGAMP, c-di-UMP or were mock electroporated. The resulting Ifit1 mRNA 

responses were quantified at different time points (ranging between 6-48 hours) via 
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Q-RT-PCR (Fig.8A and C). While plasmid DNA served as a stimulus for the 

enzymatic activity of cGAS, cGAMP, a well-known STING agonist circumvents cGAS 

and directly initiates the STING-TBK1-IRF3 signaling pathway (Gao et al., 2013a; 

Herzner et al., 2015; Sun et al., 2013). c-di-UMP, a synthetic molecule, was used as 

a negative control owing to its property to not strongly interact with STING (Yin et al., 

2012).  

The Ifit1 mRNA response quantified in the murine T cell lines correlated well with the 

cGAS expression profile observed in the respective cells. Among the panel we 

tested, YAC-1 parental (WT) cells displayed a robust Ifit1 mRNA expression, 1200- 

fold over mock as early as six hours following electroporation with plasmid DNA 

(Fig.8A). The Ifit1 mRNA response decreased slightly but stayed elevated at 400 fold 

at 12 hours post challenge and gradually decreased to 5-fold at 48 hours post 

challenge. S1A.TB, which showed mild endogenous cGAS expression, displayed 

only 3-4 -fold Ifit1 mRNA upregulation at all time points tested post DNA challenge. 

L1210, TIMI.4 and R1.1 failed to respond to plasmid DNA stimulus. cGAS KO YAC-1 

cells displayed a greatly diminished response to plasmid DNA. Only a 20-fold Ifit1 

mRNA upregulation was observed at 12 hours post challenge suggesting that 

absence of cGAS expression reduces the cells’ ability to sense plasmid DNA 

(Fig.8A).  

Since cGAS activates the IRF3 pathway which stimulates type I IFN expression, we 

verified the release of type 1 IFN protein using a reporter cell based assay. The 

accompanying IFN release was not observed in the entire panel of T cell lines, with 

the exception of WT YAC-1 cells. Less than 2 units of type I IFN was released into 

the supernatant by parental YAC-1 cells as quantified by MEF MX2 luc reporter 

assay (Fig.8B). 

In order to probe the efficacy of the downstream effectors involved in the cGAS-

STING pathway, we challenged all five murine T-cell lines with synthetic cGAMP. All 

tested T-cell lines unveiled a quantifiable Ifit1 mRNA response to cGAMP stimulation. 

However, we noted a huge cell line specificity in their capacities to respond to 

cGAMP. cGAS KO YAC-1 T-cells exhibited the highest measured Ifit1 mRNA 

upregulation at levels close to a million fold increase over c-di-UMP, followed by the 

other cell lines ranging between 10-10,000 fold increase over c-di-UMP (Fig.8C). 

cGAMP stimulus resulted in a relatively higher release of type I IFN in comparison to 
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the DNA stimulus, from WT and cGAS KO YAC-1 T-cells and L1210 cells. 

Surprisingly, TIMI.4 and R1.1 T-cells, despite displaying a 10,000 and 1000 fold Ifit1 

mRNA response to cGAMP challenge, respectively, failed to secrete detectable type I 

IFN (Fig.8D). S1A.TB on the other hand responded poorly to cGAMP challenge as 

seen by both Ifit1 mRNA response and type I IFN release (Fig.8C and D). 

Conclusively, our screen identified that murine WT YAC-1 T-cell expressed cGAS 

and initiated cGAS-mediated sensing of DNA. Hence YAC-1 T-cells is a suitable cell 

type to study cGAS antiviral functions. 

 

Figure 8: DNA sensing correlates with cGAS protein expression in WT YAC-1 T-cells. 
The panel of murine T cell lines were challenged with plasmid DNA (A,B) or cGAMP (C,D) 
and the resulting Ifit1 mRNA response was quantified via Q-RT-PCR (A,C). Type I IFN 
release following the stimulation was measured using MEF-MX2 reporter cells (B,D). Values 
depicted for WT YAC-1 T-cells represent the average of six independent experiments. The 
values representing the other cell lines are the average of three independent experiments. 
Error bars represent ± SEM. Statistical significance was compared only between WT and 
cGAS KO conditions.  
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3.4. Plasmid DNA sensing is cGAS-dependent in primary murine CD4+ T cells 

and splenocytes. 

The results assessing the existence and functionality of the DNA sensor cGAS in 

murine T cell lines suggested that cGAS is expressed and functions as a unique 

cytosolic DNA sensor in some of the T cell lines we analyzed (Fig.8). This prompted 

us to investigate whether the same holds true in primary mouse T cells isolated and 

cultured from the spleen of WT or cGAS KO C57BL/6 mice. Activated primary mouse 

CD4+ T cells from both groups of mice were electroporated in a similar fashion as the 

T-cell lines to shed light on the functionality of the cGAS-STING DNA sensing 

pathway.  

Our data demonstrates that WT CD4+ T cells responded to plasmid DNA, following its 

cytosolic delivery, as seen from the resulting Ifit1 mRNA response (Fig.9A). The 

average Ifit1 mRNA response peaked at 6 hours following DNA challenge, rising to a 

54-fold induction over mock and gradually subsided at 48 hours. The abrogation of 

cGAS protein expression led to a significant drop in the Ifit1 mRNA to background 

levels under similar conditions of DNA challenge (Fig.9A). Secreted IFN levels were 

however low to undetectable in cells from both genotypes. Less than 0.2 IU/ml of 

type I IFN was released into the supernatant of WT cells and no IFN was detectable 

in the supernatant of cGAS KO CD4+ T cells in response to DNA (Fig.9B). 

Triggering STING activity directly by cytosolic delivery of cGAMP resulted in an 

abundant Ifit1 mRNA response by both WT and cGAS KO cells. The primary T cells 

showed 250-400-fold higher Ifit1 mRNA upregulation compared to c-di-UMP 

stimulation, in similar magnitudes, was observed between the two genotypes under 

our experimental conditions throughout the course of the experiment (Fig.9C). 

However, the accompanying levels of secreted type I IFN were different between the 

WT and cGAS KO CD4+ T cells in response to STING activation. WT cells showed 

pronounced amount of type I IFN released into the supernatant, peaking at 12 hours 

following stimulation with an average of 12 IU/ml. cGAS KO cells secreted lower 

levels of IFN under same conditions. Below 5 IU/ml of type I IFN was detected 

throughout the course of the stimulation. c-di-UMP stimulation, like expected, did not 

contribute to any detectable levels of Ifit1 mRNA response (Fig.9C) or IFN release 
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(Fig.9D). There was no detectable IFN released upon c-di-UMP challenge (data not 

shown). 

 

Figure 9: cGAS-STING DNA sensing pathway is functional in primary murine CD4+ T 
cells. IL-2/anti-CD3/28 -activated WT and cGAS KO CD4+ T cells were mock-electroporated 
or challenged with DNA, cGAMP or c-di-UMP and the resulting Ifit1 mRNA (A,C) and type I 
IFN release (B,D) was measured. Individual experimental values are depicted with symbols 
and the arithmetic mean depicted in bars with error bars ± SEM. Statistical significance was 
compared o between WT and cGAS KO conditions at similar time points. 

 

We next wished to extend our results to activated splenocyte T cultures. Unlike CD4+ 

T cells, splenocytes were activated using IL-2/ConA and contain a small percentage 

of non T cells in the culture. IL-2/ConA stimulation typically results in 45 % CD4+ and 

45 % CD8+ T-cells. cGAS enzymatic activation following DNA stimulation in 

splenocyte cultures was quantified as a measure of Ifit1 mRNA upregulation, similarly 
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as performed in the CD4+ T cells. DNA-induced Ifit1 mRNA response was low in 

splenocyte cultures (Fig.10A) when compared to pure CD4+ T cells (Fig.9A). Ifit1 

mRNA upregulation of 23-fold over mock was observed in WT splenocyte cultures at 

6 hours following cytosolic delivery of DNA and peaked at 12 hours post stimulus with 

a 40-fold increase. cGAS KO splenocyte cultures, on the other hand, displayed an 

abrogated Ifit1 mRNA response closer to background levels at all measured time 

points (Fig.10A). 

 

Figure 10: Splenocyte cultures from WT and cGAS KO animals recapitulate CD4+ T cell 
phenotype upon DNA and cGAMP stimulation. IL-2/ConA-activated splenocytes derived 
from WT and cGAS KO animals were challenged in a similar fashion as CD4+ T cells (Fig.9) 
and the resulting Ifit1 mRNA inductions (A,C) and released type I IFN (B,D) was measured. 
Individual experimental values are depicted with symbols and the arithmetic mean depicted 
in bars with error bars ± SEM. Statistical significance was compared between WT and cGAS 
KO conditions at the same time points. 
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In contrast to Ifit1 mRNA response, the amount of type I IFN secreted into the 

supernatant in response to DNA was higher in the splenocyte cultures (Fig.10B) 

compared to pure CD4+ T cells (Fig.9B) established from the wildtype animals. A 

highest individual value of 4 IU/ml of IFN was observed to be secreted at 12 hours 

post stimulation from one of the WT splenocyte culture. cGAS KO splenocytes failed 

to release any measurable amounts of type I IFN into the supernatant in response to 

DNA (Fig.10B) 

In splenocyte cultures, cGAMP stimulation exhibited a more noticeable effect as 

compared to DNA stimulation and resulted in a robust upregulation of Ifit1 mRNA 

(Fig.10C). WT cultures attained more than 500-fold Ifit1 mRNA upregulation over c-

di-UMP at the earliest time point measured whereas cultures from cGAS KO animals 

displayed a modest response, peaking at 181-fold over c-di-UMP at 12 hours post 

stimulation (Fig.10C). 

