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Abstract

The innate immune system utilizes proteins known as pattern recognition receptors
(PRRs) to detect microbe-associated molecular patterns and to lead to the production of
signaling molecules known as cytokines. DNA-sensing PRRs cyclic GMP-AMP
synthase (cGAS) and interferon-inducible protein 16 (IF116) bind to viral double-
stranded DNA (dsDNA) and lead to the production of pro-inflammatory cytokines known
as type |l interferons (IFNs). Previous studies have not shown the production of type |
IFNs in response to single-stranded viral DNA (ssDNA). However, due to the existence
of ssDNA viruses, the nature of ssDNA viral replication resulting in the production of
double-stranded viral DNA, and evidence presented in the literature of IFI16 colocalizing
and associating with ssDNA, we hypothesized that single-stranded viral DNA should
induce a type | IFN response. Furthermore, we hypothesized that adeno-associated
virus (AAV), a small ssDNA virus that delivers its DNA into the nucleus, should induce a
type | IFN response due to the fact that both IFI16 and cGAS can translocate into
nucleus, though this virus is typically thought to induce no immune response. We
investigated type | IFN responses to ssDNA by transfecting mature THP-1 cells with
ssDNA from vaccinia virus (VAC70). We also investigated type | IFN responses to AAV
by infecting mature THP-1 cells with different serotypes of AAV2. IFN responses were
determined by measuring transcripts of interferon stimulated genes (ISGs) utilizing RT-
gPCR. These findings show that ssDNA does induce an IFN response whether it is
delivered through transfection of ssDNA VAC70 or through infection with AAV. These
data have implications regarding the presence of unknown ssDNA sensors and clinical

relevancy for gene therapy delivery techniques utilizing AAV.
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Introduction

The immune system is a host defense mechanism comprised of complex
biological structures and processes. Among its many functions, the immune
system can protect a host against potentially pathogenic microbes. The immune
system can be subdivided into different layers as described in Figure 1 (Parham
2015). The first layer consists of anatomical and physiological barriers. These
barriers include components such as the skin and mucosal areas. Some
structures act by physically inhibiting pathogens from colonizing and infecting the
host, while others such as antimicrobial peptides, enzymes, and low pH,

chemically fight off pathogens (Punt et al. 2019).

If a pathogen is able to overcome these physical and chemical barriers, it
will encounter the next layer of immunity known as the innate immune system
(Parham 2015). The innate immune system is relatively fast-acting and aims to
control and eliminate pathogens as quickly as possible. The innate immune
system accomplishes this by reacting to broad classes of pathogens rather than
specific microbes. Once the innate immune system has identified the presence of
a pathogen, it can then initiate an inflammatory response by recruiting
inflammatory cells known as neutrophils and macrophages. In response to an
infection, these innate immune cells will produce signaling molecules known as
cytokines (Chen et al. 2010). Inflammatory cytokines such as interferons (IFNs)

will lead to physiological changes such as increases in temperature, blood flow,



and permeability of blood vessels around the infected area. These innate
immune cells also produce chemokines, a type of cytokine. Chemokines will
recruit other important immune cells to the site of infection. These newly recruited
immune cells are a part of the next layer of immunity: the adaptive immune

system (Parham 2015).

Unlike the innate immune system, the adaptive immune system is slow
acting but highly specific. In its exquisite specificity, adaptive immunity adapts its
response during the course of infection (Parham 2015). This allows the overall
population of immune cells to improve their effectiveness in efforts to clear the
pathogen as quickly as possible. Another quality unique to the adaptive immune
system is immune memory, in which the adaptive immune system produces a
more rapid and effective response with each subsequent exposure to a particular
pathogen. The innate immune response does not demonstrate immune memory,
resulting in a similar primary response with repeated exposure to the same

pathogen.
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Figure 1: Layers of Immunity

The immune system can be divided into several different layers. Anatomical and chemical barriers
inhibit potential pathogens from colonizing and infecting the host. The innate immune system is
activated within minutes of infection and aims to eliminate pathogens as quickly as possible. The
adaptive immune system (depicted here as acquired immunity) is slow acting but has exquisite

specificity. Figure adapted from Flint et al. 2015.




Though the adaptive immune system is an integral part of the immune
system, recently it has been made clear that the innate immune system plays an
integral part in combating microbes. The innate immune system works to slow
down infection while recruiting cells from the adaptive immune system to fight off
infection (lwasaki et al. 2010). Some researchers have even ventured to
speculate that there would be no survival without an innate immune system
(Parham 2015). It is hypothesized by many that without an innate immune
response, pathogen replication would not be controlled, and this would lead to
the death of the host, making the innate immune system an important area of

study.

The innate immune system consists of a fast and broad response to
microbial-associated molecular patterns (MAMPS). MAMPS consist of clearly
non-self molecular structures that are essential for microbes (Parham 2015).
MAMPS are generally highly conserved and found in various microbes. Targeting
MAMPS is evolutionarily advantageous because it allows the innate immune
system to produce a broad response to a wide array of microbes. In order to
effectively detect pathogenic material, the innate immune system utilizes a class
of proteins known as pattern recognition receptors (PRRs). PRRs bind to
MAMPS such as lipopolysaccharides and other components of the bacterial cell
wall, which would never normally be found on human cells (Walsh et al. 2013).

Once a PRR binds to this clearly foreign material, it triggers a specific signal



cascade that leads to the activation of transcription factors and ultimately the

production of pro-inflammatory cytokines as seen in Figure 2 (Parham 2015).

There are several broad classes of pro-inflammatory cytokines. The type
of cytokine produced in response to infection will depend on the PRR activated
(Yoshimura et al. 1997, Perry et al. 2005, Punt et al. 2019). Although there are
many broad classes of pro-inflammatory cytokines, one well studied group of
inflammatory cytokines activated in response to viral infection are the Type |
interferons (IFNs). Type | IFN transcription is controlled by IFN regulatory factor 3
(IRF3) (Honda et al. 2006). Production of IFNs induce an antiviral state and
prevent further spread of a viral infection by inducing expression of enzymes that
block viral replication (Parham 2015). In the antiviral state, the host cell may
inhibit host translation machinery, increase mRNA degradation, and inhibit virus
transcription in order to slow viral replication (Parham 2015). Though these
strategies successfully slow down viral replication, they cannot be maintained
due to the fact that these same strategies hinder the host cell from engaging in
functions necessary for its health such as the production of necessary host
proteins. Though an IFN-induced antiviral state cannot be maintained, it is

effective in slowing viral spread due to virus’ reliance on host machinery.

Type | IFNs, consisting of IFN-alpha and IFN-beta, are the first to appear
after viral infection and are produced by any nucleated cell infected with a virus.

