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ABSTRACT 

The germline-encoded innate immune system is the human body’s initial defense 

system against foreign pathogens. Essential to this system are pattern recognition receptors 

(PRRs), which recognize pathogen-associated molecular patterns (PAMPs). A key PRR 

system, the cGAS/STING pathway, recognizes foreign DNA in the cytoplasm of a cell. 

Upon binding foreign DNA, cGAS creates second messenger 2’-3’-cGAMP which 

activates STING at the endoplasmic reticulum. Once activated, STING translocates to the 

Golgi, where it recruits the kinase TBK1 and transcription factor IRF3. TBK1 

phosphorylates IRF3, enabling the transcription factor to translocate to the nucleus and 

induce the transcription of type-I interferon (IFN-I) genes.  

 Mechanisms that regulate the cGAS/STING pathway are needed to ensure that an 

IFN-I response is mounted against only foreign or harmful material at the correct place and 

time. While cGAS typically only mounts a response to DNA in the cytoplasm of a cell, 

nuclear and cytoplasmic contents are mixed during mitosis, therefore giving cGAS access 

to genomic DNA. It is unknown whether cGAS mounts an IFN-I response to exogenous 

DNA during mitosis, and if not, what mechanisms are in place to ensure the pathway is 

inactive during cellular division.  

 Human papillomavirus (HPV) causes one of the most commonly transmitted sexual 

infections and is attributed to nearly 5% of all human cancers. HPV infects the basal cells 

of differentiated cutaneous and mucosal epithelium. Work from our lab and others has 

shown that the viral genome hides within cellular organelles until the onset of mitosis. This 

trafficking mechanism is unique, but the evolutionary rationale for such vesicular, mitosis-

dependent egress is unknown. Further, it is unknown how HPV evades detection during 
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both initial infection and genome maintenance. Overall, we hypothesize that HPV evades 

detection by cGAS/STING during both initial infection and viral persistence to support the 

viral lifecycle. We speculate HPV uses a vesicular trafficking mechanism, carefully timed 

with mitosis when we propose cGAS/STING to be inactive, to evade detection during 

initial infection. Further, we hypothesize HPV antagonizes the cGAS/STING pathway 

during the genome maintenance phase.  

 Using biochemical inhibitors and cell synchronization methods in a spontaneously 

immortalized cell line, we show that mitotic Golgi vesiculation attenuates cGAS/STING 

activity at the level of STING. Further, we use HPV pseudovirions to show that the virus 

evades detection by cGAS/STING. By alternatively delivering those virions via cationic 

liposomes, we show this evasion during initial infection is due to the virus’ vesicular, 

mitosis-dependent trafficking mechanism. Lastly, we show that persistent HPV18 infection 

in human foreskin keratinocytes suppresses IFN genes and further inhibits cGAS/STING 

responses to exogenous foreign DNA.  

Overall, this dissertation provides significant contributions to the fields of innate 

immunity and virology. Specifically, the findings herein provide insights into a novel 

regulatory mechanism of the innate immune system. Additionally, this work uncovers 

unique immunoevasive tactics that enable HPV to evade and antagonize the cGAS/STING 

system to achieve infection and viral persistence. Ultimately, understanding how HPV 

takes advantage of cGAS/STING regulation and further inhibits its function is essential to 

learning how HPV achieves viral persistence, as persistent infections cause cancer. 
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CHAPTER 1: INTRODUCTION 

1.1 Innate Immune System 

1.1.1 Overview 

 The innate immune system is the body’s first line of defense against most 

foreign microbial invaders. The innate immune system is encoded in the germline 

and recognizes a broad range of viruses, fungi and bacteria. An innate response is 

immediately triggered to a foreign pathogen, while peak B and T cell-mediated 

adaptive immune responses lag by about seven to 14 days [1, 2].  

Anatomical barriers such as the skin and mucosal membranes serve as 

innate physical barricades to pathogens [3], while soluble defenses like 

antimicrobial peptides and the complement system directly breakdown foreign 

organisms or materials [4]. Cells of the innate immune system include phagocytes, 

such as macrophages and dendritic cells, as well as neutrophils and natural killer 

cells [5]. These cells work together to recognize and eliminate pathogens and if 

necessary, trigger an adaptive immune response.  

1.1.2 Pattern Recognition Receptors 

Foreign molecules associated with pathogens are recognized as pathogen-

associated molecular patterns (PAMPs) by pattern recognition receptors (PRRs) 

[6]. PAMPs are conserved molecular structures that are common to many 

microorganisms but are largely absent from the body’s own cells. Typical PAMPs 

include lipopolysaccharides (LPS) [7], flagellin [8] and nucleic acids typically 

distinct from host nucleic acids [9].  
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PRRs recognize PAMPs and stimulate downstream responses to coordinate 

the innate immune response, activate the adaptive immune response, and 

discriminate between self and non-self. Compartmentalization and modulation of 

PRR signaling ensures a proper response is mounted by these defense mechanisms 

at the appropriate time and place [10]. 

PRRs are different from antigen-specific receptors of the adaptive immune 

system. Innate PRRs are specifically inherited in the germline, recognize broad 

classes of pathogens without reliance on prior exposure or priming, and interact 

with a range of molecular structures. Upon recognition of PAMPs, PRRs trigger 

response with immediate cellular effects, unlike antigen-specific receptors. PRRs 

are classified into four main groups based on their cellular localization and 

function: 1) free receptors in the serum involved in opsonization and complement 

activation, 2) membrane-bound phagocytic receptors, 3) membrane-bound 

signaling receptors and 4) cytoplasmic signaling receptors [11]. Both receptors in 

the latter two categories are unique in their abilities to induce inflammation.  

 Transmembrane PRRs consist of Toll-like receptors (TLRs) and C-type 

lectins. TLRs are type 1 transmembrane glycoproteins that recognize molecules of 

bacteria, fungi and viruses [12]. Some TLRs, such as TLR3, TLR7, TLR8 and 

TLR9, reside in endosomes and recognize foreign nucleic acid [13]. The remaining 

TLRs reside on the cell surface and recognize a diverse set of PAMPs such as LPS 

[7] and flagellin [8]. As dimers, TLRs signal via adaptor molecules to stimulate 

responses such as the production of inflammatory cytokines, chemotactic factors, 

antimicrobial peptides, and the type-I interferons (IFN-I). The choice of adaptor 
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determines the downstream signaling cascade [14]. Most TLRs activate NFκB 

through MyD88 [15], which activates transcription of inflammatory cytokines. In 

addition, endosomal TLRs use MyD88 or TRIF [16] to activate the IRF 

transcription factors for the induction of an IFN-I response. Most TLRs also signal 

through MAPKs to activate members of the AP-1 family [17].  

 C-type lectins, the second type of transmembrane PRRs, recognize fungal 

ligands, among other PAMPs [18]. Both Dectin-1 [19] and Dectin-2 [20] recognize 

components of the fungal cell wall, while Dectin-2 can also recognize fungal 

hyphae. Additionally, Mincle recognizes fungal PAMPs, mycobacterial cord factor 

and necrotic cells [21]. Upon binding of a foreign substance, a non-canonical ITAM 

motif recruits Syk kinase [22]. Through this signaling adaptor, C-type lectin 

signaling can activate NFκB and MAPK pathways, resulting in the production of 

proinflammatory cytokines [23].  

 Cytosolic PRRs consist of RIG-I-like receptors (RLRs), DNA sensing 

receptors and NOD-like receptors (NLRs). In contrast to some TLRs that recognize 

endocytosed foreign nucleic acids, RLRs sense foreign nucleic acids present within 

the cell [24]. As cytosolic RNA helicases, RIG-I detects the 5’-triphosphate of 

uncapped RNA that is typical of viral genomes [25], and MDA5 detects higher 

order dsRNA structures [26]. MDA5 also targets ssRNA viruses that make dsRNA 

during viral genome replication [27]. Similarly, RLRs can recognize DNA viruses 

when they make dsRNA during viral genome replication [28]. These distinct 

mechanisms of nucleic acid detection allow for the discrimination between self and 

foreign nucleic acids. Like TLRs, RLRs utilize signaling adaptors to activate a 
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variety of responses [29]. Through MAVS, NFκB and TBK1/IRF3 activation, RLR 

sensing of foreign nucleic acids leads to the production of pro-inflammatory 

cytokines and the IFN-I response, respectively.  

A second class of cytosolic PRRs, the cytosolic DNA sensors, aim to 

differentiate between self and foreign DNA based on location: foreign DNA, unlike 

self-DNA in most cases, can often be found in the cytoplasm. A large component 

of the cytosolic DNA sensor family is the cGAS-STING pathway [30]. This 

pathway will be discussed in detail in section 1.1.2.1. Briefly, cGAS binds foreign 

DNA, resulting in the formation of 2’-3’-cGAMP from ATP and GTP [31]. 2’-3’-

cGAMP stimulates STING, which translocates to the Golgi where it associates with 

TBK1, resulting in the activation of IRF3 and the induction of IFN-I [32]. Cytosolic 

PRR DAI senses the Z form of dsDNA to induce an IFN-I response through IRF3 

[33], while LRRFIP1 senses both B and Z forms to induce the same response [34]. 

IFI16 induces both NFκB and IFN-β through TBK1 and IRF3 [35]. Further, IFI16 

can serve as an inflammasome component, interacting with the adaptor ASC to 

activate pro-caspase 1 [36]. More detail on the inflammasome is given below.  

 NLRs, the third class of cytosolic PRRs, contain a leucine rich repeat 

ligand-binding domain [37]. While some NLRs activate NFκB to induce the same 

pro-inflammatory response as TLRs [38], other NLRs signal through a distinct 

pathway to induce cell death and produce pro-inflammatory cytokines. NOD1 and 

NOD2 recognize peptidoglycans [39] and recruit the CARD-containing serine-

threonine kinase RIP2 to trigger downstream NFκB events such as pro-

inflammatory cytokines and enzymes involved in the production of nitric oxide. 
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NOD2 can also induce IFNs through the signaling adaptor MAVS [40]. In addition 

to recognizing intracellular bacterial components, NLR recognition of cellular 

damage, toxins and other PAMPs can induce the formation of the inflammasome 

[37]. Formation of the inflammasome via the adaptor ASC facilitates the 

association of the CARD domains of both ASC and pro-caspase 1 [41]. 

Aggregation of CARD domains triggers the cleavage of pro-caspase 1, yielding 

activated caspase 1. Caspase 1 processes pro-IL-1β [42] and pro-IL-18 [43] to their 

active forms and assists in the secretion of these cytokines.  

AIM2, though not classified as an NLR, is a cytosolic sensor of DNA that 

also induces inflammasome activation [44]. AIM2 has been shown to inhibit the 

activity of cGAS/STING, such that it sequesters foreign DNA away from the 

pathway, thereby preventing an IFN-I response [45, 46]. 

 1.1.2.1 cGAS/STING Pathway 

The innate immune system recognizes cytosolic dsDNA via the 

cGAS/STING pathway [47] (Fig. 1). Cytosolic DNA is recognized by the 

enzyme cGAS, which catalyzes the formation of the cyclic dinucleotide 2’-

3’-cGAMP [48]. STING, a transmembrane resident of the endoplasmic 

reticulum (ER) [49, 50], becomes activated upon binding to 2’-3’-cGAMP 

[51]. Once activated, dimeric STING undergoes a conformational change 

[31] and traffics to a perinuclear Golgi-like compartment. Trafficking to the 

Golgi is required for the assembly of the STING/TBK1/IRF3 signaling 

complex and downstream IFN-I response [52]. At the Golgi, 2’-3’-cGAMP-

stimulated STING recruits and activates TBK1 [53] to phosphorylate the  
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Upon recognition of dsDNA in the cytoplasm of a cell, cGAS creates the second 

messenger 2’-3’-cGAMP, which activates STING. After translocation to the Golgi, 

STING recruits TBK1 and IRF3. Phosphorylated IRF3 serves as a transcription factor for 

IFN-I genes.  

Figure 1. cGAS/STING is an innate cytosolic DNA-sensing pathway. 
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transcription factors IRF3 and NFκB, stimulating both IFN-I and pro-

inflammatory cytokine responses [32, 49, 54] (Fig. 1).  

Viral dsDNA (vDNA) exposed during initial infection or viral DNA 

replication has been shown to activate the pathway, such as in the cases of 

herpes simplex virus (HSV-1) and adenovirus (AdV) infections [55, 56]. In 

addition to recognizing pathogenic DNA, cGAS has also been shown to 

recognize self-DNA [57]. For example, cGAS can respond to mitochondrial 

DNA (mtDNA) released into the cytoplasm in the event of virus-induced 

mtDNA stress. Such mtDNA detection can has been observed in HSV-1 

[58] and dengue virus [59] infection, as well as in the context of 

Mycobacterium tuberculosis [60]. In addition to mtDNA, cGAS has also 

been shown to recognize self-DNA in the case of insufficient activity of 

TREX1, a DNA exonuclease [61-64], and SAMHD1, an enzyme with 

phosphohydrolase activity [65]. Both instances often lead to several 

autoinflammatory and autoimmune diseases such as Aicardi-Goutières 

syndrome.  

Evidence from multiple laboratories has established a role for 

cGAS/STING in oncogenic stress-induced cellular senescence [66-70]. 

Replicative stress and DNA damage cause errors in mitosis, lagging 

chromosomes, cytosolic chromatin fragments and micronuclei [67]. DNA 

contained in micronuclei and cytoplasmic chromatin fragments also activate 

cGAS/STING to induce IFN-I expression [69, 71]. In addition to IFN-I 
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upregulation via activation of pIRF3, cGAS/STING activates NFκB to drive 

expression of p16/p21, proliferative senescence and SASP.  

cGAS/STING has also been shown to play a role in cancer immunity 

and immunotherapy [72, 73]. Genome instability, a hallmark of cancer [74], 

leads to chromosomal abnormalities and DNA damage which can cause the 

formation of micronuclei and cytoplasmic chromatin fragments. As 

mentioned, DNA from these sources can activate cGAS, and in the context 

of cancer, can lead to the promotion of cellular senescence and an 

inflammatory response that may suppress or eliminate cancer cells [67]. 

DNA from cancer cells may also be recognized by cGAS through 

phagocytosis. Dendritic cells and macrophages may engulf cancer cells or 

exosomes containing cancer cell DNA that is vulnerable to detection by 

cGAS in the cytoplasm of these cells. cGAS activity within these immune 

cells can lead to the production of IFNs and other immune-stimulatory 

molecules that help prime and expand tumor-specific T cells and recruit 

them to tumor sites. Researchers have begun to use cGAS/STING agonists 

in mouse tumor models for their antitumor effects alone and in combination 

with checkpoint blockers [75, 76]. 

To avoid aberrant signaling and limit harmful responses to self-

DNA, the cell limits cGAS/STING activity through several mechanisms 

[30]. Each protein of the cGAS/STING pathway is modified by several 

post-translational modifications such as phosphorylation, ubiquitination, 

glutamylation and SUMOylation [77]. Each of these modifications can 
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either activate or deactivate the pathways depending on the site which is 

modified. For example, phosphorylation of Ser305 near the catalytic site of 

human cGAS inhibits 2’-3’-cGAMP synthesis [78]. K63-linked 

ubiquitination of STING at Lys244 controls the ability of STING to activate 

IRF3 [79]. STING activation at the Golgi also requires palmitoylation [80] 

and ubiquitylation [81, 82]. Phosphorylation of IRF3 by TBK1 at Ser386 

and Ser396 is critical for IRF3 activity as a transcription factor of IFNs [83]. 

In addition to post-translational modifications, the pathway is 

regulated by oligomerization. Self-dimerization of STING and IRF3 is 

essential for activity. The oligomerization of STING, TBK1 and IRF3 at the 

Golgi is critical for downstream IFN-I responses [50]. 

Proteins involved in the pathway are also highly dependent on 

proper trafficking throughout the cell. For example, the trafficking of 

STING to the Golgi is regulated by several host factors such as TRAPß [84], 

TMED2 [85], STIM1 [86], TMEM203 [87] and Atg9a [88]. STING also 

interacts with SCAP at the Golgi to facilitate IRF3 recruitment [89]. 

During mitosis, the nuclear envelope dissolves, resulting in mixing 

of cytoplasmic and nuclear contents. To avoid self-stimulation by 

chromosomes, cells need additional mechanisms to prevent activation of 

cGAS/STING during mitosis. The chromatinized nature of genomic DNA, 

with histones structurally marking DNA as “self” has been proposed to 

mitigate cGAS/STING activity. This idea makes sense in the context of 

vDNA-mediated activation of the pathway, as several DNA viruses that are 
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sensed by cGAS/STING upon initial entry contain either naked, 

unchromatinized dsDNA [90, 91] or DNA that is packaged with non-

histone viral core proteins [92-96].  

Because cGAS has been shown to localize to condensed 

chromosomes upon nuclear envelope breakdown (NEBD) [70, 97], some 

have asked whether cGAS is activated by host chromosomes, and if not, 

what mechanisms exist to prevent self-activation. Recent studies have 

revealed that 1) chromosome-bound cGAS is tightly tethered to chromatin 

[69], 2) chromatin interaction does not involve the DNA-binding domains 

of cGAS required for “typical” activation by dsDNA [97], and 3) that 

chromosome binding results in minimal activation of cGAS with relatively 

low 2’-3’-cGAMP production [98]. However, previous studies have not 

investigated whether chromosome-bound cGAS can generate 2’-3’-

cGAMP and stimulate downstream responses to foreign DNA during 

mitosis. This idea and a chromosome-independent mechanism for 

cGAS/STING regulation during mitosis will be explored in Chapter 3.  

Viruses have also evolved to regulate each step of the cGAS/STING 

pathway. For example, cGAS is inhibited by LANA of KSHV [99], and the 

tegument protein ORF52 of several herpesviruses disrupts cGAS/DNA 

binding [100, 101]. ICP27 of HSV-1 inhibits IRF3 activation by interacting 

with TBK1 and STING [102], while vIRF1 disrupts STING 

phosphorylation and binding to TBK1 [103]. E1A of adenovirus (AdV) 

[104] and the nonstructural protein NS4B of several flaviviruses such as 
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dengue virus and yellow fever virus have been shown to inhibit STING 

[105]. Lastly, the human papillomavirus (HPV) oncoproteins E6 and E7 

have been shown to bind and inhibit the functions of IRF3 and STING, 

respectively [104, 106]. 

Viral trafficking may also be a means for cGAS/STING evasion. 

Viral trafficking by reovirus [107] and adenovirus [108] plays a role in 

innate immune evasion. This idea will be explored in greater detail in the 

context of initial HPV infection in Chapter 4. Further, additional roles for 

the HPV early proteins in immune evasion during viral persistence will be 

investigated in Chapter 5. 

1.2 Human Papillomavirus 

 1.2.1 Virus Description  

HPV belongs to the papillomavirus (PV) family of small, non-enveloped 

icosahedral viruses with dsDNA genomes. More than 300 different PV types have 

been identified and infect a wide range of vertebrates [109]. Over two-thirds of all 

identified PV types include those which exclusively infect humans. HPVs can be 

subclassified into 5 genera based on the nucleotide sequence of the major capsid 

protein, L1: alpha, beta, gamma, mu and nu [110-112].  

Approximately eight kilobase pairs in size, the HPV genome is organized 

into three major regions: 1) the long control region (LCR) or upstream regulatory 

region (URR), 2) the early (E) region and 3) the late (L) region. The LCR/URR 

contains the early promoter and regulatory elements involved in vDNA replication 

and gene transcription. The late region encodes the major and minor capsid 
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proteins, L1 and L2, respectively. The early region encodes E1, E2, E4, E5, E6 and 

E7 – proteins associated with viral gene expression, replication and survival. Alpha 

HPVs contain all of these genes, but only L1, L2, E1 and E2 are essential for viral 

replication and production and are included in all PVs, regardless of species tropism 

[113]. 

 1.2.2 Pathology and Epidemiology 

All known HPV types infect mucosal or cutaneous epithelium, such as that 

of the skin, anogenital region and oropharangeal tract [114]. Viruses of the beta, 

gamma, mu and nu genera infect cutaneous epithelium. Infections with these types 

of HPVs are incredibly common and typically benign, often entirely asymptomatic 

or only resulting in common skin warts [115, 116]. The alpha viruses contain HPV 

types which infect mostly mucosal surfaces [110]. Infection with an alpha HPV 

type is one of the most common sexually transmitted infections in the U.S. [117]. 

