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ABSTRACT

Interferon lambdas (IFNLs) are innate immune cytokines that induce antiviral cellular
responses by signaling through a heterodimer composed of ILLORB and the interferon lambda
receptor 1 (IFNLR1). Multiple IFNLR1 transcriptional variants are expressed in vivo and are
predicted to encode distinct protein isoforms whose function is not fully established. IFNLR1
isoform 1 has the highest relative transcriptional expression and encodes the full-length
functional form that supports canonical IFNL signaling. IFNLR1 isoforms 2 and 3 have lower
relative expression and are predicted to encode signaling defective proteins. To gain insight into
IFNLR1 function and regulation, we explored how altering relative expression of IFNLR1 isoforms
influenced the cellular response to IFNLs. To achieve this, we generated and functionally
characterized stable HEK293T clones expressing doxycycline-inducible FLAG-tagged IFNLR1
isoforms. Minimal FLAG-IFNLR1 isoform 1 overexpression markedly increased IFNL3-dependent
expression of antiviral and pro-inflammatory genes, a phenotype that could not be further
augmented by expressing higher levels of FLAG-IFNLR1 isoform 1. Expression of low levels of
FLAG-IFNLR1 isoform 2 led to partial induction of antiviral genes, but not pro-inflammatory
genes, after IFNL3 treatment, a phenotype that was largely abrogated at higher FLAG-IFNLR1
isoform 2 expression levels. Expression of FLAG-IFNLR1 isoform 3 partially augmented antiviral
gene expression after IFNL3 treatment. In addition, FLAG-IFNLR1 isoform 1 significantly reduced
cellular sensitivity to the type-I IFN IFNA2 when overexpressed. These results identify a unique
influence of canonical and non-canonical IFNLR1 isoforms on mediating the cellular response to

interferons and provide insight into possible pathway regulation in vivo.



CHAPTER 1: INTRODUCTION



The Innate Immune Response

The human immune system protects the host against the multitude of pathogenic
threats present within the environment [1]. The first line of host defense is comprised of
physical and anatomical barriers, including the skin and mucosal membrane-lined
gastrointestinal, respiratory, and reproductive tracts [2]. While each barrier has unique
physiological properties, they share common features that are essential towards preventing
pathogenic entry, including organization of epithelial cells into layers linked together through
tight junctions to hinder pathogenic entry, regulation of temperature and pH to promote an
inhospitable environment, and production of anti-microbial peptides (lysozyme, defensins,
cathelicidin, etc.) to actively neutralize pathogenic threats [1, 2]. Despite these robust physical
and anatomical barriers, whether through traumatic injury or underlying pathology, pathogenic
infections do occur. Once a pathogen overcomes barriers and establishes infection, the innate
immune system initiates concurrent biological processes to hinder spread, clear infection, and

engage the adaptive immune response [3].

Infected cells and tissues have the capacity to detect and recognize a broad range of
pathogenic features in order to promote a robust innate immune response [4]. Cells
constitutively express specialized proteins known as pattern recognition receptors (PRRs) which
have evolved over time to recognize common pathogenic features, referred to as pathogen
associated molecular patterns (PAMPs) [4]. PRRs can be categorized based on the chemical
composition of PAMP recognized (carbohydrate, lipid, or nucleic acid) and location of
recognition (extracellular vs. intracellular vs. organelle specific), which, in turn, influences the
type of pathogen recognized [5]. For example, some PRRs (e.g. TLR3, RIGI) are specific for

detection of elements produced by viral pathogens [6].
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Once a PRR is activated, a response is propagated through a series of signaling cascades
that culminates in a cornerstone of the innate immune response, inflammation [7]. A classic
manifestation of the observable effects of inflammation in the skin upon injury or infection
include prominent vasodilation (redness, rubor), localized edema (swelling, tumor), increased
temperature (warmth, calor) and pain (dolor) [8]. These macroscopic findings are mediated
through synthesis and release of immunologically active proteins known as cytokines [9, 10]. In
addition to serving pro-inflammatory roles, additional cytokines directly promote anti-
pathogenic mechanisms and interfere with pathogen replication within infected cells. One
family of cytokines, known as interferons (IFNs), have been the intense focus of study since their
discovery [11]. There are three major classes of IFNs: type-I (alpha/beta), type-Il (gamma), and
type-lll (lambda) [12]. Type-I IFNs and type-Ill IFNs (henceforth referred to as interferon
lambdas, IFNLs) are the primary IFNs induced during the initial innate immune response to viral

infection [13].

Principle of Viral Interference and Discovery of “The Interferon”

By the end of the 1800s and early 1900s, the fields of microbiology and immunology and
their applicability to public health was indisputable. Along with a growing understanding of the
microbiological world came a deep appreciation for the role of the host immune response and
how it could be modulated or augmented to prevent or neutralize infectious diseases.
Laboratories from around the world turned their focus on how cells and tissues defend

themselves against the seemingly infinite number of pathogenic threats.

Several investigators reported observing an interesting phenomenon characterized by
acquired cellular resistance to viral infection when preceded by earlier viral infection, later

termed the principle of viral interference [14]. The history of these investigations is described by
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Dr. M. R. Hilleman in a review published in 1963 [15], noting that one of the earliest insights into
the principle of viral interference was made in 1935, when Hoskins et al. demonstrated that
concurrent exposure of monkeys to attenuated and live yellow fever virus led to increased
survival [16]. From these findings, the logical hypothesis at the time was that co-injection of the
attenuated virus resulted in production of beneficial "immune bodies.” This hypothesis was
tested and ruled out by Findlay and MacCallum in 1937, who showed that the effect of viral
interference was still observed when two antigenically unrelated viruses were used [17].
Lennette and Koprowski showed in 1946 that fluid derived from chicken embryo tissue infected
with a strain of the yellow fever virus was able to inhibit infection of fresh tissue with West Nile

virus [18].

The seminal studies that firmly established the phenotype of viral interference, and first
proposed the term “interferon,” were published in a series of papers beginning in 1957 by Isaacs
and Lindenmann [19] and Isaacs, Lindenmann, and Valentine [20]. In the first paper, the authors
demonstrated that incubation of chorioallantoic membrane derived from chicken embryos with
a heat or ultra violet (UV) light neutralized influenza A virus reduced the tissue’s capacity to
serve as a host to a test virus [19]. These data suggested that either 1) a byproduct of the
neutralized virus hindered replication of the test virus, or, that 2) the tissue itself underwent
changes that increased its resiliency to infection. In either case, the term “interferon” was

adopted to describe the theoretical factor at play.

In their second paper, the authors set out to describe the properties of the interferon
[20]. They did so through a series of biochemical experiments using crude isolation of interferon
from the supernatant of virus-infected chicken embryo membranes. First, they demonstrated a
dose-response relationship between the amount of interferon used and its antiviral effect.

Second, they showed that interferon could be inactivated at 60 degrees Celsius. Critically, this
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heat susceptibility contrasted with the heat stability of ribonuclease, an enzyme that had
previously been shown to exhibit viral interference properties and was a leading candidate for
the true identity of interferon. Further, viral interference was lost when the crude isolates were
incubated with proteinases. These data suggested the interferon particle was a protein. In
addition to these biochemical properties, the authors provide evidence that the effect of
interferon occurs through the cellular membrane, as fresh embryo tissue treated with crude
interferon preparations and thoroughly washed was still resistant to challenge with a novel virus

[20].

Purification of interferon from crude isolates would be achieved a few years later in Dr.
Hilleman’s laboratory and by others [21, 22]. Subsequently, multiple experimental strategies
were employed to identify the gene encoding the interferon, which led to the discovery of genes
encoding distinct interferon proteins, ultimately leading to the establishment of the type-I IFN

class of proteins, comprised primarily of interferon alpha (IFNA) and beta (IFNB) ligands [23, 24].

Mechanisms Underlying Viral Interference: The JAK-STAT Pathway

Through investigating the means by which type-I IFNs produce antiviral interference,
fundamental discoveries were made in the understanding of cytokine receptor biology, signal
transduction and intracellular signaling, and ultimately, the means by which an extracellular

signal can affect cellular transcriptional programming.

Multiple laboratories observed that IFN-treated cells upregulate novel protein synthesis
[25]. These genes induced by IFN treatment were classified as interferon stimulated genes (I1SGs)
[26, 27]. In a simple yet insightful study, Dr. Joyce Taylor-Papadimitriou observed that

administration of transcriptional inhibitor actinomycin D prior to treatment with type-I IFNs
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abolished the antiviral effect, suggesting that IFNs require de novo expression of ISGs [28].

However, the mechanisms by which IFN induced these antiviral genes was unknown.

Several features of IFN-induced gene expression led researchers to hypothesize that a
novel signaling pathway was at play. For instance, the changes in gene expression and protein
synthesis stimulated by treatment with type-I IFNs occurred very quickly and did not rely on de
novo protein synthesis [26], IFN was still able to induce an antiviral state when denied entry into
the cell [29], and did not require cyclic-adenosine monophosphate (cAMP) as a second

messenger [30].

Dr. J. E. Darnell Jr.’s group hypothesized that IFNs induced ISGs through a common
promoter sequence [31]. His group went on to clone a gene reliably induced by IFN treatment,
ISG54K, and identified a region within its promoter sequence that, when taken away, abolished
its IFN-responsiveness [32]. This sequence was further characterized and termed interferon-

stimulated response element (ISRE) [33].

The next step in understanding this novel gene expression pathway was to identify the
protein and/or protein complex responsible for binding to the ISRE to promote gene expression.
This was demonstrated in a series of studies using gel-shift assays, whereupon labeled ISRE
sequences were incubated with cellular lysates from both non-treated and IFN-treated Hela cells
[34, 35]. A notable shift was observed in ISRE migration upon incubation with IFN-treated Hela
cells, suggesting that IFN led to protein association with the ISRE sequence. This protein
complex, termed interferon-stimulated factor 3 (ISGF3), was later purified and separated into its
component parts, revealing three distinct proteins of varying molecular weights [36]. Through
biochemical analyses, the identities of each protein were characterized as: interferon regulatory

factor 9 (IRF9), signal transducer and activator of transcription 1 (STAT1), and signal transducer
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and activator of transcription 2 (STAT2) [37]. Furthermore, it was firmly established that
activation of STAT proteins relied on a phosphorylation event occurring on tyrosine 701 (Y701)

[38].

The discovery of STAT molecules was a major advancement in not only IFN research, but
also for receptor biology and cell signaling as a whole. However, the mechanism(s) by which
IFNs induced the phosphorylation event necessary to activate STAT1/STAT2 was still unknown.
This question was answered by Velazquez et al. through a process known as back-selection [39].
Briefly, the investigators derived an IFN-unresponsive mutant cell line (2fTGH 11.1) containing
an IFN-driven gene (guanine phosphoribosyl transferase, GPT) conferring resistance to growth in
media supplemented with hypoxanthine-aminopterin-thymidine (HAT). They transfected whole
wild-type (WT) genomes into the mutant cells and selected for surviving cell colonies in HAT
media after continuous treatment with IFN. The resulting clones were then characterized to
identify the gene that complemented the IFN-dependent phenotype, identifying TYK2, a
previously reported tyrosine kinase [40]. Further investigation would identify multiple tyrosine
kinases, later termed as JAK molecules, which, depending on the source, stands for “Just

another kinase” [31].

Structure and Function of the Type-I Interferon Receptor

With the identification of the fundamental mechanisms by which this novel signaling
pathway functions, it was then necessary to identify the means by which an extracellular ligand
could initiate phosphorylation of STAT molecules, formation of ISGF3, and expression of ISGs

through activation of ISRE promoter regions.

In its initial discovery, Isaac and Lindenmann predicted that the interferon worked

through the cell membrane [19, 20]. However, it took several additional years of research to
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identify the receptor through which type-I IFNs exert their cellular effects. Initial studies
identified that type-I IFNs acted through a membrane receptor, distinct from the type-Il IFN
class [41]. In a landmark advancement, researchers were able to clone the human type-I IFN
receptor and show that transfection into mouse cells enhanced their sensitivity to human type-I
IFNs [42]. Two distinct protein subunits were subsequently identified as essential to type-I IFN
signal transduction and were named interferon alpha receptor 1 (IFNAR1) and interferon alpha

receptor 2 (IFNAR2) [43].

IFNAR1 and IFNAR2 were demonstrated to be expressed in almost all human cell types
[44]. Several models suggested that type-I IFN ligands first bind to the high-affinity IFNAR2
subunit [45], followed by the recruitment of the IFNAR1 subunit to form a heterodimer
complex [46]. By itself, the type-I ligand-receptor complex is incapable of signal transduction, as
it has no intrinsic enzyme activity; instead, it serves as a messenger or “cellular bridge,”
connecting the events of the extracellular space to intracellular machinery, comprised of JAKs
[37]. There are four members of the JAK family: JAK1, JAK2, JAK3, and TYK2, which differ based
on their affinity and association to different cytokine receptors [47, 48]. IFNAR1 utilizes TYK2,
while IFNAR2 has been demonstrated to transduce signal through JAK1 [49]. Binding of the
IFNAR1/IFNAR2 subunits to its ligand results in deactivation of the JAK inhibitory domain,
allowing the kinase domain to function. The JAK proteins associated with each subunit cross-
phosphorylate each other, and subsequently phosphorylate their own membrane receptors. The
phosphorylated tyrosine residues on IFNAR1/IFNAR2 can then bind to proteins with SH2 (Src
homology 2) domains. As described previously, activated IFNAR1/IFNAR2 recruit members of
the STAT family of proteins, specifically, STAT1 and STAT2 [50]. Once bound, tyrosine residues
within STAT1 and STAT2 are phosphorylated by JAKs, causing a conformational change,

prompting them to dissociate from the receptor. The recently freed SH2 domain of each STAT
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molecule can bind to the exposed phosphor-tyrosine on another, allowing them to dimerize in
the cytosol. The STAT1:STAT2 heterodimer may associate with interferon regulatory factor 9
[51], forming the transcription factor complex ISGF3 [36, 52]. This complex translocates into the

nucleus, where it binds ISREs and promotes expression of ISGs (Figure 1.1) [53, 54].

