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Abstract

Background: In the tolerogenic liver, inadequate or ineffective interferon signaling fails to clear
chronic HBV infection. Lambda IFNs (IFNL) bind the interferon lambda receptor-1 (IFNLR1)
which dimerizes with IL10RB to induce transcription of antiviral interferon-stimulated genes
(ISG). IFNLR1 is expressed on hepatocytes, but low expression may limit the strength and
antiviral efficacy of IFNL signaling. Three /FNLRI transcriptional variants are detected in
hepatocytes whose role in regulation of IFNL signaling is unclear: a full-length and signaling-
capable form (isoform 1), a form that lacks a portion of the intracellular JAK1 binding domain
(isoform 2), and a secreted form (isoform 3), the latter two predicted to be signaling defective.
We hypothesized that altering expression of IFNLR1 isoforms would differentially impact the
hepatocellular response to IFNLs and HBV replication.

Methods: Induced pluripotent stem-cell derived hepatocytes (iHeps) engineered to contain
FLAG-tagged, doxycycline-inducible IFNLR1 isoform constructs were HBV-infected then treated
with IFNL3 followed by assessment of gene expression, HBV replication, and cellular viability.
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Results: Minimal overexpression of IFNLR1 isoform 1 markedly augmented 1SG expression,
induced de novo proinflammatory gene expression, and enhanced inhibition of HBV replication
after IFNL treatment without adversely affecting cell viability. In contrast, overexpression of
IFNLR1 isoform 2 or 3 partially augmented IFNL-induced ISG expression but did not support
proinflammatory gene expression and minimally impacted HBV replication.

Conclusions: IFNLR1 isoforms differentially influence IFNL-induced gene expression and
HBYV replication in hepatocytes. Regulated IFNLR1 expression in vivo could limit the capacity of
this pathway to counteract HBV replication.
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1.0 INTRODUCTION

Hepatitis B virus (HBV) chronically infects 296 million persons worldwide and causes liver
cirrhosis and hepatocellular carcinomal. Interferons (IFN) are secreted when cells detect
pathogens and promote cellular antiviral defense. While HBV activates an endogenous

IFN response in some experimental systems2=6, jn vivo HBV is a stealth virus that avoids
detection and resultant IFN production’~10. Exogenous administration of type-I IFN is

the only approved therapy that can silence or eradicate the episomal covalently closed
circular DNA (cccDNA), but this outcome occurs infrequentlyl. As IFNs remain in
clinical testing as components of functional HBV cure strategies that combine antiviral

and immunomodulatory therapies!2-15, further exploration of how IFN signaling can be
modulated to influence HBV replication is warranted.

Lambda interferons (IFNL) are a distinct family of proteins composed of four ligands
(IFNL21-4) that bind the interferon lambda receptor-1 (IFNLRZ1) which then dimerizes
with interleukin 10 receptor beta subunit (ILLORB)6-18, The resultant JAK-STAT signaling
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cascade results in expression of hundreds of interferon-stimulated genes (ISGs), similar to
type-1 IFN signaling26:19-22, However, while type-1 IFN signaling leads to rapid induction of
both antiviral and inflammatory genes and is quickly inhibited by negative regulators, IFNL
signaling induces a less inflammatory transcriptional profile that is slower in onset and less
susceptible to negative regulation21:23-25_ While the type-1 IFN receptor is broadly expressed
by all cells, IFNLR1 has low and restricted expression in hepatocytes, epithelial cells at
mucosal surfaces, and select immune cells, suggesting a critical role for IFNLs in promoting
immunity at barrier sites without causing excessive, deleterious inflammation?21.26-32,

While IFNLs are not currently approved for treatment of any infection, they demonstrated
antiviral activity against SARS-CoV-2, hepatitis C virus, hepatitis D virus, and HBV in
clinical trials33-37, Pegylated (PEG)-IFNL1 promoted a significant decline in HBV DNA
and HBYV surface antigen (HBsAg) and had favorable tolerability compared to PEG-IFN
alpha-2, a type-1 IFN38, However, this antiviral effect plateaued after repeated dosing and
viral rebound occurred post-treatment, for reasons that are poorly understood. It is unknown
if variable IFNLR1 expression or induction of regulatory pathways during prolonged
treatment influenced these outcomes.

IFNLRZ1 detection has largely been based on mRNA levels as IFNLR1 protein has low
expression and highly specific commercial reagents are limited3%:40, a constraint that may
be overcome with the recent characterization of monoclonal antibodies that target protein®l.
Multiple /FNLRI transcriptional splice variants are expressed in cells and are predicted to
encode distinct protein isoforms.18:27.28 /FN R1 isoform 1 encodes a full-length protein
that is signaling-capable, whereas isoform 2 and 3 are predicted to be signaling defection
due to lack of part of the intracellular JAK1 binding domain and the transmembrane
domain, leading to secretion, respectively16.22:2842 N R1 isoform 1 has the highest
mRNA expression in epithelial cells, including hepatocytes, and work by ourselves and
others showed that overexpression of this protein augments IFNL-induced antiviral gene
expression and permits de novo expression of inflammatory genes similar to type-I

IFN signaling?8:4043.44_Contrary to expectations, using HEK293T cells with doxycycline-
inducible expression of FLAG-IFNLR1 isoforms, we recently showed that IFNLR1 isoform
2 or isoform 3 overexpression in the presence of endogenous IFNLR1 supported a partial
increase in IFNL3-induced ISG induction but did not support pro-inflammatory gene
expression?. These findings identified unique functional roles for IFNLR1 isoforms and
suggested varied isoform expression could be a mechanism cells use to influence antiviral
responses without causing excessive inflammation. We thus hypothesized that IFNLR1
isoforms could differentially influence the response of IFNL-exposed hepatocytes and HBV
replication.

To test this hypothesis, we generated induced pluripotent stem cells (iPSCs) that expressed
doxycycline-inducible IFNLR1 isoform expression constructs and differentiated them into
hepatocyte-like cells (iHeps) which are physiologically like primary hepatocytes, have intact
IFN signaling pathways, and are permissive for HBV replication#>-50, We evaluated the
impact of IFNLR1 isoform overexpression on gene expression and HBV replication in iHeps
after IFNL treatment.
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2.0 MATERIALS AND METHODS
2.1 Cell lines

The K3 iPSC line (a gift from Stephen Duncan) was used to generate the cell lines described
in this work#>-47. The design and cloning strategies of FLAG-tagged IFNLR1 isoform
constructs are described in%. K3 iPSCs were electroporated with 30pg Pvul-linearized
plasmid DNA followed by plating on Matrigel-coated plates in mTeSR plus zFGF for

48h. Clones with integrated expression constructs were selected with puromycin (1ug/ml)
and surviving clones picked, screened for doxycycline-induced expression of FLAG by
immunofluorescent stain, and positive clones expanded. iPSCs were then maintained in
mTeSR plus zFGF and puromycin under low oxygen conditions (4% O,/5% CQ,). Resultant
colonies (FLAG-1s01, FLAG-Iso2 and FLAG-Is03) with FLAG-positive stain and a vector-
only control (EV) that had growth rates comparable to wild-type (WT) line were selected for
further experimentation.

