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Abstract: Type Il interferons (IFNs) (also called IFN-A: IFN-A1, IFN-A2, IFN-A3, and IFN-A4)
are critical players in the defense against viral infection of mucosal epithelial cells, where the
activity of type I IFNs is weak, and unlike type I [FNs that are associated with severe and diverse
side effects, type III IFNs cause minimal side effects due to the highly restricted expression
of their receptors, and thus appear to be promising agents for the treatment and prevention of
respiratory and gastrointestinal viral infection. However, the antiviral potency of natural type III
IFNs is weak compared to type I and, although IFN-A3 possesses the highest bioactivity among
the type IIT IFNs, IFN-A1, instead of IFN-A3, is being developed as a therapeutic drug due to
the difficulty to express IFN-A3 in the prokaryotic expression system. Here, to develop optimal
IFN-A molecules with improved drug attributes, we designed a series of IFN-A analogs by
replacing critical amino acids of IFN-A1 with the IFN-A3 counterparts, and vice versa. Four of
the designed analogs were successfully expressed in Escherichia coli with high yield and were
easily purified from inclusion bodies. Interestingly, all four analogs showed potent activity in
inducing the expression of the antiviral genes MxA4 and OAS and two of them, analog-6 and -7,
displayed an unexpected high potency that is higher than that of type I IFN (IFN-02a) in activat-
ing the IFN-stimulated response element (ISRE)-luciferase reporter. Importantly, both analog-6
and -7 effectively inhibited replication of hepatitis C virus in Huh-7.5.1 cells, with an IC_ that is
comparable to that of IFN-02a; and consistent with the roles of IFN-A in mucosal epithelia, both
analogs potently inhibited replication of H3N2 influenza A virus in A549 cells. Together, these
studies identified two IFN-A analogs as candidates to be developed as novel antiviral biologics.

Keywords: type 111 interferon, IFN-A, IL-29, IL-28B, analog, antiviral

Introduction

Interferons (IFNs) are class Il o-helical cytokines with antiviral, antiproliferative,
and immunomodulatory activities, and hence are critical players in innate and adap-
tive immunity against viruses and cancer.' To date, three classes of IFNs have been
recognized: types I, II, and IIL.** Type I IFN comprises IFN-o. (13 subtypes), IFN-j,
IFN-x, IFN-o, and IFN-¢;° type II comprises [FN-y; and type III comprises IFN-AL,
IFN-A2, IFN-A3, and IFN-A4, with the former three initially designated as interleukin
(IL)-29, IL-28A, and IL-28B by the Human Genome Organization.®!° Type III IFNs
and IL-10-related cytokines share a receptor subunit and are functionally related, thus
they are grouped together to form the IL-10 cytokine subfamily, which together with
type I and type II IFNs form the larger family of class II o-helical cytokines. All class 11
cytokines are characterized by an o-helical fold consisting of six helices labeled A to F.
The structural core is a compact four-helix bundle composed of helices A, C, D, and F.
Class II cytokines initiate their activities by binding to heterodimeric class II cytokine
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receptors, which signal through the Janus kinase-signal trans-
ducer and activator of transcription (JAK-STAT) signaling
pathway. !4

Type I IFNs were the first cytokines discovered more than
50 years ago as the factors underlying viral interference.’
They are produced by infected cells and a subset of immune
cells in response to a variety of bacterial and viral infections
and induce an antiviral state in the infected cells and their
neighbors. In addition, they also inhibit cell proliferation and
act on the innate and adaptive immune systems to orchestrate
immune responses. All 17 type I IFNs bind to the same IFN-o.
receptor complex consisting of [FINAR1 and IFNAR2, which
are expressed in virtually all cell types. Activation of the IFN-o.
receptor leads to the expression of hundreds of IFN-stimulated
genes, which inhibit viral transcription, translation, and assem-
bly, and thus immediately reduce viral loads.” Type II IFN
comprises the single member IFN-y, which is only produced
by activated T- and NK cells.” IFN-ybinds to the IFN-yrecep-
tor complex consisting of IFINGR1 and IFNGR?2 to regulate
cell-mediated immunity.>!* Type I and II IFNs are currently
approved for the treatment of chronic hepatitis B and C, hairy
cell leukemia, chronic myeloid leukemia, Kaposi’s sarcoma,
and melanoma (IFN-0:2); multiple sclerosis (IFN-B); and
chronic granulomatous disease and malignant osteopetrosis
(IFN-y).%1%!7 However, because their receptors are widely
expressed and various effects are elicited in different types of
cell, clinical applications of type I and I [FNs are significantly
limited by the adverse side effects associated with them.*!”