A more comprehensive understanding of IFNAR1/IFNAR2 signaling was gained through
identification of how cytokine receptors control association with JAK proteins and regulate their
activity. The relationship between receptor subunit and its JAK is largely controlled by two
unique amino acid motifs present in the intracellular domain, known as Box1 and Box2 [49].
Box1 and Box2 do not serve universal functions on all receptors and require independent
analysis for each specific cytokine receptor that harbors these domains. Targeted receptor
mutations in Box1 and Box2 of IFNAR1 showed these domains influence Tyk2’s ability to bind
IFNAR1 and to cross-phosphorylate JAK1 [55]. Specifically, loss of Box1 in IFNAR1 led to a
reduction of phosphorylated JAK1 of receptor-JAK interaction but did not affect TYK2 binding.
Loss of Box2 in IFNAR1, however, abrogated TYK2 binding. In contrast, both Box1 and Box2 of
IFNAR2 are important for JAK1 binding and activity [56]. Notably, mutation of Box1 and Box2 on
either IFNAR1 or IFNAR2 resulted in direct changes in receptor phosphorylation, STAT activation,
and downstream gene expression [55]. Consequently, the biochemical interactions between
cytokine receptor and its associated JAK are significant to evaluate when attempting to

understand the complexities of interferon signaling.
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Figure 1.1: Type-I Interferon Signaling. 1) The high affinity subunit IFNAR2 is first to bind type-I
IFN ligand. 2) Upon ligand binding, the lower affinity subunit IFNAR1 is recruited to form the full
receptor signaling complex. 3) Each subunit’s respective JAK protein trans-phosphorylates the
other, leading to further activation of kinase activity and autophosphorylation of receptor
tyrosine residues. 4) Phosphorylated tyrosine residues in the intracellular domain serve as
docking sites to molecules with SH2-domains, such as STAT1 and STAT2. 5) Upon binding, STAT1
and STAT2 are phosphorylated by JAK1 and TYK2, activating them and facilitating their
heterodimerization. 6) pSTAT1:pSTAT2 complex with IRF9 to form the transcriptional activator
ISGF3. Alternatively, pSTAT1 can homodimerize. 7) ISGF3 translocates to the nucleus and binds
to interferon stimulated response elements (ISREs) found within promoter regions of interferon
stimulated genes (I1SGs). 8) Alternatively, pSTAT1 homodimer translocates to the nucleus and
binds to gamma activated sequences (GAS) within promoter regions of certain pro-inflammatory

genes, such as /RF1. Figure created with Biorender.com.
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Regulation of the Type-I IFN Response through Differential Expression of Non-Canonical

IFNAR2 Isoforms

Via alternative splicing, exon skipping, and modulation of polyadenylation sites [57],
multiple transcriptional variants of IFNAR2 are expressed, resulting in the translation of three
distinct protein isoforms [58]. IFNAR2c is the long, transmembrane fully functional form of the
receptor, which has been shown to restore sensitivity to type-I IFNs in a IFNAR2 deficient cell
line (USA) [58]. IFNAR2b is missing key cytosolic domains, rendering it incapable of signaling [58,
59]. Furthermore, IFNAR2b may act as a negative regulator of type-I IFN signaling, as it still
contains its ligand binding and transmembrane domains [60]. IFNAR2a (also known as sIFNAR2a,
with “s” standing for “soluble” or “secreted”) is missing significant portions of the
transmembrane and cytosolic domains, preventing it from being able to insert into the plasma
membrane. Consequently, it is secreted into the extracellular space, where it can bind to free
ligand [61-64]. Interestingly, the ratio of sSIFNAR2a to IFNAR2c varies by tissue type, with
sIFNAR2a being the predominant transcript found in the liver, and equal amounts being
observed in bone-marrow macrophages [62]. When sIFNAR2a was pre-incubated with IFNA1 or
IFNB for 1 hour, followed by treatment of L929 cells for 7 hours, the authors observed a marked
reduction in the type-I IFN response [62]. The authors sought to test whether sIFNAR2a exerted
effects on cells without endogenous IFNAR2c present by treating IFNAR2c knock-out lines with
sIFNAR2a in the presence of IFNA and IFNB. They found that addition of sIFNAR2a restored the
ability of cells to respond to type-I IFNs in a sSIFNAR2a concentration dependent manner,
presumably through interaction with the endogenous IFNAR1 subunit [62]. These data led to the
postulation of a dynamic model of type-I IFN regulation via sIFNAR2a, whereby both abundance

of soluble receptor concentration and membrane receptor isoforms contribute to the ultimate
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augmentation or inhibiting effect. As demonstrated in these studies, it is clear that the type-I IFN

response can be modulated via relative expression of IFNAR2 isoforms [43, 62].

Use and Limitation of Type-I IFNs as Antiviral Therapeutic

Type-l IFNs have been used clinically for the treatment of chronic viral hepatitis caused
by hepatitis C virus (HCV) and hepatitis B virus (HBV). When efficacious, it is thought that over-
stimulation of innate immune signaling pathways imparts an antiviral phenotype when
endogenous signaling has proven inadequate to promote viral clearance (HCV) or silencing of
viral genome (HBV). However, the use of type-I IFNs has been tempered by suboptimal rates of
clinical success in HBV infection and availability of superior alternatives for HCV. In addition,
patients can experience significant untoward effects associated with systemic immune
activation and inflammation. This systemic inflammation may be molecularly explained by the
capacity of type-I IFNs to induce STAT1:STAT1 homodimers, which translocate to the nucleus
and bind to gamma activated sequence (GAS) regions, which can result in the transcription of
IRF1, a well-characterized pro-inflammatory transcription factor [65]. Consequently, while type-|
IFN stimulation has demonstrated powerful antiviral ability, it can result in the production of
pro-inflammatory cytokines that result in systemic, and potentially deleterious, inflammation

[66].

Discovery of Interferon Lambdas

Type-lll interferons (referred to here as interferon lambdas, IFNLs) were discovered in
the early 2000s by two separate research groups [67-69]. Both groups aimed to identify novel
members of the type-Il cytokine family, as they play a critical role in host innate immunity and
modulation of the adaptive immune response. These groups employed different approaches:

Sheppard et al. used computational methods to identify novel helical cytokine ligands, using
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sequence homology to the IL10 family [68], while Kotenko et al. used similar methods to identify
receptors bearing structural features of class-1l cytokine receptors [67]. Both investigations led
to the discovery of the same family of novel IFN ligands and receptor, which were named using
distinct nomenclatures, listed here with Sheppard et al. first and Kotenko et al. in parentheses:
IL-29 (IFNL-1), IL-28A (IFNL-2), IL-28B (IFNL-3), and IL-28R (IFNLR1). As the field has adopted the

nomenclature presented in Kotenko et al. study, it will be used exclusively in this thesis.

The IFNLR1 gene was sequenced and mapped against the human genome to reveal a
structure containing 7 distinct exons: Exon 1 encoding the signal peptide for membrane
localization, exons 2-5 and partial 6 encoding the extracellular domains, and exons 6 and 7
encoding the transmembrane and intracellular domains [67]. The researchers postulated that
IFNLR1 represented the R1 subunit of the traditional class Il cytokine receptor complex, due to
the length of its intracellular domain, which suggested it could bind JAK protein and serve as a
substrate for tyrosine phosphorylation [67]. Consequently, they sought to determine the
identity of the R2 subunit. IL10RB had previously been characterized as a receptor subunit with
wide cell type expression and ability to serve as the R2 subunit to facilitate signal transduction in
other cytokine systems [70]. To test the hypothesis that IL10RB was necessary to support IFNLR1
signaling, they expressed IFNLR1 either alone or in tandem with IL10RB in multiple hamster cell
lines and treated with conditioned media obtained from cells transfected with IFNL ligand
constructs [67]. The researchers did not observe any STAT phosphorylation or upregulation of
MHC class-I when either subunit was expressed alone, but observed marked STAT1
phosphorylation and MHC class-I upregulation when the subunits were co-expressed [67].
Furthermore, the requirement of ILLORB for signal transduction was confirmed by observing loss
of transduction with IFNL treatment after pre-incubation with a neutralizing anti-IL10RB

antibody [67].
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These initial studies also demonstrated that binding of IFNLs to IFNLR1 resulted in
phosphorylation of STAT1/2 and upregulation of ISG expression (Figure 1.2) [67, 68]. Thus, from
a signaling perspective, the IFNL response has a reliance on the JAK-STAT pathway for signal
transduction similar to the type-I IFN system [71, 72]. However, investigation of IFNLR1
expression in tissues and cell types throughout the host (mouse, human) identified low and
restricted expression in cell types of epithelial origin, such as those found in the skin, liver,
respiratory, gastrointestinal, reproductive tracts, and some immune cells [12, 69, 73], which is in
stark contrast to the near ubiquitous expression of the type-I IFN receptor. Consequently, it was
hypothesized that the IFNL system was a major driver of innate immunity in tissues and cells
that comprise anatomical barriers [74]. Subsequent work identified that the IFNL system is not
simply a redundant system active in tissues that face more regular exposure to pathogens in the
environment; rather, it displays distinct kinetics of activation, can exert significant regulatory
influence on the type-I IFN response, and in addition plays an active role in modulating the

adaptive immune response during chronic viral infection [75, 76].

Structure and Function of the Interferon Lambda Receptor

The basic biochemical and structural nature of the interferon lambda receptor 1
(IFNLR1) protein have been established since its discovery [65, 69, 77-79]. Consistent with other
class Il helical cytokine receptors, IFNLR1 has an N-terminal extracellular region, followed by
transmembrane and C-terminal intracellular domains [77]. The N-terminal region contains the
ligand binding domain, which provides specificity to the receptor complex to transduce signal
initiated by receptor complexation with IFNL ligands (IFNL1, IFNL2, IFNL3, or IFNL4) [80].
Notably, IFNL ligands display distinct affinities for IFNLR1 (IFNL3 > IFNL1 > IFNL2 = IFNL4) [65].
The transmembrane domain of IFNLR1 contains amino acids necessary for association with the

co-receptor, ILA0RB [77, 78, 81]. It is important to note that although IL10RB is required for IFNL
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signaling [82], several studies have shown that loss of TYK2 does not compromise the IFNL
response [83]. Consequently, the role of TYK2 in the IFNL-IFNLR1 signaling axis is hypothesized
to be modulatory, but not obligatory [84]. The intracellular domain of IFNLR1 consists of regions
essential for signal transduction. Specifically, as described above for IFNAR1 and IFNAR2, IFNLR1
contains Box1 and Box2 sequence domains that have been demonstrated to be important for
JAK1 binding, with Box1 being necessary for JAK1 binding, and Box2 increasing the stability of
JAK1 interaction [77, 85]. Slightly downstream of the Box1/2 regions lie the tyrosine residues
essential for STAT2 binding and activation, specifically Tyrosine (Y) residues Y343 and Y517 [13,

86].

Although the molecular details are not as well characterized as the type-I IFN complex,
the prevailing understanding of IFNLR1 receptor activation is as follows: Upon ligand binding to
the high affinity IFNLR1 subunit, IL10RB is recruited to form the complex IFNL receptor complex
[67, 68]. JAK1 (associated with IFNLR1) and TYK2 (associated with ILLORB) phosphorylate both
their receptor substrates and each other, revealing sites for STAT binding and subsequent
activation [13]. STAT1 and STAT2 molecules form a heterodimer with IRF9 to form the signaling
complex ISGF3, which translocates to the nucleus to bind and activate genes under the
transcriptional control of ISREs [71]. Of note, activation of the IFNL system does not typically

induce formation of STAT1:STAT1 homodimers (Figure 1.2).
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Figure 1.2: Interferon Lambda Signaling. 1) The high affinity subunit IFNLR1 (isoform 1) is first to
bind IFNL ligand. 2) Upon ligand binding, the lower affinity subunit IL10RB is recruited to form
the full receptor signaling complex. 3) Each subunit’s respective JAK protein trans-
phosphorylates the other, leading to further activation of kinase activity and
autophosphorylation of receptor tyrosine residues. 4) Phosphorylated tyrosine residues in the
intracellular domain serve as docking sites to molecules with SH2-domains, such as STAT1 and
STAT2. 5) Upon binding, STAT1 and STAT2 are phosphorylated by JAK1 and TYK2, activating
them and facilitating their heterodimerization. 6) pSTAT1:pSTAT2 complex with IRF9 to form the
transcriptional activator ISGF3. 7) ISGF3 translocates to the nucleus and binds to interferon
stimulated response elements (ISREs) found within promoter regions of interferon stimulated

genes (ISGs). Figure created with Biorender.com.
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Unique Characteristics of the Interferon Lambda Antiviral Response

While utilization of JAK-STAT signaling is conserved between the type-l and IFNL
systems, there are notable and significant differences that impact the biology of cells. In
contrast to the type-I IFN response, which is initiated through either formation of STAT1:STAT2
heterodimers (leading to the formation of ISGF3 and upregulation of ISRE-driven genes) or
homodimerization of STAT1 (leading to GAS-driven upregulation of pro-inflammatory
transcription factor IRF1), the canonical IFNL response is driven primarily by ISGF3 formation
and upregulation of ISRE-dependent antiviral genes [87, 88]. Of note, even stimulation with
supraphysiological concentrations of IFNLs does not generate appreciable levels of STAT1:STAT1
homodimers or upregulation of IRF1. Consequently, the transcriptional profile associated with

IFNL-stimulation is less inflammatory than that induced by type-I IFNs [66, 87-89].

It was initially thought that the IFNL response exhibited no unique signaling pathway
activation relative to type-l IFNs. However, a recent study by Pervoloraki et al. in 2017
demonstrated that the IFNL system uniquely utilizes the mitogen-activated protein kinase
pathway (MAPK) [90]. Specifically, the authors showed in mini-gut organoids and T84 (colon
adenocarcinoma) cells exhibit protection against mammalian reovirus (MRV) when pre-treated
with either type-I IFN or IFNL and that genetic ablation of either IFNAR1/IFNAR2 or IFNLR1 in
T84 cells abrogated their ability to respond to their respective ligand (IFNB for IFNAR1/IFNA2 KO
and IFNL2/3 for IFNLR1 KO), with both KO lines showed robust antiviral capacity when
stimulated with the proper ligand (IFNAR1/IFNAR2 KO stimulated with IFNL2/3 or IFNLR1 KO
stimulated with IFNB), suggesting that the interferon systems are capable of working
independently [90]. In addition, although treatment with both type-I or IFNL ligands led to
phosphorylation of MAPK, use of small molecule inhibitors of the MAPK pathway only affected

the antiviral capacity in cells pre-treated with IFNLs, suggesting that the IFNL system relies on
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the MAPK pathway to confer antiviral protection [90]. While these results have yet to be further
characterized and the significance of MAPK activation elucidated, this study established that the
IFNL system is not simply a redundant form of the type-I IFN response, but rather may play a
critical role in shaping multiple fundamental processes of cell biology, including cell cycle and

growth, differentiation, and cell death [13].

As the type-l IFN response can cause undue inflammation, subsequent investigations
have examined how the type-I IFN response is regulated in the hopes that insight would allow
more efficient targeting of type-I IFN pathways while minimizing untoward inflammatory side
effects. It had been observed that the ISG response after treatment with type-I IFNs peaked ~24
hours, rapidly diminished after, and was refractory to treatment with type-I IFN ligands. These
data suggested that the type-I IFN response is actively negatively regulated [91]. Further studies
identified multiple proteins that negative regulate type-I IFN signaling including SOCS1, SOCS3,
and USP18 [91-93]. Highlighting the importance of these proteins, loss of these negative
regulators of the type-I IFN response resulted in autoimmunity [94, 95]. In contrast, the IFNL
response exhibits delayed ISG expression, peaking after 24 hours and lasting for several days.
The durability of the IFNL response is largely attributed to lack of negative regulation, although
recent studies have shown that SOCS1 can negatively regulate the IFNL response under certain
conditions [92]. The mechanisms by which IFNL signaling is regulated are incompletely

understood.
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Clinical Use of Interferon Lambdas

As IFNLR1 exhibits restricted expression to cells of epithelial origin comprising tissues
along anatomical barriers, the influence of IFNL on viral infection was evaluated in respiratory,
gastrointestinal, and reproductive tracts, in addition to the liver [96]. Specifically, the IFNL
response has been shown to engage in host defense against multiple viruses, such as: SARS-CoV-
2, influenza A [97], zika virus [98], hepatitis B and C viruses [99], norovirus [100], West Nile virus
[101], and yellow fever virus [102]. IFNLs have also been evaluated for potential therapeutic use
[103], with IFNL1 evaluated for treatment of chronic hepatitis C and B viruses [104-107], and
more recently, for SARS-CoV-2 [108], with the hope that a robust antiviral effect can be

obtained without off target proinflammatory side effects.

Pegylated (peg)-IFNL1 was first used in a therapeutic setting in the treatment of HCV,
which showed robust antiviral effects in patients over a 4-week course of treatment [109].
However, with the marked clinical efficacy of more recently developed direct acting antiviral
(DAA) agents, further investigation of IFNLs for treatment of HCV was abandoned [110]. For
chronic HBV infection, PEG-IFNL1 was tested head-to-head with PEG-IFNA2 (a type-I IFN) in a
clinical trial for patients with chronic hepatitis B viral infection [107]. This study demonstrated
that peg-IFNL1 treatment reduced HBV infection and had fewer untoward effects than peg-
IFNA2 treatment [107]. However, patients who received peg-IFNL1 exhibited greater rebound of

viral markers when taken off drug, compared to those on peg-IFNA2 [107].

A recent study published in the New England Journal of Medicine tested the efficacy of a
single-dose of peg-IFNL1 in SARS-Cov-2 positive patients presenting with acute symptoms no
longer than 7-days after symptom development [108]. Patients who received peg-IFNL1

treatment exhibited a 51% lower rate of hospitalization or visit to an emergency room due to

27



COVID-19 related issues, and a 47% decrease in hospitalization [108]. These data support that
there is clinical potential for the use of IFNLs and that further investigation into how the IFNL

system can be modulated to optimize its use is warranted.