The World Health Organization (WHO) estimates nearly 300 million women have 

an HPV infection. However, essentially all sexually active individuals, regardless 

of gender identity or sexual orientation, will be infected with HPV at some point in 

their lifetimes.  

The alpha HPV genus is subidivded into low- and high-risk virus types. 

Those classified as low-risk (LR) have no significant association with cancer. LR-

HPVs, including HPV6 and HPV11, are associated with warts on or around the 

anus, genitals, mouth or throat. The nearly 15 HPV types that are designated as 

high-risk (HR), such as HPV16 and HPV18, are associated with a variety of 

cancers. Of all infections with HPV, the National Cancer Institute (NCI) estimates 
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nearly half are with HR-HPVs. However, the large majority of these cases do not 

progress to cancer. Instead, persistent infections are associated with carcinogenesis.  

HR-HPVs are estimated to cause roughly 5% of all human cancers 

worldwide, with an estimated 570,000 women and 60,000 men developing an HPV-

related cancer each year. HR-HPVs are attributed to essentially all cervical cancers 

in women, and it is estimated more than 275,000 women die each year from HPV-

related cervical cancers [118]. Furthermore, HPV causes nearly 70% of all 

oropharyngeal cancers in the U.S. as well as 90% of all anal cancers and more than 

60% of all penile, vaginal and vulvar cancers [119].  

There are three vaccines offered to prevent HPV infection: Cervarix, 

Gardasil and Gardasil 9. All three vaccines provide protection against HPV16 and 

HPV18, the two HR types estimated to cause nearly 70% of all HPV-related cancers 

[120, 121]. Gardasil, licensed for use in 2006, provides additional protection against 

two LR-HPVs which are attributed to nearly 90% of all genital warts: HPV6 and 

HPV11 [122, 123]. Gardasil was initially marketed to girls and women between 

nine and 25 years of age, though its use has been expanded to boys and males of 

the same ages. As the name implies, Gardasil 9 provides protection against nine 

HPV types: the original four, in addition to five more HR types (31, 33, 45, 52 and 

58) [124]. Gardasil 9 is offered to people between the ages of nine and 45, extending 

the ages offered protection. However, as it is estimated essentially all sexually 

active people will become infected with HPV in their lifetimes, the efficacy of 

vaccination at an age after one has begun to engage in sexual intercourse is much 

less than if vaccinated prior to beginning sexual activity. Further, it is important to 
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remember that no vaccine provides protection against all HR, cancer-causing HPV 

types, nor the plethora of LR types associated with genital warts. 

The HPV vaccine has become part of routine immunizaiton programs in 85 

countries as of October 2018. However, because the vaccine is cost-prohibitive in 

much of the developing world, most of the countries with such programs are 

classified as high- and middle-income [125]. It is imperative to either lower the cost 

of vaccinaiton or find alternative methods of HPV infection prevention, as the 

majority of HPV-related morbilities and mortalities are found in the developing 

world [126]. 

The efficacy of these vaccines in preventing cancer has been largely 

understudied because the incubation period between initial HPV infection and the 

development of cancer is often more than 10 years [127]. Thus, those first to be 

vaccinated with Gardasil in the late 2000s may not yet show signs of potential HPV-

induced carcinogenesis. However, the origianl two vaccines have been shown to 

prevent the formation of cervical intraepithelial neoplasias (CINs), precursors to 

invasive carcinomas [128]. Further, Scotland and Austraila have seen large 

decreases in genital warts and prevelances of the HPV types covered by the vaccine 

in addition to herd immunity because of nationwide vaccination programs [129, 

130].  

It is unclear whether condoms provide efficacy in preventing HPV 

infection, as the virus is spread by skin-to-skin contact as opposed to through bodily 

fluids [131]. Proper education, in addition to the utilization of various forms of 

protection, is necessary to further prevent HPV-related morbidities and mortailties.  
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 1.2.3 Lifecycle  

 HPV exclusively infects cutaneous and mucosal surfaces, and the viral 

lifecycle is dependent on the differentiation of these epithelia [132]. To infect a host 

cell, HPV must successfully traffic its episomal vDNA to the nucleus of a basal 

keratinocyte, the actively dividing cell type that sits on the basement membrane of 

differentiating epithelia (Fig. 2). HPV virions bind extracellularly to basal 

keratinocytes via interactions with heparin sulfate proteoglycans (HSPCs), 

inducing conformational changes in both capsid proteins. These conformational 

changes facilitate the transfer of the incoming virion to a yet-to-be determined entry 

receptor complex [133-135]. The minor capsid protein L2 is modified by the host 

protease furin, ensuring the proper subcellular trafficking of L2/vDNA to the 

nucleus. Once endocytosed, the virus travels through the early and late endosomal 

compartments [136], The major capsid protein L1 is cleaved by acid-dependent 

cathepsin proteases and subsequently degraded in the lysosome [137-139]. Minor 

capsid protein L2 facilitates trafficking of the L2/vDNA complex away from the 

degradative late endosomal and lysosomal compartments to the Golgi in a retromer-

dependent manner [140, 141], where it resides during interphase [142] (Fig. 2). A 

portion of the L1 capsid may also traffic with L2/vDNA to the Golgi and nucleus, 

though the importance of L1 in this process is unknown [143]. 

The cell cycle, particularly NEBD, has been shown to play a critical role in 

HPV infection: only during mitosis does the L2/vDNA complex leave the safety of 

the Golgi in a vesicle and translocate towards mitotic chromosomes, initiating viral 

infection [144, 145] (Fig. 3). By metaphase, L2/vDNA is associated with host cell 
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chromosomes [146] and is thus partitioned into both daughter cells following the 

conclusion of mitosis. Other DNA viruses, such as AdV and HSV-1, do not utilize 

this unique mitosis-dependent trafficking mechanism. The evolutionary rationale 

behind the distinctive trafficking mechanism of HPV is unknown, though we 

speculate it may play a role in immune evasion. This idea will be further explored 

in Chapter 4. 

 Following infection of a basal keratinocyte, HPV genome is maintained as 

a low copy number episome, estimated between 50 and 100 copies of HPV genome 

per cell [147, 148]. The early genes are expressed in the basal layers of the 

epithelium, as they are important in viral gene replication and expression. E2 plays 

an essential role in genome replication via interactions with the E1 helicase [149] 

and the cellular protein Brd4 [150]. E2 also aids in the segregation of the vDNA 

into daughter cells during cellular division by tethering the HPV genome to host 

chromosomes [151]. E4 is a product of splicing that involves the E1 start codon 

called E1^E4 [152]. E1^E4 is important for viral release in the upper layers of the 

infected epithelium via disruption of the keratin network [153]. E5 has been shown 

to have roles in immune evasion [154] and viral genome amplication [155]. 

 Early proteins E1 and E2 require the help of host cell machinery to replicate 

vDNA. However, these host proteins can only be utilized in actively dividing cells 

found in the basal layers of the differentiated epithelium. To facilitate continued 

cellular division and prevent apoptosis in the more differentiated layers of the 

epithelium, E6 and E7 antagonize host proteins p53 and pRB, respectively, by 

serving as adaptors for ubiquitin ligases[156]. Known as the “the guardian of the 
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Figure 2. HPV subcellular trafficking mechanism - interphase. 

After binding to the outside of a basal keratinocyte, HPV is endocytosed and travels 

through endosomal and lysosomal compartments. The major capsid protein L1 is 

degraded in the lysosome, but minor capsid protein L2 and the viral genome (vDNA) 

traffic to the Golgi, where they reside during interphase. Adapted from Campos SK 

(2017) Viruses.  
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Figure 3. HPV subcellular trafficking mechanism - mitosis. 

Only during mitosis does the L2/vDNA complex leave the safety of the Golgi. The 

vDNA is trafficked towards mitotic chromosomes, where tethering ensures infection 

of both daughter cells. Adapted from Campos SK (2017) Viruses.  
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genome,” p53 is a transcription factor that is central to initiating cell cycle arrest or 

apoptosis following DNA damage or other cellular stressors [157]. pRb controls 

the progression from G1 to S phase by binding and inhibiting the transcription 

factor E2F [158]. Thus, E6 and E7 promote dysregulated cell growth and perpetuate 

DNA damage through their actions on p53 and pRb. E6 also facilitates prolonged 

cell survival through the promotion of telomerase activity with host protein Myc 

[159]. Interestingly, E6 proteins of the HR-HPVs contain a PDS95/DLG1/ZO1 

(PDZ) binding motif that permits the association with and degradation of PDZ 

domain-containing proteins that regulate the cell cycle and differentiation [160]. 

This function appears to be rare among LR-HPVs, suggesting that the ability of HR 

E6 proteins to degrade PDZ domain-containing proteins may serve as another 

essential role in HPV-mediated carcinogenesis [161]. E5 may also assist in the 

E6/E7-mediated transformaiton of cells via interactions with the epidermal growth 

factor receptor [155].   

 The late proteins, L1 and L2, are expressed in the upper granular and 

cornified layers of the epithelium due to differentiation-dependent promoters and 

mRNA splicing [162]. Once the capsid proteins have been produced, HPV virions 

can be synthesized. However, newly produced virions are not known to leave the 

cell through traditional viral mechanisms like lysis or exocytosis. Instead, it has 

been suggested that HPV virions are released when the uppermost cornified layer 

of the epithelium is shed [152]. 

 1.2.4 Carcinogenesis 
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Most of HPV infections do not result in cancer. As previously stated, 

persistent infection with any of the ~15 HR-HPVs lasting more than two years are 

strongly associated with the development of high-grade precancerous lesions and 

invasive carcinomas in both men and women [163, 164].  

Not all HPV-related cancers feature vDNA integration, though integration 

is a hallmark of a large majority of HPV-related carcinomas [165]. Integration 

typically occurs at fragile sites in the host chromosomes that are prone to DNA 

breaks if the cell is exposed to partial replication stress [166-168]. The expression 

of E2 is inversely correlated with E6 and E7, due to E2-mediated repression of E6 

and E7 expression in the intermediate layers of the epithelium. However, 

integration of the viral genome upon progression to carcinoma in situ often disrupts 

the E2 coding region, alleviating the repression on E6 and E7 [169]. Early proteins 

E6 and E7 are highly associated with carcinogenesis, as E6 antagonizes p53 and 

promotes the actions of telomerase, while E7 antagonizes the tumor suppressor Rb 

[170], as previously discussed. The antagonism of p53 and pRb result in an 

accumulation of DNA damage, uncontrolled cell growth and ultimately, 

transformation into an invasive carcinoma [171]. However, transformation is quite 

rare, as most people clear the infection within two years [172]. Alternative splicing 

[162] within the E6 and E7 open reading frames unique to HR-HPVs has also been 

shown to promote carcinogenesis through similar mechanisms [173].  

1.2.5 Immune Evasion Strategies 

 Like other viruses, HPV has evolved to expertly manipulate the host cell to 

evade detection by the immune system, thereby limiting the release of pro-
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inflammatory cytokines and chemokines from infected keratinocytes. In the 

absence of inflammation, stromal dendritic cells are not activated and therefore 

unable to process and present antigen [174], thus limiting both the innate and 

adaptive responses to HPV infection.  

The HPV oncoproteins E5, E6 and E7 have each been documented to limit 

the host response through various mechanisms [144]. First, the virus regulates host 

gene expression by altering DNA methylation, histone modifications and 

transcription factors. For example, the gene transcription of CXCL14 and IFN-κ 

are inhibitied by HPV16 E7 and E6, respectively, through the promotion of DNA 

methylation via the DNA methyltransferase DNMT1 [175, 176]. Second, HPV 

oncoproteins have been shown to dysregulate histone modifications to 

epigenetically alter host gene transcription [177, 178]. The activity of the 

transcription factor NFκB is also inhibited by HPV through various means, such as 

E7-mediated inhibition of p65 subunit aceylation [179]. It was recently 

demonstrated that HPV16 E6 and E7 work synergistically to repress innate immune 

gene transcrtiption in the context of the entire genome [180]. Thus, researchers 

must take into account the influence of the entire viral genome in such experiments.  

Immune evasion by HPV is also facilitated through protein-protein 

interactions. As E6 and E7 lack intrinsic enzymatic activity, they serve as adaptors 

to a number of host proteins, altering their localization and activity in order to 

promote viral replication and persistence. For example, E6 and E7 can interact with 

TYK2 and IRF9, respectively, to inhibit IFN-I signaling [181]. 
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 Importantly, these two HPV early proteins have been suggested to interfere 

with the cGAS/STING pathway. In 2015, it was shown that the HPV18 oncoprotein 

E7 binds and antagonizes STING through the same LXCXE motif that is used to 

bind and antagonize pRb [104]. However, this work was done in the context of the 

overexpression of a single oncogene and may therefore not be an accurate 

representation of the actual biology. Further, it has been suggested that HPV16 E6 

can bind to and inhibit the transcriptional activity of IRF3, though again lacking the 

context of the full viral genome [106]. Thus, it appears HPV-mediated obstruction 

of the innate immune system is likely critical to the mechanisms of genome 

maintenance and viral persistence. The relationship between the innate immune 

system, namely cGAS/STING, and viral persistence will be explored in further 

detail in Chapter 5.  

1.3 Perspective and Overall Hypothesis 

The innate immune system provides immediate protection and mounts a quick 

response to foreign pathogens. The cGAS/STING pathway is a critical arm of this system 

through its recognition of foreign, cytoplasmic DNA. As recent literature has suggested 

that cGAS binds to self-DNA, studies which aim to understand the complex and 

multifaceted regulatory mechanisms of this pathway are key to understanding how 

potential harmful responses against self are prevented. In addition to being inactivated at 

the level of cGAS by chromatin association [97], we speculate the pathway is inactivated 

at the level of STING by mitotic Golgi vesicualtion. This idea will be explored further in 

Chapter 3.  
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It is evident there is much to learn about HPV, particularly with respect to how it 

evades the innate immune system to result in infection, persistence and carcinogenesis. 

Infection with HPV affects essentially all sexually active people and causes roughly 5% of 

cancers worldwide, despite vaccination efforts. Because of the poor vaccine accessibility 

and key gaps in scientific knowledge about the virus’ lifecyle, HPV remains to be a critical 

worldwide health concern. 

We hypothesize HPV takes advantage of the attenuation of cGAS/STING during 

mitosis to evade detecting during initial infection, carefully timing its vesicular trafficking 

mechanism to coincide with the time when this innate immune pathway would be inactive. 

Further, we speculate persistent infection with HPV dampens the activity of cGAS/STING, 

potentially to support undetected genome maintance.  

Overall, we hypothesize HPV both takes advantage of cell-mediated cGAS/STING 

regulation and directly inhibits the pathway in order to support the viral lifecycle. Through 

the exploration of cGAS/STING regulation and HPV immunoevasion, the studies herein 

provide significant contributions to the fields of innate immunology, cell biology and 

virology. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Cell Culture 

 2.1.1 HaCaTs 

Spontaneously immortalized human keratinocyte HaCaT cells were grown 

in high glucose DMEM supplemented with 10% FBS and Ab/Am. Cells were 

maintained at 37°C with 5% CO2 and passaged every 2–3 days. 

2.1.2 J2 Fibroblasts 

J2 mouse fibroblasts were grown in high glucose DMEM supplemented 

with 10% NCS, 1% penicillin/streptomycin and 1% L-glutamine. Cells were 

maintained at 37°C with 5% CO2 and passaged every 3-4 days. To create a feeder 

layer to support the growth of primary human foreskin keratinocytes, J2 fibroblasts 

were irradiated every 3-4 days. Cells were removed from continuing culture flasks, 

resuspended in media in a 15 mL conical, and irradiated with 6000 rads using a 

Gammacell 40 cesium-137 source. Irradiated cells were plated at 1 million cells per 

10 cm plate to later be used for culture with primary human foreskin keratinocytes. 

2.1.3 Primary Human Foreskin Keratinocytes 

Primary human foreskin keratinocytes (HFKs) were derived from foreskin 

samples by Jana Jandova (Van Doorslaer lab). For continuing culture only, primary 

HFKs were plated on top of the irradiated J2 fibroblast layer. After trypsinizing or 

thawing, primary HFKs were grown in high glucose DMEM and F12 media 

supplemented with 10% FBS, 0.4 µg/mL hydrocortisone, 5 µg/mL insulin, 8.4 

ng/mL cholera toxin, 24 µg/mL adenine, and 1% L-glutamine. One day after 

plating, the media was changed to the same as above but with 5% FBS, 10 ng/mL  
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Table 1. Biochemical inhibitors and other compounds. 
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EGF, and 1% penicillin/streptomycin. The media was supplemented with 10 µM 

Y-27632 dihydrochloride (Chemdea CD0141, Table 1). Cells were maintained at 

37°C with 10% CO2 and passaged every 3-4 days. 

2.1.3.1 Derivation of HPV18+ Cell Lines 

Two HPV18+ HFK cell lines, Clones 2 and 3, were derived by Jana 

Jandova (Van Doorslaer lab). Briefly, to derive HPV18+ HFK cell lines, 1 

million HFKs were co-transfected with 1 µg of a minicircle HPV18 genome 

plasmid, pMC-HPV18, and 1 µg of the neomycin resistance plasmid, 

pRSV-neo. Positively transfected cells were selected with the neomycin 

analog G418 and clones were subsequently picked from 10 cm tissue culture 

plates with cloning cylinders. Following propagation in 12-well and 6-well 

plates, clones were moved to 10 cm plates. Viral genome status and quantity 

were assessed by Southern Blotting. Viral transcripts and transcriptome 

were then measured via qPCR and RNA-sequencing, respectively. Clones 

2 and 3 were selected based on high and low genome expressed, 

respectively, and were verified by sequencing. For continuing culture, 

Clones 2 and 3 are cultured in the manner described above for the parental 

HFK cell line, without 10 µM Y-27632 dihydrochloride. 

2.2 Nucleic Acid Transfection 

 2.2.1 Endotoxin-Free pGL3 DNA Plasmid Generation 

pGL3 is a 5.3 kb luciferase reporter DNA plasmid. The plasmid was 

prepared from GC10 bacteria cells using the EndoFree Plasmid Maxi Kit (Qiagen 



 45 

12362) to ensure the purified plasmid was free of endotoxins which might 

inherently activate the innate immune system.  

 2.2.2 Nucleic Acid and Nucleic Acid Analog Transfections 

HaCaTs were plated at 60,000 cells per well or HFKs were plated at 100,000 

cells per well without J2 fibroblasts in a 24-well plate. Cells were transfected with 

500 ng endotoxin-free pGL3, high molecular weight poly(I:C) (InvivoGen tlrl-pic, 

1.5 kb to 8 kb, Table 1), the 60 base pair oligonucleotide with viral motifs HSV-60 

(InvivoGen tlrl-hsv60n, Table 1), and calf thymus DNA (Millipore Sigma D1501) 

using Lipofectamine 2000 (ThermoFisher 11668) in OptiMEM. At various 

timepoints post-transfection, cells were washed once with PBS and lysed in 1x 

RIPA lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% NP40, 0.5% sodium 

deoxycholate, 0.1% SDS), supplemented with 1x reducing SDS-PAGE loading 

buffer, 1x protease inhibitor cocktail (Sigma P1860), 1 mM PMSF, and 1x 

PhosSTOP phosphatase inhibitor cocktail (Roche 04906845001). Samples were 

boiled for 5 min at 95°C and stored at -80°C until processed by gel electrophoresis. 

 2.2.3 siRNA Transfections 

Pooled scramble (sc-37007), cGAS (sc-95512), STING (sc-92042), and 

IRF3 (sc-35710) siRNA duplexes were obtained from Santa Cruz Biotechnologies. 

HaCaTs were plated at 30,000 cells per well in a 24-well plate with Ab/Am-free 

DMEM/10% FBS. The following day, cells were washed twice with PBS and the 

PBS replaced with OptiMEM. Cells were transfected with 50 nM siRNA using 

Lipofectamine RNAiMax (Life Technologies 13778150). At 16 hr post-siRNA 

transfection, cells were washed twice with PBS and the PBS was replaced with 
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Ab/Am-free DMEM/10% FBS. Cells were transfected with pGL3 24 hr post-

siRNA transfection, as described above. At 90 min post-transfection, samples were 

collected for western blotting as described above. 

2.3 2’-3’-cGAMP Stimulation 

HaCaTs were plated at 60,000 asynchronous cells or 130,000 synchronous cells 

and HFKs at 100,000 cells per well in 24-well plates. Cells were treated with 25 μg/mL 2’-

3’-cGAMP (InvivoGen tlrl-nacga23, Table 1) for 2 or 4 hr then harvested for western 

blotting as described above. 