Type III IFNs were identified approximately 12 years
ago,® which are produced by infected cells and some
immune cells, such as plasmacytoid dendritic cells.’®!* All
type III IFNs bind to the same receptor complex consisting
of IFN-LR1 and IL-10R2. IFN-LR1 is unique to IFN-A and is
expressed exclusively in epithelial cells including hepatocytes
and some macrophages and plasmacytoid dendritic cells,**?2
while the IL-10R2 subunit is shared by members of the IL-10
subfamily and is widely expressed.'" Activation of IFN-LR1/
IL-10R2 leads to expression of hundreds of IFN-stimulated
genes that are highly overlapping with those activated by type
I TFNs. Thus, despite binding to different receptors, type [ and
T IFNs induce a very similar antiviral state in target cells.*
However, type III IFNs act specifically on epithelial cells and
hepatocytes,>2® and clinical trials have shown that IFN-A1
is associated with minimal side effects.?*=*! Moreover, recent
studies have established type III IFNs as the essential antiviral
players at mucosal surfaces.>>** Mice lacking IFN-A receptor
are highly sensitive to viral infection of mucosal epithelia,
whereas those lacking the IFN-o receptor have normal

sensitivity to these viruses.*>* Patients with chronic mucosal
infection and asthma have abnormally low IFN-A,3¢7 and
exogenous IFN-A, but not IFN-c, can cure the persistent
or recurrent viral infection.*** Given the important roles
of type IIT IFNs in mucosal epithelia and their good safety
profile, it is important to develop them as antiviral drugs as
soon as possible. However, the potency of type III IFNs is
weak compared to type I IFNs;* and although IFN-A3 has
the highest potency among the type III IFNs,** only IFN-A1
is currently being developed as a drug against hepatitis B and
C viruses, likely because it is difficult to produce IFN-A3.

Numerous examples have shown that subtle changes in
the amino acid sequence of an IFN could result in profound
alterations in receptor subunit affinity, potency, and target cell
specificity.***! Thus, this study was undertaken to develop
IFN-A analogs with improved antiviral potency, expression
efficiency, and other drug attributes. Here, we designed
a series of IFN-A analogs by replacing a few key amino
acids of IFN-A1 by their counterparts of IFN-A3 and vice
versa. We generated the analogs by swapping fragments of
IFN-A1 and -A3 at regions where they have identical amino
acid sequences; therefore, all designed analogs bear no
unnatural amino acid sequence and should display minimal
immunogenicity. These studies identified two novel IFN-A
analogs with greatly improved antiviral potency, as well as
expression efficiency and product stability.

Materials and methods

Materials

Human IFN-02a was purchased from PeproTech (Rocky Hill,
NJ, USA; Cat. #: 300-02A) and PEG-IFN-02a (PEGASYS)
from Hoffman-La Roche Ltd. (Basel, Switzerland). Wild-type
IFN-A1 and IFN-A analogs were expressed and prepared in-
house. The prokaryotic expression vector pET11a, together
with the competent cell BL21 (DE3), was purchased from EMD
Millipore (Billerica, MA, USA). HepG2, HEK293, and A549
cell lines were purchased from ATCC (Manassas, VA, USA).
Huh-7.5.1 cells were kindly provided by F Chisari (Scripps
Research Institute, La Jolla, CA, USA). Sources of other
materials and reagents are described in the relevant sections.
No ethics statement was required from the Institutional Review
Board of Jilin University for the use of these cell lines.

Construction of prokaryotic expression
vectors

The coding sequences of wild-type human IFN-A1 and [FN-A3
were codon-optimized for expression in Escherichia coli
and synthesized by Taihe Biotechnology Co. Ltd. (Beijing,
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People’s Republic of China). The sequence of IFN-A1 was
identical to that reported by Doyle et al** and Ramos®' where
the last cysteine was mutated to serine with no impact on its
bioactivity (hence called IL-29S). Coding sequences of IFN-A
analogs (Figure 1) were generated by overlapping polymerase
chain reaction (PCR) using the codon-optimized wild-type
IFN-A1 and IFN-A3 as the templates. Primers used are listed
in Table 1. All coding sequences were subcloned between
the Ndel-BamHI sites of the prokaryotic expression vector
pET11a and were verified by sequencing.