Genetics of the IFNL Response

When considering the therapeutic potential of IFNL, it is important to note that there is
a strong genetic influence on both host response to viral infection and efficacy of IFN treatment.
This concept is best illustrated in the context of HCV infection, where the rate of spontaneous
clearance and sustained viral response (SVR) after treatment with peg-IFNA was correlated with
several factors, including race, suggesting a genetic influence [111-113]. Specifically, it was
shown that African American patients were less likely to achieve SVR than Caucasian patients

after administration of a peg-IFNA therapeutic regimen [113].

To help explain these differences, several genome wide association studies (GWAS)
were conducted to determine whether these clinical observations were associated with a
particular genotype [114-118]. Multiple single nucleotide polymorphisms (SNPs) were identified
that correlated with spontaneous viral clearance and SVR, including rs12979860 and rs8099917,
on chromosome 19913.13 [114-116, 118]. Notably, these SNPs are in close proximity to the IFNL
genes, which at the time of investigation, included IFNL1, IFNL2, and IFNL3. In an attempt to
understand the functional impact of these SNPs, Prokunina-Olsson et al. performed RNA
sequencing in primary human hepatocytes after treatment with polyinosinic:polycytidylic
(polyl:C), a synthetic double stranded RNA reagent commonly used to stimulate the endogenous
IFN response [119]. Their data revealed upregulation of all known IFNL ligand genes (IFNL1,
IFNL2, and IFNL3), in addition to transcription of an uncharacterized region located upstream of

IFNL3 [119]. Through genomic mapping, the group identified the transcriptional and
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translational start sites, which allowed them to detect a novel dinucleotide variant within exon 1
(rs368234815), termed IFNL4-AG/TT [119]. The IFNL4-AG allele led to a frameshift mutation that
gave rise to a novel 179 amino acid protein that exhibited sequence homology to IFNL3 (29.1%
amino acid identify), and was consequently classified as a fourth IFNL ligand (IFNL4) [119]. In
contrast, the IFNL4-TT allele resulted in the production of a truncated transcript and abrogated
expression of IFNL4 [119, 120]. While this dinucleotide variant exhibited high linkage
disequilibrium with SNPs rs12979860 and rs8099917, it proved to be a more accurate predictor
of treatment response, as evidenced by association of the IFNL4-AG allele with poor decline in
HCV RNA in African American patients treated with a combination peg-IFNA/ribavirin
therapeutic strategy [119]. Interestingly, the IFNL4 genotype has also been associated with rate
of viral decay and drug efficacy in HCV-infected patients treated with Sofosbuvir, a direct acting
antiviral agent (DAA), and ribavirin [121]. The authors suggest that prior knowledge of the IFNL4
genotype could inform the treatment decision-making process (i.e. treatment

duration/intensity), thereby allowing for more personalized therapeutic strategies [121].

The functionality of IFNL4 was tested in various cell lines, showing that it results in
upregulation of ISGs through IFNLR1 and establishment of an antiviral state, similar to
previously discovered IFNL ligands [119, 122]. Consequently, this presents an apparent
contradiction, as the capacity to produce IFNL4 in vivo is associated with poor host response to
HCV, while it demonstrates antiviral properties in vitro [123, 124]. Treatment of HepG2 cells
with IFNL4 exhibited increased levels of negative regulators of the IFN response, specifically
USP18, compared to IFNL3-treatment, leading to the hypothesis that production of IFNL4 in vivo
may alter cell responsiveness to type-l IFNs [125]. However, additional studies are needed to
thoroughly understand the role of IFNL4 in influencing the host response to endogenous and

exogenous IFNs.
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IFNLR1 Regulation, Transcriptional Variants, and Receptor Isoforms

A more complete understanding of IFNL regulation could help identify new ways to
optimize and improve the use of IFNL as a therapeutic agent. Due to low IFNLR1 expression in
vivo and lack of effective commercially available reagents to detect endogenous IFNLR1,
detailed evaluation of IFNLR1 has been challenging [13, 65]. Interestingly, distinct transcriptional
splice variants predicted to encode distinct IFNLR1 protein isoforms were identified by RNA-Seq
in multiple cell lines and tissues (Figure 1.3) [67, 68, 126]. Canonical IFNLR1 isoform 1, produced
from transcriptional variant isoform 1, is signaling-competent and supports JAK-STAT signaling
induced by IFNLs [67, 68]. In contrast, non-canonical IFNLR1 isoform 2 and isoform 3 are missing
exons that encode key signaling and trans-membrane domains, respectively, and are predicted
to encode signaling-defective proteins [126]. The presence of these isoforms suggests that they
may play a potential role in modulating the IFNL response and could be of importance in

understanding how the IFNL system can be manipulated for therapeutic purpose.
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Figure 1.3: Structural features of IFNLR1 receptor isoforms. (A) Key biological features of

IFNLR1 isoforms. (B) Graphical representation of IFNLR1 isoforms. Figure created with

Biorender.com.
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Prior studies that evaluated IFNLR1 isoform 1 showed that its overexpression augments
the magnitude of IFNL-induced ISG expression (summarized in Figure 1.4) [87, 126, 127]. This
phenomenon was best demonstrated in a study conducted by Forero et al. in 2019, which
showed that constitutive overexpression of IFNLR1 isoform 1 in an immortalized liver cell line
(Huh7) resulted in augmented expression of the antiviral gene ISG15, increased pSTAT1 content,
and de novo expression of pro-inflammatory cytokine CXCL10 after IFNL3 treatment compared
to cells transfected with vector-only [87]. In addition, overexpression of IFNLR1 isoform 1
increased the relative gene expression of both antiviral gene MX1 and pro-inflammatory
cytokine CXCL10, when compared to cells treated with type-I IFN (IFNB) [87]. The researchers
showed this effect was mediated through upregulation of STAT1:STAT1 homodimers, which led
to the expression of pro-inflammatory protein IRF1, a transcription traditionally associated with

type-l but not IFNL signaling [87, 88].
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Overexpression of IFNLR1 Isoform 1 augments antiviral gene expression and induces pro-
inflammatory gene expression
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Figure 1.4: Current model of IFNLR1 Isoform 1 impact on IFNL signaling. Figure created

with Biorender.com.
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Much less is known about how and whether non-canonical IFNLR1 isoforms influence
pathway regulation. IFNLR1 isoform 2 exhibits a partial loss of Box1 and complete loss of Box2 in
its intracellular domain which play a fundamental role in JAK1 binding and stability [77]. Only
one study to date by Lauber et al. in 2015 has explored its potential functionality, showing that
transient transfection of IFNLR1 isoform 2 under a constitutively active promoter in HEK293 cells
does not enhance or reduce ISRE activity after IFNL3 treatment (summarized in Figure 1.5)
[126]. Two studies have evaluated the role of IFNLR1 isoform 3 on the IFN response [128, 129].
In the first study, Witte et al. in 2009 demonstrated that IFNLR1 isoform 3 is secreted, can bind
to ligand IFNL1, and when co-treated in excess with IFNL1, can reduce the IFNL-dependent
upregulation of MHC class-l in HepG2 cells [129]. Santer et al. in 2020 characterized the
functional effects of IFNLR1 isoform 3 and showed that IFNLR1 isoform 3 was present in greater
abundance in immune cell types in contrast to epithelial cell types, even though IFNLR1 isoform
1 was the predominant transcriptional variant in both cell types [128]. Further, they showed
that IFNLR1 isoform 3 binds the surface of peripheral blood mononuclear cells (PBMCs) in the
presence of ligand, and when co-treated in excess with IFNL3, led to a robust inhibition of the
IFNL response [128]. Taken together, these data suggest that IFNLR1 isoform 3 may modulate
cellular sensitivity to IFNLs and/or titrate the relative concentration of free ligand available for

signal transduction in the extracellular space (summarized in Figure 1.6).
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Figure 1.5: Current model of IFNLR1 Isoform 2 impact on IFNL signaling.
Overexpression of IFNLR1 isoform 2 did not augment or reduce ISRE activity after
treatment with IFNL3 compared to cell controls. Consequently, it was concluded that

IFNLR1 isoform 2 does not affect IFNL signaling. Figure created with Biorender.com.
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IFNLR1 Isoform 3 can bind IFNL ligand and negatively regulate IFNL response
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Challenges in Studying IFNLR1

As IFNLs are an essential component of the host innate immune response and represent
a promising antiviral therapeutic option, this gap in the literature may reflect the complexity of
biology and study of this receptor. The consensus in the field is that IFNLR1 is difficult to study
for two major reasons: 1) Like many cytokine receptor systems, IFNLR1 exhibits extremely low
receptor expression in vivo [130, 131], making it difficult to visualize and/or detect using
commercially available reagents and methods and 2) Multiple studies suggest that
overexpression of IFNLR1 may alter the cellular balance between survival and apoptosis in

certain cell types [132, 133].

Overarching Aims and Hypothesis

Despite demonstrating antiviral activity against multiple viral pathogens including HCV,
HBV, and SARS-CoV-2 [17, 18] and improved tolerability relative to type-I IFNs, IFNLs are not an
approved therapy for any infection as of yet. Consequently, the overarching theme of our
laboratory investigation is that an improved understanding of the regulatory mechanisms
underlying the cellular response to IFNLs could provide new insight into how to effectively target
this pathway for therapeutic benefit. Specifically, we hypothesize that IFNLR1 isoforms uniquely
modulate IFNL signaling, and that differential expression of IFNLR1 isoforms provides a critical

means by which cells can regulate their responsiveness to IFNLs.

To explore this hypothesis, we altered relative expression of IFNLR1 isoforms and
evaluated the cellular transcriptional response to IFNLs in vitro. First, we asked whether IFNLR1
isoform 1 abundance could be titrated to allow augmentation of select antiviral genes without
inducing potentially harmful pro-inflammatory cytokines. Second, we examined whether non-

canonical IFNLR1 isoforms 2 and 3 act as negative regulators of the IFNL response in a
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concentration-dependent manner. We utilized HEK293T cells, previously shown to be a good
model for study of IFNLR1 function [21, 22], to generate stable clones with doxycycline-inducible
expression of each FLAG-tagged IFNLR1 isoform to facilitate receptor visualization and allow

precise control of expression.
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CHAPTER 2: MATERIALS AND METHODS
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Generation of FLAG-epitope Tagged IFNLR1 Expression Constructs

Thermo Fisher’s GeneArt system was used to design FLAG-tagged IFNLR1 constructs. Full
cDNA FASTA sequences of IFNLR1 isoforms were retrieved from the NCBI gene database, with
IFNLR1 isoform 1 denoting the full length signaling-capable receptor, IFNLR1 isoform 2 missing a
portion of the cytoplasmic domain, and IFNLR1 isoform 3 missing its transmembrane domain
[126, 128, 129]. A Kozak sequence (ACCAUGG) was added to the extreme 5’ end to promote
ribosomal binding and translation in mammalian cell lines [134]. The UniProt database was used
to design placement of an N-terminal 3X-FLAG tag immediately downstream of the predicted
signal sequence (henceforth referred to as FLAG-Iso1, FLAG-Iso2, and FLAG-Iso3) [135].
Sequences were codon optimized to maximize expression in mammalian cells. Nucleotide and
protein sequences, in addition to graphical representations of each FLAG-IFNLR1 isoform, are

depicted in Figures 3.1 and S1.

Cloning of FLAG-IFNLR1 Isoform Inserts into Doxycycline Inducible Vector

FLAG-IFNLR1 isoform constructs were flanked with 5" Mlul and 3’ EcoRV restriction
enzyme sites to facilitate downstream sub-cloning into the pTRE-Tight-IP doxycycline-inducible
expression vector (gift from Dr. Stephen Duncan) [136] . Plasmids were transformed into 5-alpha
Competent E. coli (C2987H, New England BioLabs) and ampicillin selected (100 pg/mL, A5354-
10ML, Sigma Aldrich) followed by purification using an endotoxin-free plasmid maxiprep Kit
(12362, Qiagen). Nucleotide sequencing (Eurofin Genomics) was used to confirm construct

sequence and alignment after cloning.
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Generation of Stable HEK293T FLAG-IFNLR1 Isoform Cell Lines

HEK293T cells were cultured in in Dulbecco’s modified Eagle’s medium with F12
(DMEM/F12) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1%
penicillin/streptomycin, according to ATCC guidelines. Wild-type HEK293T cells were transfected
using ViaFect (E4981, Promega) with empty vector (pTRE-Tight-IP), or FLAG-Isoform encoding
pTRE-Tight-IP vectors and cultured in 3 pg puromycin/ml to generate stable cell lines (A11138-
03, Gibco). Surviving colonies were picked via application of cloning rings, expanded, and

continuously cultured in 1 pg puromycin/ml.

Doxycycline Induction and Interferon Treatments

To induce construct expression, cells were treated with doxycycline (dox, D9891, Sigma)
for 24 hours prior to IFNL3 treatment. IFNL3 (5259-I1L-025/CF, R&D Systems) and IFNA2 (10984-
IF, R&D Systems) stock solutions were aliquoted and stored at -80 °C prior to thaw on ice

immediately before use.

Western Blot

To evaluate construct expression, cellular protein was harvested using RIPA buffer (89900,
Thermo Fisher Scientific) supplemented with protease and phosphatase inhibitors (A32959,
Thermo Fisher Scientific). Protein concentration was standardized by BCA assay (23227, Thermo
Fisher Scientific) prior to electrophoresis using gradient SDS/PAGE gels (Bio-Rad, Hercules, CA,
USA).

To detect the FLAG epitope, blots were blocked with 5% milk (M17200-1000.0, Research
Products International, Mount Prospect, IL, USA) in TBST (J77500-K8, Thermo Fisher Scientific)

for 1 h at room temperature and then incubated with mouse monoclonal anti-FLAG M2

41



antibody (1:1000, F3165, Sigma-Aldrich) overnight at 4 °C in 1% milk/TBST. After washing, blots
were incubated with goat anti-mouse IgG conjugated to HRP (NB7539, Novus Biologicals, Bio-
Techne, Minneapolis, MN, USA) for 1 h at room temperature and then developed using ECL
(32106, Thermo Fisher Scientific). To detect phosphorylated STAT1 protein (pSTAT1-Y701), blots
were blocked in 3% bovine serum albumin (BSA) in TBST for 1 h at room temperature. Blots
were then incubated with primary antibody (1:500, mouse monoclonal anti-pSTAT1 (A-2), sc-
8394, Santa Cruz Biotechnology, Dallas, TX, USA) overnight at 4 °C in 1% BSA. After washing,
blots were incubated with m-IgGk BP-HRP (sc-516102, Santa Cruz Biotechnology) for 1 h at room
temperature and developed using ECL. GAPDH was assessed as a loading control by staining
with rabbit anti-GAPDH (1:2000, BS2188R, Bioss, Woburn, MA, USA) for 1 h at room
temperature, followed by incubation with donkey anti-rabbit IgG conjugated to HRP (1:2000,
406401, BioLegend, San Diego, CA, USA) for 1 h at room temperature. Imaging was performed

using FluorChem R (ProteinSimple, Bio-Techne, Minneapolis, MN, USA).

To analyze protein secretion, a 4x volume of chilled acetone was added to culture
supernatant, followed by brief vortexing and incubation for 1 hour at -20°C. Samples were then
centrifuged 10 minutes at 15,000 x g. Protein pellets were air dried for 30 minutes at room
temperature and resuspended in an equal volume of RIPA buffer prior to analysis by western

blot.

Flow Cytometry

To detect receptor expression on the cell surface, cells were fixed with fresh 4%
paraformaldehyde (PFA; 15710, Electron Microscopy Sciences) for 20 minutes at 4°C and stained
with rat anti-DYKDDDK Alexa Fluor 488 (1:500, 637317, BioLegend) or rat IgG2a Alexa Fluor 488

Lambda Isotype Control (1:500, 400525, BioLegend) for 45 minutes at 4°C. To detect
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intracellular receptor expression, cells were fixed and permeabilized using BD Cytofix/Cytoperm

Fixation/Permeabilization solution kit (BDB554714) prior to staining.