To generate an /FNLR1 knock-out (/FNLR1I-KO) iPSC line, a CRISPR guide RNA targeting
exon 4 of /FNLRI was designed (CCTGGTGCTCACCCAGACGG), cloned into the

PX459 pSPCas9(BB)-2A-Puro vector (#48139; Addgene)®!, and transfected into K3 iPSCs
using Viafect (Promega). Cells were selected with puromycin (1 pg/ml) and propagated.
Genomic DNA was extracted from surviving clones using QuickExtract™ DNA extraction
solution (Epicenter) and targeted regions were amplified using Herculase Fusion Polymerase
(Agilent) and target area-specific primers (Fwd: CCTCGGGATTACTGACAGGTCC; Rev:
CAGGTTCTTCTCACCCTCCCAG). Amplicons were restriction digested and sequenced to
confirm the identity of insertion-deletion events. A clone with a —2 bp deletion and + 1 bp
insertion, which introduced a premature stop codon, that had high Tracking of Indels by
Decomposition and Inference of CRISPR Edits scores was selected for future work.

iPSC clones were differentiated to iHeps according to an established 20-day, four-step
process as previously described?>-47. To prevent expression construct silencing during
differentiation, culture medium was supplemented with 10ng/ml doxycycline (dox; Sigma
Aldrich)®2:53,

2.2 Characterization of iHeps by protein and gene expression

To detect expression of the hepatocyte lineage markers a-fetoprotein (AFP) and human
nuclear factor 4a (HNF4a), WT iPSC or iHeps were fixed with 4% paraformaldehyde,
permeabilized with 0.5% TritonX-100, then blocked with 3% BSA-DPBS at 25°C. Cells
were stained with antibodies against AFP and HNF4a in 1% BSA-DPBS overnight at 4°C
(Suppl. Table 1) followed by species-specific secondary antibodies and counterstain with
VectaShield with DAPI (Vector). Images were captured with an EVOS Cell Imaging System
(ThermoFisher).

To quantitate gene expression, RNA was isolated from iPSC and iHep lines using a Qiagen
RNeasy kit and quantitated by Nanodrop. cDNA was transcribed with a high-capacity cDNA
reverse transcription kit and gRT-PCR was performed using commercially available TagMan
primer-probe sets listed in Suppl. Table 2 (ThermoFisher).. gRT-PCR to detect construct
expression, HBV DNA, and HBV cccDNA used custom primer-probe sets (Suppl. Table
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3). Experiments were performed with biological and technical duplicates with expression
relative to GAPDH. Technical duplicates were averaged and data presented in graphs
represent the average of biological replicates.

Flow cytometry was used to evaluate dox-induced FLAG expression. Differentiated

iHeps were incubated 24h in Hepatocyte Culture Medium (HCM; Lonza) without dox
supplementation then cultured in +/- dox (100 ng/ml) for 24h. Cells were released using
undiluted TrypLE Select Enzyme (10X; Gibco) then stained with Live-or-Dye 615/740
fixable viability stain (Biotium). Cells were fixed with 2% paraformaldehyde and then
surface stained for FLAG or permeabilized with Triton X-100 to permit intracellular FLAG
staining (Suppl. Table 1). Twenty thousand live events per sample were collected on a
Millipore Guava easyCyte 8HT flow cytometer and data were analyzed with FlowJo X v10.0
(BD Life Sciences).

An immunoblot was performed to detect FLAG-tagged protein secreted into culture
supernatants. Supernatants collected from iHeps exposed to 100ng/ml dox for 24h were
clarified by centrifugation and applied to nitrocellulose membrane by vacuum aspiration
using a BioRad Bio-Dot apparatus. The membrane was blocked with 5% BSA in TBS,
probed with murine monoclonal anti-FLAG M2 (Sigma Aldrich), revealed with goat anti-
mouse 1gG-HRP (Novus Biologicals) and developed with ECL (ThermoFisher). Imaging
was performed with a FluorChem R instrument (Protein Simple).

2.3 HBYV infection and IFNL3 treatment of iHeps.

HBYV viral stock was precipitated from HepG2.2.15 cell supernatant using a PEG Virus
Precipitation kit (Abcam) and quantitated by gPCR using an HBV DNA primer-probe

set relative to M-HBsAg plasmid DNA (#103012, Addgene)®*. HBV was suspended in
HCM supplemented with oncostatin M (OSM), 10ng/ml dox, and 4% PEG 8000 and iHeps
were inoculated with 1,000 HBV genome equivalents (GEq)/cell. After 24h iHeps were
extensively washed and cultured in media without PEG 8000.

After 14-days of incubation to allow HBV propagation, one of four treatments diluted in
HCM+0OSM was applied: 1) medium only, 2) 100ng/ml dox, 3) 100ng/ml IFNL3 (R&D
Systems), or 4) 100ng/ml dox plus 100ng/ml IFNL3. Treatments were freshly applied for
eight consecutive days followed by collection of cells and supernatant for HBV quantitation
and gene expression analysis. IFNL3 was selected as a representative IFNL due to its strong
affinity and antiviral activity>®.

To quantitate HBV, culture supernatants were clarified by centrifugation, viral DNA purified
using the Qiagen QlAamp Blood DNA kit, and gPCR performed. Data are presented as
HBV gEq per volume of supernatant and each biological sample was assayed in technical
duplicate.

To evaluate gene expression and quantitate cellular HBV viral load, cells were harvested for
a) extraction of RNA using a Qiagen RNeasy kit or b) extraction of DNA using a Qiagen
QlAamp Blood DNA kit. To quantitate HBV cccDNA, extracted DNA was heated to 85°C
for 5min, then incubated with plasmid-safe ATP-dependent DNase for 16h at 37°C prior to

Antiviral Res. Author manuscript; available in PMC 2025 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Novotny et al.