The amount of bioactive type I IFN quantified in response to cGAMP-mediated 

stimulation of STING, however, was impressive in splenocytes. We observed, in our 

experimental set up, that splenocyte cultures secreted larger quantities of type I IFN 

when compared to pure CD4+ T cell cultures. cGAMP-mediated induction led to an 

average IFN release of approximately 20 IU/ml from WT cells at all time points 

measured. cGAS KO cells released a higher quantity of type I IFN in response to 

cGAMP stimulation reaching a maximum average of 50 IU/ml at 12 hours post 

challenge (Fig.10D). 

In conclusion, primary murine CD4+ T-cells and splenocytes displayed a functional 

cGAS-STING DNA sensing pathway. 

 

3.5. Activation status of the primary murine CD4+ T cells does not influence the 

ISG response to DNA and cGAMP ligand stimulation  

We next wanted to clarify the influence of the activation status of CD4+ T cells in 

regulating response to DNA and cGAMP. To answer this, we carried out similar 

electroporation experiments on unactivated CD4+ T cells. Stimulation of unactivated 

wildtype CD4+ T cells with DNA resulted in a detectable Ifit1 mRNA upregulation, 19- 

fold over mock (Fig.11A), but was poorer in magnitude in comparison to activated 
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CD4+ T cells which displayed 54 fold upregulation upon DNA stimulation (Fig.11A). 

Interestingly, unactivated CD4+ T cells from cGAS KO animals did not on the whole 

fail to sense cytoplasmic DNA but showed a 6-fold Ifit1 mRNA increase over mock 

(Fig.11A). The Ifit1 mRNA response resulting from cGAMP stimulation of unactivated 

CD4+ T cells reached a robust score of 100-fold over c-di-UMP in WT and 200-fold in 

the cGAS KO group (Fig.11B). 

 

Figure 11: Innate response to DNA does not absolutely require activation of CD4+ T 
cells. Activated CD4+ T cells isolated from WT and cGAS KO animals were challenged with 
plasmid DNA (A) and cGAMP (B) and the upregulation of Ifit1 mRNA following six hours post 
stimulation was measured via Q-RT-PCR. Statistical significance was compared between 
activated and unactivated conditions in individual groups. 

Together, these results highlight the little differences observed between activated 

and unactivated status of the cells in terms of DNA sensing. 

 

3.6. cGAS knockout reduces levels of endogenous Ifit1 mRNA expression in 

murine T-cells. 

cGAS was recently proposed to act as a master regulator in maintaining basal 

expression of ISGs (Schoggins et al., 2014). Basal level of cGAS expression 

activated the STING-IRF3 axis leading to the expression of antiviral ISGs ensuring a 

basal antiviral state. The genetic inactivation of cGAS-encoding gene MB21D1, led to 
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reduced expression levels of several ISGs and makes cells and animals more 

susceptible to viral infections, including RNA virus infection.  

In the course of our experiments, we observed that cGAS depletion leads to 

decreased or undetectable levels of Ifit1 mRNA expression in YAC-1 T cells, a 

difference which was found to be statistically significant (Fig.12A). Mx2, a prototypic 

ISG that requires interferon expression (Kane et al., 2013), however, did not 

demonstrate differential expression in the WT and cGAS KO YAC-1 cells (Fig.12B). 

Ifit1 mRNA quantification as measured through Q-RT-PCR in the CD4+ T cells of WT 

and cGAS KO animals repeated the trend observed on YAC-1 T cells. A statistically 

significant reduction in the levels of the Ifit1 mRNA was observed in cGAS KO 

primary T cells (Fig.12C) as compared to WT. Hence ablating cGAS gene expression 

might lead to reduced levels of select ISGs in T-cells, in accordance with previous 

published reports. 

  

Figure 12: Decreased endogenous expression of Ifit1 in murine T cells depleted of 
cGAS protein expression: WT and cGAS KO YAC-1 T-cells show basal Ifit1 (A) and Mx2 
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(B) mRNA expression in untreated conditions. Activated pure CD4+ T cells from WT and 
cGAS KO animals show steady state Ifit1 mRNA expression (C). Depicted are the arithmetic 
mean values of 2-dct and error bars represent ± SEM. Statistical significance was compared 
between WT and cGAS KO cells using students t-test.  

 

3.7. Viral DNA sensing mediated through cGAS 

3.7.1. cGAS-mediated sensing of VSV-G/HIV-1 lentiviral particles is either 

absent or exceptionally low in YAC-1 T cells. 

Our main interest lies in the innate immune responses generated in T cells, 

particularly against HIV-1. Mouse T-cells were reported to support efficient reverse 

transcription of HIV-1 but failed to express viral genes due to poorly characterized 

integration defects (Goffinet et al., 2007b; Tervo et al., 2008; Tsurutani et al., 2007b). 

Other mouse cell types such as MEF, on the other hand, supported viral gene 

expression (Yan et al., 2010). Hence, we hypothesized that initial innate responses 

mediated through cGAS could comprise a restriction mechanism in the mouse T-cell. 

Data from human CD4+ T-cells, show little if any, type I IFN responses generated 

upon infection by HIV-1 in a cGAS-dependent fashion (Vermeire et al., 2016). 

Our DNA electroporation data revealed the potential function of cGAS as a unique 

cytosolic DNA sensor in YAC-1 and primary T cells and hence progressively we 

wanted to test if cGAS retained its ability to sense viral DNA in T cells. To probe this 

hypothesis, we made use of VSV-G-pseudotyped HIV-1 lentiviral particles expressing 

GFP under the control of a cmv promotor. The packaging plasmid lacks all the genes 

encoding the accessory proteins of HIV-1 and consist of only the regulatory genes, 

tat and rev in addition to gag and pol. The viral stocks were concentrated via 

ultracentrifugation and treated with DNaseI in order to digest any potential plasmid 

contamination originating from the transfection procedure by which virus particles 

were generated.  

The volume of viral inoculum used to transduce mouse YAC-1 cells was initially 

tested on a human T cell line, SUP-T1 and found to achieve approximately 70% 

transduction efficiency as measured by GFP expression in the transduced cells 48 

hours post challenge via flow cytometry (Fig.13A). In order to assess potential cGAS-

dependent immune responses to lentiviral transduction, WT and cGAS KO YAC-1 T-

cells were transduced with the pre-determined dose of lentiviral particles and the 
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upregulation of Ifit1 mRNA was quantified at early time points starting at one hour 

post challenge and monitored until 48 hours. The cells were either left untreated or 

treated with efavirenz (EFV), a non-nucleosidic reverse transcriptase inhibitor 

(NNRTI), to inhibit de novo reverse transcription of viral DNA initiated by HIV-1 RT. 

The Ifit1 mRNA response initiated following transduction of HIV-1 lentiviral particles in 

WT YAC-1 cells did not exceed more than ten-fold over uninfected cells at any given 

time point analysed. cGAS KO YAC-1 T-cells displayed a complete absence of Ifit1 

mRNA upregulation in response to the lentiviral particles (Fig.13B).  

Importantly, we confirmed that reverse transcription occurred in VSV-G/HIV-1 

lentiviral transduced cells in the absence of efavirenz as verified via duplex q-PCR to 

quantify HIV-1 copy numbers (simultaneously measuring HIV cDNA and cellular 

gapdh gene), at the indicated time points in both cell types. Quantities of HIV-1 cDNA 

copies gradually increased with time in both WT and cGAS KO cell lines (Fig.13C), 

with no significant differences between both cell types in the amount of viral DNA 

copies generated. Additionally, EFV pre-treatment of the cells efficiently abolished 

reverse transcription in both cell lines (Fig.13C). 
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Figure 13: VSV-G/HIV-1-challenge of YAC-1 T-cells induces minimal levels of Ifit1 
mRNA expression despite de novo viral reverse transcription. HIV-1 viral gene 
expression was measured via FACS in murine YAC-1 and human SUP-T1 cells (A). Ifit1 
mRNA expression quantified from WT and cGAS KO YAC-1 T-cells transduced with VSV-
G/HIV-1 in the presence or absence of efavirenz (EFV), a reverse transcriptase inhibitor (B). 
HIV-1 de novo reverse transcribed DNA copies per cell were quantified simultaneously using 
qPCR and normalized to total DNA per cell (C). Depicted are arithmetic mean values ± SEM. 
Statistical significance was compared between WT, in the absence of efavirenz and UI cells 
from the same cell type. cGAS KO values were below detection limit and hence was given a 
value of 1 (B).UI=uninfected. 

 

3.7.2. cGAS-dependent sensing of HSV-1 ∆UL41 results in robust levels of Ifit1 

mRNA induction in murine T cells. 

HSV-1 is a well-studied DNA pathogen, and is susceptible to many innate immune 

responses and is also well known to evade such cellular measures via its viral 

proteins. More recently, HSV-1 was found to be susceptible to cGAS-STING 

mediated sensing. HSV-1 tegument protein UL41 aids in the evasion of cGAS-
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mediated sensing by specifically targeting cGAS mRNA for degradation (Su and 

Zheng, 2017). In our experimental system we made use of HSV-1 ∆UL41, (kindly 

provided by Dr. Katinka Doehner at the Institute of Virology, MHH) increasing the 

likelihood to look specifically at innate immune responses initiated via cGAS. 

Acyclovir (ACV), a nucleoside analog, was used in our assays to inhibit DNA 

replication of the virus. Mouse YAC-1 T cells were infected with 1 µl of the virus 

(roughly corresponding to a MOI of 0.02, based on titration performed on Vero cells). 