Screening of IFN-A analogs
For the purpose of screening expressible IFN-A analogs,
BL21 (DE3) competent cells were transformed with a

A

recombinant plasmid vector, and individual single colonies
were analyzed for the presence of plasmid by colony PCR,
using NEB’s Tag 2X Master Mix (Cat. #: M0270L). Positive
colonies were then grown at 37°C in 3 mL of Luria-Bertani
broth until OD_ reached 0.8 (3—5 hours). An amount of
1 mL of the culture was transferred to 4°C and the remaining
2 mL was cultured in the presence of 1 mM isopropyl-f3-
D-thiogalactopyranoside (IPTG) (Sigma, St Louis, MO,
USA) for another 3 hours. Bacteria pellets were resuspended
in reducing loading buffer (60 mM Tris-HCI, pH 6.8; 25%
glycerol; 14.4 mM [(-mercaptoethanol, 2% sodium dodecyl
sulfate [SDS]) and denatured at 95°C for 5 minutes. Proteins
were separated on 12% SDS-polyacrylamide gel and exam-
ined by Coomassie blue staining.

a

IFN-A1

MK---PTTTGKGCHIGRFKSLSPOELASFKKARDALEESLKLKNWSCSSPVEPGN

IFN-A3 MRLRGALPDARGCHIAQFKSLSPOELQAFKRAKDALEESLLLKDCKCRSRLEPRT

b

Helix A

C

IFN-A1

WDLRLLOVRERPVALEAELALTLKVLEAAAG--PALEDVLDQPLHTLHHILSQLQ

IFN-A3 WDLRQLOVRERPVALEAELALTLKVLEATADTDPALGDVLDQPLHTLHHILSQLR

Helix B Helix C

Helix D

d

IFN-A1

ACIQPQPTAGPRPRGRLHHWLHRLOQEAPKKESAGCLEASVTENLFRLLTRDLKYV

IFN-A3 ACIQPOPTAGPRTRGRLHHWLHRLOQEAPKKESPGCLEASVTEFNLFRLLTRDLNCV

IFN-A1 ADGNLSLRTSTHPEST
IFN-A3 ASGDLCV-—-—-—-————-

Helix E

Helix F

Analog-9

Figure | Design of IFN-A analogs.

Notes: (A) Alignment of amino acid sequences of IFN-A1 (IL-29S) and IFN-A3: conserved amino acids were labeled in red, and the helices A-F were marked underneath the
sequence, while the arbitrarily divided fragments a, b, ¢, and d were labeled above the sequence. (B) Sequence structure of the nine analogs: IFN-A| fragments were labeled

in red and IFN-A3 fragments in blue.
Abbreviation: IFN, interferon.
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Table | Primers used in the construction of IFN-A analogs and qPCR assays

Al-U-F
Al-D-R
A3-U-F
A3-D-R
Analog-I-M-F
Analog-1-M-R
Analog-2-M-F
Analog-2-M-R
Analog-3-M-F
Analog-3-M-R
Analog-4-M-F
Analog-4-M-R
Analog-5-M-F
Analog-5-M-R
Analog-6-M-F
Analog-6-M-R
Analog-7-M-F
Analog-7-M-R
Analog-8-M-F
Analog-8-M-R
Analog-9-M-F
Analog-9-M-R
MxA-F
MxA-R
OAS-F
OAS-R
HCV-F
HCV-R
GAPDH-F
GAPDH-R