Page 6

inactivation of enzyme by heating to 70°C for 30min3>. Quantitation of total HBV DNA was
determined by qPCR using the primers described in>* or HBV cccDNA using the primers
described in3° and in Suppl. Table 3.

HBeAg was quantitated in clarified culture supernatants by ELISA (Creative Diagnostics) to
evaluate active HBV replication. Supernatant from HepG2 and HepG2.2.15 cultures served
as negative and positive controls. Experiments met quality control standards and samples
with values >1.0 were considered positive for HBeAg.

2.4 Statistical analyses.

Data are presented as mean * standard deviation. Statistical analyses were performed using
GraphPad Prism v9.1.0 software with statistical significance set at p< 0.05.

3.0 RESULTS

3.1 Expression of FLAG-tagged IFNLR1 isoform constructs in iHeps

To examine how altering expression of IFNLR1 isoforms impacts hepatocytes treated with
IFNLs during HBV infection, we first differentiated primary human fibroblast-derived

K3 iPSCs into iHeps*>~*. iHeps expressed HNF4a and AFP, characteristic markers of
hepatocytes, whereas iPSCs did not (Fig. 1A). We next generated stable iPSC lines that
expressed dox-inducible, FLAG-tagged IFNLR1 isoform constructs, henceforth referred to
as FLAG-Isol, FLAG-Is02 and FLAG-Is03. Each iPSC clone could be differentiated to
iHeps, evidenced by higher relative expression of ALB, an indicator of mature hepatocytes,
and reduced relative expression of the pluripotent stem cell marker OC74 (Fig. 1B). WT
iHeps which stably expressed empty vector (EV) and iHeps in which endogenous /FNLR1
was abrogated by CRISPR-Cas9 gene editing (/FNVLR1-KO) similarly expressed hepatocyte
markers. All iHep lines expressed N'TCP, the functional receptor for HBV (Fig. 1B).

To evaluate FLAG-IFNLR1 expression in iHeps, dox was eliminated from culture medium
for 24h followed by dox (100ng/ml) induction for 24h. FLAG-Isol, -2 and -3 gene
expression were significantly greater in dox-induced iHeps relative to cells maintained in
medium or EV-iHeps (Fig. 1C). A low level of FLAG-isoform construct gene expression
was detected in dox-free conditions compared to respective EV-iHeps, suggesting a degree
of non-specific transcription from the tet-promoter, as has been previously observed#4:56,
or residual transcript from the dox (10 ng/ml) included during differentiation. Neither dox-
treatment nor construct overexpression influenced endogenous /FNLR1 or IL10RB gene
expression (Suppl. Fig. 1). Endogenous /FNLRZ isoform 1 was more highly expressed
than isoforms 2 or 3, consistent with prior observations in epithelial cells, including
hepatocytes?8.

We next examined FLAG-1s01, -2, and -3 protein expression by flow cytometry using anti-
FLAG antibody (gating strategy shown in Suppl. Fig. 2A). FLAG-Isol and FLAG-Is02 were
detected on the cell surface and intracellularly in dox-induced iHeps, whereas FLAG-1s03
was only observed intracellularly, as predicted (Fig. 1D). No FLAG staining was observed in
iHeps maintained in medium or in EV-iHeps. Overexpression of FLAG-isoform constructs
did not negatively impact iHep health with >92% viability of all lines (Suppl. Fig. 2B). By
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dot blot, we confirmed that only FLAG-1s03 iHeps secreted protein into culture supernatants
after dox induction, as anticipated for this IFNLR1 isoform (Suppl. Fig. 3)44:57.

3.2 Differential expression of antiviral and pro-inflammatory genes by iHeps

To evaluate how IFNLR1 isoform overexpression influences the cellular response to IFNLs,
we quantitated expression of the antiviral 1ISG, MXZ. WT iHeps, which express endogenous
IFNLR1, induced MXZ after IFNL3 treatment, while no MXZ induction was observed in
IFNLR1-KO iHeps (Suppl. Fig. 4). IFNL3 treatment of FLAG-Isol iHeps led to a marked
increase in MXZ expression relative to IFNL3-treated EV-iHeps (Fig. 2A). MXZ induction
in IFNL3-treated FLAG-Isol iHeps was similar irrespective of dox-treatment, indicating that
the amount of FLAG-Isol produced in dox-minus conditions was sufficient to support a
maximal response that was not further augmented by higher receptor expression, comparable
to our prior observations in HEK293T cells#2. An increase in MXZ expression was also
detected in IFNL3-treated FLAG-Iso2 iHeps irrespective of dox-inclusion, and to a lesser
extent in dox-treated FLAG-Is03 cells. These findings were unexpected, as lacking a portion
of the cytoplasmic signaling domain (FLAG-1s02) or the transmembrane domain (FLAG-
Iso3) are predicted to prohibit the capacity for IFNL signaling; of note, these findings

could be influenced by retained endogenous IFNLR1 expression. Notably, A/XZ induction in
FLAG-1s02 and FLAG-1s03 iHeps was significantly less than FLAG-Isol iHeps.

IFNLRL1 isoform 1 overexpression was previously shown to not only support higher
IFNL-induced expression of antiviral genes in immortalized hepatocytes, but also de novo
transcription of pro-inflammatory genes like CXCL10; in this prior work, the capacity

of IFNLR1 isoform 2 or 3 to support proinflammatory gene expression was not examined.
Our work with HEK293T cells showed that FLAG-1s01 overexpression supported de rnovo
expression CXCL10 after IFNL3 treatment; however, and unexpectedly, FLAG-Iso2 and
-1s03 did not*4. To evaluate these findings in iHep clones, we quantitated expression of

the proinflammatory gene CXCL10. IFNL3-stimulated FLAG-Iso1l cells exhibited CXCL10
induction, while IFNL3-treated EV, FLAG-1s02, FLAG-Is03 iHeps did not (Fig. 2B).
Collectively, these data demonstrate that IFNLR1 isoforms differentially influence both the
magnitude and breadth of gene expression imparted by IFNL treatment in iHeps.