2.4 Pseudovirions 

 2.4.1 Production 

 Pseudovirions (PsV) were generated as previously described [182]. Briefly, 

293TT cells were CaCl2 co-transfected with the appropriate pXULL based plasmids 

and the luciferase reporter plasmid pGL3; virus was then purified by CsCl gradient. 

Encapsidated pGL3 content (viral genome equivalent, vge) was determined by 

SYBR green qPCR against a standard curve dilution series using primers qLuc2-A 

(ACGATTTTGTGCCAGAGTCC) and qLuc2-B 

(TATGAGGCAGAGCGACACC), specific for the luciferase gene in pGL3. DNA 

concentration of the preps was determined by measurement of OD260 on a 

nanodrop spectrophotometer, and the capsid content was subsequently determined. 

The capsid:pGL3 ratios were determined to be 11.16, typical for HPV16 preps in 

our laboratory. HPVs do not utilize specific vDNA packaging signals, and the 

293TT method used to generate pGL3-containing HPV16 virions results in the 

promiscuous packaging of chromatinized dsDNA, in addition to chromatinized 
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pGL3 reporter plasmid [183, 184]. The calculated packaging ratio was therefore 

used to normalize luciferase data in experiments comparing pGL3 delivery via 

cationic lipid transfection versus HPV16 infection. The R302/5A mutant was 

generated by site-directed mutagenesis of pXULL-based constructs using the 

QuikChange XL-II kit and verified by Sanger sequencing.  

 2.4.2 Viral Infections and Transfections 

HaCaTs were plated at 60,000 cells per well in a 24-well plate. Cells were 

infected or transfected the following day with wildtype or mutant R302/5A PsV at 

250 ng DNA per well. For transfection, PsV were complexed with 3 μL 

Lipofectamine 2000 in OptiMEM.  

For experiments involving the biochemical inhibition of virion transfection: 

HaCaTs were plated at 60,000 cells per well in a 24-well plate in 500 μL media. 

Cells were infected the following day with R302/5A mutant HPV16 virions at 250 

ng vDNA per well. HPV16 virions were diluted into 50 µL OptiMEM, and a 

separate 50 μL of OptiMEM was combined with 3 uL Lipofectamine 2000. 

Solutions were vortexed, combined, vortexed again and incubated for 15 min at RT 

prior to addition of the 100 µL onto subconfluent HaCaT cells plated in 500 µL of 

media. Viral storage buffer was substituted for virus as a control in these 

experiments. For biochemical inhibition experiments the endosomal acidification 

and H+-ATPase inhibitor Bafilomycin A (BafA, Millipore 196000) was used at 100 

nM, furin inhibitor decanoyl-RVKR-cmk (dRVKR, Millipore 344930) was used at 

25 µM, and g-secretase inhibitor XXI (XXI, Millipore 565790) was used at 200 nM 

as previously described [146]. Luciferase assays were performed 24 hr post 

infection. 
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2.5 Luciferase Assay 

Following 24-hour PsV infection or transfection, HaCaTs were washed once with 

PBS and lysed in 100 μl reporter lysis buffer (Promega E3971). Luciferase activity was 

measured on a DTX-800 multimode plate reader (Beckman Coulter) using Luciferase 

Assay Reagent (Promega E4550). A fraction of each lysate was blotted for GAPDH to 

normalize luciferase activity. 

2.6 Golgi Disruption of HaCaTs 

 HaCaTs were plated at 60,000 cells per well on glass coverslips in 24-well plates. 

The following day, cells were treated with 10 µM Golgicide A (Santa Cruz sc-215103, 

Table 1), 150 nM Brefeldin A (Sigma B6542), 5 µM Nocodazole (Santa Cruz sc-3518, 

Table 1) or DMSO vehicle for 1 hr prior to a 90 min 500 ng pGL3 or poly(I:C) transfection. 

2.7 Cell Synchronization 

 2.7.1 Synchronization Method 

HaCaTs were plated at 7.5 million cells on a 10 cm dish in 10% 

FBS/DMEM and allowed to reach 100% confluence. The day after plating, the 

media was changed to 1% FBS/DMEM and cells remained under contact inhibition 

at low-serum conditions for 48 hr to synchronize at G0. Cells were then replated at 

30,000 cells per well on 24-well plates with or without glass cloverslips in 10% 

FBS/DMEM and allowed to progress through S phase. After 24 hr, cells were 

treated with 50 ng/mL Nocodazole (Santa Cruz sc-3518, Table 1) for 12 hr to 

synchronize at prometaphase, at which point they were released with two PBS 

washes and incubated in 10% FBS/DMEM. Cells were transfected with pGL3 as 



 49 

described above, and either harvested for western blotting or prepared for 

immunofluorescence or cell cycle analysis as described. 

 2.7.2 Cell Cycle Analysis 

Cell cycle status was analyzed by propidium iodide (PI) incorporation and 

flow cytometry. HaCaTs synchronized in the manner described above. At various 

time points during the sync and release from prometaphase, cells were collected by 

trypsinization and pelleted at 1000 rpm for 10 min at 4°C. The pellet was 

resuspended in ice cold 70% ethanol to fix the cells and stored at -20°C until ready 

for PI staining. Cells were pelleted at 2000 rpm for 15 min at 4°C, resuspended in 

PBS, pH 7.4 containing 40 μg/mL PI and 500 μg/mL RNase A, and incubated at 

37°C for 30 min. PI-stained cells were analyzed using the BD Biosciences 

FACSCanto-II flow cytometer and Diva 8.0 software. 

2.8 SDS-PAGE Gel Electrophoresis and Western Blotting  

 Samples were resolved by SDS-PAGE and transferred onto a 0.45 μm 

nitrocellulose membrane. Refer to Table 2 for complete antibody information. Briefly, 

rabbit monoclonal anti-GAPDH (Cell Signaling 2118, 1:5,000), mouse monoclonal anti-

IRF3 (Abcam 50772, 1:200), and rabbit monoclonal anti-STING (Cell Signaling 13647, 

1:1,000) blots were blocked in 5% non-fat powdered milk dissolved in Tris-buffered saline 

containing 0.1% Tween (TBST). Rabbit monoclonal anti-cGAS (Cell Signaling 15102, 

1:250, rabbit monoclonal anti-phospho-IRF3 (Cell Signaling 4947, 1:1,000), rabbit 

monoclonal anti-phospho-STING (Cell Signaling 19781, 1:1,000), rabbit monoclonal anti-

TBK1 (Cell Signaling 3013, 1:1000), rabbit monoclonal anti-phospho-TBK1 (Cell  
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Table 2. Antibodies for western blotting and immunofluorescence. 
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Table 2, continued. Antibodies for western blotting and immunofluorescence.  
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Signaling 5483, 1:1000) and rabbit monoclonal anti-phospho-H3 (Cell Signaling 3377, 

1:10,000) blots were blocked in 100% Odyssey blocking buffer (Licor 927–40000). Goat 

anti-rabbit DyLight 680 (Pierce 35568), goat anti-mouse DyLight 680 (Pierce 35518), goat 

anti-rabbit DyLight 800 (Pierce 535571) and goat anti-mouse DyLight 800 (Pierce 35521) 

were used as secondary antibodies at 1:10,000 in either 50% Odyssey blocking 

buffer/TBST or 5% milk/TBST. Blots were imaged with the Licor Odyssey Infrared 

Imaging System. Band intensities were quantified by densitometry using ImageJ v1.52a. 

2.9 2’-3’-cGAMP ELISA 

Following pGL3 transfection, Golgi vesiculation, and mitotic sync experiments, 

cells were washed 1x with PBS and prepared for 2’-3’-cGAMP quantification by the 2′,3′-

Cyclic GAMP Direct ELISA Kit (Arbor Assays K067-H1), following the manufacturer’s 

protocol. 2’-3’-cGAMP concentrations were normalized with by total protein 

concentration, as determined by a BCA Assay (Thermofisher 23225). 

2.10 Irradiation Stimulation 

 HFKs, HPV18+ Clone 2 and HPV18+ Clone 3 cell lines were plated at 50,000 cells 

per well in 24-well plates. The following day, the media was changed, and cells were 

irradiated with 2 grays using a Gammacell 40 cesium-137 source. Cells were cultured for 

48 hr post-irradiation without a media change. 

2.11 Microscopy 

 2.11.1 Immunofluorescence 

  2.11.1.1 Sample Preparation 

For Golgi disruption experiments: HaCaTs were plated at 60,000 

cells per well on glass coverslips in 24-well plates. The following day, cells 
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were treated with 10 µM Golgicide A (Table 1) or DMSO vehicle for 1 hr 

prior to a 90 min 500 ng pGL3 or poly(I:C) (Table 1) transfection. For 

mitotic sync experiments: HaCaTs were synchronized to pro-metaphase as 

described above. For irradiation experiments: HFKs, HPV18+ Clone 2 and 

HPV18+ Clone 3 cell lines were plated at 50,000 cells per well in 24-well 

plates. The following day, the media was changed, and cells were irradiated 

with 2 grays using a Gammacell 40 cesium-137 source. Cells were cultured 

for 48 hr post-irradiation without a media change. 

In all experiments, cells were fixed with 2% paraformaldehyde/PBS 

for 10 min at room temperature (RT) and permeabilized with 0.2% Triton 

X-100/PBS for 10 min at RT. Samples were blocked in 4% BSA/1% goat 

serum/PBS overnight at 4°C. Refer to Table 2 for complete antibody 

information. Briefly, rabbit polyclonal anti-TGN46 (Sigma T7576, 1:500), 

mouse monoclonal anti-p230 (BD Biosciences 611280, 1:500), mouse 

monoclonal anti-IRF3 (Abcam ab50772, 1:20), rabbit anti-cGAS (Cell 

Signaling 15102, 1:100), and rabbit monoclonal anti-STING (Abcam 

ab181125, 1:500) were used as primary antibodies. Alexa Fluor-488 and -

555 labeled goat anti-mouse and goat anti-rabbit secondary antibodies (Life 

Technologies A11029, A21424, A21429 and A11034) were used at 

1:1,000. Samples were then stained with 4′,6-diamidino-2-phenylindole 

(DAPI, Sigma Aldrich D9542, Table 2) at 1 μg/mL for 30 sec. Coverslips 

were mounted on glass slides with Prolong Antifade Diamond (Life 

Technologies P36970) and analyzed by confocal microscopy. 
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  2.11.1.2 Confocal Microscopy and Image Processing 

Following the preparation of immunofluorescence slides, confocal 

microscopy was performed using the Zeiss LSM880 system with 405 nm, 

488 nm, and 543 nm. Samples were examined using an oiled 63x objective, 

and Z-stacks with a 0.32 μm depth per plane were taken of each image. 

Representative single-plane images were processed with the Zen Blue 

software. 

 2.11.2 Transmission Electron Microscopy 

  2.11.2.1 Sample Preparation 

PsV samples were prepared for transmission electron microscopy by 

diluting PsV into OptiMEM with or without Lipofectamine 2000. Each 

sample was applied to an ultra-thin carbon film over Lacey Carbon Support 

Film on 400-mesh copper grids (Ted Pella, Inc.) that were glow-discharged 

for 1 min. Excess solution was blotted with Whatman #1 filter paper and 

the grid was rapidly stained with 2% uranyl acetate. The uranyl acetate was 

immediately blotted with Whatman #1 filter paper and rapidly stained with 

2% methylamine tungstate. The second stain was immediately blotted away 

with Whatman #1 filter paper and allowed to air dry. 

  2.11.2.2 Acquisition 

Data were collected on a JEOL 3200FS microscope operated at 300 

kilovolts. Images were acquired at a magnification of 87,000x and 160,000x 

at 1.0 μm underfocus using a Gatan UltraScan 4000 charge-coupled device 

(CCD) camera. 
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2.12 Lambda Protein Phosphatase Treatment 

 HFKs, HPV18+ Clone 2 and HPV18+ Clone 3 cell lines were plated at 50,000 cells 

per well in 24-well plates. Media was changed one day after plating. Two days after plating, 

cells were washed once with PBS and lysed in 45 μL 1x RIPA lysis buffer, and lysates 

were collected in microcentrifuge tubes. Following the Lambda Protein Phosphatase kit 

protocol (NEB, P0753S), 5 μL PMP and 5 μL MnCl2 were added to each sample. After 

vortexing the tubes, 1 μL of lambda protein phosphatase or water (control) was added to 

each sample. Samples were incubated for 30 min at 30°C. Lysates were then supplemented 

with 1x reducing SDS-PAGE loading buffer, 1x protease inhibitor cocktail, 1 mM PMSF, 

and 1x PhosSTOP phosphatase inhibitor cocktail. Samples were boiled for 5 min at 95°C 

and stored at -80°C until processed by gel electrophoresis, as described. 

2.13 Quantitative Polymerase Chain Reaction (qPCR) 

Following Golgi disruption with GCA and transfection with pGL3, RNA was 

prepared from HaCaTs using the protocol outlined by the Qiagen RNeasy Mini Kit (Qiagen 

74104). In the final step, RNA was eluted in 45 μL RNase/DNase free water. RNA samples 

were purified using the TURBO DNA-free Kit (Life Technologies AM1907), and cDNA 

was prepared using the High Capacity cDNA Reverse Transcription Kit (ThermoFisher 

Scientific 4368814). To prepare cDNA, 1 μg of RNA was used per 40 μL final reaction 

volume, yielding an estimated cDNA concentration of 25 ng/μL. cDNA was diluted to 3.3 

ng/μL with RNase/DNase free water prior to using in the qPCR reactions. 

qPCR reactions with each cDNA sample and IFN/ISG primer were prepared using 

the PowerUp SYBR Green Master Mix kit (ThermoFisher Scientific A25742) and loaded 
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onto a 384-well plate. The reactions were run on a QuantStudio6 Flex Real-Time PCR 

System (ThermoFisher Scientific). 

2.14 RNA-Sequencing 

RNA was prepared from cell lysates in the manner described above. Briefly, RNA 

was isolated from transfected and infected HFKs by pooling six wells of a 24-well plate 

per condition and using Qiagen’s RNeasy Mini Kit (Qiagen 74104). RNA was eluted in 60 

μL nuclease-free water, further purified with a TURBO DNA-free Kit (Life Technologies 

AM1907), then shipped on dry ice to Novogene Corporation (Sacramento, CA). High-

quality eukaryotic mRNA libraries were prepared and sequenced on an Illumina platform, 

yielding >20 million paired-end reads (2x150 bp length) per sample. High-throughput 

sequencing data were initially processed using the CyVerse Discovery Environment, where 

FastQC was used for quality screening, HISAT2 [185] for mapping sequences to the human 

reference genome GRCh38, and featureCounts [186] for generating gene-level read counts. 

Differential expression analysis of read counts, including library-size correction and 

statistical testing, was performed using the DESeq2 Bioconductor package [187] 

implemented in R [188] via RStudio's integrated development environment [189]. Lists of 

differentially expressed genes, with an adjusted P-value < 0.05, were analyzed for 

functional enrichment using g:Profiler [190]. 

2.15 Statistical Analysis 

 Statistical analyses were performed using Prism 6 (GraphPad Software). Statistics 

for the Golgi vesiculation and luciferase assay experiments were determined by unpaired 

t-tests. Statistics for the 2’-3’-cGAMP ELISA and biochemical inhibition of PsV 

transfection experiments were determined by ordinary one-way ANOVAs with the 
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appropriate corrections for multiple comparisons. Statistics for all other PsV experiments 

were determined by two-way ANOVAs with the appropriate corrections for multiple 

comparisons. A three-way ANOVA with multiple comparisons was used to determine 

statistics for the qPCR experiments.  
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3.1 Author Contributions 

 The immunofluorescence experiments in Figures 10C and 10D were conducted by 

Eduardo R. Gamez.  

3.2 Abstract 

The innate immune system recognizes cytosolic DNA associated with microbial 

infections and cellular stress via the cGAS/STING pathway, leading to activation of 

phospho-IRF3 and downstream IFN-I and senescence responses. To prevent 

hyperactivation, cGAS/STING is presumed to be non-responsive to chromosomal self-

DNA during open mitosis, though specific regulatory mechanisms are lacking. Given a 

role for the Golgi in STING activation, we investigated the state of the cGAS/STING 

pathway in interphase cells with artificially vesiculated Golgi and in cells arrested in 

mitosis. We find that while cGAS activity is impaired through interaction with mitotic 

chromosomes, Golgi integrity has little effect on the enzyme’s production of 2’-3’-

cGAMP. In contrast, STING activation in response to either foreign DNA (cGAS-
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dependent) or exogenous 2’-3’-cGAMP is impaired by a vesiculated Golgi. Overall our 

data suggest a secondary means for cells to limit potentially harmful cGAS/STING 

responses during open mitosis via natural Golgi vesiculation. 

3.3 Introduction 

Cells possess intrinsic sensory pathways as part of the innate immune system to 

detect microbial infection or other physiological insults [191]. Foreign nucleic acids are 

often recognized as pathogen-associated molecular patterns (PAMPs) through a number of 

pattern recognition receptors (PRRs) [6], causing activation of NFκB-dependent 

inflammatory cytokine responses and/or IRF3/7-dependent type-I interferon (IFN-I) 

responses [191, 192]. The cGAS/STING pathway is recognized as a central component of 

innate immunity for cytosolic DNA recognition and downstream IFN-I responses [30, 193-

196]. Cytosolic DNA is recognized by the enzyme cGAS, triggering production of the 

cyclic dinucleotide 2’-3’-cGAMP [197]. STING, a transmembrane endoplasmic reticulum 

(ER) protein [49, 50], is activated by direct binding to cGAMP [51].  

Upon activation by 2’-3’-cGAMP at the ER, dimeric STING undergoes a 

conformational change [31] and traffics to the Golgi, a prerequisite for assembly of the 

STING/TBK1/IRF3 complex and downstream IFN-I responses [52]. 2’-3’-cGAMP-

dependent STING recruitment of TBK1 [53] can lead to phosphorylation of IRF3 and 

NFκB, stimulating both IFN-I and pro-inflammatory cytokine responses [49, 54, 198]. 

Trafficking of STING to the Golgi is regulated by several host factors including iRHOM2-

recruited TRAPß [84], TMED2 [85], STIM1 [199], TMEM203 [87], and Atg9a [88]. 

STING activation at the Golgi requires palmitoylation [80] and ubiquitylation [81, 82], 

allowing for assembly of oligomeric STING and recruitment of TBK1 and IRF3 [200-202]. 
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STING also interacts with the ER adaptor SCAP at the Golgi to facilitate recruitment of 

IRF3 [89], 

In addition to innate defense against microbial infections, cGAS/STING is involved 

in cellular responses to DNA damage and replicative/mitotic stress [67-71, 194, 203, 204]. 

DNA damage, replicative stress, chromosomal instability, and mitotic errors can lead to 

the formation of micronuclei which can trigger antiproliferative IFN-I and senescence 

responses via cGAS/STING [205].  

 Unabated activation of cGAS/STING can lead to harmful autoinflammatory and 

senescence responses, exemplified by type-I interferonopathies associated with mutations 

in STING [206-209] or mutations in the DNases TREX1 and DNASE2 that normally clear 

cells of cGAS-stimulatory DNA [62, 210-212]. Given the harmful effects of cGAS/STING 

hyperactivation, cells need regulatory mechanisms to avoid self-stimulation of 

cGAS/STING during mitosis. Cytosolic compartmentalization of cGAS was initially 

proposed as a mechanism, but nuclear chromosomes and cytosolic compartments mix upon 

mitotic nuclear envelope breakdown (NEBD), suggesting a more elaborate means of 

cGAS/STING attenuation during cell division.  

The chromatinized nature of cellular genomic DNA has been proposed to mitigate 

cGAS/STING activity, with histones structurally marking DNA as “self.” This is an 

attractive model as many DNA viruses sensed by cGAS/STING upon initial entry, 

trafficking, and uncoating (prior to viral DNA replication) contain either naked, 

unchromatinized dsDNA (e.g. herpesviridae [90, 91]) or DNA that is packaged with non-

histone viral core proteins (e.g. adenoviridae, poxviridae, and asfarviridae [92-96]).  
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Since cGAS localizes to condensed chromosomes upon NEBD [70, 97], others have 

asked whether cGAS is activated by chromosomes, and if not, what mechanisms exist to 

prevent such self-activation. Recent studies revealed that i) chromosome-bound cGAS is 

tightly tethered to chromatin, potentially via interactions with H2a/H2b dimers, ii) 

chromatin interaction does not involve the DNA-binding domains of cGAS required for 

“typical” activation by dsDNA, and iii) that chromosome binding results only in weak 

activation of cGAS with relatively low production of 2’-3’-cGAMP [69, 97, 98].  