To detect phosphorylated STAT1 (pSTAT1), cells were harvested, fixed with 4% PFA for
20 minutes at 4°C, and permeabilized in 100% chilled methanol (A411-4, Fisher Chemical) for 15
minutes at 4°C. Cells were stained with mouse anti-pStat1-PE (pY701) (5ul/100ul sample,
612564, BD Phosflow) prior to flow cytometry. Non-IFNL3 treated and non-permeabilized cells

were used as negative controls.

Flow cytometry was performed using a Guava HT8 Incyte System (Luminex). Live cells
were identified using scatter-area (forward and side scatter) and by staining with a viability dye
(1:1000, Zombie Green Fixable Viability, 423111 or 1:1000, Zombie Red Fixable Viability, 423109,
BioLegend). FlowJo software was used for analysis of frequency and median fluorescence

intensity (MFI).

Quantitative Reverse Transcriptase-Polymerase Chain Reaction

Expression of individual genes was measured by quantitative reverse transcriptase
polymerase chain reaction (qQRT-PCR). Whole cell total RNA was isolated using a Qiagen Rneasy
kit (74106, Qiagen). Concentration and quality were assessed using Nanodrop and cDNA was
synthesized using a high-capacity RNA-to-cDNA kit (4368814, Applied Biosystems). gRT-PCR was
performed on a CFX96 Real-Time System (Bio-Rad) using TagMan Fast Advanced Master Mix
(4444557, Applied Biosystems) and commercially available TagMan primer-probes specific for
individual genes, including VIPERIN (RSAD2, Hs00369813_m1) and CXCL10 (Hs0017042_m1),
relative to GAPDH (Hs02786624 g1). gRT-PCR experiments were conducted with biological and

technical duplicates.
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Luciferase Assay

To assess receptor function using a dual luciferase assay, cells in 96-well plates were co-
transfected with a 5:1 ratio of interferon stimulated response element (ISRE)-firefly luciferase
(E4141, Promega) and CMV-renilla luciferase plasmids (E2261, Promega) (300 ng total DNA).
Cells were incubated 12-18 hours post-transfection, then washed and incubated with fresh
media containing + dox for 24 hours, followed by IFNL3 treatment for an additional 24 hours.
Quantitation of luminescence from lysed cells was determined on a microplate reader
(FilterMax F3, Molecular Devices) after applying DualGlo Stop and Glo reagent (E2920, Promega)

according to manufacturer guidelines.

Immunofluorescence

To detect protein targets viaimmunofluorescence, cells were first fixed in 4% PFA for 15
minutes on ice, followed by extensive washing with phosphate buffered saline (PBS). Next, cells
were permeabilized with 0.05% Triton X-100 for 10 minutes at room temperature. After washing
with PBS, cells were blocked with 3% bovine serum albumin (BSA) solubilized in PBS for 1 hour
at room temperature. After washing with PBS, cells were incubated with primary antibody
(1:1000) for 1 hour at room temperature. After washing with PBS, cells were incubated with
secondary antibody (1:2000) for 1 hour at room temperature. Cells were washed and treated

with Fluoromount with DAPI and stored at 4°C overnight prior to imaging.

Receptor Internalization and Co-Localization

HepG2 cells were transiently transfected with FLAG-Isol construct using ViaFect reagent
(as described previously) and induced with + dox (100ng/ml) overnight. Cells were incubated

with M2 anti-FLAG antibody at 4°C for 30 minutes to label surface receptor. Cells were then
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washed extensively with chilled PBS and either kept at 4°C or incubated at 37 °C for 30 minutes.
Cells were washed with PBS, fixed with 4% PFA for 15 minutes, and permeabilized with 0.05%
Triton X-100 for 10 minutes at room temperature. Cells were blocked with 3% BSA for 1 hour.
After, cells were incubated with anti-EEA1 (marker of early endosome) antibody for 1 hour at
room temperature. After washing with PBS, cells were incubated with secondary antibodies
against both anti-FLAG and anti-EEA1 primary antibodies. Samples were washed and treated
with Fluromount with DAPI and stored at 4°C overnight prior to imaging. For co-localization

experiments, imaging was performed using the Zeiss 880 confocal microscope.

NanoString Analysis

Global transcriptional profiling was performed on samples using the NanoString
nCounter Human Immunology v2 Panel. Gene counts were normalized to 15 housekeeping
genes using nSolver software. Gene counts below the assay’s threshold of detection (20) were
assigned a value of 20 to facilitate analysis of differentially expressed genes (DEGs). Normalized
gene counts were compared within each cell line between -dox/+dox and no IFNL3/+ IFNL3
conditions to identify 61 DEGs exhibiting upregulation or downregulation of 2-fold, which were

log transformed and standardized to lowest value of 0.

Data and Statistical Analysis

Statistical significance was evaluated in Microsoft Excel and GraphPad Prism 9 using
non-parametric two-tailed student’s T-tests. Data are presented as mean * standard error of the

mean (SEM).
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CHAPTER 3: RESULTS
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The majority of the data presented in this section can be found in the following article

published in the peer-reviewed journal Viruses [137]:

Evans, J.G., L.A. Novotny, and E.G. Meissner, Influence of Canonical and Non-Canonical IFNLR1

Isoform Expression on Interferon Lambda Signaling. Viruses, 2023. 15(3): p. 632.

Generation of doxycycline-inducible, FLAG-tagged IFNLR1 isoform expression

constructs and stable lines

Endogenous expression of IFNLR1 is low and difficult to detect [65, 87]. To facilitate
protein visualization and enable precise control of IFNLR1 expression, we synthesized cDNAs
that incorporated a 3X-FLAG-epitope at the amino terminus of each IFNLR1 splice variant
(referred to as FLAG-Iso1, FLAG-Iso2, FLAG-Iso3) (Figure 3.1, Supplemental Figure S1) under

control of a doxycycline (dox)-inducible promoter [136].
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Plasma
Membrane

FLAG-IFNLR1 FLAG-IFNLR1 FLAG-IFNLR1 ILTORB
Isoform 1 Isoform 2 Isoform 3

Figure 3.1: FLAG-IFNLR1 Isoforms and IL1ORB. Schematic depicting the structure of each FLAG-
tagged IFNLR1 isoform and IL10RB. Box1 and Box2 depict the Jakl binding domain that is fully
present in FLAG-IFNLR1 isoform 1, truncated in FLAG-IFNLR1 isoform 2, and absent in FLAG-
IFNLR1 isoform 3. Image created with BioRender.com using default settings to represent a

transmembrane protein.
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Several cell lines were screened prior to generation of stable cell lines for suitability for
these investigations. Criteria considered were the following: 1) Ease of genetic manipulation 2)
Lack of endogenous interferon responses when transiently transfected with foreign DNA and 3)
Tolerance to overexpressing high levels of recombinant protein. HepG2 (hepatocellular
carcinoma) and T84 (colon adenocarcinoma) lines were characterized but found to be difficult to
transfect and we were unable to generate stable cell lines overexpressing FLAG-IFNLR1. Next,
Hela (cervical carcinoma), A549 (lung carcinoma), and HEK293T (kidney epithelial) cells were
screened for suitability to support our studies. In contrast to A549 and Hela cells, HEK293T cells
showed no endogenous IFN response upon treatment with transient transfection reagent
(ViaFect) or introduction of foreign DNA (Figure 3.2), thereby providing a suitable model to
evaluate the impact of construct expression. In addition, transient transfection of HEK293T cells
with FLAG-Iso1l led to augmentation of antiviral ISG VIPERIN after treatment with IFNL3 in both -
dox and +dox conditions (Figure 3.3), demonstrating these cells support IFNL signaling and that

our construct functioned as predicted.
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Figure 3.2: Transfection of HEK293T cells with foreign DNA does not elicit endogenous IFN
response. HEK293T cells were stimulated with no treatment, ViaFect reagent only, ViaFect
complexed with CMV-GFP plasmid, IFNL3 ligand (100ng/ml), or IFNA2 ligand (100ng/ml) for 24

hours prior to collection of RNA and evaluation of expression of antiviral gene MX1.
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Figure 3.3: Transient transfection of HEK293T cells with FLAG-Isol augments response to IFNL3
regardless of doxycycline treatment. HEK293T cells were transiently transfected with FLAG-Isol
plasmid and induced with + dox (100ng/ml) for 24 hours prior to treatment with IFNL3

(100ng/ml). RNA was collected after 24 hours to assess expression of antiviral gene VIPERIN.
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Having established that HEK293T cells serve as a suitable cell model and that transient
expression of the FLAG-Isol augments cell response to IFNL3, we next generated stable
HEK293T clones expressing each construct and demonstrated dox-inducible expression of 58kDa
(FLAG-Iso1), 54kDa (FLAG-Is02), and 31kDa (FLAG-Iso3) proteins whose size was consistent with
the predicted molecular weight of non-glycosylated protein (Figure 3.4A). Slightly larger bands
were consistent with the predicted molecular weight of glycosylated protein (Figure 3.4A).
Multiple independent clones were evaluated for expression prior to selecting a representative
clone for further in-depth study. Several clones had detectable construct expression in the
absence of dox, most clearly observed in the FLAG-Iso2 cell line (Figure 3.4A), even when cells
were cultured in media containing dox-free FBS (data not shown). FLAG-Iso3 had lower relative
expression in cell lysates but was readily detected in cellular supernatants (Figure 3.4B)
consistent with it being a secreted protein [129]. Further, while each FLAG-IFNLR1 isoform was
detected with intracellular staining, only FLAG-Isol and FLAG-Iso2 were detected on the cell
surface by flow cytometry (Figure 3.4C). We observed no impact of FLAG-IFNLR1 isoform
expression on endogenous /IL10RB or IFNLR1 isoform 1 expression by gRT-PCR and only minimal
changes in endogenous expression of IFNLR1 isoforms 2 and 3 (Supplemental Figure S2). We did
not detect any differences in ILLORB surface expression by flow cytometry (FAB874G, R&D
Systems; data not shown) or any differences in cell viability between lines by cell counting or

flow cytometry using a Zombie viability stain (data not shown).
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Figure 3.4: Doxycycline-inducible expression of FLAG-IFNLR1 isoforms in HEK293T cells. (A-B)

Dox-inducible expression of IFNLR1 isoforms in stable HEK293T clone cell lysates (A) and culture

supernatant (B) was detected by western blot using anti-FLAG antibody. Predicted non-

glycosylated and glycosylated proteins are denoted by red and blue arrows, respectively. (C)

Percent of FLAG-positive cells after 24 hrs induction + dox (100 ng/ml) followed by

permeabilization (perm) or no permeabilization (non-perm), staining with anti-FLAG antibodly,

and analysis by flow cytometry (representative data, 3 independent experiments).
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Minimal expression of FLAG-IFNLR1 isoform 1 is sufficient to support a robust

augmentation of the IFNL3 response

As IFNL binding to IFNLR1/IL10RB results in STAT1 phosphorylation (pSTAT1) [31, 69],
we examined how relative FLAG-Iso1 expression influenced IFNL3-dependent pSTAT1 using flow
cytometry. We observed robust pSTAT1 signal in both -dox and +dox IFNL3-treated FLAG-Isol
cells relative to HEK293T-empty vector (EV) IFNL3-treated control cells (Figure 3.5A,
representative flow plots in Supplemental Figure S3). Minimal pSTAT1 was detected in mock-
treated FLAG-Iso1 cells, indicating expression of FLAG-Iso1 alone did not result in pSTAT1
formation. These data suggest that minimal amounts of FLAG-Iso1 in -dox conditions, below the
level that could be detected by flow cytometry or western blot (Figure 3.4), were sufficient to
allow phosphorylation of STAT1 after IFNL3 treatment. We observed reduced pSTAT1
abundance in HEK293T-EV cells between 1 and 4 hours of IFNL3 treatment, but no significant
decline in pSTAT1 between 1 and 4 hours in either -dox or +dox treated FLAG-Iso1 cells (Figure
3.5A). We also consistently observed lower pSTAT1 in +dox relative to -dox FLAG-Iso1 cells
treated with IFNL3, most notably after 1 hr of treatment, suggesting excess FLAG-Isol
expression could partially reduce STAT1 phosphorylation. No significant differences in pSTAT1

were observed at intermediate dox concentrations (1 and 10 ng/ml, data not shown).

During canonical IFNL signaling, pSTAT1 heterodimerizes with pSTAT2 and associates
with IRF9 to form ISGF3, which translocates to the nucleus to bind interferon stimulated
response elements (ISREs) to promote transcription of 1ISGs [69]. To evaluate the impact of
FLAG-Isol overexpression on ISRE activity, we optimized a dual luciferase reporter assay that

allows quantitation of ISRE promoter activity relative to a control CMV promoter. FLAG-Iso1 cells

54



demonstrated a marked increase in ISRE activity only in the presence of IFNL3 and equally in

both -dox and +dox conditions (Figure 3.5B).

To evaluate how FLAG-Iso1l influences expression of specific ISGs, HEK293T-EV and
FLAG-Iso1 cells were dox-induced and IFNL3-treated followed by quantitation of the antiviral ISG
VIPERIN relative to GAPDH. In -dox conditions, FLAG-Iso1 cells exhibited a marked increase in
VIPERIN expression relative to HEK293T-EV cells (~4,000-fold) that was not further augmented in
+dox conditions (Figure 3.5C). Culture of FLAG-Iso1 lines in media supplemented with dox-free
FBS did not reduce IFNL3-induced VIPERIN expression in -dox conditions (data not shown).
VIPERIN was not induced in mock-treated FLAG-Iso1 cells and was minimally induced in
HEK293T-EV cells treated with IFNL3, which indicated that VIPERIN induction was both IFNL3
and FLAG-Isol dependent. No changes in cell viability were observed as a result of dox-induction

or IFNL3 treatment (data not shown).

To further verify the specificity of the observed response, FLAG-Iso1 cells were pre-
incubated with anti-IFNLR1 neutralizing antibody prior to IFNL3 treatment. ISRE activity was
significantly reduced in -dox conditions, but not in +dox conditions, suggesting that the IFNL
response was specifically mediated through IFNLR1 and that antibody inhibition could be

overcome with excess amounts of FLAG-Isol (Supplemental Figure S4).

Taken together, these data demonstrate that minimal FLAG-Iso1 was sufficient to
support a marked augmentation of IFNL3 signaling which could not be further increased by

greater receptor expression levels.
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Figure 3.5: FLAG-Isol overexpression augments the cellular response to IFNL3. (A)
Quantitation of percent pSTAT1+ in HEK293T-EV and FLAG-Iso1 cells after 0, 1, and 4 hr of IFNL3
treatment (100 ng/ml) (representative data, 2 independent experiments). (B) HEK293T-EV and
FLAG-Iso1l cells were co-transfected with plasmids encoding Firefly Luciferase under control of
an ISRE promoter and Renilla Luciferase under control of a CMV promoter. Cells were treated +
dox (100 ng/ml) for 24 hr prior to mock or IFNL3 (100 ng/ml) treatment for 24 hr and harvest for
dual luciferase assay (representative data, 3 independent experiments). (C) HEK293T-EV and
FLAG-Iso1 cells were treated * dox (100 ng/ml) for 24 hr prior to IFNL3 treatment for 24 hr (0, 1,
10, or 100 ng/ml), then harvested for qRT-PCR analysis of VIPERIN and GAPDH (representative
data, 4 independent experiments). Statistical significance represented by lone asterisks reflect
comparisons between identically treated EV and FLAG-Iso1 cells. Statistical significance
represented by bars and asterisks reflect comparisons between -dox and +dox conditions within
each cell line. Error bars represent standard error of the mean. * = p < 0.05, ** = p < 0.01, *** =

p < 0.001. NS = not significant.
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Non-canonical FLAG-IFNLR1 isoform 2 differentially modulates the cellular response to

IFNL3 dependent on relative receptor expression

IFNLR1 isoform 2 is predicted to harbor a deletion in a portion of the JAK1 binding
domain (Figure 1.3 and 3.1) [77], and a prior evaluation did not identify capacity for this isoform
to support canonical IFNL signaling [126]. We hypothesized that IFNLR1 isoform 2 could function
as a dominant negative receptor by binding extracellular ligand without supporting pSTAT1

formation and ISG gene expression, and thus influence the activity of canonical IFNLR1.