Once secreted, Type | IFNs bind to the interferon a/f3 receptor (IFNAR) in a



paracrine and autocrine manner as seen in Figure 2 (Piehler et al. 2012). When
IFN binds to IFNAR, several host signaling pathways are affected, leading to
changes in transcription and the production of IFN-stimulated genes (ISGs). ISGs
help establish the antiviral state by targeting pathways and functions required for
the microbe’s life cycle (Schneider et al. 2014). Kinetically, IFNs are typically
measured earlier during viral infection compared to ISGs (Parham 2015).
However, ISG production is not always dependent on IFNs production. Some
PRRs can activate IRF7, a transcription factor that directly controls the
production of ISGs (Barber et al. 2011). Regardless, type | IFNs’ secretion
signals neighboring cells and leads to antiviral effects such as inhibition of viral
gene expression (Bowie et al. 2008). This allows the antiviral response to be

amplified and spread to surrounding uninfected cells.

The secretion of pro-inflammatory cytokines such as IFNs and the process
of inflammation play a role in the progression of various diseases. Though
localized inflammation can help clear infections, overwhelming production of pro-
inflammatory cytokines can be very dangerous. Excess cytokines destroy the
normal regulation of the immune response and induce pathological inflammatory
disorders, such as capillary leakage, tissue injury and lethal organ failure (Ulloa
et al. 2005). Therefore, the process of MAMP recognition and cytokine
production must be heavily regulated. However, understanding this process can
be problematic due to the fact that nucleic acids are sensed as MAMPS during

viral infection (Rotem et al. 1963, Unterholzner et al. 2010).



Though MAMPS tend to be clearly foreign material, foreign nucleic acids
are also sensed by PRRs (Rotem et al. 1963, Unterholzner et al. 2010). This can
seem problematic because during infection, foreign nucleic acid is not the only
nucleic acid found in the cell. PRRs must be able to differentiate between foreign
nucleic acid and host nucleic acid. Some PRRs can use post-transcriptional
modifications in order to discriminate between self and foreign RNA. For
example, retinoic acid-inducible gene | (RIG-I) protein can detect foreign RNA by
sensing the blunt end of double-stranded RNA and those with a 5'-triphosphate
cap (Jiang et al. 2011). These structures allow RIG-| to distinguish between host
mMRNA and viral mRNA due to the fact that host mRNA is protected with a 5’
methylated cap (Munoz et al. 1976). However, details on how PRRs distinguish
self from non-self double-stranded DNA are not as clear cut. Cytosolic DNA
should be sensed because DNA is not normally found in the cytoplasm while the
nuclear membrane would protect host DNA from PRR detection. However,
several DNA-sensing PRRs have been found in both the cytoplasm and the
nucleus and have been shown to lead to the production of pro-inflammatory
cytokines in response to a nuclear-replicating double-stranded DNA virus

(Unterholzner et al. 2010, Orzalli et al. 2013).
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Antiviral State

ISG Production

Figure 2: PRR Recognition

PRRs recognize MAMPs such as foreign nucleic acids or components of the bacterial cell wall. Once
activated, PRRs will induce a signal cascade leading to production of pro-inflammatory cytokines.
Certain PRRs can detect double-stranded viral DNA leading to the activation of transcription factor

IRF3 and the production of IFNs. These IFNs can warn neighboring cells and induce an antiviral state.
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One important PRR responsible for the detection of viral DNA is
interferon-inducible protein 16 (IFI16). IFI16 detects double-stranded viral DNA in
a sequence-independent manner (Unterholzner et al. 2010, Jin et al. 2012).
However, DNA detection does seem to be dependent on the length of the DNA
strand (Unterholzner et al. 2010). IFI16 is classified as a PYHIN protein (Brunette
et al. 2012). PYHIN proteins contain a PYRIN domain and a HIN-200 domain. In
particular, IFI16 contains two HIN-200 (hemopoietic expression -interferon-
inducibility-nuclear localization) domains at the C-terminus that bind DNA and a
PYRIN domain at the N-terminus, involved in protein-protein interactions
(Brunette et al. 2012, Haronikova et al. 2016). Unexpectedly for a PRR that
recognizes double-stranded DNA, studies have shown that IFI16 can be detected
in both the nucleus and the cytoplasm (Dawson et al. 1995, Unterholzner et al.
2010, Diner et al. 2015). In fact, IFI16 has been shown to function in the nucleus
to sense herpesviruses, double-stranded DNA (dsDNA) viruses that replicate in

the nucleus (Orzalli et al. 2012).

IF116 is not the only PRR known to detect dsDNA as a MAMP. Cyclic
GMP-AMP synthase (cGAS) is also responsible for detecting viral DNA and
inducing a type | IFN response (Figure 3). In fact, data have shown that IFI16
may cooperate with cGAS in the production of type | IFNs and that these two
pathways may not be separate (Almine et al. 2017, Shannon et al. 2018). cGAS,
though mainly cytoplasmic, has been shown to translocate to the nucleus

(Gentile et al. 2019). cGAS binds double-stranded DNA by interacting with the
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phosphodiester backbone (Civril et al. 2013). This allows cGAS to detect foreign
DNA in a sequence-independent manner. Unlike IFI16, cGAS does not have HIN
or PYRIN domains. Instead, cGAS utilizes a different nucleic acid-sensing motif,
a zinc thumb, to bind DNA (Civril et al. 2013). Once bound to viral DNA, cGAS
catalyzes the cyclization of AMP and GMP, leading to the formation of the
secondary messenger cyclic guanosine monophosphate-adenosine
monophosphate (cGAMP) (Wu et al. 2013, Hall et al. 2017). cGAMP, along with
activated IF116, then binds to an adaptor endoplasmic reticulum membrane
protein called stimulator of interferon genes (STING) as seen in Figure 3 (Chen
et al. 2016, Almine et al. 2017). These binding events cause STING to undergo a
conformational change and dimerize. STING will then traffic to the ER-Golgi
intermediate complex where it can interact with TANK-binding kinase 1 (TBK1)
(Chen et al. 2016). TBK1 phosphorylates STING at its C-terminal tail in order to
recruit and phosphorylate transcription factor interferon regulatory factor 3 (IRF3)
(Chen et al. 2016). Phosphorylation of IRF3 leads to its dimerization and nuclear
translocation. In the nucleus, IRF3 and nuclear factor (1B (NF-[1B) activate the

production of IFNs and ISGs (Cai et al. 2014).
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Figure 3: Simplified IFI16-STING and cGAS-STING Signal Cascade