Given the importance of the Golgi in STING-dependent activation of IRF3, we 

hypothesize a parallel mechanism for cGAS/STING regulation during open mitosis – Golgi 

vesiculation [213, 214]. Here, we find that chemical dispersal of the Golgi abrogates 

cGAS/STING-dependent phospho-IRF3 responses to transfected DNA. Furthermore, we 

show that cGAS/STING activity in response to transfected DNA is diminished during open 

mitosis, correlating with the vesiculated state of the mitotic Golgi. This Golgi-dependent 

dampening of cGAS/STING responses to foreign DNA occurs at the level of STING, as 

cGAS activity is downregulated upon mitotic chromosome binding but largely unaffected 

by Golgi integrity. The vesiculated state of the mitotic Golgi may therefore provide an 

additional safeguard mechanism, ensuring that potentially harmful cGAS/STING 

responses to self-DNA are minimized during cell division. 

3.4 Results 

3.4.1 Human Keratinocytes Respond to Foreign DNA via cGAS/STING 

We chose to investigate activity of the cGAS/STING pathway in HaCaTs, 

a spontaneously immortalized human keratinocyte cell line [215]. This cell line is  
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scramble cGAS STING IRF3 siRNA: 

Figure 4. Human keratinocytes respond to foreign DNA via cGAS/STING. 

HaCaTs were transfected with siRNAs for 16 hr, followed by transfection with 500 ng 

pGL3 or water for 90 min. cGAS/STING activity was assessed via gel electrophoresis 

followed by western blotting. 
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a good model for primary keratinocytes that serve a barrier function and as host 

cells for a number of viral infections including papillomaviruses, herpesviruses, 

mosquito-transmitted alphaviruses and flaviviruses [216-222], and numerous 

bacterial and fungal pathogens [223, 224]. As not all cell types express every PRR, 

we first tested if the cGAS/STING pathway was functional in HaCaTs and if this 

pathway was the primary mode of IRF3 phosphorylation in response to foreign 

DNA.  

HaCaTs were transfected with siRNAs targeting the cGAS/STING pathway 

and subsequently transfected with endotoxin-free dsDNA plasmid pGL3 (Fig. 4). 

IRF3 was phosphorylated in response to DNA transfection, exemplifying the ability 

of exogenous dsDNA to activate the cGAS/STING pathway in HaCaTs. IRF3 

phosphorylation was impaired when pGL3 was transfected following siRNA 

knockdown of cGAS, STING, or IRF3, indicating HaCaTs utilize the 

cGAS/STING pathway as the primary mechanism of activating a phospho-IRF3 

response to foreign DNA.  

3.4.2 Artificial Golgi Vesiculation Impairs cGAS/STING Activity at the Level of 

STING  

Activated STING traffics to the Golgi to oligomerize and complex with 

TBK1/IRF3. Since Golgi trafficking is critical for STING/TBK1/IRF3 complex 

assembly and activation, we hypothesized that a vesiculated Golgi would prevent 

cGAS/STING from responding to foreign DNA. To test this idea, we used 

Golgicide A (GCA), a selective and reversible inhibitor of the Arf1 guanine  
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cGAS/STING activation in human keratinocytes is impaired by Golgi vesiculation. Cells 

were treated with Golgicide A (GCA) or vehicle for 1 hr prior to a 90 min nucleic acid 

transfection. (A, B, C) Nucleic acid transfection elicited IRF3 phosphorylation in vehicle 

treated cells (A, C), but GCA impaired DNA-dependent phosphorylation of IRF3 (A, B), 

as assessed by western blotting. **p < 0.001, n = 5 biological replicates. (D) 2’-3’-cGAMP 

production was measured with an ELISA and found to be similar in GCA and vehicle-

treated cells. n = 3 biological replicates with n = 2 technical replicates each.  
 
 

Figure 5. Artificial Golgi vesiculation impairs cGAS/STING activity at the level of 

STING. 
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Figure 5, continued. Artificial Golgi vesiculation impairs cGAS/STING activity at the 

level of STING. 
 

cGAS/STING activation in human keratinocytes is impaired by Golgi vesiculation. Cells 

were treated with Golgicide A (GCA) or vehicle for 1 hr prior to a 90 min nucleic acid 

transfection. (E, F) Confocal microscopy revealed that GCA completely vesiculated the 

Golgi and impaired IRF3 nuclear translocation (E) and STING localization to the Golgi 

(F). Scale bars = 10 µm each.  
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nucleotide exchange factor GBF1 [225]. Confocal microscopy revealed that GCA 

treatment completely vesiculated the Golgi apparatus (Fig. 5E, F), mimicking the 

dispersed mitotic Golgi. Consistent with our hypothesis, IRF3 phosphorylation was 

upregulated upon transfection of pGL3 in HaCaTs with intact Golgi; however, 

GCA-mediated Golgi vesiculation impaired DNA-dependent IRF3 

phosphorylation (Fig. 5A, B). 

The RIG-I-like receptors (RLR) recognize intracellular viral RNA products 

through the mitochondria-resident adaptor protein MAVS to elicit NFκB 

inflammatory and IRF3/7-dependent IFN-I responses [25, 226]. Transfection of the 

dsRNA analog poly(I:C) elicited a phospho-IRF3 response regardless of GCA 

treatment (Fig. 5A, C), suggesting that the cGAS/STING pathway, but not the RLR 

pathway, is regulated by Golgi morphology. GCA had no effect on 2’-3’-cGAMP 

production in response to pGL3 transfection (Fig. 5D), indicating that despite 

equivalent transfection in the DMSO and GCA conditions, Golgi dispersal blocked 

the pathway downstream of cGAS. 

We further examined the effects of Golgi vesiculation on cGAS/STING 

activity via confocal microscopy. In vehicle-treated HaCaTs, IRF3 (Fig. 5E) and 

STING (Fig. 5F) were distributed throughout the cell. pGL3 transfection resulted 

in nuclear accumulation of IRF3 (Fig. 5E) and the accumulation of STING at p230-

positive Golgi structures (Fig. 5F), indicating pathway activation. In the presence 

of GCA, STING was scattered (Fig. 5F) and IRF3 remained cytosolic (Fig. 5E) 

upon pGL3 transfection. Overall, these data show that cGAS/STING activity is 
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blunted at the level of STING upon Golgi vesiculation, similar to what may occur 

during mitosis. 

We wanted to test whether the lack of cGAS/STING activity was due to 

complete Golgi vesiculation or if an intermediate fragmentation phenotype could 

elicit the same result. In addition to GCA, which completely vesiculates the Golgi, 

we tested the effects of high-dose Nocodazole (NOC) and Brefeldin A (BFA) on 

cGAS/STING responses to three different DNA agonists (Fig. 6). NOC, a 

microtubule depolymerizer, only partially fragmented the Golgi (Fig. 6B, C), while 

BFA, an inhibitor of vesicle formation and transport between the ER and Golgi, 

mimicked the complete vesiculation effects of GCA (Fig. 6B, C).  

When cells were transfected with equal amounts of either the 60 base pair 

viral-like oligonucleotide HSV-60, calf thymus DNA (CTD), or pGL3 in the 

presence of either BFA or GCA, IRF3 phosphorylation was impaired (Fig. 6A). 

Complete Golgi vesiculation by either BFA or GCA impaired IRF3 nuclear 

translocation (Fig. 6B) and STING accumulation at p230-positive Golgi structures 

(Fig. 6C). However, partial Golgi fragmentation with NOC attenuated but did not 

completely impair IRF3 phosphorylation (Fig. 6A), IRF3 nuclear translocation 

(Fig. 6B) and STING accumulation at the Golgi (Fig. 6C). These results suggest 

that only complete Golgi vesiculation, like that during mitosis, can fully inhibit 

cGAS/STING activity.  

We confirmed that Golgi vesiculation-mediated cGAS/STING attenuation 

was mediated at the level of STING. We treated cells with the second messenger,  
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Figure 6. Golgi fragmentation partially inhibits cGAS/STING responses to multiple 

DNA ligands. 

cGAS/STING activation in human keratinocytes is partially impaired by Golgi 

fragmentation. Cells were treated with Nocodazole (NOC), Brefeldin A (BFA), Golgicide A 

(GCA) or vehicle for 1 hr prior to a 90 min nucleic acid transfection. (A) As detected by 

western blotting, nucleic acid transfection elicited IRF3 phosphorylation in vehicle and 

NOC-treated cells, but BFA and GCA impaired DNA-dependent phosphorylation of IRF3. 

n = 2 biological replicates. (B, C) NOC partially fragmented the Golgi but did not completely 

inhibit IRF3 nuclear translocation (B) or STING accumulation at the Golgi (C), as assessed 

by confocal microscopy. Like GCA, BFA completely vesiculated the Golgi and impaired 

IRF3 nuclear translocation (B) and STING localization to the Golgi (C). Scale bars = 10 µm 

each.  
 
replicates with n = 2 technical replicates each.  
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Figure 7. Complete Golgi vesiculation impairs cGAS/STING responses to 2'-3'-

cGAMP. 

cGAS/STING responses to foreign DNA and exogenous 2’-3’-cGAMP in HaCaTs is 

impaired by Golgi vesiculation. Cells were treated with Golgicide A (GCA) or vehicle 

for 1 hr prior to a 100 min nucleic acid transfection or 2’-3’-cGAMP treatment. Western 

blotting revealed that DNA transfection elicited TBK1, STING and IRF3 

phosphorylation in vehicle-treated cells, but GCA impaired DNA- and 2’-3’-cGAMP-

dependent phosphorylation of the cGAS/STING pathway. n = 1  
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 2’-3’-cGAMP, in the presence of either vehicle or GCA (Fig. 7). Like the effect of 

GCA on pGL3-sensing, GCA inhibited the phosphorylation of STING and IRF3 in 

the context of 2’-3’-cGAMP treatment. We also found that the phosphorylation of 

TBK1 in response to either pGL3 or 2’-3’-cGAMP was impaired by GCA. 

To determine whether downstream gene transcription was affected by Golgi 

vesiculation, we assessed the effect of GCA on the ability of the cell to produce 

IFNs, ISGs and chemokines in response to pGL3 transfection. In cells treated with 

DMSO exhibiting intact Golgi structures, both a 4 and 8-hour pGL3 transfection 

induced transcription of downstream targets RSAD2, IFIT2, IFIT3, CXCL10, 

CXCL11 and IFNB1 (Fig. 8). RSAD2 and CXCL10 were more significantly 

upregulated 4 hours post-transfection, while IFIT2 and IFNB1 transcript levels 

were more elevated 8 hours post-transfection. Induction of these six transcripts was 

significantly higher in the DMSO pGL3 groups than the GCA pGL3 groups (p < 

0.01). Overall, these results suggest that complete Golgi vesiculation impairs the 

ability of cGAS/STING to sense and respond to foreign DNA and exogenous 2’-

3’-cGAMP.  

3.4.3 cGAS/STING Activity is Attenuated During Mitosis 

 We next investigated the impact of natural mitotic Golgi vesiculation on the 

ability of cGAS/STING to sense and respond to exogenous DNA. Secretory ER to 

Golgi traffic is blocked during mitosis [227-230]. Golgi integrity is dependent on 

cargo transport from ER-exit sites (ERES), and mitotic arrest of COPII-dependent 

ERES traffic causes Golgi dispersal [231, 232]. As assembly of the activated 

STING/TBK1/IRF3 complex requires STING transport from ERES to the Golgi  
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Figure 8. Golgi vesiculation impairs downstream IFN, ISG and chemokine 
gene transcription in HaCaTs. 

Downstream innate immune gene transcription is blunted by Golgi vesiculation. Cells were 

treated with Golgicide A (GCA) or vehicle for 1 hr prior to a 90 min pGL3 transfection. 

Gene transcript levels were measured via RT-qPCR and normalized to TATA-binding 

protein. *p < 0.01 compared to all groups, $p < 0.01 compared to all groups except paired 

DMSO pGL3 group, #p < 0.001, n = 3 technical replicates 
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[52], we hypothesized that mitotic Golgi dispersal and inactivation of ERES would 

blunt cGAS/STING responses. 

We devised a method to synchronize cells at prometaphase (Fig. 9A). 

Briefly, cells were cultured at 100% confluence for 48 hours in 1% serum, causing 

quiescent arrest in G0. Cells were released by replating in 10% serum, allowing for  

G1 re-entry and progression to S phase. Twenty-four hours post-G0 release, cells 

were synchronized at prometaphase with low-dose NOC for 12 hours. Upon NOC 

washout, synchronized cells progressed through mitosis, returning to G1 within 3 

hours. Propidium iodide staining showed cells enriched at G2/M after NOC 

treatment, with most cells back in G1 3 hours post-NOC release (Fig. 9A). 

Phosphorylated histone H3 (pH3), a marker of metaphase [233], was enriched in 

NOC-synchronized cells, decreasing as cells returned to G1 (Fig. 9B).  

We used this scheme to assess mitotic cGAS/STING responses to pGL3 

transfection. Cells were transfected following the 12-hour NOC sync (non-released 

group, NR), or at 0, 60, 120, or 180 minutes post-release, and cGAS/STING activity 

was assessed 90 min post-transfection. Cells arrested at prometaphase exhibited a 

dampened phospho-IRF3 response to pGL3 transfection compared to cells which 

had returned to G1 after a 3 hour release (Fig. 9B, compare lanes 6 to 10). Based on 

p230 staining, these arrested cells had condensed chromosomes with dispersed 

Golgi (Fig. 9C, NR). STING had a cytosolic but granular distribution in arrested 

cells, which did not change upon pGL3 transfection. In contrast, STING localized 

to Golgi structures upon pGL3 transfection of interphase cells (Fig. 9C, 180 min). 

On average, across four independent synchronization experiments, pGL3-  
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Figure 9. cGAS/STING activity is attenuated during mitosis. 

(A) Cell synchronization method. Cells were pre-synchronized in G1 by contact 

inhibition and growth in low serum. Cells were then released by replating at 

subconfluence in 10% serum and synchronized in prometaphase with NOC. Cell cycle 

analysis by PI-staining. Cells were transfected with 500 ng pGL3 for 90 min at various 

times post-release from NOC. (B) Western blotting of cell lysates showed pIRF3 

activation in response to pGL3 was dampened when arrested cells (NR) were transfected, 

gradually returning as cells completed mitosis and returned to interphase. n = 4 biological 

replicates. 
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Figure 9, continued. cGAS/STING activity is attenuated during mitosis. 
 

(C) Golgi localization of STING was impaired when arrested cells (NR) were transfected 

but was restored upon return to interphase (180 min). Scale bars = 10 µm. 
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dependent phosphorylation of IRF3 was attenuated during mitosis, only becoming 

robust at 180 minutes (Fig. 9B), when the bulk population of cells reached G1 and 

had intact Golgi with clear STING localization upon pGL3 transfection (Fig. 9C, 

180 min).  

3.4.4 cGAS and STING are Non-Responsive During Mitosis 

 Recent work has shown that upon NEBD, cGAS localizes to mitotic 

chromosomes via direct binding to H2a/H2b dimers [97]. However, this binding is 

not via the DNA-binding domains of cGAS that underlie DNA-dependent 

activation, resulting in a relatively low production of 2’-3’-cGAMP. Thus, 

chromatin appears to blunt cGAS activation [69, 97], suggesting a means for the 

cell to avoid cGAS-driven IFN responses to self-chromosomes during open mitosis. 

One unexplored aspect is whether chromatin-bound cGAS, or the pool of cGAS 

that might remain cytosolic during open mitosis, would still be responsive to 

foreign (naked) DNA–and whether that activation would then cause IRF3 

phosphorylation. 

We observed only low activation of IRF3 in response to pGL3 transfection 

in our arrested cells (Fig. 9B, 10A). To determine if the dampening of the pathway 

in these arrested cells was at the level of cGAS or STING, we measured 2’-3’-

cGAMP production in response to pGL3 transfection and examined cGAS 

subcellular distribution. Like phospho-IRF3, cGAMP production was blunted in 

transfected arrested cells (NR) compared to asynchronous interphase cells (Fig. 

10B). Confocal microscopy of asynchronous cells revealed that cGAS was mostly  
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(A) Mitotic phospho-IRF3 and phospho-STING responses to pGL3, assessed by western 
blotting. Asynchronous and arrested (NR) cells were transfected with 500 ng pGL3 or water 
for 90 min. (B) Mitotic 2’-3’-cGAMP responses to pGL3. Non-internalized transfection 
complexes were removed by media change 2 hr after the initial 90 min transfection. Five 
hours post-transfection, cGAMP levels were measured by ELISA. *p < 0.05, n = 2 biological 
replicates with n = 2 technical replicates each. (C, D) cGAS subcellular localization and 
Golgi morphology in asynchronous (C) and arrested (D) HaCaT cells. Scale bars = 10 µm. 
(E) Mitotic phospho-IRF3 and phospho-STING responses to 2 hr treatment with 25 μg/mL 
2’-3’-cGAMP. 

Figure 10. cGAS and STING are non-responsive during mitosis. 
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nuclear although signal was evident within the cytosol (Fig. 10C), in agreement 

with a recent report [98]. Within arrested cells, the vast majority of cGAS was 

nuclear-localized and Golgi were well dispersed (Fig. 10D). These results agree 

with recent work showing that cGAS is predominantly nuclear, regardless of cell 

cycle phase or activation status [98]. Combined, our data suggest that chromatin-

bound cGAS is unable to produce a robust 2’-3’-cGAMP response to either 

chromosomes or transfected DNA.  

Considering the potential for activation of STING by low levels of 

exogenous 2’-3’-cGAMP, we assessed whether mitotic Golgi vesiculation would 

prevent STING activation by exogenous 2’-3’-cGAMP. Neither transfection of 

pGL3 nor addition of exogenous 2’-3’-cGAMP stimulated phospho-IRF3 or 

phospho-STING in arrested cells (Fig. 10E), suggesting that Golgi vesiculation 

reinforces cGAS inactivation as a secondary barrier to cGAS/STING activation 

during open mitosis.  

3.5 Discussion 

Here, we describe a novel organelle-based regulatory mechanism of the 

cGAS/STING pathway – mitotic Golgi vesiculation impairs STING and IRF3 activation 

in addition to downstream IFN/ISG gene transcription in response to foreign DNA. 

Artificial Golgi vesiculation impaired STING but not cGAS activation in our model, as 

these cells still produced 2’-3’-cGAMP. Importantly, we found that partial fragmentation 

of the Golgi by NOC did not impair cGAS/STING activity. Thus, dramatic, complete 

vesiculation is likely needed to completely inactivate the pathway at the level of STING. 
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However, both cGAS and STING were found to be inactive during open mitosis. 

Recent work has shown that cGAS generates only low levels of 2’-3’-cGAMP upon 

activation by chromatin [69, 97]. Consistent with this, we also found that unstimulated, 

arrested cells produced only slightly more of this second messenger than unstimulated, 

asynchronous cells. A novel finding of this work is that cGAS is also non-responsive to 

exogenous DNA during mitosis, as exhibited by the lack of 2’-3’-cGAMP production in 

stimulated, arrested cells. We speculate the inability of cGAS to produce 2’-3’-cGAMP in 

response to exogenous DNA in our experiments is likely due to the idea that cGAS is tightly 

bound to and inactivated by nucleosomes [97].  

Neither exogenous DNA nor 2’-3’-cGAMP stimulated STING or IRF3 activation, 

pointing to the idea that mitotic Golgi vesiculation attenuates the pathway’s activity at the 

level of STING. Given that cGAS/STING-dependent elevation of phospo-IRF3 during 

mitosis (particularly during prolonged mitosis) can induce apoptosis [97] and activated 

STING can induce a potentially harmful autophagic response [234], a parallel dampening 

mechanism like Golgi dispersal likely serves an important role to limit potentially harmful 

cGAS/STING signaling during open mitosis.  

Further, mitotic cells could potentially take up exogenous 2’-3’-cGAMP via the 

SLC19A1 transporter [235, 236] or directly from neighboring cells [237, 238]. Recent 

work has revealed a primordial role for 2’-3’-cGAMP-dependent STING activation in 

triggering autophagy through WIPI2/ATG5 in a TBK1/IRF3-independent manner [234]. 

These Golgi-derived autophagosomes promote clearance of cytosolic DNA and incoming 

DNA viruses like HSV-1 [234]. Although mitotic cells appear to avoid classical induction 

of autophagy via CDK1 phosphorylation of ATG13, ULK1, and ATG14 [239, 240], 
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downstream STING-dependent activation of autophagophore formation/elongation via 

WIPI2/ATG5 during open mitosis could be deleterious to daughter cell survival [241, 242].  