To our surprise, pSTAT1 was robustly induced in FLAG-Iso2 cells in -dox, but not +dox
conditions, after 1 or 4 hours of IFNL3 treatment (Figure 3.6A, representative flow plots in
Supplemental Figure 3). Consistent with this finding, we observed augmented ISRE activity in
IFNL3-treated -dox FLAG-Iso2 cells, which was markedly reduced in +dox conditions (Figure
3.6B). We also observed augmented VIPERIN expression in IFNL3-treated -dox FLAG-Iso2 cells
that was reduced ~6.5-fold in +dox conditions (Figure 3.6C). ISRE activity was reduced by pre-
incubation of cells with anti-IFNLR1 antibody prior to IFNL3 treatment, demonstrating receptor
dependency of the observed phenotype (Supplemental Figure S4). Notably, the augmentation
in VIPERIN expression in IFNL3-treated -dox FLAG-Iso2 cells was ~14 times lower than that

observed in IFNL3-treated -dox FLAG-Iso1 cells.

To further evaluate the dose dependency of this unexpected phenotype, we titrated
FLAG-Iso2 expression by varying dox concentration (0-100 ng/ml) prior to IFNL3 treatment
(relative expression assessed by flow cytometry and western blot is shown in Supplemental
Figure S5). We observed a decline in ISRE activity as dox concentration increased, demonstrating
that higher FLAG-Iso2 expression levels reduced the partial augmentation observed at lower

receptor expression levels (Figure 3.7A). We evaluated an independent FLAG-Iso2 clone and
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found a similar concentration-dependent effect of FLAG-Iso2 expression on ISRE activity (Figure

3.7B).

Taken together, these data demonstrate that FLAG-Iso2 expression partially augments
the IFNL3 response at low receptor expression levels, a phenotype that is attenuated as

receptor expression levels are increased by dox-titration.
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Figure 3.6: FLAG-Iso2 overexpression differentially influences the cellular response to IFNL3
based on receptor abundance. (A) pSTAT1 (2 independent experiments), (B) ISRE activity (5
independent experiments), and (C) VIPERIN expression (3 independent experiments) were
analyzed as described in Figure 3. Statistical significance represented by lone asterisks reflect
comparisons between identically treated EV and FLAG-Iso2 cells. Statistical significance
represented by bars and asterisks reflect comparisons between -dox and +dox conditions within
each cell line. Error bars represent standard error of the mean. * = p < 0.05, ** = p < 0.01, *** =

p < 0.001. NS = not significant.
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Figure 3.7: The cellular response to IFNL3 is inversely proportional to FLAG-Iso2 abundance.

Two independent FLAG-Iso2 stable lines were transfected with CMV-Renilla and ISRE-Firefly

plasmids and dox-treated (dose range between 0-100 ng/ml) for 24 hr. Cells were then treated

with IFNL3 (100 ng/ml) for 24 hr prior to dual luciferase assay. (A) FLAG-Iso2 clonal line

characterized in Figure 4 and (B) an additional independent FLAG-Iso2 clonal line (representative

data, 2 independent experiments). Statistical analysis compares IFNL3 relative to mock-treated

cells at a given dox concentration. Error bars represent standard error of the mean. * = p < 0.05,

** =p<0.01, *** = p < 0.001. NS = not significant.
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Overexpression of non-canonical IFNLR1 isoform 3 partially augments the cellular

response to IFNL3

We next evaluated the effect of FLAG-Iso3 overexpression, as IFNLR1 isoform 3 has been
shown to inhibit expression of ISGs in IFNL-treated HepG2 cells and PBMCs [128, 129]. Contrary
to these prior reports, we observed a small but significant increase in pSTAT1 in FLAG-Iso3 cells
in +dox conditions after IFNL3 treatment, but not after mock treatment (Figure 3.8A,
representative flow plots in Supplemental Figure S3). FLAG-Iso3 cells also demonstrated a
modest increase in ISRE activity in both -dox and +dox conditions and VIPERIN expression in
+dox conditions after IFNL3 treatment (Figure 3.8B-C). Notably, the magnitude of IFNL3-induced
VIPERIN expression (- dox: ~5-fold induction; +dox: ~29-fold induction) was substantially lower

than that observed in FLAG-Isol and -dox FLAG-Iso2 cells.
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Figure 3.8: FLAG-Iso3 expression partially augments IFNL signaling. (A) pSTAT1 (2 independent
experiments), (B) ISRE activity (3 independent experiments), and (C) VIPERIN expression (3
independent experiments) were analyzed as in Figure 3. Statistical significance represented by
lone asterisks reflect comparisons between identically treated EV and FLAG-Iso3 cells. Statistical
significance represented by bars and asterisks reflect comparisons between -dox and +dox
conditions within each cell line. Error bars represent standard error of the mean. * = p < 0.05, **

=p<0.01, *** = p < 0.001. NS = not significant.
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Overexpression of FLAG-Iso1 uniquely augments expression of inflammatory genes

Constitutive overexpression of IFNLR1 isoform 1 has been shown to promote de novo
expression of the pro-inflammatory cytokine CXLC10 after IFNL3 treatment [87]. We thus
hypothesized that expression levels of FLAG-Iso1, FLAG-Iso2, and FLAG-Iso3 that supported
IFNL3-dependent VIPERIN expression would also support capacity of cells to induce CXCL10.
Consistent with prior studies, we observed augmented CXCL10 expression in IFNL3-treated
FLAG-Iso1 cells in both -dox and +dox conditions (Figure 3.9). Unexpectedly, expression of FLAG-
Iso2 or FLAG-Iso3 did not result in CXCL10 expression after 24 hours of IFNL3 treatment,
suggesting non-canonical IFNLR1 isoforms may not support expression of pro-inflammatory

genes.
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Figure 3.9: FLAG-Isol overexpression uniquely supports expression of the pro-inflammatory
gene CXCL10. HEK293T stable lines were induced * dox (100 ng/ml) for 24 hr, then mock or
IFNL3 (100 ng/ml) treatment for an additional 24 hr, then evaluated by qRT-PCR for CXCL10
expression relative to GAPDH (representative data, 2 independent experiments). Error bars

represent standard error of the mean. ** = p < 0.01, NS = not significant.
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To further explore differential induction of antiviral and inflammatory ISGs, we
performed gene expression profiling of immune and inflammatory genes using the NanoString
Immunology 2.0 panel. We identified 61 differentially expressed genes (DEGs, 2-fold change)
that demonstrated varied expression upon treatment with dox or IFNL3 (Supplemental Figure
S6). A representative subset of DEGs which include interferon stimulated genes, transcription
factors, pro-inflammatory cytokines, negative regulators of IFN signaling, and antigen

presentation and pathogen detection genes is displayed in Figure 3.10.

We identified 40 DEGs when comparing mock and IFNL3-treated FLAG-Iso1 cells,
relative to only 6 and 4 DEGs affected by IFNL3 in WT and HEK293T-EV lines, respectively,
demonstrating that FLAG-Isol expression increases the magnitude and breadth of IFNL3-
dependent transcriptional activation. Consistent with our prior analysis of VIPERIN and CXCL10
(Figures 3.5 and 3.9), IFNL3-treated FLAG-Iso1l cells exhibited upregulation of multiple antiviral
ISGs (e.g. IFITM1, IFIT2, BST2) as well as pro-inflammatory markers and chemokines (/RF1,
CXCL10, CXCL11), irrespective of dox-induction and consistent with prior reports [87, 88, 127]. In
addition, we observed upregulation of known negative regulators of IFN signaling
(50CS1, SOCS3) [91-93], critical mediators of IFN signaling (STAT1, STAT2), and genes important

for pathogen detection (RARRES3, TLR3) and antigen presentation (e.g. TAP1, TAP2).

We identified only 20 DEGs when comparing mock and IFNL3-treated FLAG-Iso2 cells, 18
of which were also identified in the FLAG-Isol dataset. Similar to FLAG-Iso1 cells, but to a lesser
extent, we observed an IFNL3-dependent augmentation of select ISGs
(e.g. IFITM1, STAT1/STAT2) and negative regulators of IFN signaling (SOCS1) in -dox conditions,
an augmentation that was notably reduced by the addition of dox, consistent with Figures 3.6
and 3.7). In contrast to the FLAG-Isol dataset, we did not observe induction of pro-

inflammatory genes after IFNL3 treatment in FLAG-Iso2 cells, regardless of dox induction.
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We identified 11 DEGs when comparing mock and IFNL3-treated FLAG-Iso3 cells. We
observed partial augmentation of select antiviral ISGs regardless of dox-induction. Similar to

FLAG-Iso2, we observed slight induction of SOCS1 but no induction of pro-inflammatory genes.

Importantly, we observed no change in expression of type-I IFN receptor subunits
(IFNAR1, IFNAR2, Supplemental Figure S7) or apoptosis/cell stress genes (e.g. BAX, BCL2, CASP2,
data not shown) in any condition. This is consistent with the lack of impact of construct
expression and IFNL3 treatment on cellular viability we had previously observed by flow

cytometry (data not shown).

66



BsT2=] 000 000 001 026 | 0.00 000 000 008 | 000 000 | 183 194 | 000 000 | 145 076 | 000 000 097 115
cFH={ 000 000 000 000 | 000 000 000 000 | 000 o000 061 05 | 000 o000 o010 o000 | 001 000 003 000
cri=l 000 009 o000 o000 | 045 030 03 021 | 008 o010 043 o046 | 011 001 o024 o016 | 018 036 019 029
cisH={ 000 014 000 018 | 006 016 000 004 | 019 017 o042 05 | 000 021 016 o018 | 015 o015 006 020
csF1=] 037 054 035 026 | 059 o065 o069 070 | 052 o067 182 120 | 050 05 102 o060 | 058 o064 072 082
FAs=| 000 000 000 007 | 018 021 o000 023 | 005 o039 048 057 | 005 o010 016 o010 | 018 027 013 026
eBP1= 004 012 005 018 | 000 000 000 000 | 016 000 [UHE8N 468 | 014 o015 101 o010 | 019 o000 031 039
o1=] 000 000 000 000 | 000 000 000 000 | 000 000 053 039 | 000 000 000 000 |o0o0 o000 000 000
Fi6={ 000 000 000 000 | 000 003 000 000 | 000 o000 | 109 148 | 000 000 041 o000 | 000 000 032 056
Fi35=| 030 028 066 052 | 029 016 048 045 | 000 o007 | 166 179 | 000 028 | 125 073 | 000 o000 051 064
FIH1= 000 000 000 000 | 012 o000 o000 o000 | 000 o000 | 148 131 | 000 o000 110 031 | 005 o007 073 080
Fir2=| 000 000 000 000 | 000 o000 000 000 | 000 000 000 000 130 025 | o000 o000 031 027
FITm1—] 098 090 143 165 | 100 114 154 161 | 086 091 E os2  oss [EEINNZHON| o1 oso [2ANNEEEN| | | 2
mx1=f 000 000 000 000 | 000 000 000 000 | 000 000 030 043 | 000 000 019 000 | 000 000 000 000
SERPING1=| 000 009 018 035 | 029 055 037 052 | 002 000 | 168 148 | 027 o019 104 027 | 017 025 048 062
IRF1=| 063 050 042 031 | 068 o060 075 061 | 047 05 116 106 | 037 052 091 05 | 057 055 059 069
IRF3=| 090 090 094 098 | 087 o082 o085 081 | 063 08 05 075 | 064 09 059 093 | 059 061 062 063
IRF7={ 000 000 016 023 | 020 01 053 061 | 000 o014 063 110 | 000 007 065 062 | 000 o000 004 010
RFe=| 056 064 051 070 | 081 073 078 066 | 050 058 087 080 | 053 056 060 062 | 067 051 054 060
staTi-] 120 126 144 183 | 130 143 183 158 | 100 118 [22A0NBE0N| 113 116 205 170 [ 131 131 [ 1% 195
sTAT2=| 134 136 133 134 | 120 122 133 127 | 114 132 181 202 | 145 131 175 146 | 124 125 147 150
STAT4=] 036 052 047 031 | 048 059 044 052 | 002 048 007 046 | 000 050 016 048 | 010 008 000 017
cxcti=] o011 000 012 023 | 018 o016 015 045 | 007 o007 000 036 | 000 010 005 033 | 032 013 000 000
cxcL1o=| 000 000 000 000 | 000 000 000 000 | 000 000 [140 102 | 000 000 o000 o000 | o000 000 000 000
cxcLtt=f 000 000 000 000 | 000 000 000 000 | 000 000 049 024 | 000 000 000 000 | 000 000 000 000
cxclz=] 014 018 020 023 | 025 038 032 004 | 010 029 023 032 | 000 000 009 031 | o014 011 006 007

SOCS1=4 0.04 0.07 0.05 0.00 0.00 023 0.09 0.04 0.10 0.20 0.88 0.69 0.18 0.00 042 0.21 0.1 0.14 0.10 0.32
SOCS3=1 0.11 0.00 0.12 0.03 0.06 0.33 0.00 0.04 0.14 0.07 0.80 0.63 0.14 0.00 0.21 0.10 0.19 0.18 0.12 017
TAP1= 0.44 0.54 0.54 0.65 0.91 0.97 0.91 0.95 0.35 0.58 1.47 1.59 0.36 0.65 1.18 0.89 0.45 0.59 0.73 0.78
TAP2= 073 0.72 0.72 0.65 0.72 0.76 0.80 0.76 0.91 0.58 1.48 1.01 1.00 0.61 1.14 0.67 1.02 1.03 1.06 1.1
TAPBP = 1.07 1.11 1.12 112 1.06 1.06 0.99 1.06 0.62 0.94 1.41 1.63 0.88 1.22 1.16 1.30 0.92 1.01 0.99 1.06
RARRES3 =4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.83 0.75 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TLR3=4 0.00 0.26 0.35 0.26 0.33 0.44 0.27 0.18 0.11 0.22 0.44 0.49 0.22 0.15 043 0.31 0.10 0.14 0.18 0.15 0
T T T T T T ] T T T T T T T T ] T T T T
Dox = + = + - 4+ - + - 3+ = & - + = + - + - +
IFNL3 = - + + . _ + + _ . o+ 4+ . .+ + . .+ o+

Wild-type Empty Vector FLAG-Iso1 FLAG-Iso2 FLAG-Iso3

Figure 3.10: Relative expression of FLAG-IFNLR1 isoforms differentially influences IFNL3-

dependent gene expression. HEK293T WT and stable lines were induced + dox (100 ng/ml) for

24 hr prior to treatment + IFNL3 (100 ng/ml) for an additional 24 hr. RNA was collected and gene

counts were quantitated using NanoString analysis (hCounter Human Immunology v2 Panel).

Data are shown as log transformed normalized counts of differentially expressed genes (>2-fold

change in any condition).
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Overexpression of FLAG-Iso1 reduces the impact of type-I IFN signaling

The type-l IFN response is highly regulated to temper the potentially deleterious effects
of pathway overactivation [44, 91], and it is established that there is significant cross talk
between type-l and IFNL signaling pathways [13]. Specifically, it has been demonstrated that
stimulation of the IFNL system results in potent inhibition of a subsequent type-I IFN response,
mediated in part through upregulation of negative regulators of type-I IFN signaling [93].
Consistent with this observation, our NanoString analysis identified that FLAG-IFNLR1 isoform 1
overexpression enhances IFNL3-mediated upregulation of known negative regulators of IFN

signaling, including SOCS1 and SOCS3 (Figure 3.10).