Exposed cells were harvested at early time points to monitor the cellular responses.  

The role of T cells as HSV target cells is not well studied. An interesting study 

reported that HSV-1 infection of cytotoxic T cells resulted in “fratricide” (killing cells of 

the same type) resulting beneficially to the virus, by escaping the host’s immune 

control and in establishing persistent infection of other cell types such as epithelial 

cells (Raftery et al., 1999). Even if there is poor evidence for the relevance of 

productive infection of T-cells with HSV-1 in vivo, our aim was to analyse if T-cells 

demonstrated innate immune responses against a DNA viral pathogen. Upon 

exposure of WT and cGAS KO YAC-1 T-cells to HSV-1 ∆UL41, a cGAS-dependent 

robust Ifit1 mRNA response was initiated (Fig.14A). There was a marked difference 

in the fold of Ifit1 mRNA induction observed between the WT and cGAS KO cells as 

early as 4 hours post exposure. At six hours, the WT cells reached a maximum of 

600-fold and started to gradually regress. At 48 hours the WT cells showed only 10-

fold Ifit1 mRNA upregulation. Surprisingly, the trigger to the cGAS-STING pathway 

was insensitive to ACV suggesting that the incoming viral genomic DNA might have 

initiated the sensing. Nevertheless the Ifit1 responses were entirely cGAS-dependent 

(Fig.14A). 

Viral DNA copies were quantified from the cells via qPCR using HSV-1 specific 

primers and normalized to total DNA per cell. The average copy numbers between 

the WT and cGAS KO YAC-1 T cells following challenge of HSV-1 ∆UL41 was similar 

in magnitude between the two groups, suggesting they represented incoming viral 

genomic DNA copies rather than new replication products and questioning whether 

YAC-1 T-cells support de novo synthesis of HSV-1 ∆UL41 DNA (Fig.14B).  
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Figure 14: HSV-1 ∆UL41-exposed YAC-1 cells respond by inducing robust Ifit1 mRNA 
expression in a cGAS-dependent manner. Ifit1 mRNA expression quantified via Q-RT-
PCR from WT and cGAS KO YAC-1 T-cells exposed to HSV-1 ∆UL41 (A) in the presence or 
absence of acyclovir, (ACV), a nucleoside analog HSV replication inhibitor. HSV-1 ∆UL41 
DNA copies per cell measured using qPCR (B). Depicted are arithmetic mean values ± SEM. 
Statistical significance was compared between WT (in the absence of ACV) and UI of the 
same cell type. cGAS KO values were below detection limit and hence was given a value of 
1 (A).  

 

3.7.3. Transduction of YAC-1 T-cells with VSV-G-pseudotyped retroviral 

particles, does not result in a robust cGAS-dependent Ifit1 mRNA response. 

MLV is a murine gamma retrovirus. The reverse transcription products of MLV have 

been proposed to be susceptible to cGAS-mediated sensing, although in other cell 

types (Gao et al., 2013a). To verify if T cells exhibit similar insensitivity (as compared 

to lentiviral particles) in recognizing retroviral de novo-synthesized DNA, we 

transduced WT and cGAS KO YAC-1 T-cells with VSV-G pseudotyped retroviral 

particles. The viral particles expressed only GFP as a surrogate for efficient 

transduction.  

Transduction with retroviral particles did not initiate an impressive Ifit1 mRNA 

response at any time point tested. Less than 8-fold upregulation of Ifit1 gene 

expression was detected throughout the time course of the virus exposure on the WT 

YAC-1 cells. The quantity of Ifit1 mRNA regulation obtained with respect to retroviral 

particles mimicked the responses quantified against VSV-G/HIV-1 lentiviral particles. 

Again, this minimal level of Ifit1 induction was specific to cGAS-expressing WT cells, 

and no Ifit1 mRNA upregulation was initiated in cGAS-depleted cells or WT cells 
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treated with AZT (Fig.15A). Additionally, both WT and cGAS KO cells which did not 

receive AZT treatment showed GFP expression in 60% of cells, confirming efficient 

transduction and appropriate reverse transcription process taking place in these cells 

(Fig.15B). Because YAC-1 T-cells were established from a MLV-induced T 

lymphoma (ATCC), it was not possible to quantify de novo synthesized MLV cDNA 

using PCR methods due to interference from integrated MLV sequences.  

 

Figure 15: Absence of cGAS-mediated sensing in VSV-G/MLV-transduced YAC-1 T-
cells despite efficient viral gene expression. Ifit1 mRNA expression measured using Q-
RT-PCR from WT and cGAS KO YAC-1 cells exposed to VSV-G/MLV in the presence or 
absence of azidothymidine (AZT) to inhibit reverse transcription (A). Viral gene expression 
was measured by analysis of GFP-positive cells post transduction using FACS (B). Depicted 
are arithmetic mean values ± SEM. Statistical significance was compared between WT and 
cGAS KO cells in the absence of AZT using students t-test. 

 

Together these results emphasize the inadequate trigger of cGAS-mediated sensing 

initiated specifically upon HIV-1 or MLV challenge in mouse T-cells, despite evidence 

of efficient reverse transcription by the virus. We speculate reduced levels and the 

unavailability of reverse transcribed DNA PAMPs to prevent robust sensing. 

 

3.7.4. Primary murine CD4+ T cells display insubstantial levels of Ifit1 mRNA 

induction upon VSV-G/HIV-1 lentiviral particles exposure. 

We were now interested in corroborating our results in primary CD4+ T-cells 

challenged with lentiviral particles or HSV-1 ∆UL41. We performed our assays in 

pure IL-2/anti-CD3/CD28 activated CD4+ T-cells isolated from WT and cGAS KO 



CHAPTER 3: RESULTS 
__________________________________________________________ 

83 
 

mice. CD4+ T cell cultures were transduced with VSV-G/HIV-1 lentiviral particles in 

the presence or absence of EFV. Each experiment consisted of cells pooled from two 

or more animals within each group and innate immune responses were observed at 

fewer time points in comparison to cell lines due to the limitation in cell numbers. 

Our results were in line with the general insensitivity of the cells to HIV-1 lentiviral 

particles (Fig.16A). The Ifit1 mRNA response was very close to quantities observed 

in uninfected cells and also was insensitive to EFV treatment. Moreover both WT and 

cGAS KO primary CD4+ T-cells displayed similar and low Ifit1 gene expression upon 

VSV-G/HIV-1 transduction (Fig.16A). However, the primary CD4+ T-cells did not 

display appreciable quantities of viral cDNA, in general reflecting their refractory 

nature to transduction as opposed to cell lines. A meagre 0.4 copies per cell was 

quantified following a long exposure of 48 hours post challenge (Fig.16B). 

Conclusively, this system is probably of limited utility to study cGAS functions. 
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Figure 16: Mouse CD4+ T-cells challenged with VSV-G/HIV-1 lentiviral particles show 
absence of Ifit1 mRNA upregulation. Ifit1 mRNA expression was determined via Q-RT-
PCR from WT and cGAS KO CD4+ T cells exposed to VSV-G/HIV-1 in the presence or 
absence of EFV (A). Viral reverse transcribed DNA was measured at similar time points 
using qPCR, and normalized to total DNA per cell (B). Depicted are arithmetic mean ±SEM 
(A). Statistical significance was compared between WT and cGAS KO cells in the presence 
or absence of EFV from the same time point.  
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3.7.5. HSV-1 ∆UL41 triggers a robust Ifit1 mRNA response in a cGAS-sensitive 

manner. 

YAC-1 T-cells, when subjected to HSV-1 ∆UL41 exposure, reacted by augmented 

Ifit1 mRNA expression. Hence to corroborate this finding in the primary T-cell system, 

CD4+ T cells were challenged with HSV-1 ∆UL41. A conspicuous Ifit1 mRNA 

response was observed in cGAS-expressing WT CD4+ T cells. Although low in 

comparison to WT YAC-1 T-cells, Ifit1 mRNA induction in WT CD4+ T cells reached a 

maximum of 49-fold over uninfected at 10 hours post exposure. The Ifit1 response 

was entirely attributed to cGAS expression since CD4+ T cells lacking cGAS protein 

expression failed to trigger any measurable innate immune responses (Fig.17A).  

The qPCR performed to measure viral DNA copies demonstrated the presence of 

high viral DNA copies in cells from both genotypes. WT CD4+ T cells showed a 

maximum of 106 copies/cell as early as two hours following exposure and maintained 

a steady state level until the last time point measured (12 hpi) (Fig.17B). The viral 

copy numbers were similar to numbers obtained in cell lines (Fig.14B). cGAS KO 

CD4+ T-cells displayed 20-60 copies/cell (Fig.12B). 

Overall, murine CD4+ T cells recapitulated the behavior of YAC-1 T-cells in terms of 

their response against tested viruses. HSV-1 ∆UL41 initiated a cGAS-dependent, Ifit1 

mRNA response in primary CD4+ T-cells and YAC-1 T cell line. On the contrary, 

VSV-G/HIV-1 failed to do so. These data suggest that cGAS has a predominant role 

in sensing plasmid and specific viral DNA. Alternatively the length and the degree of 

availability of viral DNA between the two viruses might underlie the observed 

differences. 
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Figure 17: Murine CD4+ T cells exposed to HSV-1 ∆UL41 viral particles show cGAS-
dependent upregulation of Ifit1 mRNA. Ifit1 mRNA expression was quantified from IL-2/ 
anti-CD3/28 activated CD4+ T cells isolated from WT and cGAS KO animals at various time 
points post exposure with HSV-1 ∆UL41 (A). Corresponding viral DNA copies were 
measured using qPCR (B). Depicted are individual values from two experiments. 