Lastly, many other viruses and bacteria induce dramatic alteration of Golgi 

membranes during infection [243-247]. Microbial alteration of Golgi integrity may be an 

additional unrecognized tactic to blunt host cGAS/STING responses and should be 

explored further. Alternatively, some pathogens may take advantage of such mitosis-

dependent regulation by timing key events of their lifecycle with the times in which 

cGAS/STING would be inactivated. We explore this idea in the context of HPV infection 

in the following chapter. 
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CHAPTER 4: VESICULAR TRAFFICKING PERMITS 

EVASION OF cGAS/STING SURVEILLANCE DURING 

INITIAL HUMAN PAPILLOMAVIRUS INFECTION 

Brittany L. Uhlorn1, Robert Jackson2, Shauna M. Bratton3, Shuaizhi Li6, Koenraad Van 

Doorslaer1,2,4,6, and Samuel K. Campos1,4,5,6 

1Cancer Biology Graduate Interdisciplinary Program, 2School of Animal & Comparative 

Biomedical Sciences, 3Department of Physiology, 4BIO5 Institute, 5Department of 

Molecular & Cellular Biology, 6Department of Immunobiology, The University of 

Arizona, Tucson, AZ 85721 

Adapted from the manuscript in preparation for MBio (March 2020). 

4.1 Author Contributions 

Jana Jandova isolated the HFKs that were used in this chapter. Matthew 

Bronnimann prepared the wildtype HPV PsV and Shuaizhi Li prepared the R302/5A 

mutant virus used throughout the chapter. Robert Jackson conducted the RNA-sequencing 

analysis in Figure 13. Shauna M. Bratton conducted the luciferase assay and biochemically 

inhibited mutant transfection experiments in Figures 14B and 14C, respectively.  

4.2 Abstract 

Oncogenic human papillomaviruses (HPVs) replicate in differentiating epithelium, 

causing 5% of cancers worldwide. Like most other DNA viruses, HPV infection initiates 

after trafficking viral genome (vDNA) to host cell nuclei. Cells possess innate surveillance 

pathways to detect microbial components or physiological stresses often associated with 

microbial infections. One of these pathways, cGAS/STING, induces IRF3-dependent 
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antiviral interferon (IFN-I) responses upon detection of cytosolic DNA. Virion-associated 

vDNA can activate cGAS/STING during initial viral entry and uncoating/trafficking, and 

thus cGAS/STING is an obstacle to many DNA viruses. HPV has a unique vesicular 

trafficking pathway compared to many other DNA viruses. As the capsid uncoats within 

acidic endosomal compartments, minor capsid protein L2 protrudes across vesicular 

membranes to facilitate transport of vDNA to the Golgi. L2/vDNA resides within the Golgi 

lumen until G2/M, whereupon vesicular L2/vDNA traffics along spindle microtubules, 

tethering to chromosomes to access daughter cell nuclei. L2/vDNA-containing vesicles 

likely remain intact until G1, following nuclear envelope reformation. We hypothesize that 

this unique vesicular trafficking protects HPV from cGAS/STING surveillance. Here, we 

investigate cGAS/STING responses to HPV infection. DNA transfection resulted in acute 

cGAS/STING activation and downstream IFN-I responses. In contrast, HPV infection 

elicited minimal cGAS/STING and IFN responses. To determine the role of vesicular 

trafficking in cGAS/STING evasion, we forced premature viral penetration of vesicular 

membranes with membrane-perturbing cationic lipids. Such treatment renders a non-

infectious trafficking-defective mutant HPV infectious, yet susceptible to cGAS/STING 

detection. Overall, HPV evades cGAS/STING by its unique subcellular trafficking, a 

property that may contribute to establishment of infection. 

4.3 Introduction 

Human papillomaviruses (HPVs) are circular, double-stranded DNA viruses that 

infect and replicate in differentiating epithelium. HPV is the most commonly transmitted 

sexual infection, and oncogenic HPVs cause nearly 5% of all cancers worldwide and 

essentially all cervical cancers in women [248]. The lifecycle of HPV and expression of its 
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viral genome is dependent on differentiating epithelium [132, 249, 250]. To infect, HPV 

must traffic its circular dsDNA viral genome (vDNA) to the nucleus of basal keratinocytes, 

the only actively dividing cells within differentiating epithelium. Infected basal 

keratinocytes maintain vDNA episomes at low/mid copy number and serve as a reservoir 

for infected suprabasal cells that support the productive amplification of vDNA and 

assembly of progeny virions in upper epithelial layers [251, 252]. Thus, persistently 

infected basal keratinocytes support sustained production of progeny virions to ensure 

efficient transmission within hosts. Notably, persistence of high-risk HPV types is 

considered the risk factor for HPV-associated malignancies [253]. Unraveling the 

mechanisms that underlie HPV persistence is therefore important to understand both HPV 

lifecycle and cancer. 

Structurally, HPV is a simple virus, yet it has evolved a unique mitosis-dependent 

mode of subcellular trafficking and delivery of vDNA to the host cell nucleus [135, 254, 

255]. HPV virions bind to the extracellular matrix and cell surface heparan sulfate 

proteoglycans of basal keratinocytes. Upon proteolysis of the L1 and L2 capsid [256-258] 

and capsid conformational changes, the virion associates with entry receptor complexes 

and is endocytosed by the host cell [259-262]. As the internalized virion travels through 

endosomal compartments most of the L1 capsid is disassembled and degraded en route to 

the lysosome [135, 136, 263]. In complex with the vDNA, minor capsid protein L2 

facilitates retrograde trafficking of the vesicular vDNA away from the degradative 

endo/lysosomal compartment to the lumen of the Golgi, where it resides during interphase 

[137, 140, 141, 146, 264]. L2 is an inducible transmembrane protein that can extend into 

the cytosol while remaining in complex with luminal vDNA by utilizing a transmembrane-
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like domain to protrude across local vesicular membranes to physically recruit retromer 

and other cytosolic sorting factors [142, 254, 265-268].  

Upon entry into mitosis, vesicular L2/vDNA traffics away from the fragmenting 

Golgi and accumulates on metaphase chromosomes via a chromatin-binding domain within 

the central portion of L2 [269]. This L2-dependent chromosomal tethering of vDNA-

containing vesicles ensures that the vDNA will end up within daughter cell nuclei after 

nuclear envelope reassembly and mitotic exit into G1. Our initial work using an L2-BirA 

fusion virus to report on L2/vDNA compartmentalization within vesicular membranes 

suggested that L2/vDNA may penetrate the Golgi-derived limiting membranes upon 

chromosome binding during pro-metaphase/metaphase, to fully translocate into the 

nuclear/cytosolic milieu of open mitosis [146, 269]. Work from the Sapp and Schiller 

laboratories suggests that L2/vDNA remains vesicular through the completion of mitosis 

[145, 270]. Within the daughter cell nuclei L2/vDNA somehow escapes the confines of the 

post-Golgi vesicles, gaining access to the nucleus and recruiting the ND10/PML body 

components necessary for efficient early viral gene expression [145, 270-272]. Recent 

work also shows that some L1 pentamers retrograde traffic along with the L2/vDNA 

complex towards the nucleus, but their role is unclear [143, 272]. Additional data suggests 

that some virions may even remain somewhat intact as partially disassembled capsids 

during Golgi and post-Golgi nuclear trafficking [270].  

Many other nonenveloped viruses including adenoviruses, nodaviruses, 

parvoviruses, picornaviruses, and reoviruses have evolved more direct means of 

penetrating limiting membrane barriers for vDNA/vRNA delivery and subsequent 

infection of host cells [273-275]. The evolutionary rationale behind the unique mitosis-
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dependent vesicular trafficking mechanism of HPV is unknown. We and others speculate 

the trafficking mechanism may impart immunoevasive properties via vDNA shielding 

behind protective limiting membranes en route to the nucleus [254, 270, 276, 277].   

 The innate immune system is adept at recognizing microbial nucleic acids as 

pathogen-associated molecular patterns (PAMPs) through a number of pattern recognition 

receptors (PRRs) [6]. Many PRRs also function to sense nucleic acids of cellular origin as 

damage-associated molecular patterns (DAMPS). These are typically mislocalized or 

modified nucleic acids within the context of physiological stresses or cellular damage often 

associated with microbial infections [278, 279]. In general, the activation of PRRs by 

nucleic acids leads to NFκB-dependent inflammatory cytokine responses and/or IRF3/7-

dependent type-I interferon (IFN-I) antiviral responses.  

The cGAS/STING pathway has emerged as a central innate immune sensing 

pathway for cytosolic DNA and downstream IFN-I responses [30, 193-195, 203, 280]. 

Briefly, cytosolic DNA is recognized by the enzyme cGAS, triggering production of the 

cyclic dinucleotide 2’-3’-cGAMP [197, 237]. STING, a transmembrane endoplasmic 

reticulum (ER) protein [49], is activated upon binding to 2’-3’-cGAMP [51]. Once 

activated by 2’-3’-cGAMP, dimeric STING traffics to a perinuclear Golgi-like 

compartment [50, 88], where it oligomerizes to recruit and activate TBK1 [53, 200, 202] 

to phosphorylate the transcription factor IRF3, stimulating an IFN-I response [49].  

Initial entry, trafficking, and uncoating of many DNA viruses like herpesviruses 

(HSV-1, KSHV, HCMV), poxviruses (VACV, MVA), asfarviruses (ASFV), and 

adenoviruses (HAdV serotypes 2, 5, 7, and 35) activate cGAS/STING [55, 92, 95, 96, 103, 

281-283]. Cellular sensing of initial HPV infection has not been formally investigated, but 
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several studies have described roles for the early HPV oncogenes in antagonizing the 

cGAS/STING/IRF3 axis upon establishment of infection [104, 106, 284]. Active 

antagonism of cGAS/STING by the early HPV proteins suggests that cGAS/STING 

responses would oppose persistent HPV infection. Indeed, IFN-I responses are detrimental 

to persistent HPV infections, reducing cellular proliferation and causing apoptosis, 

episome loss, mutation, and/or integration [285-289]. Likewise, it is well known that HPV 

early genes counteract these detrimental antiviral IFN-I and IFN-stimulated gene (ISG) 

responses through a variety of mechanisms [180, 290, 291].  

Given the ongoing interplay between HPV and antiviral responses, we postulate 

that evasion of cGAS/STING responses during initial infection would be beneficial to the 

viral lifecycle. We hypothesize that HPV’s unique mitosis-dependent vesicular trafficking 

serves to enable such evasion. Here, we directly compare human keratinocyte 

cGAS/STING responses to HPV16 virion infection versus responses to cationic lipid 

transfection of dsDNA plasmid. We show a striking lack of antiviral phospho-IRF3 

responses upon HPV16 infection. RNA-seq confirmed the lack of downstream ISG 

transcriptional responses to HPV16 infection. Perturbance of intracellular vesicular 

membranes during infection results in antiviral responses to HPV16 infection, suggesting 

that HPV’s distinctive vesicular trafficking underlies its immunoevasive abilities.  

4.4 Results  

4.4.1 HPV16 Evades cGAS/STING Responses During Initial Infection 

We initially investigated cellular cGAS/STING responses to HPV16 

pseudovirus in HaCaT cells, spontaneously immortalized keratinocytes [215] that 

have a functional DNA-responsive cGAS/STING pathway [292-294]. HaCaT cells 

were either transfected with 250 ng of endotoxin free dsDNA plasmid (pGL3) for  
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Figure 11. Wildtype HPV16 PsV evades cGAS/STING detection during initial 
infection in HaCaTs. 

cGAS/STING responses to pGL3 and wildtype HPV16 PsV in HaCaTs. (A, B) Cells were 

either transfected for 90 min with 250 ng pGL3 (H2O control) or infected for the duration 

of the experiment with 950 ng L1 (equivalent to 250 ng DNA) of HPV16 virions (VSB = 

viral storage buffer control). Cells were harvested at various times post-treatment and 

cGAS/STING responses assessed via western blotting. (A) IRF3 was phosphorylated, most 

prominently at 90 min and 4 hr post pGL3 transfection, while IRF3 was not phosphorylated 

at any time post HPV16 infection. (B) Densitometric quantification of western blots in (A), 

n = 4 biological replicates, ***p < 0.005. (C) Cells were either transfected for 90 min with 

250 ng pGL3 or infected for the duration of the experiment with an equivalent amount of 

HPV16 virions that contained pGL3. Luciferase activity was measured 24 hr post-

treatment, normalized to GAPDH, and corrected for pGL3 encapsidation as described in 

Materials & Methods.  
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90 minutes or infected with the HPV16 virion equivalent to 250 ng DNA 

(approximately equivalent to 950 ng L1 capsid, encapsidating pGL3). Cellular 

responses to DNA transfection were followed over the next 12 hours by western 

blotting. Since HPV16 infection is slow and asynchronous [259] with different 

DNA delivery kinetics compared to transfection, HaCaT cells were continuously 

infected and cGAS/STING activity was assessed over an extended 24-hour time 

course.  

Acute and robust IRF3 phosphorylation (pIRF3) was observed in response 

to DNA transfection (Fig. 11A). In contrast, phosphorylation of IRF3 was lower at 

all tested time points post-infection with HPV16, indicating that the cGAS/STING 

pathway was not able to sense and respond to HPV16 vDNA (Fig. 11A, B). pGL3 

contains a firefly luciferase expression cassette driven by an SV40 promoter. To 

gauge the relative pGL3 delivery between plasmid transfection and HPV16 

infection, luciferase assays were performed 24-hours post-treatment. Since 

papillomaviruses lack specific genome packaging signals, only a fraction of the 

HPV16 capsids produced in the 293TT system contain pGL3. Therefore, the 

luciferase numbers for the HPV16 infections were corrected by factoring in the 

measured virion:pGL3 ratio of 11.16. Despite a complete lack of pIRF3 responses, 

HPV16 infection resulted in robust luciferase activity as compared to pGL3 

transfected cells (Fig. 11C), supporting cGAS/STING surveillance evasion by 

HPV16.  

While immortalized HaCaT cells represent a good model for the basal 

keratinocytes that HPV has tropism for in vivo, we sought to investigate  
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cGAS/STING responses to pGL3 and wildtype HPV16 in primary HFKs. (A) HFKs were 

either transfected for 90 min with 500 ng pGL3 or infected for the duration of the 

experiment with 1900 ng L1 (equivalent to 500 ng DNA) of of HPV16 virions. Cells were 

harvested at various times post-treatment and cGAS/STING responses assessed via 

western blotting. (A) IRF3 was phosphorylated 4 hr post pGL3 transfection, while IRF3 

was not phosphorylated at any time post HPV16 infection with HPV PsV. representative 

blot of 4 biological replicates. (B) Cells were either transfected for 90 min with 250 ng 

pGL3 or infected for the duration of the experiment with an equivalent amount of HPV16 

virions. Luciferase activity was measured 24 hr post-treatment, normalized to GAPDH, 

and corrected for pGL3 encapsidation as described in Materials & Methods. *p < 0.05 

Figure 12. Wildtype HPV16 PsV evades cGAS/STING detection during initial 
infection in primary HFKs. 
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cGAS/STING responses in cultured primary human foreskin keratinocytes (HFKs), 

a better model for natural HPV infection. Primary HFKs were transfected with 500 

ng pGL3 or infected with the viral DNA equivalent (Fig. 12). pGL3 transfection 

resulted in robust activation of the cGAS/STING pathway, as seen by detection of 

phosphorylated STING (pSTING) and pIRF3 (Fig. 12A). As before, HPV16 

infection did not activate the pathway as detected by phosphorylation of STING or 

IRF3 during infection. Again, to ensure comparable delivery of the 500 ng dsDNA 

via HPV16 virions compared to plasmid transfection we performed a luciferase 

assay 24-hours post-transfection/infection. As with HaCaT cells, HPV16 infection 

again yielded robust luciferase activity as compared to plasmid transfection of 

HFKs (Fig. 12B). These data again suggest a stealthy mode of HPV infection 

whereby cGAS/STING responses are avoided. 

4.4.2 Transcriptional Responses to DNA Transfection and HPV16 Infection of 

Primary HFKs  

We performed RNA-Seq analysis to profile cellular transcriptional 

responses to pGL3 delivered via cationic liposomes or HPV16 virions (Fig. 13). As 

above, HFKs were either transfected with 500 ng pGL3 or infected with the 500 ng 

DNA equivalent of HPV16 virions. Total RNA was extracted at the indicated 

timepoints. At 4-hours post-transfection, 142 genes (95 up and 47 down) were 

differentially expressed (Fig. 13A) in pGL3-transfected HFKs relative to mock 

water transfection (n = 2, P-adj < 0.05). The up-regulated genes (Fig. 13B), 

representing expected transcriptional responses to cytosolic DNA, were 

functionally enriched for 82 Gene Ontology (GO) Biological Processes, including 
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Figure 13. HPV16 infection does not activate cellular responses to DNA. 

RNA-seq was used to transcriptionally profile cellular responses to pGL3 DNA introduced 
via liposome transfection or HPV16 PsV infection. (A) Relative to water, there were 142 
significantly (P-adj < 0.05) differentially expressed genes (DEGs) 4 hr and 469 DEGs 8 hr 
post-transfection, with up-regulation genes functionally enriched for biological processes 
and pathways related to defense responses to virus and IFN signaling. (B) Volcano plots for 
4 and 8 hr pGL3 transfections (n = 2) show significantly DEG genes (P-adj < 0.05), with 
up-regulated genes (red) related to strong innate immune signaling responses. No response 
was activated 8 hr following HPV infection (n = 3) relative to viral storage buffer (VSB); 
inset volcano plot is re-scaled, using nominal (unadjusted) P-values, to show distribution of 
genes that do not reach significance. 



 91 

 

Figure 13, continued. HPV16 infection does not activate cellular responses to DNA. 

(C) Heatmap of variance-stabilized counts, row-centered, for the top up-regulated 
cellular response genes (P-adj < 0.05, log2 fold change > 2, for 4 and 8hr pGL3-
transfection: 164 genes). Genes clustered into three main groups, corresponding to 
temporal responsiveness post-transfection: cluster I (primary response at 4hr), cluster II 
(intermediate response at 4 and increasing at 8 hr), and cluster III (secondary response 
at 8 hr). (D) Metagene log2 fold change values were computed by aggregating response 
data of all genes within each cluster. Error bars represent 95% confidence intervals for 
each gene cluster. 
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“defense response to virus” (GO:0051607, P-adj = 2.26 x 10-15) as the top hit among 

innate immune-related terms. Of the 10 enriched Reactome Pathways, the top hit 

was “Interferon alpha/beta signaling” (REAC:R-HSA-909733, P-adj = 1.16 x 10-

7). In line with our western blot data (Fig. 11, 12), IRF3 was the top transcription 

factor signature related to these up-regulated genes (P-adj = 8.61 x 10-10). The top 

five most significantly up-regulated genes at 4-hours post-transfection included 

IFIT2, IFIT3, ATF3, NOCT, and IRF1; the genes with the highest fold change, 

ranging from ~70 to 400 times above baseline, were IFNL1, IFNL2, IFIT2, 

NEURL3, and ZBTB32. 

At 8-hours post-transfection, 469 genes (372 up and 97 down) were 

differentially expressed (Fig. 13A) in HFKs (n = 2, P-adj < 0.05). These up-

regulated genes were also functionally enriched for IFN signaling, with the top five 

most significantly up-regulated genes (Fig. 13B) at 8-hours post-transfection 

including IFIT2, RSAD2, OASL, IFIT3, and HERC5. The genes with the highest 

fold change at 8 hours, ranging from ~200 to 500 times above baseline, were 

CXCL10, CXCL11, IFNL1, GBP4, and IFIT2. Investigation of the heatmap (Fig. 

13C) indicates 3 main clusters of genes: Primary (I) genes that are upregulated at 4 

hours and remain up at 8 hours, intermediate (II) genes that are upregulated by 4 

hours and continue to increase throughout the duration of the experiment, and 

secondary (III) genes that are upregulated by 8 hours but were not significantly 

affected at the 4 hour timepoint (Fig. 13D).  

While 500 ng of pGL3 delivered via cationic liposomes triggered a robust 

IRF3-based transcriptional response in HFKs, with the strongest overall response 
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at 8-hours post-transfection, the equivalent amount of DNA delivered via HPV16 

pseudovirus infection yielded no response (Fig. 3B). At 8-hours post-infection, 

there were no genes differentially expressed in HFKs relative to mock infection 

with viral storage buffer (n = 3). Importantly, preliminary analysis of later time-

points did not show activation of IFN or ISG related transcription (data not shown). 