5-TATACATATGAAGCCGACTACTACTG-3’
5-CCGGATCCTCAGGTGCTCTCCGGGTG-3’
5-TATACATATGCGTCTGCGTGGTGCAC-3’
5’-CCGGATCCTCAAACAGACAGGTCGCCAGAAGC-3’
5-CGTACTTGGGACCTGCGTCTGCTGCAGGTGCGTGAG-3’
5’-CTCACGCACCTGCAGCAGACGCAGGTCCCAAGTACG-3
5-CTGAAAGTGCTGGAAGCAGCAGCTGGTCCGGCTCTG-3’
5’-CAGAGCCGGACCAGCTGCTGCTTCCAGCACTTTCAG-3’
5-GCAACTGCAGATACCGACGGTCCGGCTCTGGAAGAC-3’
5-GTCTTCCAGAGCCGGACCGTCGGTATCTGCAGTTGC-3’
5’-GCTCCGAAAAAGGAATCCGCGGGTTGCCTGGAAGC-3
5-GCTTCCAGGCAACCCGCGGATTCCTTTTTCGGAGC-3’
5-GCACCGAAGAAAGAATCTCCGGGTTGCCTGGAAGC-3’
5-GCTTCCAGGCAACCCGGAGATTCTTTCTTCGGTGC-3’
5-CCGGTTTTCCCGGGTAACTGGGACCTGCGTCAGCTG-3’
5’-CAGCTGACGCAGGTCCCAGTTACCCGGGAAAACCGG-3’
5-GGTAACTGGGATCTGCGTCAGCTGCAGGTTCGTGAAC-3’
5-TTCACGAACCTGCAGCTGACGCAGATCCCAGTTACC-3’
5’-CTGGAAGCCGCAGCTGGTGATACCGACCCGGCACTG-3’
5’-CAGTGCCGGGTCGGTATCACCAGCTGCGGCTTCCAG-3’
5-GCACCGAAGAAAGAATCTCCGGGTTGCCTGGAAGC-3’
5-GCTTCCAGGCAACCCGGAGATTCTTTCTTCGGTGC-3’
5-ATCCTGGGATTTTGGGGCTT-3’
5-CCGCTTGTCGCTGGTGTCG-3’
5-CATCCGCCTAGTCAAGCACTG-3’
5’-CCACCACCCAAGTTTCCTGTAG-3’
5-TCTGCGGAACCGGTGAGTA-3’
5-TCAGGCAGTACCACAAGGC-3’
5-GAAGGCTGGGGCTCATTT-3’
5-CAGGAGGCATTGCTGATGAT-3’

Note: The underlined nucleotides are Ndel or BamHI restriction enzyme sites.

Abbreviations: HCV, hepatitis C virus; IFN, interferon; qPCR, quantitative polymerase chain reaction.

Expression and purification of

recombinant proteins

Expression and purification of recombinant IFN-A1 and
[FN-A analog proteins followed the procedures described
by Doyle et al.>® Transformed cells were grown in 2 L glass
flasks with 200 mL of Luria-Bertani media at 37°C until
OD()OO
IPTG for 3 hours at 37°C. Bacteria pellets were resuspended
in 150 mM NaCl, 20 mM Tris-HCI, pH 7.5 and homogenized
with a high-pressure homogenizer (APV 1000, SPX, Dela-
van, WI, USA). Inclusion bodies were recovered by cen-

reached 0.8. The culture was then induced with 1 mM

trifugation at 12,000x g for 10 minutes. After washing with
20 mM Tris-HCI, 2 M urea, pH 8.0, inclusion bodies were
dissolved in 6 M guanidine-HCI, 20 mM DTT, 50 mM Tris,
pH 8.0 at room temperature for 3—4 hours with stirring. The
aqueous phase was clarified by centrifugation at 15,000x g
for 30 minutes. The supernatant was diluted in ten volumes of
refolding buffer (10 mM NaCl, 0.4 mM KCl, 2 mM CaCl,, 2
mM MgCl,, 0.05% [w/v] PEG3350, 0.75 M arginine, 1 mM