As IFNLR1/IL10RB and IFNAR1/IFNAR2 pathways both utilize several shared signaling
molecules, including JAK1 and TYK2, we hypothesized that overexpression of FLAG-IFNLR1
isoforms may also affect the cellular response to type-I IFNs even in the absence of IFNL3 pre-
treatment. To test this hypothesis, we evaluated pSTAT1 in HEK293T-EV and FLAG-IFNLR1
isoform lines after stimulation with the type-I IFN IFNA2 (Figure 3.11A, representative flow plots
in Supplemental Figure S3). Relative to HEK293T-EV cells, each FLAG-IFNLR1 isoform line
demonstrated slightly reduced IFNA2-dependent pSTAT1 signal after 1 and 4 hours of IFNA2
stimulation (Figure 3.11A). Surprisingly, we observed a marked reduction in IFNA2-dependent
pSTAT1 signal in +dox relative to -dox FLAG-Iso1 cells after IFNA2 treatment. We observed only
marginal differences in the IFNA2 response in FLAG-1so2 and FLAG-Iso3 cells between
conditions. To further evaluate this observation, we examined pSTAT1 by western blot after 1
hour of treatment with IFNL3 or IFNA2 (Supplemental Figure S8). Consistent with our prior flow
cytometry analysis, the highest pSTAT1 induction after IFNL3 treatment was observed in FLAG-

Isol cells, irrespective of dox treatment. In contrast, there was a notable reduction in pSTAT1 in
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IFNA2-treated +dox FLAG-Isol cells relative to other lines. As we observed no differences in
IFNAR1 or IFNAR2 gene expression between lines (Supplemental Figure S7), these data suggest
that high levels of FLAG-Isol expression may partially inhibit IFNA2-dependent STAT1

phosphorylation.

Next, we evaluated the impact of FLAG-IFNLR1 overexpression on the capacity of IFNA2
to stimulate expression of VIPERIN. In HEK293T-EV, FLAG-Iso2, and FLAG-Iso3 cells, we observed
robust induction of VIPERIN after IFNA2 treatment that was unaffected by pre-treatment with
dox (Figure 3.11B). In contrast, dox-induction of FLAG-Isol prior to IFNA2 treatment resulted in
a small but significant decrease in VIPERIN expression (Figure 3.11B). Taken together, these

results suggest that overexpression of FLAG-Isol partially impairs the cellular response to IFNA2.
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Figure 3.11: Overexpression of FLAG-Isol partially reduces the cellular response to the type-I
IFN ligand IFNA2. (A) Quantitation of percent pSTAT1+ in HEK293T-EV and FLAG-IFNLR1 isoform
cells after 0, 1, and 4 hr of IFNA2 treatment (100 ng/ml) (representative data, 2 independent
experiments). (B) HEK293T stable lines were * dox (100 ng/ml) treated for 24 hr, then mock or
IFNA2 (100 ng/ml) treated for 24 hr, then harvested for gRT-PCR analysis of VIPERIN and GAPDH
(representative data, 2 independent experiments). Statistical significance represented by bars
and asterisks reflect comparisons between the indicated conditions. Error bars represent

standard error of the mean. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. NS = not significant.
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CHAPTER 4: DISCUSSION
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In this study, we identified a unique influence of relative expression of IFNLR1 isoforms
on the cellular transcriptional response to interferons. We demonstrate that minimal
overexpression of FLAG-Iso1 is sufficient to markedly augment IFNL3-dependent STAT1
phosphorylation, ISRE-promoter activation, and induction of antiviral and pro-inflammatory
genes, a phenotype which could not be further augmented at greater FLAG-Isol expression
levels. Furthermore, FLAG-Isol overexpression partially impaired signaling induced by IFNA2.
Surprisingly, we found that FLAG-Iso2 partially augmented IFNL3-dependent antiviral gene
expression and phosphorylation of STAT1 at low receptor expression levels, but this
augmentation was markedly reduced at greater receptor expression levels. FLAG-Iso3
expression also modestly increased IFNL3-dependent antiviral gene expression and
phosphorylation of STAT1, albeit to a much lower extent than either FLAG-Isol or FLAG-Is02.
Strikingly, in contrast to FLAG-Isol, neither FLAG-Iso2 or FLAG-Iso3 supported expression of pro-
inflammatory genes after IFNL3 treatment, nor did they substantially impact the cellular
response to IFNA2. These data suggest that relative IFNLR1 isoform expression could influence

the balance of antiviral and inflammatory genes induced by interferons.

Our observation that FLAG-Iso1 overexpression robustly augments antiviral gene
expression is consistent with previous reports [87, 127], suggesting that our findings are not an
artifact of the addition of a FLAG tag or of the cellular system (summary of findings shown in
Figure 4.1). In addition, we observed de novo expression of CXCL10 and other pro-inflammatory
genes upon FLAG-Isol over-expression and treatment with IFNL3, also consistent with prior
reports [87]. Contrary to our hypothesis, we were unable to titrate FLAG-Iso1l to allow selective
upregulation of antiviral ISGs without inducing pro-inflammatory genes, as levels of FLAG-Isol
undetectable by western blot or flow cytometry in -dox conditions were sufficient to support a

maximal response to IFNL3. This observation would be consistent with the suggested stochastic
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or bimodal nature of the IFNL response, which suggests cells under-go an “all or nothing”
response when stimulated with IFNs [138, 139]. These data also suggest that IFNLR1 isoform 1
abundance could be tightly regulated in vivo as a means to control pathway activity and prevent
cells from expressing excessive and potentially deleterious pro-inflammatory genes. As it is well-
established that tetracycline-inducible promoters allow some extent of construct expression
even in the absence of tetracyclines [140, 141], use of alternative gene expression control
strategies may prove useful in future studies to further assess whether very low levels of

receptor expression allow for a titratable phenotype.

There is a high degree of cross talk between IFN systems [13]. Specifically, IFNL
stimulation has been demonstrated to have a potent negative effect on the type-I IFN response
through induction of negative regulators of IFN signaling [91], as we observed in IFNL3-treated
FLAG-Iso1 cells. As such, we were surprised to observe that overexpression of FLAG-Isol, even in
the absence of IFNL3 pre-treatment, resulted in a marked reduction in IFNA2-dependent pSTAT1
induction. Notably, we observed a significant albeit less marked reduction in pSTAT1 in +dox
FLAG-Iso1l cells after IFNL3 treatment. We speculate that overexpression of excess levels of
FLAG-Isol could thus in-fluence the immediate cellular response to IFNs by binding and
potentially sequestering signaling molecules required for propagation of the IFN response. The
less notable differences observed in ISRE promoter activity and ISG expression when comparing
-dox and +dox FLAG-Iso1 cells 24 hours after IFN stimulation could reflect adequacy of a partial
pSTAT1 response to mediate gene expression or may relate to secondary signaling events that

occur during in vitro culture.
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Summary of FLAG-Iso1 Results

IFNL3 Treated
HEK293T-Empty Vector HEK293T-FLAG-Iso1
No Dox : Dox No Dox : Dox
J i o s 90 |
@) E @) OC) E
o © ©
pSTAT1 No change No change Increased Increased
from WT ' from WT pSTAT1 ' pSTAT1
ISRE No change i No change Increased : Increased
from WT from WT ISRE activity : ISRE activity
Transcriptional i Augmented antiviral { Augmented antiviral
Profile Nfcr)ocmhe:/r\}%;_e i Nf?oﬂwg.e and pro-inflammatory: and pro-inflammatory
; genes genes
IFNA2 No change ; No change No change Reduced
response from WT ; from WT from EV

Figure 4.1: Summary of FLAG-Iso1 Results.
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We were surprised to find that minimal FLAG-Iso2 overexpression partially augmented
IFNL3-induced expression of antiviral ISGs without concurrent induction of pro-inflammatory
cytokines and chemokines (summary of findings shown in Figure 4.2). While FLAG-1s02
expression led to partial upregulation of the inflammatory transcription factor IRF1 after IFNL3
treatment, we did not observe augmentation of genes under its transcription control (e.g.
CXCL10). Consequently, the magnitude of IRF1 induction as a function of FLAG-Iso2 expression
may be insufficient to promote widespread changes in pro-inflammatory genes, or alter-
natively, FLAG-Iso2 may engage signaling mechanisms distinct from FLAG-Isol. These results
differ from a prior report that suggested IFNLR1 isoform 2 does not support IFNL3 signaling
[126]. Consistent with this prior report, where IFNLR1 isoform 2 was constitutively expressed off
the pEF2 promoter [126], we found that IFNL3 signaling was markedly reduced at high levels of
FLAG-Iso2 expression in +dox conditions. We conclude that IFNLR1 isoform 2 may be capable of

augmenting IFNL signaling at low, but not high levels of receptor expression.

It has been shown that overexpression of cell surface receptors can decrease the cellular
response to their cognate biological stimuli [142], and that overexpression of a receptor subunit
without concordant overexpression of downstream signaling molecules can lead to the
formation of receptor complexes capable of binding ligand but unable to transduce signal [143].
As FLAG-Isol overexpression augmented the IFNL3 response, regardless of dox-induction, we
find it less likely that FLAG-Iso2 overexpression diminished cell sensitivity to IFNL3 by titrating
necessary signaling components. Rather, it is possible that FLAG-Iso2 influences signaling
through endogenous IFNLR1 isoform 1 or can support signaling in tandem with IL10RB only at
low levels. While the mechanisms underlying the effect of FLAG-Iso2 on the cellular response to

IFNL3 are not clearly established by this work, our data support the hypothesis that IFNLR1
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isoform 2 plays a role in modulating the sensitivity of cells to IFNLs and could thus potentially

provide a tunable mechanism of IFNL regulation.

In contrast to our findings in IFNA2-treated FLAG-Isol cells, pSTAT1 induction was only
modestly reduced in +dox FLAG-Iso2 cells and only after 4 hours of IFNA2 treatment. Notably,
this reduced response was less marked than the reduced response to IFNL3 observed in +dox
FLAG-Iso2 cells. Similarly, we observed no impact of FLAG-Iso2 overexpression on VIPERIN
expression in IFNA2 relative to IFNL3-treated cells. Thus, FLAG-Isol overexpression has a more
immediate impact on pSTAT1 induction after IFNA2 relative to IFNL3 treatment, whereas FLAG-
Iso2 overexpression has the opposite impact. While the underlying mechanism by which FLAG-
Isol and FLAG-Iso2 differentially affect signaling by IFNL3 and IFNA2 is not clearly established by
this work, we hypothesize that structural differences between FLAG-Isol and FLAG-Iso2, with
the latter missing a significant portion of its predicted JAK1 binding do-main, may contribute.
Future work to examine relative differences in recruiting and/or binding of JAK1 and STAT1 to
FLAG-Isol and FLAG-Iso2 after treatment with interferons will help further elucidate a potential

mechanism for these observations.
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Summary of FLAG-Iso2 Results

IFNL3 Treated
HEK293T-Empty Vector HEK293T-FLAG-Iso2
No Dox : Dox No Dox : Dox
9 9 9 L9
© v ® . P B T ¥ ®
pSTAT1 No change No change Increased Loss of increased
from WT ' from WT pSTAT1 ' pSTAT1
ISRE No change : No change Increased ©  Loss of increased
from WT from WT ISRE activity ISRE activity
Transcriptional No change : No change Augmented antiviral : Loss of augmented
Profile from WT : from WT without induction of : antiviral gene
5 pro-inflammatory expression
: genes
IFNA2 No change No change No change No change
response from WT : from WT from EV from EV

Figure 4.2: Summary of FLAG-Iso2 Results.
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Overexpression of FLAG-Iso3 resulted in a subtle yet consistent augmentation of IFNL3-
dependent STAT1 phosphorylation, ISRE-promoter activation, and induction of the antiviral gene
VIPERIN, albeit to a much lower extent than FLAG-Iso1 or FLAG-Iso2 (summary of results shown
in Figure 4.3). Similar to FLAG-Iso2, FLAG-Iso3 did not support induction of CXCL10, and
NanoString analysis confirmed that FLAG-Iso3 partially augmented IFNL3-induced anti-viral
genes but not pro-inflammatory genes. Prior studies investigating the influence of IFNLR1
isoform 3 on the IFNL response have shown that it can act as an inhibitor of IFNL signaling [128,
129]. In HepG2 cells, IFNLR1 isoform 3, also referred to as short IFNLR1, is secreted, can bind
IFNL1, and negatively impacts IFNL1-dependent expression of MHC class-I [129]. In PBMCs,
recombinant IFNLR1 isoform 3 binds to the cell surface and in-creases binding of ligand, but
negatively regulates ISG induction [128]. In contrast to our work, these studies utilized
recombinant, purified IFNLR1 isoform 3, which differs in concentration and absence of factors
present in cellular supernatants, both of which could have influenced the observed differences.
We have performed a variation of this experimental design through pre-incubation of IFNL3
ligand with conditioned media collected from Dox-induced FLAG-Iso3 cells, which was then used
to stimulate WT HEK293T cells (Figure 4.4). Notably, we observed a blunted IFNL3-dependent
pSTAT1 signal in cell treated with FLAG-Iso3 conditioned media as opposed to conditioned
media collected from HEK293T-EV cells (Figure 4.4). While this preliminary finding needs to be
further investigated, it is consistent with prior literature and reinforces the hypothesis that the
effect of IFNLR1 isoform 3 on the IFNL response is dependent on several biological and
experimental factors. Specifically, we speculate that the impact of IFNLR1 isoform 3 may be both
receptor concentration and cell type-dependent, similar to what has been observed for the

soluble IFNAR2 isoform [43, 62].
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Summary of FLAG-Iso3 Results

IFNL3 Treated
HEK293T-Empty Vector HEK293T-FLAG-Iso3
No Dox : Dox No Dox : Dox
G| @G] eG] ! o]
o ' c © .
pSTAT1 No change No change Increased Further increase in
from WT ' from WT pSTAT1 ' pSTAT1
ISRE No change f No change Increased ! Further increase in
from WT from WT ISRE activity : ISRE activity
. E Augmented antiviral | Further augmentation
Transcriptional No change ; No change without induction of | in antiviral gene
Profile from WT ; from WT pro-inflammatory expression
' genes
IFNA2 No change No change No change No change
response from WT ' from WT from EV from EV

Figure 4.3: Summary of FLAG-Iso3 Results.
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Figure 4.4: Pre-incubation of IFNL3 with FLAG-Iso3 conditioned media reduces IFNL3-
dependent pSTAT1 in WT HEK293T cells. Conditioned media was collected from HEK293T-EV
and FLAG-Iso3 stable lines after 48 hours of dox treatment (100ng/ml). IFNL3 (0-100ng/ml) was
pre-incubated with either EV or FLAG-Iso3 conditioned media for 2 hours prior to treatment of

WT HEK293T cells for 1 hour, after which cells were then assessed for pSTAT1 content.
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CHAPTER 5: FUTURE DIRECTIONS
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Dissecting the Underlying Mechanisms of IFNLR1 Isoform Signaling

In this work, we demonstrated that IFNLR1 isoforms uniquely and specifically modulate
the IFNL response in HEK293T stable lines. As these isoforms could play a role in the natural
course of viral infection, or in influencing the outcome of IFNL therapy, it is essential to continue
investigating their underlying signaling mechanisms. In this section, | propose key questions and
experiments that will provide additional insight into the mechanisms underlying how IFNLR1

isoforms affect IFN signaling.

Why does minimal FLAG-Isol expression in -dox conditions result in maximal cellular response

to IFNL that cannot be titrated?

Our work investigating FLAG-Iso1’s contribution to the IFNL response is consistent with
the previous literature in that stable expression of FLAG-Iso1l led to greater antiviral gene
expression and de novo expression of inflammatory genes [87, 127]. However, we were
surprised to observe a maximal transcriptional response after IFNL treatment at very low
receptor levels (-dox) that could not be detected by western blot or flow cytometry. This
suggests that endogenous IFNLR1 is limiting and that minimal protein in -dox conditions is

adequate for a marked increase in susceptibility to IFNL3.

To interpret these data, it is helpful to consider that cytokine receptor abundance and
surface localization are tightly controlled to regulate cellular responses to potentially damaging
stimulation [56, 144]. As such, cytokine receptors tend to exhibit low expression [130], often at
abundances lower than the threshold of detection for routine laboratory measurement [131]. In
our HEK293T stable cell line, we are overexpressing FLAG-Iso1 with endogenous IFNLR1
expression left intact. Consequently, the most likely explanation for our findings is that

endogenous IFNLR1 is limiting and that the small amount of extra receptor present in -dox
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conditions is adequate to fully sensitize cells. Alternatively, it is also possible that minimal
overexpression of FLAG-Isol cooperates with existing expression of the endogenous IFNLR1

receptor to drive a maximal IFNL response.