 

3.8. Phosphorylation of IRF3 is detectable upon HSV-1 ∆UL41 infection but not 

upon transduction with lentiviral particles. 

The cGAS-STING pathway is a multi-step process involving the synthesis of cGAMP 

by cGAS, which in turn activates STING. STING activation leads to the stepwise 

phosphorylation of TBK1 and IRF3. The later dimerizes and translocates into the 

nucleus resulting in the expression of IRF3-dependent genes including IFN genes. 

Hence phosphorylation of IRF3 is considered as a hallmark of STING activation.  

Interferon regulatory factor 3 is a transcription factor which initiates the synthesis of 

type I IFN (Newton and Dixit, 2012). When released, type I IFN re-initiates the 

synthesis of many antiviral ISGs canonically (Schneider et al., 2014). IRF3 also 

directly activates the transcription of certain ISGs such as Ifit1 (Grandvaux et al., 

2002). IRF3 phosphorylation is a transient downstream process initiated upon STING 

activation and can be quantified through immune-blot analysis. 

Our previous results analyzing Ifit1 mRNA responses against VSV-G/HIV-1 and HSV-

1 ∆UL41 showed only the later capable of triggering impressive levels of the same. In 
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order to methodically study if there are bottlenecks in the initiation of innate 

responses to reverse transcription products, we analyzed the phosphorylation of 

IRF3 in WT and cGAS KO YAC-1 T-cells upon exposure to VSV-G/HIV-1 and 

included HSV-1 ∆UL41 as a parallel condition. 

Our immunoblot analysis of lysates of WT YAC-1 T-cells demonstrated that VSV-

G/HIV-1 failed to trigger the phosphorylation of IRF3 in the presence or absence of 

EFV (Fig.18A), in stark contrast to HSV-1 ∆UL41 which displayed prominent 

phosphorylated IRF3 at the corresponding size of 50 kDa (Fig.18B). Phosphorylation 

of IRF3 was undetectable at any time point during VSV-G/HIV-1 exposure of WT 

YAC-1 T-cells despite gradual increase in HIV-1 cDNA observed in these cells 

(Fig.13B). On the other hand, phosphorylation started as early as four hours following 

HSV-1 ∆UL41 challenge and peaked between 4-6 hours. Duly noticed was the 

appearance of phosphorylated IRF3 in ACV-treated WT YAC-1 T-cells upon HSV-1 

∆UL41 challenge, corroborating our previous observation that incoming HSV-1 DNA 

initiates the host immune responses. 
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Figure 18: cGAS-dependent phosphorylation of IRF3 occurs upon exposing YAC-1 to 
HSV-1 ∆UL41 but not VSV-G/HIV-1. Cell lysates prepared from virus-exposed WT YAC-1 T-
cells were analyzed for phosphorylated IRF3 using SDS-PAGE upon VSV-G/HIV-1 lentiviral 
transduction (A) and HSV-1 ∆UL41 exposure (B). Actin was used as a loading control. 

 

IRF3 phosphorylation is implicated also in the RIG-1-MAVS pathway and IFI16-

mediated immune responses and hence is not exclusive to the cGAS-STING 

pathway (Almine et al., 2017; Liu et al., 2015). It is also known to be one of the 

important downstream steps used by other DNA sensors such as DDX41 and DNA-

PK (Ferguson et al., 2012; Stavrou et al., 2018). The mouse orthologue of IFI16, 

p204, is reported to function in close resemblance to its human counterpart 

(Unterholzner et al., 2010). Hence, to assess the contribution of the observed 

phosphorylation of IRF3 to cGAS-mediated sensing, we performed immunoblot 

analysis against pIRF3 in cGAS KO YAC-1 T-cells challenged with VSV-G/HIV-1 or 

HSV-1 ∆UL41. 
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Figure 19: cGAS ablation in YAC-1 T cells leads to the abrogation of IRF3 
phosphorylation upon HSV-1 ∆UL41 challenge. Cell lysates prepared from virus-exposed 
cGAS KO YAC-1 T-cells were analysed for phosphorylation of IRF3 using SDS-PAGE upon 
VSV-G/HIV-1 lentiviral transduction (A) and HSV-1 ∆UL41 exposure (B). Actin was used as a 
loading control. 

No detectable phosphorylation of IRF3 occurred in cGAS KO YAC-1 T-cells upon 

challenge with either VSV-G/HIV-1 or HSV-1 ∆UL41 (Fig.19A and B) suggesting 

cGAS dependency to initiate innate responses through the IRF3 pathway in our 

experimental set up.  

 

3.9. cGAS initiates the synthesis of cGAMP upon HSV-1 ∆UL41 exposure but 

not transduction with lentiviral particles. 

The enzymatic function of cGAS results in the production of the cyclic dinucleotide 

cGAMP which functions as a second messenger. cGAS catalyses the synthesis of 

cGAMP from cytosolic DNA, although nuclear DNA damage sensing is also reported 

to be carried out by cGAS (Liu et al., 2018). 

To test the existence of a potential block in initiating the host’s Ifit1 mRNA response 

further upstream to the phosphorylation of IRF3 in the cGAS-STING pathway during 
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VSV-G/HIV-1, we decided to test for the presence of cGAMP. Reverse transcribed 

HIV-1 cDNA, subjected to cGAS sensing, would trigger cGAMP synthesis which 

could be quantified through direct or indirect means. As a positive control, we again 

used HSV-1 ∆UL41 to induce robust Ifit1 mRNA and IRF3 phosphorylation, which we 

expected to be accompanied by robust cGAMP synthesis. 

VSV-G/HIV-1 or HSV-1 ∆UL41 challenged YAC-1 T cells were subjected to small 

molecule extraction to enrich for potential cGAMP molecules. The extracts were then 

treated with either PBS or snake venom phosphodiesterase (SVPDE) before they 

were transfected into human PMA-differentiated THP1 cells. SVPDE cleaves the 

phosphodiester linkages present in cyclic dinucleotides, thus rendering cGAMP 

ineffective in activating STING, and thus provides a specificity control. Small 

molecules extracts from WT YAC-1 T-cells which had been challenged with VSV-

G/HIV-1 in the presence or absence of EFV failed to induce (above background 

levels) IFIT1 gene induction in human THP-1 cells. PBS or SVPDE treatment did not 

affect the outcome upon transfection, i.e. no measurable response was detected (Fig 

20A). On the other hand, the extracts from HSV-1 ∆UL41 challenged cells, displayed 

a decent IFIT1 response in the target THP-1 cells. Additionally, as expected, ACV 

treatment did not influence the results; measurable quantities of IFIT1 mRNA were 

also detected following transfection of small molecule extracts from ACV-treated 

cellular extracts. SVPDE treatment completely abolished those responses, providing 

evidence for the presence of cGAMP in the extracts we tested (Fig.20B).  

Small molecule extracts obtained from cGAS KO YAC-1 T-cells challenged with VSV-

G/HIV-1 or HSV-1 ∆UL41 almost entirely failed to initiate any IFIT1 induction, 

confirming the crucial role of cGAS in the generation of DNA-dependent cyclic di-

nucleotides. 
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Figure 20: cGAS-mediated production of cGAMP occurs upon HSV-1 ∆UL41 exposure 
but not VSV-G/HIV-1 transduction. Human IFIT1 mRNA induction was quantified from 
THP-1 cells using Q-RT-PCR upon transfection of small molecules treated with PBS or 
SVPDE, extracted from WT and cGAS KO YAC-1 T-cells challenged with VSV-G/HIV-1 
(A&C) or HSV-1 ∆UL41 (B and D) in the presence or absence of EFV or ACV. 

 

The absence of IRF3 phosphorylation and detection of cGAMP synthesis 

corroborates the hypothesis of inadequate quantities of viral PAMPs generated 

during the reverse transcription process of lentiviral and retroviral particles in mouse 

T cells, in contrast to DNA genome containing HSV-1 ∆UL41 particles.  
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3.10. HSV-1 Rev triggers cGAS-mediated host innate response.  

In our experimental set up, we mainly used the mutant HSV-1 lacking the UL41 gene. 

To clarify if the WT version of HSV-1 escapes or is able to trigger innate responses 

comparable or different to HSV-1 ∆UL41, we challenged WT and cGAS KO YAC-1 T-

cells with the revertant HSV-1 expressing UL41 gene using identical titers, and 

measured its ability to trigger cGAS-mediated sensing by quantifying Ifit1 gene 

expression. 

As shown previously in Fig.14A, HSV-1 ∆UL41 resulted in an Ifit1 mRNA 

upregulation of approximately 66-fold over uninfected as early as four hours following 

challenge of WT YAC-1 T-cells. The revertant virus displayed a delayed Ifit1 mRNA 

response (Fig.21A). The earliest responses started at three hours with six-fold 

upregulation and increased to more than 100-fold of Ifit1 mRNA at six hours following 

incubation with the virus. In the absence of ACV, 338-fold induction of Ifit1 mRNA 

was observed at 24 hours, higher than the 100-fold induction observed during HSV-1 

∆UL41 exposure (Fig.21A). Nevertheless, these innate cellular responses were 

accounted only to the presence of cGAS. cGAS depletion led to the total abrogation 

of Ifit1 mRNA responses upon challenge with both viral variants (Fig.21B). The 

quantities of viral DNA copies were almost similar between the two variant HSV-1 

viruses infecting WT and cGAS KO YAC-1 T-cells (Fig.21C and D).  