Overall, HPV infection is unable to induce a classic innate immune response 

signature in primary HFKs (Fig. 13B, D).  

4.4.3 Bypassing HPV’s Natural Trafficking Pathway Activates cGAS/STING 

As mentioned, cGAS/STING is capable of sensing the incoming vDNA 

from a number of viruses [55, 92, 295, 296] that either breach (non-enveloped 

viruses) or fuse with (enveloped viruses) intracellular limiting membranes to 

provide vDNA-capsid complexes access to the cytosol and eventually reach the 

nucleus. In contrast, HPV uses minor capsid protein L2 to transport vDNA within 

vesicular membranes en route to the nucleus during mitosis-dependent subcellular 

trafficking [135, 254, 255]. We hypothesize this unique vesicular trafficking 

enables evasion of cellular cGAS/STING surveillance.  

To test this hypothesis, we stimulated premature membrane penetration of 

HPV vDNA to determine if cGAS/STING would then be capable of detecting HPV 

infection. As no HPV capsid protein mutations are known to cause leakage or 

transfer of vDNA across vesicular membranes, we instead used cationic lipids 

which are known to perturb intracellular limiting membranes [297-299]. Indeed, 

our prior work using a sensitive enzyme-based L2 membrane penetration assay 

showed that even low amounts of cationic lipids during HPV infection are capable 
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of disrupting vesicular membranes that normally limit HPV from cytosolic 

exposure [146].  

HPV16 virions encapsidating pGL3 were mixed to the cationic lipid 

Lipofectamine 2000, as described in Materials & Methods. Transmission electron 

microscopy of this mixture revealed that intact HPV16 virions were in the close 

vicinity of submicron cationic lipid complexes (Fig. 14A). We next assessed the 

ability of wildtype HPV16 and the post-Golgi trafficking defective R302/5A 

mutant HPV16 to deliver vDNA to the nucleus in the presence of cationic lipids 

compared to control media. The R302/5A mutation in L2 renders particles non-

infectious; particles that contain R302/5A mutant L2 undergo normal early 

trafficking but fail to penetrate Golgi-derived vesicular compartments due to 

defective binding between the mutant L2 and host mitotic chromosomes [146, 269, 

300]. R302/5A vDNA therefore remains cloaked within vesicular membranes, 

failing to reach the nucleus. Addition of cationic lipids caused a modest ~60% 

decrease in wildtype HPV16 infectivity, as measured by luciferase assay for the 

delivery of virion-packaged pGL3 to the nucleus (Fig. 14B). In stark contrast, 

cationic lipids rescued the infectivity of R302/5A mutant virus to levels comparable 

to that of wildtype HPV16 in the presence of cationic lipids (Fig. 14B).  

The natural subcellular retrograde trafficking of vDNA is dependent on 

endosomal acidification, furin cleavage of L2, and g-secretase activity. Small 

molecule compounds that perturb these processes are potent inhibitors of HPV16 

infection [254]. Strikingly, the cationic lipid-dependent infectivity of R302/5A was 

largely insensitive to endosomal acidification inhibitor BafA, furin inhibitor  
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Addition of cationic lipids during infection with translocation-deficient R302/5A mutant 

HPV16 restores infectivity and allows for cGAS/STING sensing. (A) Electron 

micrograph of HPV16 complexed with the cationic lipid Lipofectamine 2000. (B) 

HaCaTs were infected with 950 ng L1 (equivalent to 250 ng DNA) R302/5A +/- 

Lipofectamine 2000 (lipo) for 4 hr and infection was measured by luciferase assay. While 

naturally non-infectious, addition of cationic lipids restored infectivity of the R302/5A 

mutant to levels comparable to those of wildtype HPV16. *p < 0.05, **p < 0.01 (C) 

R302/5A infection in the presence of cationic lipids is insensitive to biochemical 

inhibitors of endosomal acidification (BafA), furin (dRVKR), and g-secretase (XXI), as 

measured by a luciferase assay. 

Figure 14. Bypassing HPV’s natural trafficking pathway activates cGAS/STING. 
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Figure 14, continued. Bypassing HPV’s natural trafficking pathway activates 
cGAS/STING. 

(D) Cells were transfected for 4 hr or infected for the duration of the experiment with 

equivalent amounts of virus (950 ng L1). Addition of cationic lipids during R302/5A 

infection resulted in IRF3 phosphorylation at 4 hr and 8 hr, while R302/5A infection 

alone did not induce IRF3 phosphorylation, as assessed via western blotting. (E) 

Densitometric quantification of western blots, n=4 biological replicates. 
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dRVKR, or g-secretase inhibitor XXI (Fig. 14C). Collectively these data indicate 

that cationic lipids mediate vesicular escape of HPV16 to rescue infectivity of 

R302/5A via an alternative trafficking route, independent of the classical HPV16 

vesicular trafficking pathway. 

Since the use of cationic lipids to bypass the natural subcellular trafficking 

pathway of HPV rescued infectivity of R302/5A mutant virions, we examined 

whether premature disruption of vesicular membranes by cationic lipids would 

allow for activation of the cGAS/STING pathway by HPV16. HaCaT cells were 

infected with R302/5A virions +/- cationic lipids and cGAS/STING activity was 

assessed by pIRF3 blot as before. Like wildtype HPV16 infection (Fig. 11, 12), 

R302/5A mutant infection alone did not activate the cGAS/STING pathway. 

However, premature vesicle disruption allowed for robust sensing of DNA 

delivered by R302/5A infection as assessed by IRF3 phosphorylation, most 

prominently at 4- and 8-hours post-infection (Fig. 14D, E). These results indicate 

that when cationic lipids allow HPV16 virions to breach vesicular compartments, 

the cGAS/STING pathway is activated, generating a pIRF3 response. 

4.5 Discussion 

Cells are equipped with numerous PAMP-sensing PRRs, designed to detect the first 

signs of cellular stress and respond in IRF3 and NFkB transcription factor-dependent 

manners to induce the expression of IFN, antimicrobial ISGs, and pro-inflammatory 

cytokine genes [191]. Geared towards recognizing dsDNA in the cytoplasm of a cell, the 

recently characterized cGAS/STING pathway has proven to be a critical arm of innate 
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immunity and an important cellular antiviral defense system that is targeted for evasion 

and/or antagonism by many different viruses [203, 280, 301].  

The HPV early proteins have been shown to block cGAS/STING and downstream 

IRF3-dependent IFN-I responses, as well as NFkB-dependent cytokine responses through 

a variety of mechanisms [104, 106, 180, 290, 291, 302, 303]. The early viral proteins that 

counteract the cellular antiviral responses are not packaged within incoming virions. Thus, 

evasion mechanisms to limit early detection by the innate immune system during early 

infection would likely benefit later stages of the viral lifecycle. Viral blunting of these cell 

intrinsic and extrinsic responses promote viral persistence by enabling maintenance of 

episomal vDNA and reducing inflammatory responses that cause activation of antigen-

presenting cells and promote adaptive antiviral immune responses [174]. 

Here we investigate cGAS/STING responses to initial HPV16 infection. Although 

prior work has reported minimal induction of IFN-I and downstream ISGs in response to 

HPV and canine PV infection [304, 305], no studies have directly addressed cGAS/STING 

responses to incoming HPV16 virions. Importantly, other than the viral L1 and L2 proteins 

that are part of the incoming viral capsid, the pGL3 reporter plasmid does not express any 

papillomavirus proteins. We find that while keratinocytes mount acute pIRF3 and 

downstream IFN/ISG responses to dsDNA plasmid transfection, dsDNA delivered through 

HPV16 infection proceeds undetected by cGAS/STING. To allow for direct comparison, 

we infected cells with the virion equivalent of 500 ng DNA. These extreme conditions 

strengthen the hypothesis that a physiological infection is unlikely to be detected. The 

transcriptional response to dsDNA included type-I IFNB1, type-III IFNL1 and IFNL2, and 

many IFN-dependent ISGs and chemokines (Fig. 13). Many of these ISGs, like IFIT1/2/3, 
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ISG15 and CXCL10/11, can be upregulated directly through IRF3-mediated transcription, 

in addition to secondary IFN-dependent signaling (pSTAT1/pSTAT2/IRF9) mechanisms 

in certain cellular contexts [306-308].  

Not surprisingly, many of these genes have been implicated in the viral lifecycle. 

IFIT1 (p56/ISG56) has the potential to directly restrict persistent HPV infection via 

inhibition of E1-dependent episomal vDNA maintenance [289]. ISG15 encodes a 

ubiquitin-like molecule with broad antiviral activity. HERC5 is an E3 ligase that catalyzes 

the addition of ISG15 to nascent viral proteins leading to the restriction of HPV replication 

[309]. CXCL10, CXCL11, and related CXCL-family chemokines attract activated T cells 

via CXCR3 [310, 311]. These chemokine responses may also be detrimental to HPV 

persistence, as evidenced by a recent mouse papillomavirus study where MmuPV1 was 

observed to specifically downregulate stress keratin-induced expression of CXCR3 ligands 

including CXCL10 [312]. IFI16 is a DNA-binding inflammasome component and can 

restrict HPV replication by epigenetically silencing viral gene expression reducing vDNA 

copy number [313, 314]. Several of the genes upregulated by dsDNA transfection are 

counteracted by papillomavirus gene products. IRF1, IRF2, and IRF7 gene products 

augment IFN/ISG responses. IRF1 activity is counteracted by the E7 protein from high-

risk HPVs [315, 316]. Similarly, RSAD2 (viperin) has broad antiviral activity and is 

downregulated by cutaneous HPV2 E7 [317].  

Double-stranded DNA transfection also induced cell survival and proliferation 

modulators like ATF3, CDKN2C, and TNFSF10. ATF3 interferes with E6’s ability to 

degrade p53 by preventing E6AP from binding to p53, thus interfering with HPV 

immortalization [318]. Interestingly, ATF3 expression is downregulated in cervical cancer 
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[318]. CDKN2C encodes p18INK4C, which restricts cellular proliferation through 

inhibition of CDK4 and CDK6 [319]. Expression of CDKN2C is upregulated by oncogenic 

E6 proteins [320], suggesting that the virus must be able to replicate in the presence of this 

anti-proliferative signal. TNFSF10 encodes TRAIL, a member of the TNF family of 

ligands that can initiate apoptosis [321]. The viral E5 protein counteracts TRAIL signaling 

to block apoptosis and promote HPV infection [322, 323]. If activated, the induction of 

cellular effectors would likely restrict initial HPV replication following infection. Thus, 

initial evasion of cGAS/STING and these downstream cellular IRF3/IFN/ISG responses 

would likely be beneficial to HPV infection. Collectively, our data suggests that the ability 

of the viral proteins to antagonize so many of these effectors is not to counteract sensing 

of the viral DNA upon initial infection. Rather, counteraction of these antiviral/antitumor 

responses is important for later steps in the viral lifecycle.  

Interestingly, HPV16 infection is sensed when vesicular membranes are perturbed 

by the inclusion of cationic lipids during infection. These findings also indicate that the 

chromatinized encapsidated vDNA is insufficient to (completely) mask the viral genome 

from cGAS surveillance, as recent reports have shown that the nucleosomal components 

of mitotic chromatin prevents efficient cGAS activation by dsDNA [69, 97, 294]. We 

conclude that HPV’s unique L2-dependent vesicular membrane trafficking effectively 

shields the vDNA PAMP from cytosolic cGAS/STING surveillance during nuclear transit, 

likely contributing towards viral persistence. A recent report describes a DNA-PK 

mediated DNA-sensing mechanism that appears to be specific to linear DNA [324]. Since 

the HPV genome is circular, it is unlikely that this pathway would be involved in the 

sensing of HPV infection.  
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Subcellular trafficking routes have been shown to influence innate immune 

responses to other viruses. Different trafficking mechanisms during AdV entry of several 

cell types have been shown to affect the stimulation of certain PRRs, influencing distinct 

immune responses that are dependent on particular virus- and cell-type combinations [325]. 

For example, different AdV serotypes naturally vary in their receptor usage and 

downstream early vs late endosomal trafficking pathways. These inherent differences in 

AdV serotypes have been shown to affect innate TLR-dependent sensing of the virus [108]. 

For example, Dynamin-2 (DNM2) is a cellular GTPase involved in microtubule-dependent 

transport and scission of endosomes. Modulation of DNM2 affects the trafficking of AdV, 

resulting in an altered cellular cytokine response to infection [326]. Reovirus T1D and T3L 

strains elicit differing magnitudes of IRF3-dependent IFN-I responses in a manner 

dependent on viral uncoating during the late steps of viral entry and trafficking [107]. In 

the case of HIV, the CD4 receptor and the cellular dynein adapter BICD2 play roles in viral 

trafficking, influencing innate sensing and downstream IFN/ISG responses in infected cells 

[327, 328]. Likewise, host phospholipase D affects innate sensing of the influenza A virus 

by modulation of entry [329].  

Thus, while differing modes of trafficking can affect cellular responses to many 

viruses, HPV appears to have evolved an extremely covert means of evading cellular IRF3-

dependent responses by hiding incoming vDNA inside the vesicular trafficking network. 

Other viruses may have evolved similar trafficking-dependent immunoevasion strategies. 

Adeno-associated viruses (AAVs) are parvoviruses that have recently been shown to 

retrograde traffic to the Golgi [330]. Although cellular pIRF3 responses to initial infection 

have yet to be investigated, it is tempting to speculate that they too may hide the genome 
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from cytoplasmic DNA sensors. The polyomaviruses (PyVs) are dsDNA viruses that are 

structurally similar to papillomaviruses. PyVs also undergo subcellular retrograde transport 

after cellular uptake, but unlike HPVs, SV40 and the related BKPyV and JCPyV bypass 

the Golgi and traffic directly from endosomes to the ER, where redox-dependent 

chaperones loosen the VP1 capsid to expose membrane-interacting minor capsid proteins 

VP2/3 [331-333]. The post-ER fate of the PyV vDNA is unclear, with data suggesting cell- 

and virus-type specific differences in transport of vDNA from ER to cytosol/nucleus [334]. 

A recent study found a striking lack of pIRF3 and downstream IFN/ISG responses to 

BKPyV infection [335], similar to what we observe with papillomaviruses in this work. Of 

note, these smaller viruses do not package tegument or core proteins that may be able to 

counteract cytoplasmic sensors or their down-stream effector proteins. Indeed, these 

viruses, like papillomaviruses, need to avoid triggering these cytoplasmic sensors. This 

raises the possibility that multiple viral families may have converged on a trafficking-

dependent immunoevasive strategy. 
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CHAPTER 5: HUMAN PAPILLOMAVIRUS INFECTION 

LIMITS cGAS/STING ACTIVITY 

5.1 Author Contributions 

 Jana Jandova isolated the HFKs and derived HPV18+ Clones 2 and 3 that were 

used throughout this chapter. Robert Jackson conducted the RNA-sequencing analysis in 

this chapter.  

5.2 Abstract  

 Human papillomaviruses (HPVs) infect and replicate in differentiating cutaneous 

and mucosal epithelium. After establishing infection in basal keratinocytes, HPV maintains 

its viral genome (vDNA) as an epichromosome. Early viral proteins expressed after initial 

infection aid in establishing genome maintenance and result in a reservoir of infected basal 

cells that can support long-term persistent HPV infections. Importantly, these long-term 

HPV infections lead to 5% of cancers worldwide. Therefore, it is imperative to understand 

the mechanisms associated with genome maintenance and persistent infections. 

 The innate immune system recognizes cytosolic dsDNA via the cGAS/STING 

pathway. cGAS produces 2’-3’-cGAMP upon recognition of dsDNA, resulting in the 

activation of ER-resident STING. Activated STING traffics to the Golgi, where it recruits 

TBK1 to phosphorylate IRF3, resulting in a type-I IFN (IFN-I) response.  

 We have previously demonstrated that cGAS/STING is inactivated by mitotic 

Golgi dispersal (Chapter 3), and HPV has likely evolved to time genome translocation to 

the nucleus during mitosis to evade detection (Chapter 4). While it is clear HPV must 

escape detection by the cGAS/STING pathway to complete initial infection, it is unknown 
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how the virus continues to evade innate immune detection to achieve persistence. HPV 

oncoproteins E5, E6, and E7 have been shown to play roles in immunoevasion, though 

typically in the context of overexpression of a single oncoprotein. We hypothesize the HPV 

early proteins limit cGAS/STING activity and that antagonism of the cGAS/STING 

pathway is critical to HPV genome maintenance and persistence. 

Here, we show that compared to the parental human foreskin keratinocytes (HFKs), 

HPV18+ cells have dampened cGAS/STING responses. IRF3 and STING 

phosphorylation, IRF3 nuclear translocation, and downstream IFN/ISG gene responses 

were reduced in HPV18+ cells upon DNA transfection. cGAS/STING activity in the 

HPV18+ clones was negatively correlated with genome copy number, as the clone 

expressing a higher viral genome load had lower cGAS/STING responses to foreign DNA. 

Further, the expression of the DNA sensor cGAS was altered at the protein level in cells 

infected with HPV18 relative to the parental HFK line, and 2’-3’-cGAMP production was 

reduced in these cells compared to the parental HFK line. Overall, these results suggest 

that persistent HPV18 infection may dampen cGAS/STING activity to promote genome 

maintenance and viral persistence.  

5.3 Introduction 

HPVs are small, non-enveloped icosahedral viruses with dsDNA genomes. High-

risk HPVs are estimated to cause nearly 5% of all human cancers worldwide, with an 

estimated 570,000 women and 60,000 men developing HPV-related cancers each year 

[118]. 

The nearly 8-kilobase HPV genome contains the early (E) and late (L) regions that 

encode genes expressed at different times in the viral lifecycle. The early region encodes 
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E1, E2, E4, E5, E6 and E7 – proteins associated with viral gene expression, replication and 

survival. These proteins are expressed in the lower layers of the differentiating epithelium. 

The late region encodes the major and minor capsid proteins, L1 and L2, respectively, 

which are only expressed in the upper layers of the epithelium.  

Because the HPV lifecycle is dependent on differentiating epithelium [132], the 

virus must successfully traffic its episomal vDNA to the nucleus of an actively dividing 

basal keratinocyte. Briefly, HPV virions bind extracellularly to basal keratinocytes via 

interactions with heparin sulfate proteoglycans (HSPCs) and transfer to a yet-to-be-

determined entry receptor complex [133-135]. Once endocytosed, the virus travels through 

the early and late endosomal compartments [136]. The major capsid protein L1 is degraded 

in the lysosome [134, 138, 139], but minor capsid protein L2 facilitates trafficking of the 

L2/vDNA complex away from degradative compartments to the Golgi [140, 141], where 

it resides during interphase [142]. Only during mitosis does the L2/vDNA complex leave 

the safety of the Golgi and translocate towards mitotic chromosomes, initiating viral 

infection [144]. 

 Following initial entry and infection, HPV vDNA is maintained as an episome, 

estimated to be maintained between 50 and 100 copies per cell [147, 148]. The early 

proteins E1 and E2 are expressed in the basal layers of the epithelium to facilitate viral 

gene replication and expression. They require the help of host cell machinery in actively 

dividing cells to replicate vDNA. To facilitate continued cellular division and prevent 

apoptosis in the more differentiated layers of the epithelium, E6 and E7 antagonize host 

proteins p53 and pRb, respectively [156, 171, 336]. E5 may also assist in the E6/E7-

mediated transformation of cells via interactions with the epidermal growth factor receptor 
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[155]. The late capsid proteins, L1 and L2, are expressed in the upper granular and cornified 

layers of the epithelium [162]. Once L1 and L2 have been produced, HPV virions are 

synthesized and likely released through shedding of the uppermost cornified layer of the 

epithelium [152].  

The innate immune system recognizes cytosolic DNA as a pathogen-associated 

molecular pattern (PAMP) via the cGAS/STING pathway [47]. The enzyme cGAS 

recognizes cytosolic dsDNA and catalyzes the formation of the cyclic dinucleotide 2’-3’-

cGAMP [31]. STING, a transmembrane resident of the ER [49, 50], is activated upon 

binding to 2’-3’-cGAMP [51] and subsequently traffics to a perinuclear Golgi-like 

compartment. At the Golgi, 2’-3’-cGAMP-stimulated STING activates TBK1 [53] to 

phosphorylate the transcription factors IRF3 and NFκB, stimulating IFN-I and pro-

inflammatory cytokine responses [32, 49, 54]. 

cGAS/STING typically recognizes foreign, pathogenic dsDNA in the cytoplasm of 

a cell. Viral dsDNA exposed during initial infection or viral DNA replication can activate 

the pathway, such as in the cases of herpes simplex virus (HSV-1) and adenovirus (AdV) 

infections, among others [55, 92]. However, viruses such as Kaposi's sarcoma-associated 

herpesvirus (KSHV) [99, 101], HSV-1 [103] and AdV [104] have evolved to regulate each 

step of the cGAS/STING pathway.  