To distinguish these possibilities, CRISPR-Cas9 genome editing can be used to knock-out
(KO) endogenous IFNLR1 expression in WT HEK293T cells to allow expression of only FLAG-Iso1.
We attempted to produce HEK293T IFNLR1 KO lines multiple times using various transfection
methods (ViaFect, Neon Transfection), but the cells were consistently non-viable after
puromycin selection. Future efforts to generate KO HEK293T lines could benefit from use of viral
vectors to increase the efficiency and viability of IFNLR1 KO cells. Once the IFNLR1 KO lines are
verified by DNA sequencing and observation of loss of response to IFNL treatment (compared to
WT HEK293T cells), cells could be stably transfected with FLAG-Iso1 (HEK293T IFNLR1 KO +
FLAG-Isol). If the maximal IFNL responses we observe in the -dox conditions with minimal FLAG-
Isol overexpression (-dox) works in conjunction with endogenous IFNLR1 receptor, |
hypothesize that non-dox treated HEK293T IFNLR1 KO + FLAG-Iso1 cells will exhibit reduced IFNL
responses compared to the FLAG-Isol overexpression line. If we continue to observe maximal
IFNL responses in non-dox treated HEK293T IFNLR1 KO + FLAG-Iso1 cells, this would suggest that
the minimal protein expression driven from the tetracycline promoter in the absence of dox is
adequate to support a full response, showing that IFNLR1 receptor expression is truly limiting
under physiological conditions, at least in this particular cell line [140, 141]. Alternative
strategies to more tightly regulate construct gene expression, such as use of Tet-off system or
manipulation of the IFNLR1 promoter to regulate endogenous expression levels, could be used
to further assess whether finer control of FLAG-Iso1 expression could lead to a titratable

response.
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Why does increased FLAG-Isol expression not further augment the IFNL response?

We observe a reliable increase in FLAG-Isol expression as a function of dox
concentration. Consequently, it was surprising that greater FLAG-Isol receptor levels did not
translate into further augmentation of the IFNL response. A simple explanation could be that the
IFNL response in non-induced FLAG-Iso1 cells has already reached the cellular maximum, as it is
already ~100 fold greater than the IFNA2 response. However, it is also conceivable that lack of
further augmentation with greater FLAG-Isol abundance is due to a limiting factor present in
the signaling pathway. In other words, increased FLAG-Isol overexpression without a
concomitant increase in necessary signaling molecules (i.e. ILIORB, JAK1, STAT1/STAT2) could
result in reaching a signaling ceiling. This effect is well characterized in the recent study by Sta et
al. 2022, who showed that imbalanced overexpression of receptor and signaling components in
T-cells can negatively impact signaling magnitude [143]. The logic underlying these findings,
when applied to our overexpression of FLAG-Isol, leads to the formulation of the following
hypothesis: Further augmentation of the IFNL3 response in dox-induced FLAG-Iso1 cells is
limited due to imbalanced stoichiometry between FLAG-Isol and one of its necessary signaling
components, such as IL10RB, JAK1, or STAT1/STAT2. This hypothesis could be tested using the
HEK293T FLAG-Isol overexpression line characterized in the results section through transiently
transfecting with either IL10RB, JAK1, or STAT1/STAT2 prior to * dox induction and * IFNL3
treatment. If there are limiting factors, then | would expect that overexpression of ILIORB, JAK1,
or STAT1/STAT2 would result in further augmentation of the IFNL3 response in +dox treated
cells as opposed to -dox treated cells. Alternatively, if overexpression of signaling molecules
does not augment the +dox phenotype, then it suggests that the IFN response ceiling has been

met.
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How does FLAG-Isol expression reduce the type-I IFN response?

We showed that FLAG-isol markedly reduced IFNA2-dependent pSTAT1 signal. As
discussed previously, stimulation of the IFNL system can lead to expression of negative
regulators of the type-I IFN system that are themselves ISGs, such as SOCS1, SOCS3, and USP18
[91, 93]. Unexpectedly, we observed that overexpression of FLAG-Iso1 by itself, without IFNL3
stimulation, resulted in diminished cellular responses to IFNA2. As the type-I IFN and IFNL
systems share several signaling molecules, | hypothesize that increased expression of FLAG-Isol
sequesters machinery necessary for type-I IFN signaling. Since JAK proteins have been
demonstrated to constitutively associate with their cognate receptor, | further hypothesize that
the diminished type-I IFN response is due to titration of JAK1 away from IFNAR2 [145]. The
effect of FLAG-Isol overexpression on the type-I IFN response being observed at the level of
STAT1 phosphorylation lends support to this hypothesis, as there may be a deficit in signal
transduction between ligand binding, JAK1/TYK2 activation, and STAT1/STAT2 recruitment. This
hypothesis can be tested by transient transfection of JAK1 plasmid in HEK293T-EV and FLAG-Isol
cells prior to £ dox induction and + IFNA2 treatment. If JAK1 overexpression rescues the IFNA2
response (no significant difference between EV or * FLAG-Isol), then it is suggestive that FLAG-

Isol is titrating away JAK1 from the type-I IFN signaling pathway.

If overexpression of JAK1 does not rescue IFNA2-dependent pSTAT1 signal to that
observed in HEK293T-EV cells, there are several additional hypotheses that can be considered.
For example, IFNAR1/IFNAR2 subunit expression could be reduced in FLAG-Isol overexpressing
cells. We tested this hypothesis by evaluating gene expression of each subunit and identified no
change in any FLAG-Iso expressing cell type or condition. However, further investigation should
evaluate protein levels using western blot, ELISA, and flow cytometry. Alternatively, FLAG-Isol

overexpression could somehow result in disruption of IFNAR1/IFNAR2 trafficking to the cell
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membrane. As we observed a decrease in IFNA2-dependent pSTAT1 signal in +dox treated FLAG-
Isol cells, we could consider that substantial overexpression of FLAG-Iso1 could disrupt protein
trafficking by causing endoplasmic reticulum stress and triggering the unfolded protein response
[146]. | find this hypothesis unlikely, as we did not observe differences in cellular viability among
cell lines and conditions, and overexpression in the FLAG-Iso2 and FLAG-Iso3 lines presumably
had similar levels of protein being translated, without the same reduction in IFNA2-dependent
pSTAT1 signal. As TYK2 has been demonstrated to facilitate trafficking of IFNAR1 to the
membrane [147], it is also conceivable that overexpression of FLAG-Iso1l results in sequestration
of signaling molecules like TYK2 that could lead to a reduction in IFNAR1 trafficking and
membrane abundance. This hypothesis could be tested by overexpressing TYK2 followed by
evaluating IFNAR1 levels via flow cytometry in dox-treated FLAG-Isol cells. Finally, it is
conceivable that overexpression of FLAG-Isol results in upregulation of negative regulators of
type-I IFN signaling, such as SOCS1, SOCS3, or USP18 [91-93]. As there were no significant
differences in expression of any genes between FLAG-IFNLR1 isoform cells +dox in the absence
of IFNL3 treatment, including SOCS1 and SOCS3, this mechanism is not likely. However, to
further rule out this possibility, gene expression and protein levels of USP18, the other primary

negative regulator of type-I IFN signaling, can be evaluated.
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Proposed Model: IFNLR1 Isoform 1 abundance regulates antiviral and pro-inflammatory balance

Increased IFNLR1 Isoform 1 abundance
(limited by signaling machinery)

Increased IFNLR1 Isoform 1 abundance
(not limited by signaling machinery)
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abundance does not result in further
augmentation of IFNL response due to
unavailability of necessary signaling
machinery (IL10RB, JAKT1, etc.)

Figure 5.1: Proposed model of IFNLR1 Isoform 1 Signaling.
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Can FLAG-Iso2 support IFNL signaling in the absence of endogenous IFNLR1?

We were surprised to observe that minimal overexpression (-dox) of FLAG-Iso2
augmented the IFNL3 response, whereas further expression paradoxically led to an abrogation
of augmentation. This is discordant from the single study published to date investigating
overexpression of IFNLR1 isoform 2 in HEK293 cells, which showed no effect on ISRE activity
after treatment with IFNL3 [126]. As discussed previously, the discrepancy in findings may be
explained by differences in receptor abundance, with low levels of IFNLR1 isoform 2 supporting
IFNL signal augmentation (observed in our -dox model) and high levels of IFNLR1 isoform 2
leading to loss of augmentation (our +dox model and overexpression under pEF2 promoter in

Lauber et al. 2015).

To explain our finding, | hypothesize that FLAG-Iso2 has capacity to form a functioning
signaling complex with IFNL ligand, JAK1, and IL10RB. The extracellular and transmembrane
domains of IFNLR1 isoform 1 and 2 are conserved, which are regions important for ligand
binding and association with ILLORB, respectively. Furthermore, approximately half of the JAK1
binding site is maintained in IFNLR1 isoform 2’s primary structure. Consequently, | hypothesize
that FLAG-Iso2 could interact with the machinery needed to transduce signal. | would begin
testing this hypothesis by rescuing FLAG-Iso2 expression in a HEK293T IFNLR1 KO line to express
FLAG-Iso2 in the absence of endogenous IFNLR1 receptor. If FLAG-Iso2 is capable of signaling
without the endogenous receptor present, | would expect to observe increased IFNL-dependent
STAT1 phosphorylation, ISRE activity, and ISG expression in -dox IFNLR1 KO + FLAG-Iso2 cells

relative to IFNLR1 KO + EV cells.

If FLAG-Iso2 is capable of signaling without endogenous IFNLR1 present, the next

experiments would address the necessity of various signaling components. For example, |
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hypothesize that IL1I0RB is necessary to support FLAG-Iso2 signaling. To test, | would pre-
incubate cells with anti-ILLORB neutralizing antibody prior to treatment with IFNL3. If the
subsequent IFNL response is abolished, then ILLORB is necessary in signaling. In addition, further
testing should assess FLAG-is02’s reliance on JAK1 and TYK2 through use of small molecule
inhibitors and siRNA strategies. | hypothesize that FLAG-Iso2 utilizes JAK1, as would be
evidenced by observing a diminished response to IFNL3 after pre-treatment with select JAK1
inhibitors in a concentration dependent manner. As studies have demonstrated that IFNLR1
isoform 1 does not require TYK2 for signaling but may utilize it in certain circumstances where
canonical signaling mechanisms are compromised [84], it would be of interest to assess FLAG-
Iso2’s reliance on TYK2 signaling by use of small molecule inhibition. | hypothesize that the
structural deficits in FLAG-Iso2’s intracellular domain would increase its need for TYK2 in its
signal transduction, as evidenced by diminished IFNL3 response to IFNL3 after pre-treatment

with select TYK2 inhibitors in a concentration dependent manner.

If we do not observe a significant difference in the IFNL response between IFNLR1 KO +
EV or IFNLR1 KO + FLAG-Iso2 cells, then we must consider alternative hypotheses to explain how
FLAG-Iso2 in -dox conditions augments the IFNL response in WT cells that express endogenous
IFNLR1. As such, | propose experiments to evaluate potential interaction between endogenous
IFNLR1 isoform 1 and FLAG-Iso2. For example, | hypothesize that overexpression of FLAG-Iso2
could increase the duration and proximity of IFNL3 ligand on the cell surface, thereby increasing
its ability to interact with endogenous IFNLR1 [148]. To begin testing this hypothesis, | would
treat HEK293T-EV and FLAG-Iso2 cells with commercially available hemagglutinin (HA)-tagged
IFNL3 recombinant protein, followed by fixation and evaluation of HA signal intensity via flow
cytometry, as method that has been used to indirectly assess IFNLR1 surface abundance [128].

This could also be accomplished through covalently linking IFNL3 to a fluorescent protein and
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similar processing via flow cytometry. | would use doxycycline to titrate the level of FLAG-Iso02,
followed by subsequent treatment with HA or fluorescently tagged IFNL3 protein and
assessment via flow cytometry. If FLAG-1so2 increases IFNL3 surface binding, it would be
observed as increased IFNL3 signal as a function of FLAG-Iso2 expression. If we observe that
FLAG-Is02 increases the duration and stability of IFNL3 on the membrane, then the next step
would be to identify its specific role in modulating signaling through endogenous IFNLR1. If
FLAG-Iso2 stabilizes interaction of IFNL3 with endogenous IFNLR1, | hypothesize that FLAG-Iso2
would co-immunoprecipitate with IFNLR1 only in the presence of ligand. To conduct this
experiment, | would synthesize an additional IFNLR1 isoform 2 construct with an alternate
epitope tag, such as HA, and transiently transfect HA-Iso2 into FLAG-Iso1 stable cells. Having two
distinct epitope tags would facilitate co-immunoprecipitation and provide a means to
discriminate between IFNLR1 isoform 1 and 2 (other than molecular weight). Alternatively, if
ligand-binding of FLAG-Iso2 is necessary to support endogenous IFNLR1 signaling, | hypothesize
that disruption of the ligand binding domain in IFNLR1 isoform 2 would negate augmentation of
the IFNL response. To conduct this experiment, | would delete and/or selectively mutate the
ligand binding domain located within the extracellular region of IFNLR1 isoform 2 and assess its

impact on the IFNL response in the presence of endogenous IFNLR1.

Why does FLAG-Iso2 result in IFNL3-dependent augmentation of antiviral genes

without induction of pro-inflammatory genes?

NanoString analysis demonstrated a robust increase in IRF1 in FLAG-Iso1 cells after
IFNL3 treatment, whereas IFNL3-treated FLAG-Iso2 cells exhibited a partial increase (Figure
3.10). However, in contrast to FLAG-Iso1 cells, treatment of FLAG-Iso2 cells with IFNL3 did not

lead to the induction of pro-inflammatory genes, such as CXCL10. Consequently, | hypothesize
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that knocking down IRF1 expression via siRNA would abrogate pro-inflammatory gene

expression in FLAG-Iso1 cells and exert no effect on the FLAG-Iso2 IFNL response.

Why does increased FLAG-Iso2 expression in +dox-treated cells reduce augmentation of the

IFNL response?

Our data demonstrated that minimal expression of FLAG-Iso02 in -dox conditions
augmented the IFNL3 response, but further expression in +dox conditions led to reduced
augmentation. The mechanisms for this phenotype are unclear, but | hypothesize that once
FLAG-Iso2 abundance is in excess (+dox) of one or more of its necessary signaling molecules, it
begins to form receptor complexes that are capable of binding IFNL ligand but are signaling

incompetent.

As described previously, this phenomenon has been observed in other systems where
overexpression of cytokine receptors without a concomitant increase in necessary signaling
molecules can lead to the formation of signaling-incompetent receptor complexes [142, 143]. To
test this hypothesis, | would transfect in components of the signaling pathway, such as IL10RB,
JAK1, and TKY2, followed by subsequent evaluation of the IFNL response in +dox conditions to
determine whether loss of augmented IFNL signaling is prevented through overexpression of

one or more signaling molecules.

Why does overexpression of FLAG-Iso2 not affect type-I IFN response?