3.3 Endogenous IFNLR1 supports IFNL-mediated inhibition of HBV replication

Because IFNLR1 isoforms differentially influence antiviral and pro-inflammatory gene
expression, this suggests their relative expression /n vivo could have influenced the plateau
in efficacy observed when PEG-IFNL1 was tested for treatment of chronic HBV infection38,
As no clinical samples exist to test this hypothesis, we evaluated the possibility of this
mechanism using an /n vitro iHep-HBYV infection model. WT and /FNLRI-KO iHeps were
HBYV infected and incubated for fourteen days to allow for propagation of infection (Fig.
3A). HBV DNA in culture supernatants increased comparably in both lines indicating
productive HBV infection and suggesting no induction of a meaningful IFNL response in
WT iHeps (Fig. 3B), consistent with HBV replicating in hepatocytes as a stealth virus’~

10, HBV-infected iHeps were then mock or IFNL3-treated daily for eight days. IFNL3
treatment of WT iHeps reduced HBV DNA in supernatants and cell lysates compared to
mock-treated WT iHeps, consistent with prior reports®8:59, whereas IFNL3 treatment had
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no effect on HBV replication in /FNLRI-KO iHeps (Fig. 3C). Quantitation of HBeAg in
culture supernatant as an indicator of active HBV replication revealed a significant reduction
in IFNL3-treated WT iHeps, whereas no change was observed in /FNLRI-KO iHeps (Fig.
3D). These data demonstrate that endogenous levels of IFNLR1 support a reduction in HBV
burden in response to IFNL3 treatment.

3.4 IFNLRL1 isoforms differentially impact IFNL3-mediated inhibition of HBV replication

We next evaluated how IFNLR1 isoform overexpression influences the impact of IFNL3
treatment during HBV infection in FLAG-Isol, -2 and -3 iHeps with comparison to WT,
IFNLR1-KO, and EV iHep controls (Fig. 4A). Quantitation of HBV DNA in supernatants
during infection identified no differences between lines (Fig. 4B). After eight days of IFNL3
treatment, HBV DNA declined in WT and EV iHeps compared to mock-treated iHeps,
while no HBV reduction was observed in /FNLRI-KO iHeps (Fig. 4C). An accelerated

and greater magnitude of HBV DNA decline was observed in IFNL3-treated FLAG-Isol
iHeps (Fig. 4C). FLAG-1s02 and FLAG-Is03 iHeps had partial or no augmentation of

HBYV decline, respectively, relative to EV and WT iHeps (Fig. 4C). On days 19 and 21
post-infection in FLAG-1s01 iHeps and on day 21 in FLAG-1s02 iHeps, significantly less
HBYV DNA was detected in supernatants relative to similarly treated EV iHeps. Microscopic
observation of iHep lines at this time revealed intact cultures and cellular integrity; thus,
despite HBV infection, FLAG-isoform overexpression, and repeated IFNL3 treatment, iHep
cultures remained viable (Suppl. Fig. 5).

We next examined the relative burden of cellular HBV DNA and cccDNA after treatment.
Consistent with culture supernatant results, WT and EV iHeps had reduced HBV DNA

and cccDNA after IFNL3 treatment compared to mock-treated iHeps or IFNL3-treated
IFNLRI-KO iHeps (Fig. 4D). HBV DNA and cccDNA were more markedly reduced in
IFNL3-treated FLAG-Isol iHeps, and this response was further enhanced upon IFNLR1
overexpression with dox. IFNL3 treatment of FLAG-1s02 cells also had reduced HBV DNA
compared to EV iHeps, but overexpression did not augment this response and the decline
was less marked than FLAG-1sol iHeps. There was no difference between FLAG-Iso03 and
EV iHeps for these parameters.

Quantitation of HBeAg revealed that only IFNL3-treated FLAG-Isol iHeps showed a
significant reduction relative to IFNL3-treated EV iHeps, a reduction that was further
augmented by dox-induced IFNLR1 overexpression. These data collectively demonstrate
that IFNL3 engagement of FLAG-Isol promoted an antiviral response beyond that imparted
by endogenous IFNLR1 expression, and higher FLAG-Isol further enhanced this phenotype.

3.5 Expression of antiviral and pro-inflammatory genes in HBV-infected, IFNL3-treated

iHeps

To evaluate the hepatocellular response of HBV-infected, IFNL3-treated iHeps upon
completion of treatment, we quantitated MX1, APOBEC3G, ISG15, USP18, CXCL10, and
IRF1 expression as representative ISGs and mediators of anti-HBV response. WT, EV, and
all FLAG-Isoform expressing iHeps treated with IFNL3 had augmented expression of MXZ,
APOBECS3G (Fig. 5A&B), /1SG15and USP18(Suppl. Fig. 6A&B) compared to mock-
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treated cells, and there was no response in /FNLR1-KO iHeps. IFNL3-treated, dox-induced
FLAG-Iso1 cells had significantly greater expression of MXZ and APOBEC3G whereas
IFNL3-treated FLAG-Is02 and -1s03 iHeps had higher MXZ and /SG15 expression in both
non- and dox-induced conditions, compared to EV iHeps. Expression of MX1, ISG15,

and USP18in IFNL3-treated FLAG-Is02 and -3 iHeps was comparable in magnitude to
FLAG-Is01, in contrast to what had been observed in non-HBYV infected iHeps treated with
a single dose of IFNL3 (Fig.2A); this difference could relate to HBV infection, repeated
IFNL3 stimulation, and/or the prolonged culture conditions. Notably, only IFNL3-treated
FLAG-1s01 iHeps induced both CXCL10and /RFI expression (Fig. 5C&D). These data
suggest that proinflammatory gene expression supported by FLAG-1so1, but not FLAG-1s02
or -1so3, may be critical for maximal suppression of HBV replication by IFNLs.

4.0 DISCUSSION

In this study, we demonstrate that overexpression of IFNLR1 isoforms uniquely and
differentially influences IFNL3-induced gene expression and HBV replication in iHeps. This
study builds upon our prior work using HEK293T cells with stable expression of FLAG-
Isoform constructs, wherein minimal overexpression of FLAG-isoform 1 induced a maximal
IFNL3-induced antiviral activity and a concomitant dampening of type-1 IFN response*4,
Overexpression of FLAG-isoform 2 permitted moderate IFNL3-induced antiviral gene
activity and minor IFNL3 specific antiviral gene expression was observed by cells that
overexpressed FLAG-Isoform 3. Intriguingly, whereas overexpression of FLAG-Isoform 1
resulted in expression of pro-inflammatory genes, overexpression of FLAG-isoform 2 or

-3 did not. In our current work, we employed an iPSC-derived hepatocyte cell culture

model that was more physiologically similar to primary hepatocytes and also susceptible

to infection with HBV. Overexpression of canonical IFNLR1 (FLAG-Isol) led to a marked
increase in IFNL3-induced expression of the antiviral ISGs MXZ and APOBEC3G, and

the pro-inflammatory genes CXCL10and /RF1. FLAG-Isol cells had greater inhibition

of HBV infection relative to control iHeps. This demonstrates a direct influence of

receptor expression levels on replication of a hepatotropic virus and suggests that tight
hepatocellular control of IFNLR1 expression may limit pathway activity and excessive
inflammation in a tolerogenic organ, but with a cost of restricting the antiviral benefit of
IFNL exposure. In contrast, iHeps expressing non-canonical IFNLR1 isoforms (FLAG-Iso2
and -1so3) with endogenous IFNLR1 exhibited increased expression of antiviral ISGs, but
no induction of proinflammatory genes and reduced or no impact on HBV replication
relative to IFNLR1 isoform 1 after IFNL3 treatment. This suggests non-canonical IFNLR1
isoforms, either autonomously or in concert with endogenous IFNLR1, may influence
antiviral I1SG expression without supporting induction of proinflammatory genes. Taken
together, these data suggest relative expression of IFNLR1 isoforms may control the nature
of the transcriptional response of hepatocytes after IFNL exposure through mechanisms that
directly influence cellular capacity to inhibit HBV replication.