Importantly, HPV early proteins E6 and E7 have been suggested to interfere with 

cGAS/STING: HPV18 oncoprotein E7 may bind and antagonize STING through the same 

LXCXE motif used to bind and antagonize pRb [104], while HPV16 E6 may bind and 

inhibit IRF3 [106]. However, these conclusions were made in the context of single 
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oncogene overexpression systems and may therefore not be accurate representations of the 

actual biology in context of the full genome. 

Since it appears HPV-mediated obstruction of the innate immune system is likely 

critical to the mechanisms of genome maintenance and viral persistence, we hypothesized 

that persistent HPV18 infection would limit cGAS/STING activity. Here, we find that cells 

infected with HPV18 genome have less cGAS/STING activity than uninfected cells. 

HPV18+ clones exhibited less IRF3 and STING phosphorylation, IRF3 nuclear 

translocation, and downstream ISG/IFN gene activation in response to DNA transfection 

compared to HPV18- controls. Interestingly, cGAS/STING activity in the HPV18+ clones 

was negatively correlated with genome copy number. The clone harboring more viral 

genome had less cGAS/STING activity in response to foreign DNA. Further, the DNA 

sensor cGAS appeared modified via western blotting in cells infected with HPV18, and 2’-

3’-cGAMP production was reduced in HPV18+ cells compared to uninfected controls. 

Overall, these results suggest that persistent HPV18 infection may dampen cGAS/STING 

activity. Antagonism of cGAS/STING by HPV after initial infection may therefore be a 

crucial mechanism to promote genome maintenance and viral persistence.  

5.4 Results 

5.4.1 HPV18+ Cell Lines are Transcriptionally Unique 

We chose to address these gaps in knowledge with primary human foreskin 

keratinocytes (HFKs) because they best recapitulate the basal cell type HPV 

normally infects. Because not every cell type expresses every PRR, we verified that 

our HFK cells responded to foreign DNA via the cGAS/STING pathway (Fig. 15).  
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cGAS/STING response to pGL3 in uninfected primary human foreskin keratinocytes 

(HFKs). Cells were transfected with 500 ng pGL3 or water for 90 min or entirely non-

transfected. (A) Western blotting revealed that DNA transfection resulted in IRF3 and 

STING phosphorylation. n = 4 biological replicates (B) RNA-seq was used to construct 

a heatmap of the top 25 varying genes in response to DNA transfection at 4 and 8 hrs, 

compared to water control. Scale represents row-centered and variance-stabilized gene 

counts. n = 2 

Figure 15. HFKs sense and respond to foreign DNA. 
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Figure 16. HPV18+ clones are transcriptionally unique. 

 (A) Relative abundances of viral genome and two viral transcripts between the parental 

HFK cell line and the two HPV18+ clones. (B) Heatmap of the top 25 varying genes, 

determined by RNA-seq analysis, between Clones 2 and 3 at baseline. Scale represents 

row-centered and variance-stabilized gene counts. n = 5 
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In response to a 90-minute transfection with 500 ng of the dsDNA plasmid 

pGL3, IRF3 and STING were phosphorylated (Fig. 15A). Several IFN and ISGs 

were upregulated at the mRNA level (Fig. 15B), indicating pathway activity. These 

upregulated genes fell into three different clusters: 1) genes that peaked at 4 hours, 

2) genes that increased at 4 hours but peaked at 8 hours, and 3) genes that peaked 

at 8 hours post-transfection.  

To model persistent HPV infection, Jana Jandova (Van Doorslaer lab) 

created stable HPV18+ HFK cell lines by co-transfecting the HPV18+ minicircle 

plasmid, pMC_HPV18, with a neomycin resistance plasmid, pRSV_neo (Fig. 16). 

HPV18+ clones were selected with G418, picked with cylindrical cloning rings and 

verified via qPCR and RNA-sequencing. We chose to conduct cGAS/STING 

studies with the parental HFKs and two clones – Clones 2 and 3 – because they had 

high and low expression of the HPV18 genome, respectively. Compared to the 

parental HFK cells, HPV18+ Clones 2 and 3 harbored the full HPV18 genome, as 

well as expressed viral transcripts E6* and the E1^E4 splice variant (Fig. 16A). 

Clone 2 harbored approximately twice as much vDNA as Clone 3, which correlated 

with viral transcript abundances. 

 We next investigated the transcriptional differences between the cell lines 

without exogenous stimulation. RNA-seq analysis revealed that Clones 2 and 3 had 

unique expression profiles with thousands of differentially expressed genes (Fig. 

16B, data not shown). Interestingly, Clone 2 suppressed immune-related genes to a 

greater extent than Clone 3, suggesting that the higher viral load of Clone 2 may 

contribute to a dampened basal immune response in these cells.  
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Figure 17. HPV18+ clones have dampened cGAS/STING responses to foreign DNA. 

(A) cGAS/STING response to pGL3 in parental HFKs and HPV18+ Clones 2 and 3. 

Cells were transfected with 500 ng pGL3 or water for 90 min or entirely non-transfected 

prior to western blotting. * and ** indicate ~70 kDa and ~45 kDa cGAS band shifts, 

respectively. n = 4 (B) Cells were transfected with 500 ng pGL3, pIC, or water for 90 

min or entirely non-transfected prior to western blots. HFKs and HPV18+ Clone 2 

respond to the RNA analog poly(I:C) in a phospho-IRF3-dependent manner. n = 2 
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5.4.2 HPV18+ Cell Lines Have Dampened cGAS/STING Responses  

 Since the HPV18+ clones suppressed immune gene expression in an 

unstimulated state, we next sought to investigate cGAS/STING activity in response 

to exogenous stimuli in these cells compared to the HPV18- parental line. As 

expected, pGL3 transfection stimulated IRF3 and STING phosphorylation in 

uninfected parental cells. However, the phosphorylation of these proteins was 

dampened in HPV18+ clones, and the level of cGAS/STING activity was 

negatively correlated with vDNA abundance in the cell lines (Fig. 17A). 

Interestingly, transfection with the RNA analog poly(I:C) induced the 

phosphorylation of IRF3 but not STING in all three cell lines (Fig. 17B), consistent 

with the idea that RNA is not sensed through the cGAS/STING pathway. 

Phosphorylation of IRF3 in response to poly(I:C) was similarly inversely correlated 

with vDNA abundance in the HPV18+ cell lines. While it appeared poly(I:C) 

transfection elicited comparable phospho-IRF3 responses in the HFK and Clone 3 

cells, IRF3 phosphorylation was greatly diminished in the Clone 2 cells. Thus, it is 

unclear to what extent HPV18 may affect RNA-sensing pathways. However, it has 

been shown that HPV16 E6 suppresses RLR activity by interacting with USP15 

and TRIM25 [337], so it is likely that HPV18 early protein(s) may have similar 

functions.  

We also assessed downstream IFN/ISG transcriptional profiles between the 

HPV18- parental line and HPV18+ clones via RNA-seq. Cells were transfected for 

90 minutes and harvested at either 4- or 8-hours post-transfection. Many IFN and 

ISG-associated gene transcripts were upregulated in the HPV18- parental cell line, 

most prominently at 8 hours post-transfection, but this response was dampened in  
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Figure 17, continued. HPV18+ clones have dampened cGAS/STING responses to 
foreign DNA. 

(C) Heatmap of the top 25 varying genes between HFKs and Clones 2 and 3 in response 
to DNA transfection at 4 and 8 hrs, as determined through RNA-seq analysis. Scale 
represents row-centered and variance-stabilized gene counts. n = 1-2 (D) CXCL10 
expression (representative gene from the heatmap in (C)) is induced by pGL3 
transfection in parental HFKs. CXCL10 abundance is inversely correlated with vDNA 
abundance in the HPV18+ clones. 
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the HPV18+ clones (Fig. 17C). HPV18 genome abundance again negatively 

correlated with IFN/ISG transcript abundance in the HPV18+ clones. For example, 

the chemokine CXCL10 was upregulated at the mRNA level in pGL3-transfected 

HFKs, most strongly 8 hours post-transfection (Fig. 17D). HPV18+ Clone 3, which 

contain less viral genomes, also upregulated the CXCL10 transcript in response to  

pGL3 transfection, though to a lesser extent than the parental line. However, there 

were essentially no detectable levels of the CXCL10 transcript in the Clone 2 line 

at either time point (Fig. 17D). CXCL10 and related CXCL-family chemokines 

attract activated T cells [310, 311]. These responses may be detrimental to HPV 

persistence, as a recent mouse papillomavirus study described the downregulation 

of stress keratin-induced expression of chemokines like CXCL10 in the context of 

MmuPV1 infection [312]. Together, these data suggest that HPV18 infection 

dampens cGAS/STING and downstream IFN/ISG responses to foreign DNA.  

 One limitation of the DNA stimulation method is the transfection 

efficiency. As not all cells may be stimulated with DNA by lipid-based transfection, 

we wanted to rule out the possibility that the HPV18+ clones were less susceptible 

to transfection than the parental cell line, as this would result in less cGAS/STING 

activity because of a lack of stimulus, not an inherent defect in the pathway. To 

ensure our findings were not a product of poor transfection efficiency, we assessed 

cGAS/STING activity in these cell lines in response to irradiation. Irradiation can 

cause DNA damage and the formation DNA-containing micronuclei that may be 

sensed by cGAS. This method has been previously used to stimulate cGAS [338]. 

Cells were irradiated with 2 gray and cGAS/STING activity was assessed 48 hours  
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Figure 18. HPV18+ clones have dampened cGAS/STING responses to irradiation. 
Irradiation induced IRF3 nuclear translocation in the parental HFK cell line but not in either 

HPV18+ Clone 2 or 3, as assessed by confocal microscopy. In unstimulated cells, IRF3 is 

mostly cytoplasmic with some nuclear localization, while cGAS is predominately nuclear, 

regardless of irradiation status. Arrows indicate micronuclei.  
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later by immunofluorescence (Fig. 18). In all three naïve cell lines, IRF3 was both 

nuclear and cytosolic, though lacking strong nuclear localization of the 

transcription factor. The DNA sensor cGAS was largely nuclear, regardless of 

irradiation. Upon irradiation, IRF3 dramatically localized to the nucleus in the 

HPV18- parental HFK line but remained mostly cytoplasmic in both HPV18+ 

clones, despite the presence of cytoplasmic, DNA-containing micronuclei in these 

cells (white arrows). Confluence differences between images and cell lines are a 

limitation of cell plating efficiency on glass and differences in rate of proliferation 

between the HPV18- and HPV18+ cell lines. These results validate the findings 

made using DNA transfection – cGAS/STING activity is dampened in the context 

of HPV18 infection.  

5.4.3 HPV18 Attenuates cGAS/STING Activity at the Level of cGAS 

 Though it was evident that cGAS/STING activity in the HPV18+ clones 

was attenuated, the mechanism was unclear. It has been suggested in the literature 

that E6 and E7 bind and inhibit IRF3 and STING, respectively [62, 106], but our 

western blotting data (Fig. 17A) suggested HPV may alter the pathway at the level 

of cGAS. Regardless of transfection status, we detected different sizes of cGAS 

between the HPV18- and HPV18+ cell lines: a higher molecular weight band, close 

to 70 kDa (Fig. 17A, *), was observed in only the parental cell line, while an 

increase in a lower molecular weight band of ~45 kDa (Fig. 17A, **) was observed 

in both HPV18+ clones. It should be noted that the appearance of the lower 

molecular weight band (**) is inconsistent between experiments. cGAS is known  
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Figure 19. HPV18 may attenuate cGAS activity. 

(A) cGAS expression is unaffected by lambda protein phosphatase treatment. * and ** 

indicate ~70 kDa and ~45 kDa cGAS band shifts, respectively. (B) 2’-3’cGAMP 

production in response to foreign DNA is blunted in HPV18+ Clone 2. Cells were 

transfected with 500 ng pGL3 or water for 90 min and harvested for the cGAMP ELISA 

5 hrs post-transfection. p = 0.055, n = 6. (C) Downstream STING and IRF3 activity 

responses to exogenous 2’-3’-cGAMP is similar between HPV18- and + cell lines. Cells 

were treated with 12.5 μg/mL 2’-3’-cGAMP or water for 2 or 4 hrs prior to western 

blotting. n = 3 
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to be modified at the mRNA level by splicing [339] and at the protein level by a 

number of post-translational modifications [77]. Thus, it is likely that one or more 

of the HPV18 proteins is affecting the expression of cGAS through these 

mechanisms.  

 To investigate potential cGAS phosphorylation between the different cell 

lines, we treated cell lysates with lambda protein phosphatase (Fig. 19A). While we 

still observed the ~70 (*) and ~45 kDa (**) species in addition to the expected band 

near 65 kDa, the overall banding pattern of cGAS within a cell line was not affected 

by lambda protein phosphatase treatment (Fig. 19A). However, a positive control 

to verify the activity of the phosphatase was not included in these experiments. 

Thus, these two species might not be explained by differences in phosphorylation, 

but further investigation with the proper controls is warranted before this post-

translational modification can be entirely ruled out.  

Since pGL3 transfection resulted in less IRF3 and STING phosphorylation 

in the HPV18+ cell lines in addition to differences in cGAS expression (Fig. 17A), 

we hypothesized that the HPV18+ cells may produce less 2’-3’-cGAMP than the 

HPV18- parental line. To test this idea, we transfected the three cell lines with 500 

ng of pGL3 for 2 hours. Five hours post-transfection, we analyzed 2’-3’-cGAMP 

production by ELISA (Fig. 19B). While 2’-3’-cGAMP concentration was low and 

similar between cell lines in the water-transfected groups, 2’-3’-cGAMP 

concentration increased in all three lines with DNA transfection (Fig. 19B). 

However, the 2’-3’-cGAMP concentration in pGL3-transfected Clone 2 cells was  
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Figure 19, continued. HPV18 may attenuate cGAS activity. 

(D) Heatmap of the top 25 varying genes between HFKs and Clones 2 and 3 in response 
to DNA transfection at 4 and 8 hrs. Scale represents row-centered and variance-stabilized 
gene counts. n = 1-2 (E) CXCL10 expression (representative gene from the heat map in 
(D) is induced by pGL3 transfection in parental HFKs. CXCL10 abundance is inversely 
correlated with vDNA abundance in the HPV18+ clones. 
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less than that of the parental cell line, suggesting that high viral genome load may 

be correlated with lower 2’-3’-cGAMP production in DNA-stimulated cells.  

As a second approach to determine differences in cGAS activity with 

respect to HPV infection, we bypassed the need for cGAS to detect DNA to signal 

a downstream response by treating cells with the second messenger 2’-3’-cGAMP 

(InvivoGen tlrl-nacga23). Both 2- and 4-hour treatments with 12.5 μg/mL 2’-3’-

cGAMP increased STING and IRF3 phosphorylation in both the HPV18- parental 

HFKs and the HPV18+ clones (Fig. 19C), suggesting that STING, TBK1 and IRF3 

may be similarly functional across the cell lines.  

We next sought to determine the functional implications of our western 

blotting results with transcriptomics data (Fig. 19D). Surprisingly, the 

transcriptional profiles of cells treated with 2’-3’-cGAMP were like those treated 

with pGL3, though higher in magnitude of response. 2’-3’-cGAMP stimulation 

increased many immune-related gene transcripts in the parental HFK cell line in a 

time dependent-manner, peaking at 8 hours post-treatment. Transcripts such as 

CXCL10 were also upregulated in both HPV18+ clones in response to 2’-3’-

cGAMP treatment, with an inverse relationship to the viral load of the cells (Fig. 

19E). 2’-3’-cGAMP increased CXCL10 about six times more than pGL3, likely 

because the second messenger is a more direct cGAS/STING stimulus than DNA. 

Thus, it is likely HPV18 inhibits downstream IFN/ISG responses in addition to 

directly limiting cGAS/STING activity. Overall, these results suggest that 

persistent HPV18 infection may limit the ability of cGAS/STING to sense and 

respond to foreign stimuli. 
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5.5 Discussion 

 Infections with HPVs are incredibly common [115, 118], but most infections are 

either entirely asymptomatic or cleared within one to two years [115, 116]. However, 

persistent HPV infections cause nearly 5% of all cancers worldwide. In order to achieve 

persistence, the virus must successfully establish infection and maintain its episomal 

genome at nearly 50 and 100 copies of vDNA per cell [147, 148]. The innate immune 

system has several mechanisms to detect features associated with microbial infection, such 

as viral genomes. Several PRRs (TLRs, RLRs) detect foreign nucleic acid in the host cell. 

The cGAS/STING system has harnessed a lot of attention in recent years for its actions in 

recognizing foreign DNA in the cytoplasm of a cell. Further, it is known that cGAS/STING 

can be activated by exogenous cyclic dinucleotides, such as though from neighboring 

infected or dying cells [340]. Thus, HPV needs mechanisms by which to attenuate innate 

immune signaling to support its lifecycle. 

Like KSHV and AdV, HPV manipulates the host cell to evade innate immune 

detection and limit the pro-inflammatory and IFN-I responses [341]. The HPV 

oncoproteins have been shown to regulate host gene expression by altering DNA 

methylation, histone modifications and transcription factors [175-180]. Immune evasion 

by HPV is also facilitated through protein-protein interactions [104, 106, 181]. As E6 and 

E7 lack intrinsic enzymatic activity, they serve as adaptors to a number of host proteins, 

altering their localization and activity in order to promote viral replication and persistence. 

However, many of these studies have been conducted in the context of the overexpression 

of single oncogenes.  
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To study the relationship between HPV18 and the cGAS/STING pathway, we 

conducted our experiments in the background of the entire HPV18 genome. Others have 

tested the roles of the HPV oncoproteins in the context of overexpression of single 

oncogenes, but it was recently demonstrated that HPV16 E6 and E7 work synergistically 

to repress innate immune gene transcription in the context of the entire genome [180]. 

Thus, the influence of the entire viral genome must be taken into account in such 

experiments.  

We derived two stably infected human foreskin keratinocyte (HFK) cell lines 

harboring different levels of HPV genome. These clones were transcriptionally unique: 

The clone with higher HPV genome abundance (Clone 2) suppressed immune-related 

genes to a greater extent in an unstimulated state. Compared to the parental HPV18- cell 

line, the HPV18+ clones suppressed cGAS/STING responses to foreign DNA at the levels 

of protein phosphorylation and downstream IFN/ISG transcription. The nuclear 

translocation of IRF3 was also impaired in irradiated HPV18+ clones compared to 

uninfected controls. Though persistent infection appears to blunt cGAS/STING activity in 

our model, the mechanism is unclear. 

Interestingly, we observed differences in the western blotting pattern of the DNA 

sensor cGAS between the parental line and HPV18+ clones. cGAS is known to be modified 

through several mechanism such as post-translational modifications [342] and splicing 

[339]. It is therefore possible HPV18 may inhibit the ability of cGAS to sense and respond 

to foreign DNA, perhaps by promoting inhibitory post-translational modifications or the 

production of inactive splice variants. In support of this idea, the HPV18+ clone with the 

highest viral genome load produced less 2’-3’-cGAMP in response to foreign DNA 
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transfection than the parental cell line. However, these results trended toward but did not 

reach statistical significance. Further, the technical difficulties associated with the assay 

should be taken into account when considering this data. We found it difficult to reproduce 

the standard curve between technical replicates, and often water-transfected samples were 

below the limit of detection. A more reliable approach to quantifying 2’-3’-cGAMP such 

as mass spectrometry is needed to address cGAS activity in these cell lines.  

We also found that by bypassing the need for cGAS to detect foreign DNA through 

direct 2’-3’-cGAMP stimulation, HFKs activated cGAS/STING regardless of infection 

status. Interestingly, downstream IFN/ISG gene transcription was blunted in HPV18+ cell 

lines treated directly with 2’-3’-cGAMP. It is likely that there may be additional 

mechanisms of downstream IFN/ISG regulation between IRF3 phosphorylation and gene 

transcription to explain these results. Alternatively, these genes may not be directly 

downstream of the cGAS/STING pathway in these cells. More work is needed to 

understand the mechanism by which HPV impairs cGAS/STING and downstream IFN/ISG 

responses.  