YAC-1 T-cells triggered a cGAS-dependent type I IFN response against both HSV-1 

∆UL41 and HSV-1 Rev in our experimental set up. These results hint towards the 

likelihood of inducing robust cGAS-mediated sensing through the presence of larger 

quantities of PAMPs, available from the HSV-1 viruses in contrast to the lentiviral 

pseudoparticles. 
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Figure 21: HSV-1 Rev induces cGAS mediated host innate responses but to a lower 
magnitude than HSV-1 ∆UL41. HSV-1 Rev- or HSV-1 ∆UL41- challenged WT (A) and 
cGAS KO (B) YAC-1 T-cells were quantified for Ifit1 mRNA induction. Viral DNA copies were 
measured simultaneously from the WT (C) and cGAS KO (D) cells using qPCR and 
normalized to total DNA per cell. Values representing Ifit1 responses and DNA copies of 
HSV-1∆UL41 exposed WT and cGAS KO are repeated from Fig.14A and B  
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3.11. The role of TREX-1 in minimizing cytosolic DNA sensing mediated by 

cGAS. 

3.11.1.TREX-1 depletion in murine YAC-1 T cells following CRISPR/Cas9 does 

not influence cGAS protein levels. 

We have demonstrated that cGAS-sensitive innate responses, measured in terms of 

Ifit1 mRNA upregulation, phosphorylation of IRF3 and cGAMP generation were 

initiated only against HSV-1 but not VSV-G/HIV-1, although we were able to quantify 

viral cDNA following transduction of the later. Our attempts to eliminate plausible 

bottle necks pointed that insensitivity occurs either during cGAMP synthesis or 

upstream to that process. Previously it was shown that HIV-1 cDNA, upon exposure 

from the viral capsid, is cleared rapidly by the host exonuclease TREX-1 by 

enzymatic actions (Yan et al., 2010). Hence we next questioned if there is a 

contribution of TREX-1 in the masking of the innate responses in T cells. 

TREX-1 knock out was generated using CRISPR/Cas9 technology on the YAC-1 T 

cells by Dr. Thomas Zillinger. TREX-1 protein levels in WT, cGAS KO YAC-1 T-cells 

were similar and was lost in TREX-1 KO YAC-1 T-cells following gene editing 

(Fig.22). Levels of cGAS protein expression was unaffected by TREX-1 depletion. 

 

Figure 22: TREX-1 is expressed under normal conditions in YAC-1 T cells. Lysates from 
WT, cGAS KO or TREX-1 KO YAC-1 T-cells were analysed for the expression of TREX-1 
and cGAS protein expression using SDS-PAGE. Actin was used as a loading control. 
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3.11.2. TREX-1 KO confers sensitivity to murine YAC-1 T-cells against immune-

stimulatory DNA. 

In vivo mutations which inactivate TREX-1 enzymatic functions lead to clinical 

conditions such as Aicardi Goutières syndrome (AGS), which is characterized by 

elevated levels of interferons and cytokines (Rice et al., 2007b). Late onset of AGS 

results in severe encephalopathy in a majority of patients characterized by intellectual 

and physical disabilities (Crow, 2013). These responses arise from aberrant sensing 

of cytosolic DNA which accumulates in the absence of TREX-1 (Ablasser et al., 

2014). 

In order to test if TREX-1 KO increases the sensitivity of YAC-1 T-cells to cytosolic 

DNA sensing, we first challenged the cells with immunostimulatory DNA (ISD) via 

electroporation. As a control, cells were also challenged with control non-immuno 

stimulatory DNA. ISDs are short double stranded DNA molecules consisting of 45 

base pairs and have an open conformation, likely to be susceptible to TREX-1 

exonuclease activities. Control DNA, on the other hand, consists of a similar 

sequence identity like ISDs except it has only one strand and thus does not stimulate 

the host’s innate immune system. Both DNA molecules are synthetic and purchased 

commercially. 

Analysing the Ifit1 mRNA response to ISD stimulation in the WT, cGAS KO and 

TREX-1 KO cells revealed a significant role played by TREX-1 in sensing the small 

ISD molecules. There was a considerable difference in the magnitude of Ifit1 

responses observed among the cell types. TREX-1 KO T-cells reached, on average, 

25-fold more Ifit1 upregulation when stimulated with ISD compared to control 

treatment. In sharp contrast, WT and cGAS KO cells did not induce the ISG above 

background levels (Fig.23A). Mx2 mRNA levels also followed a similar trend in 

TREX-1 KO cells, upregulated higher than the WT and cGAS KO cells, however it 

attained approximately only six-fold upregulation (Fig 23B).  
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Figure 23: TREX-1 KO in YAC-1 T-cells confers sensitivity to ISD stimulation. Ifit1 (A) 
and Mx2 (B) mRNA responses were measured in WT, cGAS KO and TREX-1 KO YAC-1 T-
cells six hours following stimulation. Values represent arithmetic mean of four independent 
experiments ± SEM.  

 

3.11.3. Plasmid DNA stimulus elicits type I IFN responses of similar magnitudes 

in WT and TREX-1 KO murine YAC-1 T-cells. 

Next we aimed at exploring if TREX-1 KO also enhances the sensitivity of the cells 

against plasmid DNA ligands. WT and TREX-1 KO cells were challenged with 

plasmid DNA and the innate cellular responses were quantified at regular time 

intervals. WT and TREX-1 KO cells induced similar amounts of Ifit1 mRNA 

upregulation although. Both cell lines showed a maximum upregulation around 1000-

fold at six hours post challenge (Fig.24A). Mx2 mRNA response displayed a similar 

magnitude in the two cell lines (Fig.24B). However, TREX-1 KO cells released higher 

amounts of IFN into the supernatant upon DNA stimulation, than WT YAC-1 T-cells 

(Fig.24C). 

cGAMP stimulation of the two cell lines showed significant differences in quantities of 

ISGs measured at the earliest time point of six hours. WT cells again showed higher 

Ifit1 (Fig.24D) and Mx2 (Fig.24E) mRNA induction upon cGAMP stimulation. 

However, the release of type I IFN into the supernatant was augmented in TREX-1 

KO cells as compared to WT cells (similar to DNA stimulus) (Fig.24F). In general 

TREX-1 KO cells reacted to DNA or cGAMP, although no enhanced sensitivity was 

observed between WT and TREX-1 KO YAC-1 T-cells. 
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cGAS KO cells were also compared in the same experimental set up (data not 

shown) they displayed no Ifit1 mRNA induction upon plasmid DNA challenge but to 

cGAMP (as represented in Fig 14). 

 

Figure 24: TREX-1 KO and WT YAC-1 T cells elicit similar level of Ifit1 and Mx2 mRNA 
induction in response to plasmid DNA and cGAMP stimulus. Induction of innate immune 
responses were quantified from TREX-1 KO and WT YAC-1 cells following DNA or cGAMP 
stimulus. Shown are Ifit1 mRNA induction (A and D), Mx2 mRNA induction (B and E) and 
type I IFN release (C and F) upon mock vs DNA or cGAMP vs c-di-UMP challenge, 
respectively. Values represent arithmetic mean of three independent experiments ±SEM. 
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Statistical significance was compared between DNA or cGAMP electroporated WT and 
TREX-1 KO cells. 

 

3.11.4. TREX-1 deficient YAC-1 T cells displayed no advantage in sensing de 

novo-synthesized DNA upon VSV-G/HIV-1 transduction. 

We wished to next enrich our study by verifying if TREX-1 depletion enhances the 

sensing of HIV-1 cDNA. To study this, we transduced WT and TREX-1 KO YAC-1 

cells with VSV-G/HIV-1 and quantified induction of Ifit1 and Mx2 gene expression in 

the presence or absence of the reverse transcriptase inhibitor EFV. We noticed that 

TREX-1 KO cells did not effectively sense the HIV-1 cDNA as observed by the 

absence of induction of Ifit1 mRNA. Ifit1 mRNA induction did not exceed more than 3- 

fold upregulation, on average, at any time point we analyzed. Furthermore, EFV 

treatment did not inhibit the small scale of Ifit1 induction seen in cells treated with the 

drug. Transduction of WT cells with the same HIV lentiviral particles resulted in a 

slightly higher Ifit1 mRNA induction, but did not exceed 10-fold in the presence or 

absence of EFV (Fig.25A). 

Mx2 mRNA upregulation on the other hand showed increased levels in VSV-G/HIV-1 

transduced TREX-1 KO cells. The levels reached almost 50-times higher than WT 

YAC-1 T-cells at eight hours post challenge and started to decline at later time points 

in TREX-1 KO cells. However these responses were not found to be exquisitely 

mediated by de novo production of HIV-1 cDNA, as the EFV-treated TREX-1 KO 

cells also displayed similar quantities of Ifit1 responses. Interestingly, this enhanced 

response was absent in the WT cells (Fig.25B). 

Comparing quantities of reverse transcribed HIV-1 cDNA synthesized in WT and 

TREX-1 KO YAC-1 cells showed that WT cells generated higher numbers in 

comparison to TREX-1 KO condition. The later was found to display 10 copies at the 

latest time point of 48 hours post challenge as opposed to WT in which up to twice as 

much copies had been generated. Both cell lines showed de novo HIV-1 DNA 

synthesis only in EFV untreated conditions and showed gradual increase in copy 

numbers as time progressed (Fig.25C), whereas EFV treatment efficiently prevented 

de novo synthesis of HIV-1 cDNA. 
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Figure 25: TREX-1 KO YAC-1 T-cells display no advantage in sensing VSV-G/HIV-1 
lentiviral particles. Ifit1 (A) and Mx2 (B) mRNA induction were quantified at various time 
points following challenge of WT and TREX-1 KO YAC-1 cells with HIV-1 lentiviral particles 
in the presence or absence of EFV using Q-RT-PCR. The corresponding amounts of de 
novo-synthesized viral DNA were measured using qPCR and normalized to total DNA per 
cell (C). All values representing YAC-1 WT conditions are replotted from figure 13. Values 
represent arithmetic mean of three independent experiments ±SEM. Statistical significance 
was compared between WT and TREX-1 KO cells in the absence of EFV . 