This pathway demonstrates how both IFI16 and cGAS can sense double-stranded DNA leading to a
type | interferon response. cGAS binds DNA and produces cGAMP as a result. cGAMP along with
activated IF116 bind to STING, inducing a conformational change. Activated STING dimerizes and
recruits TBK1 and IRF3. TBK1 phosphorylates IRF3 which dimerizes and translocates into the nucleus.
In the nucleus, phosphorylated IRF3 can act as transcription factor for type | IFNs, along with NF-1B,

and initiate an antiviral innate immune response.
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The ability for IFI16 and cGAS to translocate between the nucleus and the
cytoplasm allows these PRRs to detect DNA viruses and retroviruses regardless
of their location (Unterholzner et al. 2010, Volkman et al. 2018, Gentile et al.
2019). Data from our lab have demonstrated that the function of a PRR can be
dependent on its subcellular localization (Shannon et al. 2018). Polyglutamine
binding protein 1 (PQBP1), a binding partner of cGAS, is required for a type 1
interferon response during HIV infection (Yoh et al. 2015). Data presented in the
Yoh et al. study demonstrated PQBP1’s critical role in response to nuclear viral
DNA stimulation. However, when PQBP1’s role was examined in response to
cytoplasmic viral DNA stimulation, PQBP1 was found to inhibit the type 1
interferon response to cytosolic DNA (Shannon et al. 2018). These data
demonstrate the importance that subcellular localization plays in the detection of
stimuli and the activation of the innate immune response (Yoh et al. 2015,
Shannon et al. 2018). This is of particular importance because different delivery
methods of DNA stimuli may lead to a varied response and confounding data.
These data also demonstrate that there are a lot of unknowns about how PRRs

work.

Single-Stranded DNA Sensing

Though IFI16 and cGAS have been shown to detect double-stranded viral
DNA, few studies have examined whether these PRRs can detect single-

stranded viral DNA (Monroe et al. 2014, Unterholzner et al. 2010, Jakobsen et al.
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2013). Studies describing IFI16 inadvertently demonstrated its ability to bind
single-stranded DNA (ssDNA) (Monroe et al. 2014, Unterholzner et al. 2010).
Unterholzner and colleagues used a 70 base pair motif of vaccinia virus (VAC70)
in order to identify IFI16 as a PRR and further study its ability to signal through
the STING pathway. The data presented demonstrated that when mature THP-1
macrophages were transfected with double-stranded VAC70 (dsVAC70) or
single-stranded VAC70 (ssVAC70) for 6 hours, samples transfected with
dsVAC70 demonstrated significant IFN-beta production (Unterholzner et al.
2010). Samples transfected with ssVAC70 did not show significant IFN-beta
production, implying that single-stranded viral DNA was not recognized by IFI16
(Unterholzner et al. 2010). However, in an immunoblot analysis of IFI16 from
mature THP-1 macrophages incubated with biotinylated ssVAC70 or dsVAC70,
IF116 was found to bind in complex with both ssVAC70 and dsVAC70
(Unterholzner et al. 2010). These results imply that IFI116 interacts with single-
stranded viral DNA. Likewise, Monroe and colleagues also did a pulldown
experiment for IF116 utilizing tonsillar CD4 T cells infected with biotinylated HIV
DNA (Monroe et al. 2014). They found that IFI16 could bind this HIV DNA.
Monroe and colleagues then ran an SDS-PAGE and silver stain analysis on
cytosolic extracts from tonsillar CD4 T cells using biotinylated dsDNA or ssDNA
(Monroe et al. 2014). These samples were put into competition with a 10-fold
excess of ssDNA or dsDNA. When biotinylated dsDNA was put into competition

with unlabeled ssDNA, a slight decrease in labeled IFI16 was seen, suggesting
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that ssDNA had successfully competed with dsDNA for IFI16. When biotinylated
ssDNA was put into competition with unlabeled dsDNA, IFI16 was no longer
detected, suggesting that dsDNA outcompeted IFI16 from ssDNA. Further
immunoblotting analysis demonstrated that with high protein input IFI16 binds to
biotinylated ssDNA, though more weakly than to dsDNA. These results imply that
IF116 can interact with both dsDNA and ssDNA. Jakobsen and colleagues
matured THP-1 cells and then stimulated these cells with ssSDNA
oligonucleotides derived from HIV-1 (Jakobsen et al. 2013). IFI16 was shown to
colocalize to the site of transfected DNA in immunofluorescence data, further
implying that IFI16 may interact with ssSDNA. These data presented by
Unterholzner et al., Monroe et al., and Jakobsen et al. are of great significance
because innate immune sensors for ssDNA have not been specifically described
in the literature and these data imply that IFI16, an innate immune sensor, may

be interacting with and possibly sensing foreign ssDNA.

Though ssDNA sensing has not been fully investigated, the fact that IFI16
has been shown to colocalize and bind to ssSDNA seems to suggest that ssDNA
may be sensed. This suggestion is further supported by the fact that studies have
shown that the IFI16 HIN-A domain demonstrates preferential binding to ssDNA
compared to dsDNA (Yan et al. 2008, Haronikova et al. 2016). However, one
possibility is that ssDNA is sensed by dsDNA sensors after it has undergone
DNA repair into dsDNA. Single-stranded DNA viruses perform DNA processing

as the first step of viral replication, resulting in the production of double-stranded
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viral DNA (Flint et al. 2015, Vogel et al. 2012, Franzoso et al. 2017). This double-
stranded viral DNA should be recognized by PRRs such as IFI16 and cGAS,
which are both dsDNA sensors. It is quite possible that IF116 associates with
single-stranded viral DNA weakly, and once it has been turned into dsDNA, IFI16

and cGAS trigger the innate immune response.

One additional piece of evidence linking IFI16 and cGAS to ssDNA is via
DNA repair. Previous studies have shown that cGAS and IFI16 may play a role in
DNA damage response and repair pathways (Diner et al. 2015, Choubey et al.
2016, Unterholzner et al. 2019). In fact, data have demonstrated that IFI16 may
associate with Ku70 and Ku80, important DNA repair proteins (Diner et al. 2015).
If ssDNA is being sensed after DNA repair, it is possible to hypothesize that while
weakly associating with the single-stranded viral DNA, these PRRs recruit DNA
repair proteins and initiate the interferon response once dsDNA has been

formed.