The alternative splicing of cGAS has been suggested to play a role in evasion of 

viral inhibition, as it has been shown that alternatively spliced forms of human APOBEC 

enables antiviral activity [343, 344]. Therefore, an alternative explanation of our cGAS 

western blotting differences may be explained instead by a host cell-mediated modification 

to the enzyme. It is possible the cell may detect HPV infection and in turn promote the 

alternative splicing of cGAS to promote antiviral activity or inhibit antagonism by the viral 

oncoproteins. Alternatively, cGAS has been shown to be modified at the protein level by 

more than just phosphorylation [342]. For example, cGAS glutamylation inhibits the 
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sensor’s ability to bind DNA [281], while SUMOylation may promote its stability [345]. 

Further work is needed to address these hypotheses to more fully understand HPV-

mediated regulation of cGAS/STING. Such findings may also point to similar, yet 

currently undiscovered, interactions between other viruses and this pathway.   
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CHAPTER 6: DISCUSSION 

6.1 Overall Summary 

The human body is equipped with multiple defense levels to protect against foreign 

pathogens. The differentiation between self and non-self is critical to preventing infection 

and limiting autoimmune diseases. Thus, multiple regulatory mechanisms are needed to 

prevent harmful self-sensing. Understanding innate immune system regulation is critical in 

learning how the proper response is mounted against foreign or harmful materials at the 

correct place and time. Further, these insights can shed light on tactics pathogens might use 

to take advantage of this regulation to evade immune detection.   

 Since nuclear contents are mixed with the cytoplasm during mitosis, cells need 

regulatory mechanisms to inhibit cGAS/STING responses to genomic DNA during 

mitosis. We speculated that in addition to the inactivation of cGAS by association with 

nucleosomes, an additional Golgi-dependent regulatory mechanism existed to limit activity 

at the level of STING during mitosis. Indeed, in Chapter 3, we found mitotic Golgi 

vesiculation to be a novel regulatory mechanism of this facet of the innate immune system. 

Here, we show mitotic Golgi vesiculation inhibits the ability of cGAS/STING to sense and 

respond to foreign DNA in spontaneously immortalized HaCaT human keratinocytes. 

Production of the second messenger 2’-3’-cGAMP in response to foreign DNA was 

impaired during mitosis. Further, downstream STING, IRF3 and IFN/ISG responses were 

attenuated by Golgi vesiculation. These results identify a new cell cycle-dependent 

regulatory mechanism cells use to prevent self-sensing of DNA during cellular division. 

Foreign invaders have evolved with the host to expertly avoid detection to achieve 

infection and replication. Understanding how pathogens take advantage of innate immune 
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system inactivity is key to discovering how they safely traffic their genomes throughout 

the cell to successfully initiate infection. Knowing that cGAS/STING is inactive during 

mitosis and that HPV traffics its genome towards chromosomes during mitosis, we 

speculated that the virus’ vesicular, mitosis-dependent trafficking mechanism enabled the 

virus to evade detection during initial infection.  

In Chapter 4, we described a unique mechanism by which HPV evades detection 

by cGAS/STING during initial infection. Using PsVs, we found that incoming wildtype 

virions were undetected by cGAS/STING. However, bypass of the virus’ natural 

trafficking mechanism with the use of cationic liposomes enabled sensing. These results 

connect the evolution of the virus’ unique trafficking mechanism to the inactivation of 

cGAS/STING during mitosis. 

Once HPV has successfully trafficked its genome to the nucleus and initiated 

infection, the virus must maintain nearly 100 copies of its genome in the nucleus to achieve 

persistence. To establish persistent infection, additional mechanisms are needed to ensure 

the viral genome remains undetected by the immune system during this second phase of 

the viral lifecycle. Thus, we hypothesized HPV infection attenuated the activity of 

cGAS/STING. 

In Chapter 5, using primary HFKs, we found that persistent infection with HPV18 

limits the activity of cGAS/STING. Cells harboring HPV18 genome at physiologically 

relevant levels not only suppressed innate immune genes in an unstimulated state, but they 

limited the cGAS/STING response to foreign DNA and an IFN/ISG response to 2’-3’-

cGAMP. Innate immune suppression was correlated with vDNA load and viral transcript 
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expression. These results indicate that following initial infection, HPV actively inhibits the 

innate immune system at the level of cGAS/STING. 

Overall, the findings of this body of work provide significant contributions to the 

fields of cell biology and innate immune system regulation. Further, these findings expose 

the novel tactics HPV uses to efficiently evade detection during initial and persistent 

infection. 

6.2 Cellular Division Limits cGAS/STING Activity 

 The cGAS/STING pathway is extensively regulated by the host cell to avoid 

aberrant activity and self-sensing. Such mechanisms include post-translational 

modifications [77], oligomerization [30] and subcellular trafficking. Prior to our work, it 

was unknown how changes to organelle morphology might regulate the innate immune 

system.  

It was recently demonstrated that cGAS localizes and is tethered to condensed 

chromosomes upon NEBD [70, 97], though not via the DNA-binding domains of cGAS 

required for “typical” activation by dsDNA. Further, chromosome binding resulted in 

minimal activation of cGAS [98]. It made sense that cells needed a mechanism to inactivate 

pathways such as cGAS/STING to avoid detection of self-DNA during mitosis, but prior 

to this work, a mechanism had not been determined. Thus, we sought to identify a 

mechanism by which cGAS/STING is inactivated during mitosis.  

In Chapter 3, we used biochemical inhibitors to alter the physical state of the Golgi 

in HaCaTs, a spontaneously immortalized human keratinocyte cell line. We showed that 

complete Golgi vesiculation, but not partial fragmentation, impaired the detection of 

foreign DNA through the cGAS/STING pathway. We verified these results in the context 
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of cellular mitosis and found that cells in pro-metaphase, the time in which the Golgi is 

completely vesiculated, were able to produce 2’-3’-cGAMP but unable to activate 

downstream, STING-dependent responses.  

Further studies are needed to identify the exact mechanism by which Golgi 

vesiculation impairs cGAS/STING activity, though we speculate it has to do with the 

impairment of STING trafficking. Through recruitment by YIPF5, STING transports to the 

ER–Golgi intermediate compartment (ERGIC) by way of coat protein complex II (COPII)–

coated vesicles [346, 347]. Because protein trafficking is generally downregulated in 

mitosis, COPII-mediated transport is also downregulated [348]. Thus, it is likely that 

changes associated with Golgi morphology and the COPII transport process during cellular 

division contribute to the inactivation of cGAS/STING during mitosis. We attempted to 

generate cell lines expressing fluorescently tagged cGAS, STING and IRF3 proteins to 

assess their subcellular localization via live-cell microscopy. However, these cell lines 

either featured incorrect basal localization of the proteins or exhibited hyperactivation of 

the pathway in the absence of stimulus. Better tools are needed to elucidate key details 

associated with the inactivation of cGAS/STING during mitosis. 

6.3 Human Papillomavirus Evades cGAS/STING During Initial Infection 

 To establish initial infection, incoming HPV virions must successfully traffic their 

viral genome to the cell nucleus without being detected by host defenses. The 

cGAS/STING system is known to recognize several dsDNA viruses [55, 92], but prior to 

this work no studies had investigated the interaction, or lack thereof, between 

cGAS/STING and HPV during subcellular trafficking. As viral trafficking has been 

documented to be an evolutionary mechanism used by some viruses to evade the immune 
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system, we hypothesized HPV has evolved its unique mitosis-dependent trafficking 

mechanism [146] to evade detection by cGAS/STING. 

 In Chapter 4, we compared the ability of cGAS/STING to detect foreign DNA and 

HPV16 PsVs in both HaCaT and primary foreskin human keratinocytes (HFKs). We chose 

to include HFKs in our study because they are a relevant model for HPV biology and 

lifecycle. Our PsVs package the same dsDNA plasmid, pGL3, that we used in our DNA 

transfection experiments throughout this work. 

Using these methods, we found that while both HaCaTs and HFKs activate 

cGAS/STING responses to foreign DNA transfection, they did not respond to wildtype 

HPV PsV infection, indicating that HPV evades detection during initial infection. To link 

immunoevasion to HPV’s mitosis-dependent trafficking mechanism, we studied responses 

to a PsV with an R302/5A mutation [300]. This PsV is naturally non-infections due to a 

mutation in the DNA-binding domain of L2, and thus it is unable to translocate out of the 

Golgi and complete infection. We found that by complexing the virus with the same 

cationic liposome-based reagent used to transfect pGL3, we were able to restore the 

infectivity of the previously “dead” virus by bypassing the natural trafficking route.  

The transfected mutant PsV was sensed by cGAS/STING, likely due to exposure 

of the vDNA to cytoplasmic, active cGAS at a time other than mitosis. While we did test 

various known inhibitors of HPV trafficking to show that the transfected mutant virus 

reached the nucleus through an alternative route, we have yet to define the exact 

mechanism by which the transfection reagent altered the natural trafficking pathway. 

Additional studies utilizing fluorescently labeled virions would be useful in defining this 

novel entry mechanism. 
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An alternative explanation of HPV’s ability to evade cGAS/STING detection 

during initial infection is the possibility that the incoming vDNA may reside in a vesicle 

throughout mitosis [145]. If the vDNA does indeed remain in a vesicle until the nuclear 

envelope reassembles after mitosis, then it would never be vulnerable to cGAS in the first 

place. However, this does not discredit our findings. Instead, the critical timing of HPV 

translocation from the Golgi to host chromosomes with mitosis, when the cGAS/STING 

system is likely inactive, serves as an additional mechanism by which HPV evades 

detection by cGAS/STING to establish infection.  

While it appears HPV may evade cGAS/STING detection during initial infection, 

one might also wonder if and how it evades detection by other DNA sensors. It is likely 

HPV uses its vesicular trafficking mechanism to not only shield it’s vDNA from cGAS, 

but from other cytoplasmic sensors like AIM2 and DAI. One might also ask whether HPV 

is susceptible to TLR9 detection. HPV traffics through endosomal and lysosomal 

compartments as it journeys to the nucleus [136]. Since TLR9 typically recognizes dsDNA 

within endosomal compartments, further studies are necessary to determine whether HPV 

vDNA is vulnerable to this sensor, and if not, what mechanisms exist to permit such 

evasion.  

6.4 Persistent Infection with Human Papillomavirus Dampens cGAS/STING 

Activity 

 After initial binding and trafficking events have occurred, viruses must continue to 

avoid clearance by the host’s immune system in order to achieve persistent infection. 

Proteins from many viruses, like KSHV, HSV-1 and AdV, directly bind to and inhibit 

members of the cGAS/STING pathway to achieve this goal [99, 101, 103, 104].  
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The HPV oncoproteins E6 and E7 have also been shown to bind and inhibit the 

functions of IRF3 and STING, respectively [104, 106]. Since these conclusions were made 

in the context of single oncogene overexpression systems, we sought to understand the 

relationship between cGAS/STING and HPV infection in the context of the full genome. 

We speculated that cGAS/STING may work to limit genome maintenance and therefore 

inhibit viral persistence through antiviral IFN-I responses. However, we hypothesized that 

like other viruses, HPV works to limit cGAS/STING activity through novel functions of 

its oncoproteins.  

We assessed the effect of HPV18 infection on cGAS/STING activity in primary 

HFK cell lines harboring physiologically relevant levels of HPV18 vDNA. Unstimulated 

HPV18+ cells suppressed IFN/ISGs to a greater extent than HPV18- cells and had 

dampened cGAS/STING transcriptome responses to both DNA transfection and 2’-3’-

cGAMP treatment. However, while we found IFN/ISG expression in response to 2’-3’-

cGAMP treatment to be lower in HPV18+ cells, the phosphorylation of STING and IRF3 

was similar to that in HPV18- cells. Thus, it is likely that there are additional IFN-I 

regulatory mechanisms downstream of IRF3 phosphorylation that contribute to decreased 

IFN/ISG production.  

 Through western blotting analysis, we found that cGAS expression was altered in 

HPV18+ cells. We therefore speculated that the viral oncoproteins may alter the sensor’s 

ability to either recognize foreign DNA or produce 2’-3’-cGAMP, thereby limiting 

cGAS/STING activity. We assessed 2’-3’-cGAMP production and found that production 

of the second messenger in response to DNA transfection was less, though not statistically 

significant, in HPV18+ cells than the uninfected parental line. We had several technical 
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difficulties with the 2’-3’-cGAMP assay, including lack of reproducibility between 

standard curves of different experiments and a failure to detect 2’-3’-cGAMP in our water-

transfected control samples. A more reliable method to assess 2’-3’-cGAMP production in 

this context is crucial to understanding the impact of HPV infection on cGAS activity.  

 Though we found the presence of HPV18 genome to be correlated with dampened 

cGAS/STING activity, we have yet to define direct interactions between the HPV18 early 

proteins and members of the cGAS/STING pathway (Fig. 20). Experiments assessing the 

lack of a single oncogene in the context of the entire wildtype genome are needed to define 

novel roles for the HPV early proteins. For example, early proteins (E1, E2, E5, E6, and 

E7) can be ectopically expressed in HaCaTs and primary HFKs. These cells can then be 

challenged with exogenous DNA and 2’-3’-cGAMP and assessed for cGAS/STING 

activity to determine possible antagonism of the innate immune system by each of these 

proteins. A combination of the early viral proteins could also be assessed for potential 

additive or synergistic mechanisms of cGAS/STING regulation.  

 Alternatively, single or multiple genes can be deleted from the HPV genome to 

further investigate the mechanisms of HPV-mediated attenuation of cGAS/STING activity. 

Because HPV early genes are expressed from a polycistronic mRNA, the insertion of short 

translation termination linkers (TTL) within the early open reading frames is necessary to 

functionally delete only the desired viral genes. Once these lines are established, 

cGAS/STING can be perturbed in the same manner to assess the roles of these viral 

proteins on HPV genome maintenance.  

Additional studies are equally needed to understand the impact of cGAS/STING 

activity on genome maintenance (Fig. 20). For example, genome titers of cells should be  
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Figure 20. Interplay between HPV early proteins and cGAS/STING during viral 
persistence. 

Persistent HPV infection often causes replicative stress and DNA damage, leading to the 
formation of DNA-containing micronuclei. cGAS can recognize this DNA, activating a 
downstream IFN-I response that we hypothesize may limit genome maintenance. 
However, we hypothesize HPV early proteins directly interact with the cGAS/STING 
pathway to support genome maintenance and promote viral persistence.  



 134 

measured before and after exogeneous cGAS/STING activation or loss of any of the 

oncoproteins to understand the relationship between the virus and innate immune system. 

One study showed episome loss to be strongly associated with endogenous activation of 

antiviral response genes that were also induced by IFN-I [349]. Thus, it is likely that 

activation of cGAS/STING may also promote episome clearance. 

It would also be interesting to investigate the role of cGAS/STING activity on 

vDNA integration. Prior work suggests exogenous stimulation with IFN agonists may 

overwhelm HPV-mediated immune suppression, leading to episome loss and subsequent 

dominance by cells containing integrants [286, 287]. Thus, perhaps exogenous stimulation 

of cGAS/STING may not only promote clearance of episomes but force integration.  

6.5 Perspectives 

 The work presented in this dissertation not only illuminates an additional novel 

regulatory mechanism of the cGAS/STING pathway, but also provides significant insight 

as to how HPV may both evade and antagonize this facet of the innate immune system. 

More work is needed to understand exactly how Golgi vesiculation inhibits cGAS/STING 

during mitosis. Further, more direct connections between HPV’s mitosis dependent 

trafficking mechanism and the HPV oncoproteins with immunoevasion are needed to better 

understand how HPV takes advantage of the host to establish infection and promote viral 

persistence. 

Here we find that the cell cycle-dependent structure of an organelle regulates a 

pathway of the innate immune system. While it is known that PRRs can be regulated at the 

mRNA level by splicing, at the protein level by post-translational modifications, and by 

ligand availability, among other mechanisms, this body of work lays the foundation for a 
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new category of regulation that should be explored in the context of other PRR pathways. 

Just like the cGAS/STING pathway relies on the Golgi for protein localization and 

oligomerization, other innate immune pathways rely on cellular organelles for similar 

purposes. For example, the adaptor protein MAVS, part of the RIG-I system, localizes to 

the mitochondria and peroxisomes [350]. Like Golgi vesiculation, mitochondrial fission 

during mitosis ensures equal partitioning of the organelle into daughter cells [351]. 

Therefore, one might speculate that mitotic mitochondrial fission may inactivate the RIG-

I pathway. Indeed, we showed that detection of the RNA analog poly(I:C) was also 

impaired during mitosis, though not due to chemical Golgi vesiculation. Thus, it is possible 

mitochondrial morphological changes associated with mitosis may inhibit activity of the 

RIG-I pathway. More research is needed to understand the impact of cellular division, 

particularly the effect of organelle partitioning, on the innate immune system. By 

understanding how cell-induced changes to organelle morphology might affect the 

activation of the innate immune system, we may be able to better understand how 

pathogens might exploit such regulation to support their lifecycle.  

As an example, in Chapter 4, we describe how HPV’s vesicular, mitosis-dependent 

trafficking mechanism enables it to evade cGAS/STING detection during initial infection. 

HPV is so far the only virus known to carefully time the translocation of its vDNA to host 

chromosomes during mitosis. If HPV has indeed evolved this mechanism to evade 

detection by cGAS/STING, one must wonder why other viruses have not also evolved to 

take advantage of the pathway’s inactivation during mitosis. A possible explanation relates 

to the kinetics of the HPV lifecycle. HPV relies on the characteristics of different layers of 

the differentiating epithelium to infect, replicate its genome and produce virus. Because 
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the human epidermal turnover rate is estimated to be between 40 and 56 days [352], it may 

therefore take the same length of time for HPV to produce and release virions after initial 

infection. In contrast to HPV, the dsDNA viruses Simian virus 40 (SV40) and BK virus 

(BKV) can produce new virions in kidney tubular epithelia cells within 48 hours of initial 

infection [353]. Even if viruses like SV40 and BKV happen to activate innate immune 

pathways during initial infection, they would likely produce infectious virions before the 

response would be able to clear the infection. Thus, HPV may need to take every precaution 

possible, including trafficking its vDNA during mitosis when cGAS/STING is inactive, to 

establish an infection that can be maintained for nearly eight weeks before virions are 

released.  

 However, simply evading detection by the immune system during initial infection 

is only the first milestone pathogens like HPV must achieve to complete its lifecycle. Next, 

the virus must successfully replicate and maintain its genome without being detected by 

the immune system before it makes progeny. Thus, in Chapter 5, we find that HPV 

infection dampens the activity of cGAS/STING, likely supporting later events in the viral 

lifecycle. 

Since persistent HPV infections lead to cancer, it is likely that antagonism of the 

innate immune system is crucial to establishing not only persistence but also critical to the 

process of carcinogenesis. If activation of cGAS/STING impairs the ability of HPV to 

maintain its genome and instead promotes viral clearance, these infections may no longer 

lead to cancer. Recently, cGAS/STING agonists and antagonists have been used as cancer 

therapies [354]. Extremely aggressive tumors have been documented to drive 
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tumorigenesis and metastasis through the pathway, and in this context, cGAS/STING 

antagonists are most effective.  

However, the pathway has been shown to have tumor suppressive effects in certain 

contexts. Activation of cGAS/STING in certain cancers promotes immune surveillance and 

tumor clearance. Use of cGAS/STING agonists in the context of HPV infection might 

therefore also be useful to promote episome loss and potentially viral clearance. If this is 

the case, cGAS/STING agonists might prevent HPV-mediated carcinogenesis. 

Alternatively, small molecular inhibitors or other therapeutics to block potential 

interactions between the HPV oncoproteins and members of the cGAS/STING pathway 

may have the same effect. Careful consideration must be used when activating the innate 

immune system in the case of persistent infection, as exogenous IFN stimulation has been 

shown to promote episome clearance while simultaneously providing a selective advantage 

to integrants [286, 287]. Thus, use of IFN and/or cGAS/STING agonists to clear HPV 

infection may inadvertently lead to selection of keratinocytes containing integrated vDNA, 

potentially contributing to carcinogenesis.   

 In sum, this work provides meaningful contributions to the rapidly growing fields 

of cGAS/STING biology and HPV virology. Further, it provides foundational work for 

future exploration of innate immune system regulation and pathogen immunoevasion. 

Continual advancements to our understanding of the interplay between innate defenses and 

foreign pathogens will be essential to combatting pandemics now and in years to come.  
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