 

3.11.5. Increased Ifit1 and Mx2 mRNA induction following HSV-1 ∆UL41 

exposure and entry in TREX-1 KO YAC-1 T-cells. 

We also decided to test if HSV-1 ∆UL41-induced Ifit1 expression in TREX-1 KO cells. 

On measuring Ifit1 and Mx2 mRNA following virus challenge, we observed an 

different scenario in sharp contrast to VSV-G/HIV-1 exposure. TREX-1 knockout in 
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YAC-1 cells resulted in the expression of higher quantities of Ifit1 and Mx2 mRNA in 

comparison to WT cells upon challenge with HSV-1 ∆UL41. Starting at six hours post 

exposure until 48 hours, TREX-1 KO cells displayed elevated levels of Ifit1 and Mx2 

mRNA than that of WT cells (Fig.26A and B). ACV treatment did not influence the 

enhanced Ifit1 and Mx2 levels in TREX-1 KO YAC-1 T-cells upon virus challenge. 

HSV-1 ∆UL41 DNA copies measured in both cell lines showed however moderate 

differences. WT YAC-1 cells displayed higher copy numbers of viral DNA than the 

TREX-1 KO cells, ranging approximately between 40 and 70 while the later had 20-

60 copies on average (Fig.26C). 

 

Figure 26: TREX-1 KO in murine YAC-1 T cells enhances the sensitivity of the cells to 
HSV-1 ∆UL41. Ifit1 (A) and Mx2 (B) mRNA induction were quantified at various time points 
via Q-RT-PCR following challenge of TREX-1 KO and WT YAC-1 cells with HSV-1 ∆UL41 in 
the presence or absence of ACV. The corresponding amounts of viral DNA were quantified 
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using qPCR and normalized to total DNA per cell (C). Ifit1 mRNA and viral DNA copies of 
YAC-1 WT conditions are duplicated from figure 14 and B. Values represent arithmetic mean 
of three or more independent experiments ±SEM. Statistical significance was compared 
between WT and TREX-1 KO cells in the absence of ACV.  

 

Clearly, TREX-1 acts as a proviral factor aiding in the viral evasion of innate immune 

responses to an appreciable extent against certain viruses like HSV-1. Although 

experimentally suggested to be a dependency factor for HIV-1 to escape sensing in 

other cell types such as macrophages (Yan et al., 2010), we were unable to 

demonstrate an increase in ISG expression upon HIV-1 lentiviral challenge in stable 

TREX-1 KO YAC-1 T-cells that was related to de novo-synthesis of HIV-1 DNA. This 

suggests that cytosolic leakage of the HIV-1 reverse transcribed products might be a 

rare event or alternatively, the presence of other exonucleases might compensate for 

the loss of TREX-1. 
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3.12. Supplementary Information 

 

Supplementary Fig.1: Purity of CD4+ T isolated cells from WT and cGAS KO C57BL/6. 
CD4+ T cells isolated via negative selection using commercial kits (Easy Sep, STEM Cells) 
from the spleen of either WT or cGAS KO animals show a high purity as determined by 
quantifying surface expression of CD4 and CD3 receptors on the cells via flow cytometric 
analysis using fluorescence conjugated antibodies. Dot plots show representative 
quantification from four WT and cGAS KO CD4+ T cells cultures prepared from the respective 
animals. Antibody staining was performed immediately following isolation. 
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Supplementary Fig 2: Purified and activate CD4+ T cells maintain high levels of CD3 
and CD4 expression. CD4+ T cells isolated from the spleen of either WT or cGAS KO 
animals were activated using IL-2 and anti-CD3/28 for 3-4 days. Following activation, cells 
were immuno stained with anti CD3-FITC and anti CD4-APC to verify the maintenance of the 
surface expression of the markers. Displayed is a representative FACS plot from two WT and 
cGAS KO CD4+ T cell cultures showing CD4 and CD3 expression. 
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4.1. Functionally preserved cGAS-STING-mediated DNA sensing in mouse T 

cells. 

Our goal was to characterize the existence and functionality of cGAS-mediated DNA 

sensing pathway in murine T cells, in order to verify if it poses a block to support HIV-

1 infection. Hence we investigated the endogenous cGAS-STING DNA sensing 

pathway in mouse T cells to establish the relevance of the pathway against sensing 

cytosolic and viral DNA. Since its discovery in 2013, a tremendous amount of 

research has been carried over cGAS and DNA sensing mediated by this protein. 

Through these interesting investigations the role of cGAS as a unique DNA sensor 

has been well elucidated. Previous studies have shown that human and mouse 

cGAS proteins function very similarly, although mouse cGAS displays enhanced 

catalytic properties over human cGAS (Zhou et al., 2018). Additionally the role of 

murine cGAS and its DNA-sensing capability is described in various mouse cell types 

such as MEFs, L929 (derived from mouse adipose tissue) and macrophages 

(Ablasser et al., 2013a; Civril et al., 2013; Gao et al., 2013a; Gao et al., 2013b).  

Our experiments established the endogenous expression of cGAS in the murine 

YAC-1 T cell line and primary CD4+ T cells and in only selected human T cell lines 

(Figs 5-7), in contrast to low or absence of cGAS expression in other tested T cell 

lines. This is in resemblance with previous publications showing human cGAS 

expression in primary CD4+ T cells (Berg et al., 2014; Xu et al., 2016). Unpublished 

data from our group generated by Dr. Carina Elsner and Julia Kazmierski, 

demonstrate the expression of cGAS in specific human T cell lines (PM1) and 

primary CD4+ T cells isolated from blood of healthy donors (data not shown). Our 

electroporation experiments of WT YAC-1 T cells or primary mouse CD4+ T cells with 

plasmid DNA established a robust cGAS-dependent upregulation of Ifit1 mRNA, 

demonstrating that cGAS drives DNA sensing in these mouse T cells (Figs 8-11). 

However research performed by other groups failed to observe a robust type I IFN 

response upon intracellular DNA sensing in CD4+ T cells (Berg et al., 2014). 

Transfection of human CD4+ T cells with ssDNA or a 60 bp dsDNA oligomer failed to 

elicit type I IFN responses, despite the demonstrated expression of DNA PRRs such 

as IFI16 and cGAS (Berg et al., 2014). The difference in the length of the DNA, the 

quantity of DNA used and the delivery method employed could explain the 

discrepancies observed between the published study and our data. In contrast to 
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60mer DNA used by Berg et al, in our study we principally used plasmid DNA at a 

higher concentration, ensuring a higher quantity of DNA, and relied on 

electroporation techniques rather than lipofection, to achieve efficient cytosolic 

delivery of the DNA stimulants into T cells. Besides, our data corroborates with other 

studies that demonstrated the augmented type I IFN response upon cGAS sensing of 

longer DNA molecule in comparison to shorter DNA fragments. Plasmid DNA, in 

particular, has been validated as a potent stimulator of cGAS (Andreeva et al., 2017; 

Luecke et al., 2017). Scientific data from many research groups report the length- 

dependent sensing of cGAS.  

In 2006, before the discovery of cGAS, Stetson et al identified length-dependent, 

sequence-independent sensing of dsDNA moieties in the cytoplasm of mouse 

macrophages (Stetson and Medzhitov, 2006). More recent studies demonstrate that 

long DNA entities preferentially induced a conspicuous level of type I IFN response at 

DNA concentrations as low as 0.0167 µg/ml (Luecke et al., 2017). These data 

support our observation that plasmid DNA molecules serve as an excellent stimulant 

to study cGAS sensing. Moreover, structural studies are also in favor of long DNA as 

a potent cGAS-stimulant. The stable formation of cGAS dimers on long DNA 

molecules contributed to the stability of the complex and hence increases efficient 

catalytic activities of cGAS (Andreeva et al., 2017; Zhou et al., 2018). 

cGAS sensing proceeds via the STING-TBK1-IRF3 axis (Gao et al., 2013a). In our 

experiments with mouse T cells, the direct activation of STING by 2’-3’cGAMP 

challenge, prompted its eminent activation and was independent of cGAS expression 

(Fig.8C, 9C and 10C). Despite the use of 2’-3’ cGAMP, the upregulation of Ifit1 

mRNA observed as a result of STING activation, was not impressive in some of the 

mouse T cell lines such as S1A.TB (Fig 8C). This could be explained by the fact that 

potent STING activation instructs the cells in a pro-apoptotic or anti-proliferative 

pathway instead of an antiviral pathway which involves the synthesis of type I IFN 

gene products (Cerboni et al., 2017; Gulen et al., 2017). 