We posit that the mechanism for varied responses relates to the signaling capabilities
supported by each IFNLR1 isoform. IFNLR1 isoform 1 is a full-length protein comprised of
all extra- and intracellular components, and thus should support maximal engagement of the
JAK-STAT signaling cascadel62242 \While IFNL signaling through endogenous IFNLR1
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results in STAT1:STAT?2 heterodimers, overexpression of IFNLR1 was shown to support
formation of STAT1:STAT1 homodimers leading to interferon regulatory factor-1 (/RFI)
and CXCL10expression®0. FLAG-Iso1 iHeps demonstrated increased expression of /RF1
and CXCL 10, correlating with our prior observation in HEK293T cells, therefore whether
this specific signaling mechanism accounts for the FLAG-Isol-mediated IFNL induction of
antiviral and proinflammatory genes that was highly effective in reducing HBV burden in
this study merits further investigation.

IFNLR1 isoform 2 lacks a portion of the intracellular Box 1 domain and the entire Box 2
domain that together promote JAK1 binding and stabilization??:60, Although predicted to be
incapable of signaling due to these truncations, IFNL3-treated FLAG-1s02 iHeps expressed
M X1 and had reduced HBV burden, albeit to a lesser extent than FLAG-Isol cells. We
speculate this could relate to the capacity of IFNLR1 isoform 2 to form less stable IFNLR1-
IL10RB receptor complexes upon IFNL3 binding. We posit that this weaker IFNL signaling,
manifested as a reduced MXZ response compared to FLAG-1sol cells, may not support a
shift toward STAT1 homodimer formation and pro-inflammatory gene expression that is
required for enhanced HBV inhibition. IFNLR1 isoform 3 is missing both transmembrane
and intracellular domains, and while predicted to be incapable of signaling*?, overexpression
of FLAG-1s03 on iHeps expressing endogenous IFNLR1 did promote low level induction of
MX1. IFNLR1 isoform 3 has been shown to bind and sequester IFNL at the cell surface?8,
potentially making the cytokine available to interact with endogenous receptor by proximity.
However, the minimal antiviral response and lack of proinflammatory gene expression by
FLAG-1s03 iHeps did not result in HBV clearance herein. The molecular mechanisms by
which IFNLR1 isoforms 2 and 3 influence signaling in the presence of endogenous IFNLR1
and whether they can autonomously support signaling without endogenous IFNLR1, using
cells with abrogated endogenous expression, is an important area of future work.

Collectively, this study identifies differential IFNL signaling capabilities for each IFNLR1
isoform that directly influence HBV replication in iHeps. These data suggest a possible
mechanism for the outcome of prior clinical trials in which PEG-IFNL therapy for chronic
HBV showed promise to activate immune cells and reduce HBV burden38.61, yet this
response plateaued over time. It is possible that variable IFNLR1 expression levels and/or
differential expression of IFNLR1 isoforms over the course of repeated treatment could have
contributed to an attenuated response to exogenous PEG-IFNL. While this work utilized

a cell culture model comprised of a single cell type without ancillary cells found within

the liver itself, the iHep model will be useful for continued efforts to dissect the cellular
response to HBV infection and IFNL3-IFNLR1 activation, particularly when considering
how to augment the antiviral response of non- or minimally reactive hepatocytes in an effort
to resolve HBV infection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Antiviral Res. Author manuscript; available in PMC 2025 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Novotny et al. Page 11

Acknowledgements:

We thank Paige Lamprecht-McGinnis for assistance with iHep reagents and Troy Dearth for technical assistance
(Medical University of South Carolina).

Funding:

EGM received support from NIGMS (P20GM130457), NIDDK (P30DK123704), and the South Carolina Clinical
& Translational Research (SCTR) Institute (NCATS Grant Number UL1TR001450). JGE received support from
NCATS (TL1TR001451). HG received support from NIAID (R01AI110762, RO1AI150255, and R0O1A1134818).

Abbreviations

cccDNA covalently closed circular DNA

dox doxycycline

EV empty vector

IFN interferon

IFNL interferon lambda

IFNLR1 interferon lambda receptor-1

iHep induced hepatocyte

iPSC induced pluripotent stem cell

ISG interferon-stimulated gene

WT wild type
REFERENCES

1. Cui F, Blach S, Manzengo Mingiedi C, et al. Global reporting of progress towards elimination of
hepatitis B and hepatitis C. Lancet Gastroenterol Hepatol. 2023.

2. Wieland S, Thimme R, Purcell RH, Chisari FV. Genomic analysis of the host response to hepatitis B
virus infection. Proc Natl Acad Sci U S A. 2004;101(17):6669-6674. [PubMed: 15100412]

3. Shlomai A, Schwartz RE, Ramanan V, et al. Modeling host interactions with hepatitis B virus using
primary and induced pluripotent stem cell-derived hepatocellular systems. Proc Natl Acad Sci U S
A. 2014;111(33):12193-12198. [PubMed: 25092305]

4. Sato S, Li K, Kameyama T, et al. The RNA sensor RIG-I dually functions as an innate sensor and
direct antiviral factor for hepatitis B virus. Immunity. 2015;42(1):123-132. [PubMed: 25557055]

5. Chang J, Guo JT. Treatment of chronic hepatitis B with pattern recognition receptor agonists:
Current status and potential for a cure. Antiviral Res. 2015;121:152-159. [PubMed: 26205674]

6. Luangsay S, Gruffaz M, Isorce N, et al. Early inhibition of hepatocyte innate responses by hepatitis
B virus. J Hepatol. 2015;63(6):1314-1322. [PubMed: 26216533]