Another possibility is that ssDNA is bound by DNA sensors but fails to
induce an IFN response. This conclusion is supported by data presented by
Unterholzner and colleagues, demonstrating that IFN-beta production was only
seen in mature THP-1 macrophages stimulated with dsVAC70 using a 6 hour
transfection (Unterholzner et al. 2010). However, these data are not conclusive.
The possibility that ssDNA fails to induce an IFN response is also supported by

the fact that Anelloviruses, a group of small ssDNA viruses, are found in almost



18

100% of people worldwide as part of the host virome in metagenomic studies
(Freer et al. 2018). More importantly, Anelloviruses are found in healthy people
and seem to have no specific pathogenic effect (Freer et al. 2018). However,
studies have shown increased viral loads of Anelloviruses in immunosuppressed
individuals and in patients suffering from inflammatory diseases. These data may
suggest that Anelloviruses are normally kept under immunological control and
therefore, should be sensed (Young et al. 2015, Abbas et al. 2016, Freer et al.
2018). If ssDNA truly fails to induce an IFN response, this would lead us to

question why and how ssDNA is not being sensed.

Due to the immense number of ssDNA viruses that infect humans, it would
be strange if ssDNA was not sensed by PRRs (Freer et al. 2018). Understanding
the innate immune response to ssDNA viruses is particularly important due to the
fact that adeno-associated virus (AAV), a ssDNA virus, is frequently used for
gene therapy (Fisher et. al 1997, Jooss et al. 2003). Therefore, understanding
the innate immune response to viral ssDNA is of clinical importance and may

have major implications in the development of gene therapy.

Adeno-Associated Virus

AAV is a small (26 nm) non-enveloped virus from the Parvoviridae family
with a linear ssDNA genome (Senis et al. 2014). Once a single-stranded DNA
virus has attached to the host cell, entered, and uncoated it's genome, it cannot

begin to replicate its genome and produce viral proteins until it turns its ssSDNA



19

into dsDNA (Flint et al. 2015). Whether ssDNA viruses use the host cell’'s DNA
replication or repair polymerase in order to compliment the ssDNA genome is not
fully understood (Vogel et al. 2012, Franzoso et al. 2017). Once there is viral
dsDNA, the host cell’s replication and transcriptional machinery can proceed with
that dsDNA normally. Before viral assembly the double-stranded viral DNA is

converted back into ssDNA as seen in Figure 4.
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Figure 4: Replication and Transcription Mechanisms of ssDNA Viruses
Single-stranded viruses must first turn their ssDNA into dsDNA before they can produce viral transcripts
and proteins. DNA synthesis of the complementary strand can be completed by either DNA repair or

replication polymerase. Figure adapted from Flint et al. 2015.
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Wildtype AAV has a genome size of 4.8 kb. Its genome consists of three
genes, Rep (replication), Cap (capsid), and aap (assembly) (Naso et al. 2017).
These three genes are placed between two inverted terminal repeats (ITRs) that
span approximately 145 base pairs each. Proteins known as Rep78, Rep68,
Rep52, and Rep40 are required for the AAV replication and packaging cycle,
while proteins known as VP1, VP2, and VP3 are capsid proteins (Samulski et al.

2014, Naso et al. 2017).

In order to effectively replicate, AAV requires co-infection with a helper
virus, most commonly adenovirus or herpesvirus (Naso et al. 2017). Without one
of these helper viruses, AAV will not be able to replicate. Adenovirus genes E4,
E2a, and VA help mediate AAV genome replication and virion packaging, though
their exact roles are still under investigation (Matsushita et al 1988, Flint et al.
2015). These genes can be placed on a helper plasmid. In order to produce AAV,
a transfer plasmid containing Rep and Cap and the helper plasmid can be
transfected into HEK293 cells (Matsushita et al. 1998). This will result in the

production of infectious AAV particles.

Surprisingly, humans infected with AAV do not demonstrate any pathology
(Naso et al. 2017). This is particularly interesting because typical innate immune
responses to viral infection lead to symptoms such as fever, malaise, fatigue,
nausea, loss of appetite due to the production of IFNs (Flint et al. 2015). In order

to not induce an innate immune response, a virus must have genes that assist it
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to evade immune detection. However, AAV is a small virus with a small genome.
It should not have space in its genome to encode for molecules that allow it to

evade the immune system and go undetected.

Interestingly, chromosomal integration and the establishment of latent
infection has been seen with AAV infection (Kotin et al. 1990). Wildtype AAV
typically integrates its genome at AAVS1 on human chromosome 19 (Kotin et al.
1990). Integration occurs at this specific AAVS1 site due to the presence of a
Rep binding element via homologous recombination. Though it is integrated into
the host genome, without a helper virus, AAV will remain replication incompetent.
Recombinant AAV (rAAV) is used for gene therapy research instead of wildtype
AAV. When using rAAV, genomic integration on chromosome 19 is eliminated
because this recombinant virus the Rep proteins (Naso et al. 2017). In fact, it’s
very unlikely that rAAV will integrate at non-homologous sites in the host genome
(Choi et al. 2006) Data has shown that rAAV ssDNA is processed into dsDNA
through DNA repair pathways utilizing DNA-PK (Choi et al. 2006, Schwartz et al.

2009).

Eleven serotypes of AAV have been identified. Each serotype differs in
transduction efficiency due to slight differences in capsids (Agbandje-McKenna et
al. 2011, Merkel et al. 2017). In order to improve transduction efficiency,
researchers can create pseudotypes of AAV. Pseudotyping allows for the

creation of viral particles that are made up of capsid proteins from one AAV
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serotype but carry the genome of a different AAV serotype. Researchers can
also experiment with hybrid capsids derived from multiple different serotypes. For
example, AAV-DJ is a commonly used hybrid capsid derived from eight
serotypes (Grimm et al. 2008). This method has shown to increase transduction
efficiency. In fact, AAV-DJ displayed high infectivity across a broad range of cell

types (Grimm et al. 2008).

AAV’s relatively small size allows it to slip through the nuclear pore and
deliver its DNA straight into the nucleus without the risk of engaging cytosolic
DNA sensors due to the fact that AAV’s capsid will wait until it is in the nucleus to
uncoat (Porwal et al. 2013). AAV’s ability to deliver its ssDNA into the nucleus
makes it useful for gene editing techniques such as delivery of CRISPR/Cas9
(Senis et al. 2014, Chew et al. 2016). Many articles have claimed that AAV
induces little to no immune response, making it a useful vector for CRISPR/Cas9

delivery (Fisher et. al 1997, Jooss et al. 2003).

It is possible that AAV’s small size allows it to bypass cytoplasmic
sensors, but it is unclear why it is not detected by nuclear PPR sensors. AAV’s
genome, though single-stranded, should become double-stranded while in the
nucleus. Though viral DNA is present in the nucleus after AAV infection, no
studies have investigated if AAV induces a type | interferon response through a
STING-mediated pathway in human cell lines. Though IFI16 and cGAS have

been shown to detect both cytosolic and nuclear viral DNA and show some
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evidence of ssDNA binding, no studies have investigated whether these PRRs
detect AAV. If AAV induces an interferon response, it could affect the efficiency
of CRISPR/Cas9 delivery and the symptoms seen in patients treated with gene
therapy. If an interferon response is not induced, then it raises questions on how
a virus as small as AAV is evading nuclear DNA sensing PRRs when it lacks
space in its genome to encode for molecules that allow it to evade the immune

system and go undetected.