Our results implied that DNA sensing to be essentially orchestrated by cGAS in 

murine T cells (Fig 8A, 9A and 10A). However other prominent DNA sensors such as 

IFI16, its murine orthologue p204, DAI, DExD/H box proteins and AIM2 belonging to 

the ALR family of proteins, are also reported to sense double stranded DNA 

molecules (Hornung et al., 2009; Unterholzner et al., 2010; Zhang et al., 2011b). 
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Although AIM2 proteins are cytoplasmic, a recent study demonstrated the 

dispensability of AIM2 like receptors (ALRs) in mouse cells to sense DNA from virus 

or cytosolic transfections, by silencing the entire set of 13 ALR genes in mice. DNA 

sensing was observed in the absence of the ALR proteins but not in the absence of 

cGAS in the macrophages of the ALR-deficient mice (Gray et al., 2016b). Moreover, 

murine DDX41, (belonging to the ALR family), was reported to preferentially sense 

RNA:DNA hybrids rather than dsDNA generated during MLV reverse transcription in 

vivo, in macrophages and dendritic cells (Stavrou et al., 2018). This observation 

supports our data. 

IFI16 is predominantly nuclear localized, however the shuttling of IFI16 between the 

cytoplasm and the nucleus is well documented (Choubey and Lengyel, 1992; Li et 

al., 2012b; Unterholzner et al., 2010). Differential localization of the protein in the 

nucleus could partially explain the results we observed. Alternatively, the absence of 

cGAS could indirectly decrease the basal level expression of IFI16. cGAS gene 

abrogation was predicted to negatively regulate the expression of other ISGs 

(Schoggins et al., 2014). Supporting this view is the fact that both human IFI16 and 

mouse Ifi 204 are strongly induced upon type I IFN treatment (Choubey and Lengyel, 

1992; Unterholzner et al., 2010). In line with this, we observed a significant reduction 

in the expression of Ifit1 mRNA in mouse T cells upon abrogated cGAS expression 

(Fig.12). Hence the absence of cGAS expression could indirectly reduce potential 

sensing mediated by IFI16. DAI, on the other hand, was characterized in other cell 

types such as mouse fibroblasts and myeloid DCs, respectively (Takaoka et al., 

2007; Zhang et al., 2011b). The presence of these proteins in other cell types such 

as CD4+ T cells has to be probed deeper. Evaluating DNA sensing efficiency in cells 

devoid of these proteins would help in systematically addressing their involvement. 

Collectively these results suggest that cGAS mediated sensing is a prevalent and 

functional manner to react to cytosolic foreign DNA in the mouse T cells. 

 

4.2. The cGAS-STING DNA sensing pathway is effective against HSV-1 ∆UL41 

but not HIV-1 and MLV-pseudotypes. 

Our data suggests the absence of an elevated type I IFN response in mouse CD4+ T 

cells following challenge with VSV-G-pseudotyped HIV-1 lentiviral particles. The poor 

susceptibility of the primary cells to lentiviral transduction could not be ruled out. 
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Nevertheless, data probing human CD4+ T cells after challenge with infectious HIV-1, 

displays identical results in the presence of productive infection, ruling out any 

species-specific effect (data not shown). Additionally the presence of, and time 

dependent increase of HIV-1 cDNA was observed in both mouse and human T cells 

verifying that reverse transcription process takes place effectively in these cells (Fig 

13). 

Moreover, studies showing HIV-1-induced type I IFN release in CD4+ T cells are rare. 

Nevertheless, a few studies have reported the induction of type I IFN response and 

the induction of several genes in CD4+ T cells following HIV-1 infection (Imbeault et 

al., 2009; Vermeire et al., 2016). HIV-1-induced pronounced type I IFN response is 

often observed in pDCs following infection (Lahaye et al., 2018; Lepelley et al., 2011; 

Manel et al., 2010). Type I IFN and ISG responses are also observed in 

macrophages upon co-culture with HIV-1 infected PBMCs or following direct infection 

(Nasr et al., 2012; Xu et al., 2016). A closer look at our data and the published data 

from Vermeire et al., reveals a similar quantity of IFN-β mRNA or Ifit1 mRNA 

induction observed upon challenge of the virus (less than 10-fold). Similarly, Imbeault 

et al., show less than 5-fold upregulation of p53 mRNA. The release of type I IFN 

might be the cumulative effect observed on culturing infected cells with a replication-

competent virus that establishes a spreading infection. Innate responses may not 

necessarily be generated in response to one particular viral product such as HIV 

cDNA, rather to several of them produced during the ongoing replication cycle of the 

virus. The release of IFN from infected cells might stimulate the neighboring cells, in 

a paracrine network, to join in the process thereby creating an antiviral state which 

could be beneficial to the host. The use of lentiviral particles, as was done in our 

study, might restrict such outcomes. 

It is also important to highlight that some studies have reported the absence of IFN 

release upon prolonged infection with HIV-1 in PBLs (Xu et al., 2016). Many studies 

performed on CD4+ T cells and PBMCs, concluded a process of global disruption in 

ISG expression, following HIV infection (Doehle et al., 2009; Geiss et al., 2000; 

Ockenhouse et al., 2005). The different HIV-1 lab strains used in the studies might 

also partially contribute to the differences reported. 

Our functional studies scrutinizing the antiviral responses of mouse CD4+ T cells in 

response to HSV-1 ∆UL41, underscored the strong innate responses pitching in 



CHAPTER 4: DISCUSSION 
__________________________________________________________ 

108 
 

following virus challenge (Fig 14 and Fig 17). The counterpart data generated from 

human CD4+ T cells upon HSV-1 ∆UL41 infection conveyed the same results 

(Unpublished data generated by Dr. Carina Elsner and Julia Kazmierski). These 

results were in contrast to the absence of Ifit1 mRNA responses, witnessed in the 

same cell types following HIV-1 lentiviral particle (Fig.13 and 16) and MLV retroviral 

particle transduction (Fig.15), but highlight the capability of CD4+ T cells to synthesize 

IFN genes upon a stronger stimulus (Fig 14 and 17). The innate immune response 

generating properties of HSV-1 are well documented. Many other groups have 

previously shown that cGAS senses HSV-1 DNA and mounts a strong immune 

response, however, in other cell types such as human foreskin fibroblasts (HFF) (Su 

and Zheng, 2017; Zhang et al., 2016a). Our study corroborates the strong innate 

response inducing nature of HSV-1 in T cell system. Off note, herpes viruses are 

experimentally shown to counteract cGAS using various viral proteins such as UL41, 

ORF52 and LANA (Su and Zheng, 2017; Wu et al., 2015; Zhang et al., 2016b). Both 

the UL41 deficient as well as WT HSV-1 strain elicited a pronounced Ifit1 mRNA 

response in our human (data not shown) and mouse T cell (Fig.21) models 

suggesting the strong immunostimulatory nature of HSV-1. Acyclovir treatment did 

not inhibit HSV-1 ∆UL41 sensing by cGAS in mouse T cells. Acyclovir treatment 

restricts de novo DNA replication of the virus. This strongly suggested that the 

incoming viral genomic DNA could be a potent stimulant to trigger host responses 

(Fig.14 and 21)  

Alternatively, HSV-1 ∆UL41 exposure might upregulate stress responses which in 

turn might lead to the release of mitochondrial DNA (mtDNA) into the cytoplasm. 

mtDNA exhibits strong cGAS- activating properties (Rongvaux et al., 2014). More 

experiments are needed to identify the cGAS-triggering PAMP in this set up. 

Immunofluorescence studies might reveal the co-localization of HSV-1 DNA and 

cGAS. Additionally, DNA pulldown assays will directly answer the interaction between 

cGAS and viral DNA, if any. 

The natural differences between retroviruses and herpes viruses might be one of the 

driving factors for such different responses. HSV-1 contains a large dsDNA as 

genomic material which is 155 kbp (Whitley et al., 1998). Retro viruses, on the other 

hand, encapsidate two copies of ssRNA genomes of 9 kbp each, a much smaller 

genomic size in comparison to the HSV-1 genome. HIV-1 undergoes reverse 
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transcription process and generates one slightly longer complementary DNA 

compared to the initial RNA genome (Hu and Hughes, 2012). The quantity of viral 

DNA PAMPs is strikingly dissimilar between the two viral families and might influence 

the extent of sensing. Transducing T cells with a high inoculum of HIV-1 lentiviral 

particles or performing a dose-dependent titration to attain similar DNA quantities in 

both viral challenge set-ups might help resolve these issues. 

Our results failed to reveal HIV-1 lentiviral particle-induced phosphorylation of IRF3 in 

mouse T cells (Fig 18-19) in contrast to HSV-1 ∆UL41. HIV-1 infection results in the 

cGAS-dependent IRF3 phosphorylation in certain cell types such as macrophages 

and MDDCs (Gao et al., 2013a; Yoh et al., 2015). Other studies have identified IRF3 

signaling in moDCs following HIV-1 infection, nonetheless triggered by RNA helicase 

DDX3 in a MAVS-dependent manner (Gringhuis et al., 2017). Interestingly former 

studies described that HIV-1 infection of CD4+ T cell and PBMCs resulted in the 

cleavage or degradation of IRF3, predominantly mediated by HIV-1 Vpu (Doehle et 

al., 2012; Okumura et al., 2008; Park et al., 2014). HIV-1 Vpu-initiated IRF3 

proteolytic degradation in a reverse transcription-independent manner (Okumura et 

al., 2008). However it is puzzling to observe absence of pIRF3 in the context of a 

lentiviral system devoid of accessory proteins, which are the main mediators of innate 

immunity evasion. This suggests that there might be rather low quantity of PAMPs 

synthesized to initiate a strong immune response. Evidently, our attempts to screen 

for the presence of cGAMP, the catalytic product of cGAS, scored negative during 

HIV-1 lentiviral challenge in contrast to HSV-1 ∆UL41 (Fig.20). 