DTT, 0.1 mM cystine, 50 mM Tris, pH 7.8) and incubated at
16°C for 14 hours with stirring. Acetic acid was used to adjust
the pH to 5.5, and the solution was mixed with two volumes
of 20 mM sodium acetate (NaAc), pH 5.5. After centrifuga-
tion at 12,000 g for 20 minutes, the clarified sample was
applied to a SP BB column (GE Healthcare, Marlborough,
MA, USA) that was pre-equilibrated in 20 mM NaAc, pH
5.5 (buffer A). After washing the column with 30% buffer A
and 70% elution buffer (20 mM NaAc, 1 M NaCl, pH 5.5),
the refolded protein was eluted using 30%-100% elution
buffer in fractions of 10 column volume (CV). The fractions
containing the target protein were pooled and diluted with
one-third volume of 3 M (NH,),SO, and then loaded onto
a Phenyl FF (HS) column (GE Healthcare) pre-equilibrated
with 50 mM NaAC, 1.5 M (NH,),SO,, pH 5.5. After wash-
ing with 5 CV of equilibration buffer, the protein was eluted
with 0%—-100% elution buffer (50 mM NaAC, pH 5.5) in
fractions of 5 CV. The final polishing step was achieved on
SP HP column (GE Healthcare) using the same buffer system
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as the SP BB step except the elution was done in fractions
of 20 CV with 30%-80% elution buffer. All the purification
steps were done at room temperature on an AKTA purifier
(GE Healthcare).

PEG modification and characterization

of protein preparations
Activated PEG (SUNBRIGHT ME-200AL) was purchased
from NOF Corporation (Tokyo, Japan). Purified proteins were
PEGylated on the first methionine in the buffer system of
20 mM NaCNBH, (Sigma), 50 mM NaAC, pH 5.5. Substrate
protein was mixed with activated PEG in 1:2 ratios (mass).
The reaction was incubated overnight at room temperature
on a mixing roller. Excess PEG and nonspecifically modified
products were removed by the SP HP column. The purifica-
tion process was the same as described earlier for the SP HP
step except that the washing step was 25% buffer B and the
elution step was 25%—75% buffer B in fractions of 15 CV.
Purified protein preparations were evaluated by nonreduc-
ing SDS-polyacrylamide gel in undenatured conditions. The
purity of the purified proteins was analyzed using SB-CN-
high-performance liquid chromatography (HPLC) columns
(Agilent Technologies, Santa Clara, CA, USA). The HPLC
method was performed using buffer A (0.2% trifluoroacetic
acid in water) and buffer B (0.2% trifluoroacetic acid, 40%
ethanol and 60% isopropanol). The flow rate was 1 mL/min
and the column temperature was 50°C. The whole HPLC
duration was 15 minutes, and the initial concentration of
buffer B was 35%. After sample injection, the gradient was
held for 2 minutes and then increased to 70% in 6 minutes.
During 8-9 minutes, buffer B was maintained at 95%, and
from 9 to 15 minutes, the column was re-equilibrated for next
sample. The analysis was achieved on the Acqurity UPLC
(Waters, Milford, MA, USA). Molecular mass was measured
by liquid chromatography and electrospray ionization qua-
drupole time-of-flight mass spectrometry (LC/Q-TOF/MS
[Waters]), and protein concentrations were determined by
absorbance at 280 nm using molar absorption coefficient
(e) that was calculated using an online tool.*?

Quantitative real-time RT-PCR analysis

Total RNA was isolated from cultured cells using Trizol
(Thermo Fisher Scientific, Waltham, MA, USA). Reverse
transcription was performed using the PrimeScript RT Kit
(Takara, Kyoto, Japan). Quantitative real-time RT-PCR
(qRT-PCR) was performed using the SYBR Premix Ex Taq
T kit (Takara, RR820W) on the StepOnePlus Real-Time PCR
system (Thermo Fisher Scientific, Waltham, MA, USA).
The sequence of the primers is listed in Table 1. Expression

of target genes was normalized to the housekeeping gene
GAPDH in the same sample, and the data were quantified
using the 2724€0 method. Results were expressed as fold of
changes relative to untreated controls. Three independent
experiments were performed.

ISRE-luciferase reporter assay

To establish a stable HEK293 cell line harboring an IFN-
stimulated response element (ISRE)-luciferase gene cassette,
the pGL4.45-luc2P/ISRE/Hygro plasmid (Promega Corpora-
tion, Fitchburg, WI, USA) was transfected into HEK293 cells
by lipofectamine 2000 (Life Technologies) following the
manufacturer’s instructions. Transfected cells were cultured
with 250 pg/mL hygromycin. Positive clones were selected
by comparing the intensity of luminance after treatment by
IFN-02a or IFN-A1. The clone Luc3 demonstrated the highest
response to both IFN-02a and IFN-A1, and was chosen for
further study. Luc3 cells were plated in white-clear flat-bottom
96-well plate (Corning, NY, USA) at 1x10* cells/well, and
treated with IFN-A analogs or positive controls for 24 hours.
Cell culture medium was removed and 20 UL of One-Glo
reagent (Promega Corporation) was added to each well.
Luminance was detected by a plate reader (Synergy?2, Biotek,
Winooski, VT, USA). Half maximal effective concentration
(EC,,) values were determined using nonlinear regression
(curve fit) analysis with the GraphPad Prism software (Graph-
Pad Software, Inc., La Jolla, CA, USA).