7. Cheng X, Xia Y, Serti E, et al. Hepatitis B virus evades innate immunity of hepatocytes but activates
cytokine production by macrophages. Hepatology. 2017;66(6):1779-1793. [PubMed: 28665004]

8. Suslov A, Boldanova T, Wang X, Wieland S, Heim MH. Hepatitis B Virus Does Not Interfere
With Innate Immune Responses in the Human Liver. Gastroenterology. 2018;154(6):1778-1790.
[PubMed: 29408639]

9. Winer BY, Gaska JM, Lipkowitz G, et al. Analysis of Host Responses to Hepatitis B and Delta
Viral Infections in a Micro-scalable Hepatic Co-culture System. Hepatology. 2020;71(1):14-30.
[PubMed: 31206195]

Antiviral Res. Author manuscript; available in PMC 2025 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Novotny et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 12

Mutz P, Metz P, Lempp FA, et al. HBV Bypasses the Innate Immune Response and Does Not
Protect HCV From Antiviral Activity of Interferon. Gastroenterology. 2018;154(6):1791-1804
e1722. [PubMed: 29410097]

Xia 'Y, Guo H. Hepatitis B virus cccDNA: Formation, regulation and therapeutic potential.
Antiviral Res. 2020;180:104824. [PubMed: 32450266]

Lok AS, Zoulim F, Dusheiko G, Ghany MG. Hepatitis B cure: From discovery to regulatory
approval. Hepatology. 2017;66(4):1296-1313. [PubMed: 28762522]

Wong GLH, Gane E, Lok ASF. How to achieve functional cure of HBV: Stopping NUCs, adding
interferon or new drug development? J Hepatol. 2022;76(6):1249-1262. [PubMed: 35589248]

Martinez MG, Boyd A, Combe E, Testoni B, Zoulim F. Covalently closed circular DNA: The
ultimate therapeutic target for curing HBV infections. J Hepatol. 2021;75(3):706—717. [PubMed:
34051332]

Xia 'Y, Liang TJ. Development of Direct-acting Antiviral and Host-targeting Agents for Treatment
of Hepatitis B Virus Infection. Gastroenterology. 2019;156(2):311-324. [PubMed: 30243618]

Kotenko SV, Gallagher G, Baurin VYV, et al. IFN-lambdas mediate antiviral protection through a
distinct class Il cytokine receptor complex. Nat Immunol. 2003;4(1):69-77. [PubMed: 12483210]

Prokunina-Olsson L, Muchmore B, Tang W, et al. A variant upstream of IFNL3 (IL28B) creating a
new interferon gene IFNL4 is associated with impaired clearance of hepatitis C virus. Nat Genet.
2013;45(2):164-171. [PubMed: 23291588]

Broggi A, Granucci F, Zanoni I. Type Il interferons: Balancing tissue tolerance and resistance to
pathogen invasion. J Exp Med. 2020;217(1).

Hemann EA, Gale M, Jr., Savan R. Interferon Lambda Genetics and Biology in Regulation of Viral
Control. Front Immunol. 2017;8:1707. [PubMed: 29270173]

Lazear HM, Schoggins JW, Diamond MS. Shared and Distinct Functions of Type | and Type Il
Interferons. Immunity. 2019;50(4):907-923. [PubMed: 30995506]

Stanifer ML, Guo C, Doldan P, Boulant S. Importance of Type | and Il Interferons at Respiratory
and Intestinal Barrier Surfaces. Front Immunol. 2020;11:608645. [PubMed: 33362795]

Sheppard P, Kindsvogel W, Xu W, et al. IL-28, 1L-29 and their class Il cytokine receptor IL-28R.
Nat Immunol. 2003;4(1):63-68. [PubMed: 12469119]

Jilg N, Lin W, Hong J, et al. Kinetic differences in the induction of interferon stimulated genes by
interferon-alpha and interleukin 28B are altered by infection with hepatitis C virus. Hepatology.
2014;59(4):1250-1261. [PubMed: 23913866]

Pervolaraki K, Rastgou Talemi S, Albrecht D, et al. Differential induction of interferon stimulated
genes between type | and type Il interferons is independent of interferon receptor abundance.
PLoS Pathog. 2018;14(11):1007420. [PubMed: 30485383]

Blumer T, Coto-Llerena M, Duong FHT, Heim MH. SOCS1 is an inducible negative

regulator of interferon lambda (IFN-lambda)-induced gene expression in vivo. J Biol Chem.
2017;292(43):17928-17938. [PubMed: 28900038]

Kotenko SV, Durbin JE. Contribution of type Il interferons to antiviral immunity: location,
location, location. J Biol Chem. 2017;292(18):7295-7303. [PubMed: 28289095]

Sommereyns C, Paul S, Staeheli P, Michiels T. IFN-lambda (IFN-lambda) is expressed

in a tissue-dependent fashion and primarily acts on epithelial cells in vivo. PLoS Pathog.
2008;4(3):€1000017. [PubMed: 18369468]

Santer DM, Minty GES, Golec DP, et al. Differential expression of interferon-lambda receptor 1
splice variants determines the magnitude of the antiviral response induced by interferon-lambda 3
in human immune cells. PLoS Pathog. 2020;16(4):e1008515. [PubMed: 32353085]

Zhou Z, Hamming OJ, Ank N, Paludan SR, Nielsen AL, Hartmann R. Type Il interferon

(IFN) induces a type | IFN-like response in a restricted subset of cells through signaling
pathways involving both the Jak-STAT pathway and the mitogen-activated protein kinases. J Virol.
2007;81(14):7749-7758. [PubMed: 17507495]

Doyle SE, Schreckhise H, Khuu-Duong K, et al. Interleukin-29 uses a type 1 interferon-like
program to promote antiviral responses in human hepatocytes. Hepatology. 2006;44(4):896-906.
[PubMed: 17006906]

Antiviral Res. Author manuscript; available in PMC 2025 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Novotny et al.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

Page 13

Santer DM, Minty GES, Mohamed A, et al. A novel method for detection of IFN-lambda 3 binding
to cells for quantifying IFN-lambda receptor expression. J Immunol Methods. 2017;445:15-22.
[PubMed: 28274837]

Baldridge MT, Lee S, Brown JJ, et al. Expression of Ifnlrl on Intestinal Epithelial Cells Is Critical
to the Antiviral Effects of Interferon Lambda against Norovirus and Reovirus. J Virol. 2017;91(7).