Experimental Goals

This study investigates whether single-stranded viral DNA induces a type |
interferon response. This was done by stimulating THP-1 cells, an immortalized
cell line, with single-stranded DNA and comparing it to stimulation with double-
stranded DNA or a virus with a single-stranded DNA genome at different time
points. The amount of ISG transcription after stimulation was quantified through
guantitative polymerase chain reaction (QPCR). If data show the production of
ISG transcripts following transfection, then it supports the hypothesis that single-
stranded DNA is detected and induces an innate immune response. We
hypothesize that single-stranded viral DNA will be sensed in the cytoplasm and
lead to an innate immune response kinetically later than double-stranded viral
DNA due to the fact that IFI16 has been shown to colocalize and bind to ssDNA,

but transfected ssDNA has not been shown to induce an IFN response 6 hours
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post-infection according to the literature (Jakobsen et al. 2013, Unterholzner et

al. 2010, Monroe et al. 2014).

This study also investigates whether AAV induces a type | interferon
response. This was done by stimulating THP-1 cells, an immortalized cell line,
with different AAV2 pseudotypes. AAV pseudotypes used in this study differed in
capsid type, but all delivered AAV2 genomic ssDNA. The amount of interferon
transcription after AAV infection was quantified through quantitative polymerase
chain reaction (qPCR). If data show the production of interferon stimulated genes
(ISG) following AAV infection, then it will support the hypothesis that AAV is
detected and induces an innate immune response. We hypothesize that single-
stranded viral DNA delivered by AAV will be sensed in the nucleus and lead to an

innate immune response.

Methods

Cell Culture:

THP-1 monocytic cells (obtained from ATCC) were cultured in R10 media. R10
media contained RPMI media (obtained from Invitrogen) supplemented with fetal
bovine serum (obtained from Invitrogen, 10%), B-mercaptoethanol (obtained from
Invitrogen, 50 nM), non-essential amino acids (obtained from Invitrogen, 1
mL/100 mL), Normocin (obtained from Invivogen, 0.5 mg/mL), sodium pyruvate

(obtained from Invitrogen, 1 mM) and penicillin-streptomycin-glutamine (obtained
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from Invitrogen, 5 mL/500 mL). Cells were incubated at 37°C in a 5% CO-

humidified tissue culture incubator.

Cell Stimulation:

THP-1 monocytic cells were plated at the following concentrations: 2 x 108 cells
in 3 mL of media in a 6-well plate, or 2 x 10° cells in 1 mL of media in a 24-well
plate. THP-1 cells were treated with 5 ng/mL of phorbol 12-myristate 13-acetate
(PMA) to allow for complete maturation into macrophages (Yoh et al., 2015).
Cells plated in a 6-well plate were then incubated for 72 hours at 37°C in a 5%
CO2 humidified tissue culture incubator. In order to induce cytoplasmic
stimulation after THP-1 maturation, a 250 uL mixture of nucleic acid and Opti-
MEM (obtained from Invitrogen) was made. This mixture was incubated at room
temperature for 5 minutes. Another mixture of 10 uL of Lipofectamine 2000
(obtained from Invitrogen), a lipid reagent, and 240 uL of Opti-MEM was made.
Following the 5-minute incubation, both mixtures were combined and incubated
at room temperature for 20 minutes to 6 hours before addition to the cells. This
process, known as transfection, allows us to deliver nucleic acid into the
cytoplasm of our cells (Figure 5). Lipofectamine 2000 forms a lipid micelle around
the nucleic acid stimuli. The micelle then merges with the cell membrane to
deliver the stimuli to the cytoplasm. Without the micelle, large and polar stimuli

remain outside of the cell.
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Nucleic acid used for stimulation include a 70 base pair motif of double-stranded
DNA from the Vaccinia virus genome (dsVac70, obtained from Invivogen) and
single-stranded DNA of the same sequence from the Vaccinia virus genome
(ssVac70, obtained from Invivogen), both of which have been previously
examined in experiments related to IFI16 (Unterholzner et al. 2010). For a
positive control, a synthetic viral RNA called Poly |:C (obtained from Invivogen)
that is known to induce interferon independently of cGAS and IFI16 was used
(Jiang et al. 2011). Final concentrations of Poly I:C, ssVac70, and dsVac70
added were 4 pg/mL. Mock samples were generated by combining Lipofectamine
2000 mixture with pure Opti-MEM with no nucleic acid added. Untreated samples
were prepared with just Opti-MEM and no Lipofectamine 2000 or nucleic acid.
Samples were incubated for 6 hours, 24 hours, or 48 hours following transfection.
Cells were then pelleted and stored in RNA lysis buffer (obtained from Zymo
Research) at -80°C. Supernatants were also harvested for future examination of

secreted cytokines.
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Figure 5: Cytosolic Delivery of Nucleic Acid
By using Lipofectamine 2000 (Lipo), viral and synthetic DNA or RNA can be delivered to the cytoplasm
in a process known as transfection. The Lipo forms a micelle around the nucleic acid stimuli. The

micelle then merges with the cell phospholipid bilayer and delivers the stimuli to the cytosol.
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AAV Infection:

THP-1 cells were treated with 5 ng/mL of phorbol 12-myristate 13-acetate (PMA)
to allow for complete maturation (Yoh et al., 2015). Cells plated in a 24-well plate
(at a concentration of 2x10° cells in 1 mL) were then incubated for 72 hours at
37°C in a 5% CO2 humidified tissue culture incubator. Cells were infected with
the following AAV serotypes (obtained from Dr. Alejandro Balazs, Ragon Institute
of MGH, MIT, and Harvard): AAV2/1, AAV2, AAV2/5, AAV2/7, AAV2/8, AAV2/9,
AAVrh10, AAVDJ, and AAVDJS. A final concentration of 2 x 10'° genome
copies/mL was used for infection. A multiplicity of infection (MOI) of 2 was used
(Zaiss et al. 2008). All samples were incubated for 6-8 hours before RNA lysis
and extraction. Cells were pelleted and stored in RNA lysis buffer (obtained from
Zymo Research) at -80°C. Supernatants were also harvested for future

examination of secreted cytokines.

RNA Extraction and cDNA Synthesis:

Following the Quick-RNA MiniPrep Kit protocol (obtained from Zymo Research),
samples were lysed and RNA extracted. The recommended DNase | treatment
was also performed according to the Quick-RNA MiniPrep Kit protocol. The
concentration and purity of extracted RNA samples was confirmed via Nanodrop.