Although cGAS-mediated sensing of HIV-1 cDNA is demonstrated to exist, other 

predominant mechanisms of sensing might also exist in these cells. Quiescent 

lymphoid CD4+ T cells, abortively infected with HIV-1 succumb to a process known 

as pyroptosis (Doitsh et al., 2014). Pyroptosis is a highly inflamed programmed cell 

death process. Doitsh et al., demonstrated that bystander cells are lost during HIV-1 

infection via caspase 1-dependent pyroptotic process. In our lentiviral transduction 

experiments, we did not observe cell death. Interestingly, early reports showed that 

CD4+ T cells productively infected with HIV-1 do not undergo apoptosis. Apoptosis 

selectively resulted in the loss of bystander CD4+ T cells during HIV-1 infection 

sparing the productively infected cells (Finkel et al., 1995). The study by Doitsh et al., 

was quickly followed by a supporting study (from the same group) claiming IFI16 as 
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the predominant protein initiating pyroptotic cell death in CD4+ T cells (Monroe et al., 

2014). IFI16 senses accumulating HIV-1 reverse transcripts in nonproductively 

infected CD4+ T cells and initiates pyroptotic cell death process. Additionally more 

evidences established the role of IFI16 in pyroptotic cell death of CD4+ T cells and 

suggested that cell-to-cell transmission of viral products via synapses is another key 

step required in initiating the inflammatory death response (Galloway et al., 2015). 

Nonetheless cGAS was not found to play a role in this process owing to the absence 

of the protein in tonsillar CD4+ T cells (Monroe et al., 2014). 

However, looking from an alternative perspective, new studies are currently exploring 

the role of cGAS-IFI16, cooperatively enhancing innate immune responses. The 

contribution of IFI16 in enhancing cGAMP production in macrophages by amplifying 

cGAS functions came to light recently. cGAMP production was impaired in human 

macrophages deficient of IFI16 and delayed the dimerization of STING upon DNA 

transfection. Furthermore, IFI16 strongly interacted with STING and TBK1 (Jønsson 

et al., 2017). A comparable study performed in human keratinocytes revealed the 

combined role of cGAS-IFI16 in augmenting STING stimulation in a cGAMP 

dependent fashion (Almine et al., 2017). These revelations point us towards the joint 

function of these DNA PRRs. Such mechanisms might have an unappreciated role in 

CD4+ T cells of different origin such as the spleen or blood. 

 

4.3. The role of TREX-1 during HIV-1 infection. 

The role of TREX-1 in autoimmunity is widely accepted. TREX-1 mutations can result 

in severe autoimmune disorders such as Aicardi Goutières syndrome characterized 

by a massive inflammatory response. TREX-1 KO in mouse BMDM and MEF led to 

the spontaneous upregulation of ISGs in a cGAS-dependent manner (Ablasser et al., 

2014; Gray et al., 2015). The substrate of TREX-1 is widely believed to be 

cytoplasmic dsDNA molecules, generated during retrotransposon reverse 

transcription events. Accumulation of these moieties triggers cGAS activation and 

result in innate immune reactions. Knockdown of cGAS was successfully shown to 

overcome TREX-1 induced autoimmunity. 

In 2010, Yan et al., proposed the negative role of the cellular exonuclease TREX-1 in 

inhibiting innate immune responses upon HIV-1 infection in mouse embryonic 
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fibroblasts (MEFs), human MDM and CD4+ T cells (Yan et al., 2010). HIV-1 cDNA 

accumulated in TREX-1 KO MEFs and triggered the upregulation of IFN-β mRNA 

synthesis in an IRF3-dependent fashion. Another contemporary study published by 

Kumar et al., agreeably verified the existing hypothesis of delayed innate responses 

upon overexpressing TREX-1 in THP1 cells (Kumar et al., 2018). Both studies 

implicate the cGAS-stimulating property of cytosolic HIV cDNA but not nuclear DNA 

species.  

The abrogation of TREX-1 blocked HIV-1 infection in human cervicovaginal explants 

and humanized mice through IFN induction (Wheeler et al., 2016). Our data however 

implied no contribution of TREX-1 KO in rescuing Ifit1 or Mx2 mRNA responses upon 

lentiviral transduction of mouse T cells (Fig.25). Nevertheless, TREX-1 KO enhanced 

Ifit1 and MX2 mRNA responses against ISD and HSV-1 (Fig.23 and Fig.26). 

Jointly, these data suggests that the ISG inhibition effect of TREX-1 is more visible at 

a higher MOI of the virus or during the availability of larger quantities of viral DNA. 

This is a more likely scenario in a spreading infection rather than single round 

infection systems. Spreading infection of HIV-1 might promote multiple infections of 

the target cells thereby enhancing the probability of cGAS sensing of the reverse 

transcribed products in the absence of TREX-1. It is known that multiple infection of 

HIV-1 proceeds at high frequency in infected cells (Jung et al., 2002). We observed 

an enhancement in ISG responses generated against HSV-1 in TREX-1 depleted 

cells (Fig.26). HSV-1 ∆UL41 has a larger DNA than HIV-1 and this supports our claim 

that TREX-1 KO effects are more pronounced during the presence of greater 

quantities of DNA. DNA competition assay using cGAS and TREX-1 with increasing 

and decreasing concentrations of DNA templates might reveal the variances in 

accessibility of substrate between the two proteins. Additional emerging data further 

dissects the role of TREX-1 in individual cell types. Loss of TREX-1 in dendritic cells 

particularly led to the induction of systemic autoimmunity whereas some cell types 

such as B cells, cardiomyocytes and neurons displayed no IFN upregulation upon 

depletion of TREX-1, suggesting cell type-specific role of the exonuclease (Peschke 

et al., 2016).  
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Alternatively, HIV-1 capsid can offer significant protection of the reverse transcribed 

DNA from innate sensors. Supporting this claim is the enhanced innate responses 

observed upon pharmacological perturbance or genetic mutations of the HIV-1 

capsid in THP1 and macrophages (Kumar et al., 2018; Rasaiyaah et al., 2013). 

Scientific data has demonstrated the presence of HIV-2 capsids in the nucleus of 

DCs. HIV-1 capsids might have a more appreciable role in offering extensive 

safeguarding of the reverse transcription process and products (Lahaye et al., 2018).  

Bringing all the pieces of my study together, a stand out observation is that HIV-1 

might be producing lower quantities of cGAS-sensitive viral PAMPs which did not 

stimulate type I IFN responses. The HIV-1 cDNA could be additionally tightly 

protected inside the capsid offering more resistance to be detected. Pharmacological 

drugs disrupting this protective shield would let us evaluate the magnitude of 

fortification rendered by the capsid. Studying TREX-1 contribution in this scenario 

could be more fitting. Cell-to-cell spread of virus is a more efficient way of viral 

dissemination and although not formally shown in our study, might result in increased 

viral PAMPs supporting the notion that the quantity of viral PAMPs is essential in 

triggering appropriate responses. 

cGAS DNA sensing property is magnified via co factors such as PQBP1. PQBP1 

directly interacts with HIV cDNA and cGAS, simultaneously aiding in the initiation of 

IRF3-mediated type I IFN responses in MDDCs. It was also found to specifically 

enhance ISG responses upon binding to HIV-1 reverse transcribed DNA but not 

viruses (Yoh et al., 2015). On the other hand, ZCCHC3 was found to facilitate 

enhancement of cGAS-mediated sensing in response to many DNA viruses such as 

HSV-1, MCMV and VACV, and synthetic DNA transfections in macrophages and 

dendritic cells (Lian et al., 2018). Such studies once again highlight the PRR-rich 

nature of macrophages and dendritic cells. Studies probing the cGAS-facilitating 

functions of these proteins in T cells might answer us the immune state of this cell 

type. 

HIV-1 is a relatively small virus with not more than 9 genes. Although the few genes 

of HIV-1 are capable of multifunctionally antagonizing many restriction factors 

potently, HIV might rely on more simplistic yet sophisticated techniques to overcome 

innate responses. Retroviruses could have evolved to choose reverse transcription 

process by which it exposes only transiently a single DNA copy of limited length to 
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cytoplasmic sensors, and a smaller RNA genome as an alternative strategy to 

establish lifelong infection of the host in a very short time. DNA viruses such as HSV-

1 on the other hand counteract prolonged immune responses due to the presence of 

many antagonizing viral genes at their disposal.  

Finally, as concluding remarks, HIV-1’s choice of CD4+ T cells as primary targets 

could be because of the poor innate immunity triggering nature of the cells during 

infection. Even though many HIV-1 PRRs such as cGAS, SAMHD1 and IFI16 are 

expressed in CD4+ T cells, they do not alleviate viral replication in the long run. Some 

even initiate anti-survival responses such as pyroptosis triggered by IFI16. 

Nevertheless the identification of such processes might help us in the future to design 

therapeutic interventions to ameliorate or deteriorate the same in the best interest of 

the host. 

Also from our studies, no murine specific restriction was observed in the cGAS 

sensing pathway against transfected DNA and HSV-1. HIV-1 lentiviral particles and 

MLV retroviral particles on the other hand did not sufficiently trigger the pathway   . 

Data from the human set up confirms the same outcome and rules out species 

specific influence on the pathway. Hence it seems to be that by nature, HIV-1 triggers 

very negligible to no responses in T cell culture systems. Apart from the naturally 

existing blocks in murine T cells to support HIV-1 productive infection, such as 

integration block and reduced or impaired nuclear import (Tervo et al., 2008; 

Tsurutani et al., 2007b) cGAS sensing did not seem to interfere with these 

processes. However whether this status is subject to change upon strong IFN 

responses remains to be tested
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