Reis G, Moreira Silva EAS, Medeiros Silva DC, et al. Early Treatment with Pegylated Interferon
Lambda for Covid-19. N Engl J Med. 2023;388(6):518-528. [PubMed: 36780676]

Muir AJ, Shiffman ML, Zaman A, et al. Phase 1b study of pegylated interferon lambda 1 with
or without ribavirin in patients with chronic genotype 1 hepatitis C virus infection. Hepatology.
2010;52(3):822-832. [PubMed: 20564352]

Cai D, Wang X, Yan R, et al. Establishment of an inducible HBV stable cell line that expresses
cccDNA-dependent epitope-tagged HBeAg for screening of cccDNA modulators. Antiviral Res.
2016;132:26-37. [PubMed: 27185623]

Hruska M, Wang X, Chan P, et al. Derivation of Phase 3 dosing for peginterferon lambda-1a in
chronic hepatitis C, Part 2: Exposure-response analyses for efficacy and safety variables. J Clin
Pharmacol. 2015;55(1):73-80. [PubMed: 25042797]

Wang X, Hruska M, Chan P, et al. Derivation of Phase 3 dosing for peginterferon lambda-1a in
chronic hepatitis C, Part 1: Modeling optimal treatment duration and sustained virologic response
rates. J Clin Pharmacol. 2015;55(1):63-72. [PubMed: 25043197]

Chan HLY, Ahn SH, Chang TT, et al. Peginterferon lambda for the treatment of HBeAg-positive
chronic hepatitis B: A randomized phase 2b study (LIRA-B). J Hepatol. 2016;64(5):1011-1019.
[PubMed: 26739688]

Dowling JW, Forero A. Beyond Good and Evil: Molecular Mechanisms of Type | and I11 IFN
Functions. J Immunol. 2022;208(2):247-256. [PubMed: 35017214]

Forero A, Ozarkar S, Li H, et al. Differential Activation of the Transcription Factor IRF1
Underlies the Distinct Immune Responses Elicited by Type | and Type Il Interferons. Immunity.
2019;51(3):451-464 e456. [PubMed: 31471108]

de Weerd NA, Ogungbola O, Liu X, et al. Characterization of Monoclonal Antibodies to Measure
Cell Surface Protein Levels of Human Interferon-Lambda Receptor 1. J Interferon Cytokine Res.
2023;43(9):403-413. [PubMed: 37499093]

Lauber C, Vieyres G, Terczynska-Dyla E, et al. Transcriptome analysis reveals a classical
interferon signature induced by IFNlambda4 in human primary cells. Genes Immun.
2015;16(6):414-421. [PubMed: 26066369]

Novatt H, Theisen TC, Massie T, et al. Distinct Patterns of Expression of Transcription Factors in
Response to Interferonbeta and Interferonlambdal. J Interferon Cytokine Res. 2016;36(10):589—
598. [PubMed: 27447339]

Evans JG, Novotny LA, Meissner EG Influence of canonical and non-canonical IFNLR1 isoform
expression on interferon lambda Signalling. Viruses. 2023;15(3).

Liu JT, Lamprecht MP, Duncan SA. Using Human Induced Pluripotent Stem Cell-derived
Hepatocyte-like Cells for Drug Discovery. J Vis Exp. 2018(135).

Si-Tayeb K, Noto FK, Nagaoka M, et al. Highly efficient generation of human hepatocyte-like cells
from induced pluripotent stem cells. Hepatology. 2010;51(1):297-305. [PubMed: 19998274]
Si-Tayeb K, Noto FK, Sepac A, et al. Generation of human induced pluripotent stem cells by
simple transient transfection of plasmid DNA encoding reprogramming factors. BMC Dev Biol.
2010;10:81. [PubMed: 20682060]

Xia 'Y, Carpentier A, Cheng X, et al. Human stem cell-derived hepatocytes as a model for hepatitis
B virus infection, spreading and virus-host interactions. J Hepatol. 2017;66(3):494-503. [PubMed:
27746336]

Kaneko S, Kakinuma S, Asahina Y, et al. Human induced pluripotent stem cell-derived hepatic cell
lines as a new model for host interaction with hepatitis B virus. Sci Rep. 2016;6:29358. [PubMed:
27386799]

Sakurai F, Mitani S, Yamamoto T, et al. Human induced-pluripotent stem cell-derived hepatocyte-
like cells as an in vitro model of human hepatitis B virus infection. Sci Rep. 2017;7:45698.
[PubMed: 28374759]

Antiviral Res. Author manuscript; available in PMC 2025 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Novotny et al.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 14

Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, Zhang F. Genome engineering using the
CRISPR-Cas9 system. Nat Protoc. 2013;8(11):2281-2308. [PubMed: 24157548]

Peaslee C, Esteva-Font C, Su T, et al. Doxycycline Significantly Enhances Induction of
Induced Pluripotent Stem Cells to Endoderm by Enhancing Survival Through Protein Kinase B
Phosphorylation. Hepatology. 2021;74(4):2102-2117. [PubMed: 33982322]

Chang MY, Rhee YH, Yi SH, et al. Doxycycline enhances survival and self-renewal of human
pluripotent stem cells. Stem Cell Reports. 2014;3(2):353-364. [PubMed: 25254347]

Huang H, Zhou W, Zhu H, Zhou P, Shi X. Baicalin benefits the anti-HBV therapy via inhibiting
HBYV viral RNAs. Toxicol Appl Pharmacol. 2017;323:36-43. [PubMed: 28322895]

Dellgren C, Gad HH, Hamming OJ, Melchjorsen J, Hartmann R. Human interferon-lambda3 is a
potent member of the type Il interferon family. Genes Immun. 2009;10(2):125-131. [PubMed:
18987645]

Das AT, Tenenbaum L, Berkhout B. Tet-On Systems For Doxycycline-inducible Gene Expression.
Curr Gene Ther. 2016;16(3):156-167. [PubMed: 27216914]

Witte K, Gruetz G, Volk HD, et al. Despite IFN-lambda receptor expression, blood immune

cells, but not keratinocytes or melanocytes, have an impaired response to type Il interferons:
implications for therapeutic applications of these cytokines. Genes Immun. 2009;10(8):702-714.
[PubMed: 19798076]

Robek MD, Boyd BS, Chisari FV. Lambda interferon inhibits hepatitis B and C virus replication. J
Virol. 2005;79(6):3851-3854. [PubMed: 15731279]

Hong SH, Cho O, Kim K, Shin HJ, Kotenko SV, Park S. Effect of interferon-lambda on replication
of hepatitis B virus in human hepatoma cells. Virus Res. 2007;126(1-2):245-249. [PubMed:
17451832]

Zhang D, Wlodawer A, Lubkowski J. Crystal Structure of a Complex of the Intracellular Domain
of Interferon lambda Receptor 1 (IFNLR1) and the FERM/SH2 Domains of Human JAK1. J Mol
Biol. 2016;428(23):4651-4668. [PubMed: 27725180]

Phillips S, Mistry S, Riva A, et al. Peg-Interferon Lambda Treatment Induces Robust Innate

and Adaptive Immunity in Chronic Hepatitis B Patients. Front Immunol. 2017;8:621. [PubMed:
28611778]

Antiviral Res. Author manuscript; available in PMC 2025 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Novotny et al.