Samples were stored at -80°C.
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Using the ProtoScript First Strand cDNA Synthesis Kit (obtained from New
England Biolabs), cDNA samples were prepared from purified RNA samples. A
simplified diagram of the cDNA synthesis process can be seen in Figure 6A.

cDNA samples were stored at -20°C.

RT-gPCR:

RT-gPCR samples were prepared by mixing 2 uL of cDNA sample with 10 pL
iTag Universal SYBR Green mix (obtained from BioRad), 6 yL nuclease-free
water, and 1 pyL each of the forward and reverse primers at a concentration of 10
uM. Amplification primers were obtained from IDT. Primer sequences are as

follows:

ISG56 Forward: 5-CCT CCT TGG GTT CGT CTA CA-3

ISG56 Reverse: 5-GGC TGA TAT CTG GGT GCC TA-3

ISG54 Forward: 5-CAG CTG AGA ATT GCA CTG CAA-3

ISG54 Reverse: 5-GTA GGC TGC TCT CCA AGG AA-3

RPL37A Forward: 5°-ATTGAAATCAGCCAGCACGC-3’

RPL37A Reverse: 5-AGGAACCACAGTGCCAGATCC-3

ISG56 primers were designed based on Jakobsen et al 2013. ISG54 primers

were designed based on Herzner et al 2015. RPL37A primers were designed
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based on Maess et al 2010. The samples were run on BioRad CFX96 Real-Time
PCR Machine. Samples were denatured at 95°C for 3 minutes, annealed at 95°C
for 10 seconds and extended at 60°C for 30 seconds for 40 cycles. At the end of
each cycle, fluorescence from the SYBR Green dye was read. After 40 cycles,
melt curves were generated by increasing the temperature from 65°C to 95°C in
0.5°C increments to confirm products. A simplified diagram of the RT-qPCR
process can be seen in Figure 6B. Threshold cycle values (Cq) for ISG54,
ISG56, and RPL37A were collected and converted to fold change as follows
(Livak et al. 2001):

The samples were first normalized to RPL37A, which encodes for a protein of a
ribosomal subunit (Maess et al., 2010). This normalization was done by
calculating the change (A) in Cq value. The ACq value for each sample was

calculated using the following equation:

ACq = Cq of ISG — Cq of RPL37A

The samples were then normalized to background expression in controls. This
was done by first calculating the average ACq values for the negative control,
which was the mock or the uninfected condition. This value was then used to

calculate the AACq value by utilizing the following equation:

AACq = ACq of experimental sample - AVERAGE ACq negative control
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The fold change was calculated for each sample using AACq values by utilizing

the following equation:

Fold Change= 2"-(AACq)

Representative graphs of each experiment demonstrate average fold change

with error bars representing the standard deviation for each sample.
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Figure 6: RT-qPCR Overview

This figure shows the steps that occur during a RT-gPCR to measure mRNA levels. A. cDNA is
synthesized from extracted RNA using the ProtoScript First Strand cDNA Synthesis Kit (obtained from
New England Biolabs). B. dsDNA is first denatured at a high temperature. Primers for the gene of
interest then anneal and extend forming the complementary sequence. SYBR Green dye binds to the

newly formed dsDNA and is used to measure cDNA levels. Figure adapted from Dorrity, 2018.
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Results

In order to determine whether ssDNA delivered to the cytoplasm triggers
an interferon response, THP-1 monocytes were matured with PMA for 72 hours.
Once matured into macrophages, cells were stimulated with a 70 base pair DNA
motif of vaccinia virus (dsVAC70) or a single-stranded version of the same
sequence (ssVAC70) to the cytoplasm with the help of Lipofectamine 2000. This
motif was chosen due to previous data shown by Unterholzner and colleagues
demonstrating IFI116 binding to this motif (Unterholzner et al. 2010). dsVAC70 is
a known DNA stimulant that triggers the production of interferon through the
STING-mediated pathway (Unterholzner et al. 2010). As negative controls, cells
received media with no nucleic acid (untransfected) or a mixture of Lipofectamine
2000 and media (mock) to control for the effect of the Lipofectamine 2000. As a
positive control, cells received Poly I:C, a synthetic viral RNA that is known to
induce interferon independently of cGAS and IFI16.

ISG56 and ISG54 are known measures of an interferon response. Using
gPCR, ISG56 transcript levels in response to different stimuli can be measured.
Regardless of time allotted for stimulation, untransfected and mock samples
were expected to demonstrate insignificant amounts of ISG56. As seen in Figure
7, mock and untransfected generally demonstrated background levels of ISG56.
While untransfected samples only received media, mock samples received both
media and Lipofectamine 2000, a delivery agent, for 6 hours. These data

demonstrate that Lipofectamine 2000 caused only a minor change in the
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production of ISG56 transcripts. Poly I:C, the positive control, was expected to
demonstrate increased levels of ISG56 transcript compared to mock and
untransfected. This increase in production of ISG56 in response to Poly |:C was
seen in both the 6 hour and the 24 hour mark (Figure 7). However, at 48 hours,
Poly I:C did not show an increase in production of ISG56 and reverted to mock
and untransfected levels (Figure 7). These data imply that production ISG56
transcript should be measured prior to 48 hours for these experiments. At 48
hours post-transfection, it is possible that the stimulated cells have died or the

response was already over
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Figure 7: Kinetic Dependence of ssDNA on ISG56 Production

PMA-treated THP-1 cells stimulated with ssVAC70, dsVac70, or Poly I:C (delivered through
transfection). RNA from samples was extracted and cDNA was synthesized. ISG56 transcripts
measured through RT-gPCR. Samples collected 6 hours, 24 hours, and 48 hours post-transfection.
Fold changes are all calculated relative to mock. Data are representative of the mean of technical
triplicates and error bars represent the standard deviation. These data are representative of 3

experiments.
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Double-stranded VAC70 (dsVAC70) was expected to demonstrate
increased levels of ISG56 transcript compared to mock and untransfected as
demonstrated in the literature (Unterholzner et al. 2010). Data collected at 6
hours and 24 hours demonstrate increased levels of ISG56 transcript in samples
stimulated with dsVAC70 compared to mock and untransfected as seen in Figure
7. There is an increase in ISG56 between the 6 hour mark and the 24 hour mark.
This trend did not continue at 48 hours (Figure 7). These data further imply that
production /ISG56 transcript occurs prior 48 hours and, therefore, should be
measured earlier than 48 hours post-transfection. Interestingly, as seen in Figure
7, ssVACT70 did not demonstrate an increased amount of ISG56 compared to
mock and untransfected at 6 hours post-transfection. However, 24 hours post-
transfection, ssVAC70 demonstrated 217-fold greater production of ISG56
transcripts compared to mock (Figure 7). Unsurprisingly based on the pattern
seen in our other samples, by 48 hours the production of ISG56 transcripts had
diminished back to mock and untransfected levels as seen in Figure 7 indicating
that ssVAC70 is being sensed by the host cell early post-transfection. Overall,
these data suggest that ssDNA does trigger an interferon response when
transfected into the cytoplasm and that it does so kinetically slower than dsDNA.