Although FLAG-Is02 supports partial ISG expression, similar to FLAG-Iso1l, it had no
impact on ability of IFNA2-dependent pSTAT1 formation, as observed with FLAG-Isol. Described
previously, | hypothesize that excess FLAG-Isol sequesters signaling molecules common to both
pathways, such as JAK1 or TYK2. If FLAG-Iso2 can signal in the absence of endogenous IFNLR1
through the formation of competent signaling complexes with JAK1 and IL10RB, then the

91



guestion arises as to why overexpression of FLAG-Iso2 would not exert a similar effect on type-I
IFN signaling. To explain this potential discrepancy, | hypothesize that the lack of effect of FLAG-
Iso2 overexpression on the type-I IFN response is due to decreased affinity and/or stabilization
of JAK1. More specifically, as FLAG-Iso2 is missing a significant portion of its JAK1 binding
domain, including sections critical in stabilizing the interaction, | hypothesize that FLAG-Iso2
exhibits lesser ability to bind and sequester JAK1 than FLAG-Isol. This hypothesis could be
tested in several ways. First, the extent of interaction between FLAG-Isol or FLAG-Iso2 for JAK1
should be assessed. This can be achieved by a variety of techniques, such as co-
immunoprecipitation, or quantitative measurement of interaction via surface plasmon
resonance. If there is a difference in isoform affinity and interaction for JAK1, then this topic
could be further explored using construction of additional expression constructs containing
IFNLR1 receptor chimeras. Specifically, | would generate IFNLR1 constructs missing Box1/Box2,
containing only Box1, or containing only Box2. When expressed in HEK293T cells, these
constructs would not only help us understand the effect of JAK1 titration on the type-I IFN
response but could provide additional insight into how Box1 and Box2 regions specifically

contribute to JAK1 binding.
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Proposed Model: IFNLR1 Isoform 2 modulates sensitivity of cells to IFNL

Increased IFNLR1 Isoform 2 abundance : Maximal IFNLR1 Isoform 2 abundance
(formation of signaling incompetent complexes)

hon it

’ ’

Augmented antiviral gene expression without induction : Loss of augmented antiviral gene expression

of pro-inflammatory gene expression .
i Hypothesis: Maximal expression of IFNLR1 Isoform 2
i continues to bind free ligand, but is limited by signaling
: molecule (JAK1, IL10RB)

Figure 5.2: Proposed Model of IFNLR1 Isoform 2 Signaling.
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Does augmentation of IFNL response after FLAG-Iso3 expression require endogenous IFNLR1?

Our initial findings demonstrating that FLAG-Iso3 overexpression partially augments
IFNL signaling are surprising, as two studies have shown that IFNLR1 isoform 3 can reduce
cellular response to IFNL3 [128, 129]. As discussed in the results section, there are several
reasons why these seemingly different outcomes can be reconciled, likely due to the
concentration of IFNLR1 isoform 3 present and cell types used for experimentation. However,
our observations invite several interesting questions into the biological role of IFNLR1 isoform 3.
Specifically, | would hypothesize that FLAG-Iso3 augments IFNL3 signaling through interaction
with both endogenous IFNLR1 and its co-receptor ILLORB in a phenomenon known as “trans-
signaling,” whereby a soluble receptor is capable of interacting with its membrane-bound co-
receptor [148]. This phenomenon has been best described in the field concerning IL-6 biology: In
classical signaling, IL-6 binds to its membrane bound receptor IL-6R, leading to activation of its
associated subunit Gp30 and subsequent signal transduction [148]. However, it was observed
that cell types that do not express the membrane bound receptor can still transduce signal after
exposure to IL-6 when in the presence of the soluble receptor sIL-6R, as the IL-6-sIL-6R complex
could associate with membrane bound Gp30 to form an active signaling complex [148]. Using
the IL-6 literature as a foundation for exploration, | would hypothesize that IFNLR1 isoform 3 can
behave in a similar manner, with its presence in the extracellular space resulting in ligand
binding and formation of functional signaling complexes with either endogenous IFNLR1 isoform
1 or IL10RB. This hypothesis could be tested in several ways: First, to determine whether FLAG-
Iso3 augments IFNL signaling in conjunction with the endogenous IFNLR1 receptor, | would
rescue and overexpress FLAG-Iso3 in a HEK293T IFNLR1 KO line. If rescue of FLAG-Iso3 does not
result in augmentation of the IFNL response over the HEK293T IFNLR1 KO + EV line, then it is

likely working in conjunction with endogenous receptor. Alternatively, if we observe persistent
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augmentation of signal after IFNL stimulation, then | would hypothesize that FLAG-Iso3 is

working in conjunction with IL10RB. To test this hypothesis, | would utilize siRNA technology to

knock-down endogenous IL10RB expression in both IFNLR1 KO + EV and IFNLR1 KO + FLAG-Iso

3

lines. If we observe decreased IFNL signaling after siRNA KD of ILLORB in the IFNLR1 KO + FLAG-

Iso3 line compared to cells that received scrambled siRNA control vector, then FLAG-Iso3 is likely

augmenting IFNL signal through an interaction with IL1ORB. Further testing could involve co-
immunoprecipitations of FLAG-Iso3 in the presence or absence of IFNL ligand to assess for

detection of IL10RB.

If FLAG-Iso3 augments the IFNL response through trans-signaling, it would provide an
interesting basis for understanding the apparent contradiction between our results and the
behavior of IFNLR1 isoform 3 in the literature [128, 129]. Specifically, as the cell types used in
prior reports (HepG2 cells and PBMCs) are more responsive to treatment with IFNLs than
HEK293T cells, | hypothesize that the effect of excess IFNLR1 isoform 3 may be antagonistic in
cell types that already exhibit robust IFNL responses, and antagonistic in cell types that are
largely insensitive and may benefit more from trans-signaling. While purely speculative, this
hypothesis is not far removed from work conducted in the type-I IFN field, which showed that
the soluble IFNAR2a isoform can act as either an antagonist or agonist of the type-I IFN
response, depending on the presence of endogenous membrane bound IFNAR2c [62].
Specifically, the type-I IFN response was diminished when IFNAR2a was present in conjunction
with IFNAR2c after treatment with ligand, but partially restored in a IFNAR2 KO cell line,

presumably through interaction with endogenous IFNAR1 [62].
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IFNLR1 Isoform 3 modulates sensitivity of cells to IFNL

Increased expression : High expression and/or pre-incubation
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signals through endogenous IL10RB : free ligand, depriving IFNLR1 Isoform 1 from signaling

Figure 5.3: Proposed Model of IFNLR1 Isoform 3 Signaling.
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Regulation of IFNLR1 Isoforms on the Cell Membrane: Trafficking, Internalization, and

Intracellular Sorting

Numerous studies have shown that the cellular response to various cytokines is
modulated by receptor properties including surface abundance, intracellular trafficking,
endocytic signaling, and differential expression of protein isoforms [144]. For example, the type-
I IFN system is heavily regulated by its receptor complex IFNAR1/IFNAR2 [56], which exhibits
ligand-dependent internalization and differential sorting, with IFNAR1 trafficking to the
lysosome for degradation and IFNAR2 returning to the membrane via the recycling pathway [45,
149]. | hypothesize that the IFNL system is similarly regulated, with IFNLR1 surface expression
and intracellular sorting serving as an essential layer of regulation to dictate the manner by
which cells respond to IFNL. Characterizing IFNLR1 trafficking, surface regulation, and
intracellular sorting is important for future development and optimization of IFNL as a
therapeutic option. For example, if IFNLR1 exhibits ligand-dependent internalization and
degradation, the timing and dosage of IFNL treatment could be modified to prevent loss of IFNL

response.

How is the surface abundance of IFNLR1 Isoforms 1 and 2 regulated?

With the expression of IFNLR1 being so low in vivo, in conjunction with our findings that
IFNLR1 isoforms offer unique contributions to IFNL signaling, it is important to understand how
surface expression of IFNLR1 receptor isoforms 1 and 2 is regulated. | hypothesize that due to
differences in structural features, IFNLR1 isoform 1 and 2 will exhibit distinct internalization and
intracellular sorting patterns, which may confer distinct biological effects.

We have conducted preliminary investigations into the basic nature of FLAG-Iso1

internalization. To do so, we utilized transiently transfected HepG2 cells, an immortalized cell
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line derived from a hepatocellular carcinoma, with FLAG-Iso1 to assess internalization under
physiological conditions in the absence of ligand. Briefly, HepG2 cells were incubated with anti-
FLAG antibody at 4 °C for 30 minutes to label surface receptor, washed cells, then warmed to
37°C for 30 minutes or kept at 4 °C. Cells were then permeabilized, fixed, and stained with anti-
EEA1 antibody to label early endosomal structures followed by secondary antibody (see Chapter
2: Materials and Methods). Our choice to use HepG2 cells instead of HEK293T cells was due to a
technical challenge; specifically, we found that HEK293T cells did not adhere well enough to the
coverslip surface to withstand the number of washes necessary to perform these experiments.
At 37 °C, we observed distinct formation of cytosolic punctate structures that were not
observed in cells kept at 4 °C (Figure 5.4A-C). These punctate structures co-localize with EEA1, a
marker of the early endosome, suggesting FLAG-Iso1l is internalized and localizes to the early
endosome (Figure 5.4D-E). As FLAG-Is02 is missing a significant section of its intracellular
domain, | would hypothesize that it would exhibit altered internalization kinetics compared to
FLAG-Isol. Specifically, | hypothesize that FLAG-Iso2 would exhibit less robust internalization

compared to FLAG-Isol.

As IFNAR1 and IFNAR2 exhibit differential sorting patterns after internalization, with
IFNAR1 being trafficked to the lysosome for degradation and IFNAR2 being recycled to the
membrane [149], it would be of interest to dissect the sub-cellular localization of IFNLR1
isoforms 1 and 2, as well as IL1I0RB, both in the presence and absence of ligand. As described
above, this can be tested through co-localization analysis of the FLAG epitope after
internalization with sub-cellular structures, such as the early endosome and lysosome, or after
treatment with inhibitors of Rab11, a protein involved in the recycling of receptor proteins to

the membrane [149].
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Figure 5.4: FLAG-Isol undergoes constitutive internalization and co-localizes with the early
endosome in transiently transfected HepG2 cells. HepG2 cells transiently transfected with
FLAG-Isol were incubated with anti-FLAG antibody at 4 °C and either maintained at 4 °C (A) or
warmed to 37 °C (B) for 1 hour to allow internalization, observed as intracellular punctate
structures which were quantified via ImageJ (C). Evaluation of co-localization of FLAG-Iso1
(green) with the marker of the early endosome EEA1 (red) after incubation at either 4 °C (D) or

warmed to 37 °C (E).
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Evaluating the Impact of IFNLR1 Isoform Modulation on Efficacy of Antiviral Response
in Induced Pluripotent Stem Cell Derived Hepatocyte-Like Cells Infected with Hepatitis

B Virus

As we have demonstrated that IFNLR1 isoforms offer unique contributions to IFN
signaling, the next phase of research will involve assessing their role in supporting cellular

antiviral defense and how they can be modulated to improve the therapeutic potential of IFNL.

Peg-IFNL1 has been tested head-to-head with peg-IFNA2 (a type-I IFN) in a clinical trial
for patients with chronic hepatitis B viral infection [107]. This study ultimately demonstrated
that that peg-IFNL1 treatment decreased several markers of HBV infection while on drug, while
incurring fewer untoward effects than peg-IFNA2 treatment. However, patients who received
peg-IFNL1 exhibited greater rebound of viral markers when taken off drug, compared to those
on peg-IFNA2. This led the trial authors to conclude that peg-IFNL1 was inferior to peg-IFNA2 for

the treatment of chronic HBV infection.

While peg-IFNL1 did not outperform type-I IFN treatment, the greater on drug
suppression of viral markers is of considerable interest. In light of our insights into how IFNLR1
isoforms 1, 2, and 3 contribute to IFNL signaling, the results of this clinical trial can be viewed
from a more nuanced perspective and warrant further investigation. To do so, our laboratory
has adopted and established the use of induced pluripotent stem cells (iPSCs), which can be
differentiated into hepatocyte-like cells (iHeps) and infected with live HBV to serve as a model of
in vitro HBV infection [150]. In addition to testing HBV-specific hypotheses, this cell model can
also serve to replicate experiments done in HEK293T cells, as they provide a translational and

physiologically relevant cell type.
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How does overexpression of IFNLR1 isoforms affect markers of HBV replication after IFNL

treatment?

As our findings in HEK293T cells showed that overexpression of FLAG-IFNLR1 isoform 1,
2, and 3 augment the antiviral response after IFNL3 treatment, | would hypothesize that
overexpression of each isoform in a WT iHep background would result in a decrease in HBV
guantity after IFNL3 treatment relative to control iHeps (empty vector only). Specifically, | would
hypothesize that the extent of HBV-reduction would correlate with the augmentation of the
IFNL response, with overexpression of FLAG-Iso1 resulting in a larger decline in HBV quantity

than FLAG-Iso2 and FLAG-Iso3.

If FLAG-Isol overexpression results in a decline in HBV markers, but FLAG-Iso2 or FLAG-
Iso3 do not, then | would be particularly interested to assess the importance of pro-
inflammatory cytokine induction in the clearance of HBV infection. As FLAG-Isol overexpression
in HEK293T cells was the only condition that led to IFNL3-dependent transcription of pro-
inflammatory cytokines, such as CXCL10), | would hypothesize that IRF1-driven inflammation is
necessary for IFNL3-dependent reduction in HBV markers. To test this hypothesis, | would utilize

siRNA targeting IRF1 prior to treating cells with IFNL3 and measuring HBV markers.
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Conclusion:

Developing an understanding of each IFNLR1 isoform’s signaling pathways, localization
and trafficking patterns, and impact on viral replication in vitro will provide insights needed to
build a comprehensive model of IFNL regulation through its receptor, IFNLR1. By doing so, the
antiviral capacity of IFNL can be evaluated and optimized through hypothesis-driven testing in

an effort to improve its clinical application.
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Supplemental Figure 1: Protein and nucleotide sequences of IFNLR1 isoforms. Unaltered

protein sequences downloaded from UniProt database (left column), codon-optimized

nucleotide sequences used for Gene Art synthesis (middle column), and FLAG-tagged IFNLR1

isoform protein sequences (right column). Signal sequence is denoted in blue; 3x-FLAG tag is

denoted in red; the transmembrane domain is denoted in orange.
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Supplemental Figure 2: Endogenous ILIORB and IFNLR1 isoform expression in HEK293T stable
lines. Cellular gene expression was quantitated by qRT-PCR. Statistical significance represented
by asterisks reflect comparisons between EV and FLAG-IFNLR1 isoform cells. Error bars

represent standard error of the mean. * = p < 0.05, ** = p < 0.01. NS = not significant.
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Supplemental Figure 3: Representative flow cytometry plots used for quantification in Figures

3,4,6,and 9.
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Supplemental Figure 4: Effect of pre-incubation with anti-IFNLR1 antibody on the IFNL3
response in FLAG-Isol and FLAG-Iso2 lines. IFNLR1 FLAG-Isol (A) and FLAG-Iso2 (B) cells were
treated + dox (100 ng/ml) for 24 hrs prior to incubation with anti-IFNLR1 antibody or isotype
control (anti-IL-28RA antibody, control IgG, R&D Systems, 4ug/ml) for 1.5 hrs, after which the
cells were stimulated with IFNL3 (100 ng/ml) for 24 hrs and harvested for dual luciferase assay
(representative data, 2 independent experiments). Error bars represent standard error of the

mean. * = p < 0.05. NS = not significant.
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Supplemental Figure 5: Dox-titratable FLAG-Isoform 2 expression in independent HEK293T
stable lines. (A) HEK293T-EV, the FLAG-Is02 line characterized in Figure 4, and an independent
FLAG-Iso2 line were treated + dox (0, 0.1, 1, 10, or 100 ng/ml) for 24 hr prior to analysis of FLAG
expression by flow cytometry. (B) FLAG-Iso2 expression in each line after treatment + dox (0, 1,

10, 100 ng/ml) for 24 hr is shown by western blot of cell lysates using anti-FLAG antibody.
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Supplementary Figure 6: Differentially expressed genes among HEK293T cells line. HEK293T
WT and stable lines were induced * dox (100 ng/ml) for 24 hrs prior to treatment with + IFNL3
(100 ng/ml) for an additional 24 hrs. RNA was collected and gene count quantitated by
NanoString analysis (nCounter Human Immunology v2 Panel). Genes shown were differentially
regulated (>2-fold change) in one or more cell lines after doxycycline and/or IFNL3 treatment.

Data are shown as log transformed normalized counts.
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Supplemental Figure 7: IFNAR1 and IFNAR2 RNA expression levels are unchanged among cell
lines and conditions. Data were derived from NanoString analysis (described in Figure 8 and

Supplemental Figure 6).
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Supplemental Figure 8: Western blot analysis of pSTAT1 in HEK293T stable lines. HEK293T-EV
and FLAG-IFNLR1 isoform lines were + dox treated (100 ng/ml) for 24 hrs prior to mock, IFNL3
(100ng/ml), or IFNA2 (100 ng/ml) stimulation for 1 hr. Protein was collected from cell lysates
and assessed by western blot. The larger of the two observed bands is interpreted to reflect

pSTAT1 signal.
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