Page 15

Highlights

1. IFNLR1 isoforms differentially support expression of lambda interferon-
induced genes in hepatocytes.

2. IFNLR1 isoform 1 supports antiviral and inflammatory gene expression and
maximal inhibition of HBV replication.

3. IFNLR1 isoforms 2 and 3 support antiviral, but not inflammatory, gene
expression and have less impact on HBV replication.
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Fig 1. Characterization of iHep lines.

(A) Immunofluorescent staining of WT iPSCs and iHeps for expression of HNF4a (red) and

AFP (green). HNF4a colocalization with DAPI nuclear stain (blue) yielded pink color.
Insets, iPSC or iHeps stained with isotype antibody controls. Scale bar, 200 um. (B)
Expression of OCT4, ALB, and NTCPin iPSC and iHep lines determined by gRT-PCR
relative to GAPDH. * = p<0.05 by Student’s t-test comparing iPSCs to corresponding
iHeps. (C) Expression of each FLAG-IFNLR1 construct by iHep lines after induction with
doxycycline relative to GAPDH determined by qRT-PCR. * = p< 0.05 by Student’s t-test
as indicated. (D) Flow cytometry scatter plots of viable iHeps showing the proportion

of each population with dox-induced expression of FLAG-IFNLR1 construct. Quantitative
data are shown as mean + standard deviation of biological duplicates assayed as technical
replicates. Abbreviations: iPSC, induced pluripotent stem cell; iHep, induced hepatocyte;
WT, wild-type; HNF4a, human nuclear factor 4a.; AFP, a-fetoprotein; OCT4, octamer
binding transcription factor; ALB, albumin; N7CP, sodium taurocholate co-transporting
polypeptide; dox, doxycycline; perm, permeabilized.
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Fig 2. Differential gene expression in IFNL3-stimulated, FLAG-IFNLR1 isoform expressing
iHeps.

Exppression of (A) MXZand (B) CXCL10relative to GAPDH determined by gRT-PCR.

* = p< 0.05 by Student’s t-test as indicated. Individual * indicate significance compared

to respective EV control. Quantitative data are shown as mean =+ standard deviation of
biological duplicates assayed as technical replicates. Representative data are shown from
two independent experiments. Abbreviations: iHep, induced hepatocyte; dox, doxycycline;
IFNL3, interferon lambda, MX1, MX dynamin-like GTPase; CXCL 10, C-X-C motif
chemokine ligand 10.
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Fig 3. IFNLS3 treatment of HBV-infected WT, but not IFNLR1-KO, iHeps reduced viral burden.
(A) Schematic depicting HBV infection and IFNL3 treatment of WT and /FNLRI-KO

iHeps. Quantitation of HBV DNA in supernatants collected (B) during progression of HBV
infection and (C) in supernatants and cell lysates upon completion of IFNL3 treatment was
determined by qPCR. (D) Detection of HBeAg in clarified culture supernatants collected
on day 22 was determined by ELISA. Supernatants from HepG2 and HepG2.2.15 cell lines
cultured for 7 days without medium exchange are shown as negative and positive controls,
respectively. HBeAg values =1.0 indicate an HBeAg positive sample. Quantitative data are
shown as mean + standard deviation of biological duplicates assayed as technical replicates.
* = p< 0.05 by Student’s t-test. Abbreviations: IFNL3, interferon lambda 3; WT, wild type;
IFNLR1-KO, interferon lambda receptor-1 knock out.
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Fig. 4. Differential expression of FLAG-IFNLR1 isoforms influenced IFNL3-mediated inhibition
of HBV replication.

Schematic to depict HBV infection of iHep lines and IFNL3 treatment (A). Quantitation

of HBV DNA in clarified culture supernatants collected (B) during the 13-day progression
of infection and (C) during 8-days of IFNL3 treatment as determined by gRT-PCR. * =

p< 0.05 compared to similarly treated EV line and + = p< 0.05 relative to mock-treatment
within the same iHep line on the indicated day. (D) Quantitation of HBV DNA and HBV
cccDNA in cell lysates collected on day 22 relative to GAPDH as determined by qPCR.
HBeAg was quantitated in clarified culture supernatants collected on day 22 by ELISA with
values 21.0 indicating an HBeAg-positive sample. All lines other than the /FNLRI-KO line
had a significant drop in total HBV DNA and HBeAg after IFNL3 treatment relative to
mock-treatment; for figure clarity, statistics representing these results are omitted from the
figure. * =p< 0.05 as indicated for significant differences between similarly treated lines.
Quantitative data are shown as mean + standard deviation of biological duplicates assayed
as technical replicates. Data are representative of two independent experiments. Student’s
t-test was used for statistical analysis. Abbreviations: dox, doxycycline; IFNL3, interferon
lambda 3; WT, wild type; /FNLR1-KO, interferon lambda receptor-1 knock out; cccDNA,
covalently closed circular DNA.
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Figure 5: Expression of antiviral and proinflammatory genes by HBV-infected iHeps upon
completion of IFNL3 treatment.

Expression of (A) MX1, (B) APOBEC3G, (C) CXCL10, and (D) /RFI1relative to GAPDH
determined by qRT-PCR at day 22, as shown in Figure 4A. All lines other than the
IFNLRI-KO line had a significant increase in MXZ and APOBEC3G after IFNL3 treatment
relative to mock-treated conditions in the same line; for figure clarity, statistics representing
these results are omitted from the figure. * = p< 0.05 by Student’s t-test as indicated.
Individual * indicate significance compared to respective EV control. Quantitative data

are shown as mean * standard deviation of biological duplicates. Representative data is
shown from two independent experiments. Abbreviations: iHep, induced hepatocyte; dox,
doxycycline; IFNL3, interferon lambda, MXZ, MX dynamin-like GTPase; CXCL10, C-X-C
motif chemokine ligand 10; APOBEC3G, apolipoprotein B mRNA editing enzyme catalytic
subunit 3G; /RF1, interferon regulatory factor 1.
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