In order to determine whether ssDNA delivered to the nucleus by infection
with AAV triggers an interferon response, THP-1 monocytes were matured with
PMA for 72 hours. Once matured into macrophages, cells were infected with

various AAV2 serotypes for 8 hours or 24 hours. Uninfected samples received
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media only. As seen in Figure 8, all samples that were infected with AAV for 8
hours demonstrated an increase in ISG56 transcription compared to uninfected.
Production of ISG56 transcript varied between AAV2 serotypes (demonstrating a
fold change range of 3.0 - 5.3). A positive control was not included in this study.
Interestingly, AAV infection induced the production of ISG56 transcript at 8 hours
post-infection. Increased production of ISG56 transcript this early on post-
infection was not expected based on data presented in Figure 7. Data presented
in Figure 7 suggested that 24 hours post-transfection is the ideal time point to

look for an interferon response to AAV infection.
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Figure 8: AAV serotypes sensed at 8 hours

PMA-treated THP-1 cells infected with AAV2 serotypes for 8 hours (MOI of 2). RNA samples were
collected and cDNA was synthesized. ISG56 transcripts were measured using RT-gPCR. Fold changes
are all calculated relative to uninfected. Data are representative of the mean of technical triplicates and

error bars represent the standard deviation. These data are representative of 3 experiments.
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As seen in Figure 9a, some samples that were infected with AAV for 24
hours demonstrated an increase in /ISG56 transcription compared to uninfected.
Five out of nine samples infected with different AAV2 serotypes demonstrated
noticeable increases in ISG56 transcription compared to uninfected. Production
ISG56 transcripts varied between AAV2 serotypes (demonstrating a fold change
range of 0.71-2.8). Likewise, as seen in Figure 9b, some samples that were
infected with AAV for 24 hours demonstrated an increase in ISG54 transcription
compared to uninfected. Five out of nine samples infected with different AAV2
serotypes demonstrated noticeable increases in ISG54 transcription compared to
uninfected. Production of ISG54 transcripts varied between AAV2 serotypes
(demonstrating a fold change range of 0.64-1.63). Overall, these data suggest
that ssDNA does trigger an interferon response when delivered to the nucleus

through AAV infection.
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Figure 9: AAV serotypes sensed at 24 hours

PMA-treated THP-1 cells infected with AAV2 serotypes for 24 hours (MOI of 2). RNA samples were
extracted and cDNA was synthesized. Transcripts were measured by RT-gPCR. A. ISG56 transcripts
measured B. /ISG54 transcripts measured. Fold changes are all calculated relative to uninfected. Data

are representative of the mean of technical triplicates and error bars represent the standard deviation.

These data are representative of 3 experiments.
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Discussion

The aim of this study was to investigate whether or not single-stranded
viral DNA is sensed and initiates an interferon response. We hypothesized that
due to previous data alluding to IFI16’s ability to colocalize and bind single-
stranded DNA (Jakobsen et al. 2013, Unterholzner et al. 2010, Monroe et al.
2014), that single-stranded DNA would be sensed and lead to a type | interferon
response. Additionally, we hypothesized that single-stranded viral DNA would be
sensed later than double-stranded viral DNA due to previous information on
double-stranded DNA synthesis during single-stranded viral replication (Flint et
al. 2015). In order to understand single-stranded viral DNA sensing in the
cytoplasm, we examined the type | interferon response of matured THP-1
macrophages stimulated with single-stranded and double-stranded viral DNA
from vaccinia virus at various different time points. Type | IFN responses to
single-stranded and double-stranded viral nucleic acid were measured by
quantifying the transcription of ISG56, an antiviral gene upregulated during a type
I IFN response. Overall, these data demonstrate that ssDNA in the cytoplasm is
sensed and leads to an innate immune response, though kinetically later than
dsDNA.

We also hypothesized that single-stranded viral DNA should be sensed in
both the cytoplasm and the nucleus due to IFI16’s and cGAS’ ability to
translocate between the nucleus and the cytoplasm (Unterholzner et al. 2010,

Gentile et al. 2019). In order to understand single-stranded viral DNA sensing in
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the nucleus, we examined the type | interferon response of matured THP-1
macrophages stimulated with AAV2 serotypes, a ssDNA virus known to deliver
its genome directly to the nucleus. These data are also of interest due to their
clinical relevance for gene therapy studies that assume AAV infection does not
result in an immune response. Type | IFN responses to viral nucleic acid were
measured by quantifying the transcription of ISG56 and ISG54 through. Overall,
these data suggest that ssDNA delivered to the nucleus by AAV2 serotypes is

sensed and initiates an interferon response.

Single-Stranded Viral DNA in the Cytoplasm leads to a Type | IFN Response

The addition of transfected single-stranded viral DNA in the form of
ssVACT70 resulted in an increased IFN response after 24 hours of stimulation
compared to mock (Figure 7). However, this pattern was not seen after 6 hours
or 48 hours of stimulation (Figure 7). This IFN response to transfected single-
stranded viral DNA resulted kinetically later than the IFN response of transfected
double-stranded viral DNA in the form of dsVAC70 (Figure 7). Double-stranded
VACT70 has been shown to induce IFN and ISG responses as seen in the
literature (Unterholzner et al. 2010). These data were confirmed by the increased
level of ISG56 transcription in dsVAC70 transfected cells in Figure 7. IFN
response to dsVAC70 was detected at 6 hours post-transfection and peaked at
24 hours post-transfection (Figure 7). Single-stranded viral DNA sensors have

yet to be described in the literature. However, these data provide some insight on
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how ssDNA is being sensed. Transfection of ssVAC70 demonstrated an
increased level of ISG56 transcripts compared to mock (Figure 7). This IFN
response to ssVAC70 was only seen at 24 hours post-transfection (Figure 7).
This observation is interesting because unlike ssVAC70, dsVAC70 demonstrated
IFN response as early as 6 hours. These data suggest that overall single-
stranded viral DNA is sensed kinetically later than double-stranded viral DNA.
These data support our hypothesis that ssSDNA may be sensed as dsDNA
after DNA processing has taken place in the cell. These data may also suggest
ssDNA is being sensed by an alternative pathway. A recent study has identified a
STING-independent DNA sensing pathway that leads to an IFN response
(Burleigh et al. 2020). Burleigh and colleagues demonstrated that DNA-PK, a
DNA repair protein, functioned as a sensor for this newly described pathway
(Burleigh et al. 2020). According to data, this STING-independent pathway
seems to sense DNA much later than the STING-dependent pathway (Burleigh
et al. 2020). It is quite possible that ssDNA is being sensed by this STING-
independent pathway. ssDNA has already been shown to be acted upon by
DNA-PK in the literature (Choi et al. 2006, Schwartz et al. 2009). These data,
however, do not differentiate whether DNA-PK is involved in sensing ssDNA in
Burleigh’s alternative sensing pathway or if DNA-PK is repairing ssDNA into

dsDNA that can be sensed by PRRs that sense dsDNA.
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AAV?2 Serotypes lead to a Type | IFN Response

Infection of mature macrophages with AAV2 serotypes for 8 hours or 24
hours demonstrated an IFN response (Figure 8, Figure 9). Surprisingly, infection
for 8 hours demonstrated a strong IFN response regardless of serotype (Figure
8). Increased production of ISG56 transcript this early post-infection was not
expected based on data presented in Figure 7. Data presented in Figure 7
suggested that 24 hours post-transfection is the ideal time point to look for an
interferon response to AAV infection. Samples that were infected for 24 hours
demonstrated a wide range of IFN responses (Figure 9). All AAV serotypes
delivered AAV2 single-stranded genomic DNA. Therefore, there should not be a
difference in the type of sensing if not for differences in the ability to uncoat viral
capsids and ability to deliver the genome seen in each serotype. Overall, these
data suggest that AAV2 serotypes do induce an innate immune response. This is
significant due to the fact that AAV is used for gene therapy techniques due to
the fact that it is generally described as leading to relatively low to no levels of
immune activation, contrary to our data.

It is also important to note that differences in transduction efficiency may
have altered IFN production in this study (Figure 8, Figure 9). Transduction
efficiency describes how well a virus delivers the gene of interest to its cell. In
previous literature, it was found that some AAV serotypes seem to display better
transduction efficiency than others (Agbandje-McKenna et al. 2011, Merkel et al.

2017). However, the reason for this distinction remains largely unknown. There is
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a possibility that certain AAV serotypes induce larger amounts of IFN and are
inhibited from delivering their gene of interest. AAV serotypes that induce less
amounts of IFN would be able to deliver their gene of interest and, therefore,
have a better transduction efficiency. Understanding whether there is a role for
serotype in IFN production and whether it is related to transduction efficiency
would be particularly important in the study of AAVs in order to find the optimal

gene delivery in vitro or in vivo.

Single-Stranded DNA in the Nucleus leads to a Type | IFN Response

Through the use of AAV2 infection, we are able to study the innate
immune response to single-stranded viral DNA in the nucleus without any
contribution of cytoplasmic DNA sensing. This can be done because AAV waits
until it is inside the nucleus before it uncoats its capsid and delivers its genomic
DNA into the nucleus (Porwal et al. 2013). The presence of single-stranded viral
DNA in the nucleus delivered through AAV infection resulted in an increased IFN
response after 8 hours of stimulation compared to mock (Figure 8). This indicates
that single-stranded viral DNA is being sensed in the nucleus to lead to an innate
immune response. The variation in IFN response after 24 hours of infection
(Figure 9) should not be due to differences in the sequence of the single-
stranded viral DNA since all AAV serotypes delivered AAV2 genomic DNA. We
hypothesize that the difference in ISG56 and ISG54 transcript production is due

to differences in the ability to uncoat viral capsids and ability to deliver the
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genome seen in each serotype (Agbandje-McKenna et al. 2011, Merkel et al.
2017).

These experiments (Figure 8, Figure 9), however, are not without their
limitations. The AAV used for this study could not replicate due to the lack of a
helper virus (Naso et al. 2017). Therefore, there was no amplification of the viral
ssDNA in the cell to induce further detection. Furthermore, in these experiments,
THP-1 cells were infected with AAV at a concentration of 2 x 10'° genome
copies/mL, which may be less than 4 ug/mL of ssDNA delivered through
transfection. This may be why the fold change differences in these experiments
(Figure 8, Figure 9) differ greatly from the fold changes seen when ssDNA is
transfected into the cell (Figure 7). If we were to use comparable amounts of
ssDNA, we hope to get comparable sizes of responses. In order to determine the
amount of DNA in the AAV dose, one would have to develop a standardized
gPCR assay (Dobnik et al. 2019). Due to time constraints, we could not quantify
the dose of ssDNA being delivered by AAV and therefore, we could not include a
positive control in our experiments at the same dose (Figure 8, Figure 9). A
positive control was also not included due to the fact that it would have to be
delivered through transfection with Lipofectamine, which has its own effect on
IFN responses seen in Figure 7. Future studies should develop a standardized
gPCR assay for AAV quantification. This would allow for our lab to quantify the

AAV genome copies and develop a positive control to make data comparable.
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Future Directions and Relevance

Future studies are necessary to identify how single-stranded viral DNA is
being sensed. In order to do so, one could use THP-1 cell lines that have been
modified with CRISPR to produce IFI16, cGAS, and STING knockout cell lines.
These knockout cell lines could then be stimulated with single-stranded viral DNA
either through transfection into the cytosol or infection into the nucleus through
AAV delivery. These samples would then be monitored for an IFN response. This
set of experiments will help us identify whether single-stranded viral DNA is being
sensed by the IFI16-cGAS-STING-mediated pathway. This would be interesting
to investigate especially since IFI16 has been shown to colocalize with and bind
ssDNA (Unterholzner et al. 2010, Monroe et al. 2014).

Future studies can also investigate whether ssDNA is being sensed by the
STING-independent pathway described by Burleigh and colleagues (Burleigh et
al. 2020). This can be done by stimulating THP-1 cells that have been treated
with a DNA-PK inhibitor with single-stranded viral DNA. These samples can then
be monitored for an IFN response. IFN secretion can also be measured directly
from supernatants saved throughout past experiments using a HEK Blue Assay
or ELISA.

Overall, the data presented in this study have demonstrated that ssDNA
sensors should be investigated. Whether transfected into the cytosol or delivered
into the nucleus, ssDNA induces an innate immune response. Therefore, it must

be sensed by some PRR, though there are currently no ssDNA sensors
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described in the literature. These data are also of particular interest due to their
clinical relevance in gene therapy research. Contrary to the literature, AAV
infection does cause an innate immune response. The fact that AAV was found
to induce an innate immune response may have many implications on gene

therapy delivery techniques.
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