MTT assay

To examine the impact of the IFN proteins on the viability
ofthe stable HEK293 and the Huh-7.5.1 cells, an MTT assay
was performed before subsequent activity assays. Cells were
seeded in 96-well plates at 1x10* cells/well, followed by treat-
ment with serial dilutions of proteins for 24 hours (HEK293)
or 48 hours (Huh-7.5.1). Medium was replaced by 20 uL
of CellTiter-Glo (Promega Corporation). The plates were
incubated at room temperature for 10 minutes. Luminescence
intensity was read by a plate reader (Synergy?2, Biotek). The
results were expressed as percentage of untreated controls.

Protein extraction and Western blot
analysis

Cells were lysed in 500 puL of radioimmunoprecipitation
assay (RIPA) buffer supplied with 1% phosphatase inhibitor
cocktail and 1 mM phenylmethanesulfonyl fluoride (PMSF).
The lysates were centrifuged at 13,000x g for 10 minutes, and
supernatants were diluted 1:4 in SDS loading buffer (60 mM
Tris-HCI, pH 6.8; 25% glycerol; 14.4 mM B-mercaptoethanol;
2% SDS). Samples were boiled for 5 minutes and separated
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on a 12% SDS-polyacrylamide gel. Proteins were elec-
trotransferred onto polyvinylidene difluoride (PVDF)
membranes (Immobilone; Millipore, Eschboon, Germany)
on the Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad
Laboratories Inc., Hercules, CA, USA). After blocking in
5% nonfat dried milk, the membranes were incubated over-
night in antibodies against pSTAT1 (1:1,000) and STAT1
(1:1,000) (Cell Signaling Technology, Beverly, MA, USA).
After washing with phosphate-buffered saline (PBS), the
membranes were incubated with HRP-conjugated secondary
antibody (1:1,000) (Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA, USA) for 2 hours. The blots were
washed and immersed in enhanced chemiluminescence
(ECL) Western blotting substrates (Life Technologies) for
5 minutes and visualized on ChemiDoc™ MP (Bio-Rad

Laboratories Inc.).

Generation of infectious HCV and H3N2

viruses
Cell culture-derived, infectious type 2a hepatitis C viruses
(HCV) (HCVcc) were generated by transfection of Huh-7.5.1
cells with JFH-1 viral RNA following the protocols described
by Paulson with modifications.* Briefly, HCV viral RNA was
transcribed in vitro from the plasmid pJFH-1 using MEGAscript
T7 Transcription kit (AM1333M, Life Technologies) and was
then used to transfect Huh-7.5.1 cells using the TransIT-mRNA
Transfection kit (Mirus Bio LLC, Madison WI, USA). Cells
were split every 3 days. The cell culture media containing
HCVcc were harvested and temporarily stored at 4°C after
adding 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES). To long-term storage, the culture supernatants
were centrifuged at 4,000% g for 5 minutes to remove cellular
debris. An amount of 10 mM HEPES and a quarter volume
of 40% PEG8000 (w/v) in PBS were added. After incubation
overnight at 4°C, viruses were precipitated by centrifugation at
8,000x g for 15 minutes and resuspended in PBS or Dulbecco’s
Modified Eagles Medium (DMEM) plus 10 mM HEPES. The
viral preparations were stored at —80°C with 20% fetal bovine
serum. To determine the viral titer, HCV's were serially diluted
in complete DMEM in tenfold differences and used to infect
10*/well Huh-7.5.1 cells in 96-well plates (Corning). The cells
were kept at 37°C for | hour and then supplemented with fresh
complete DMEM. Percentage of infected cells was determined
3 days postinfection by immunofluorescent staining of HCV
core (described in the Anti-HCV and H3N2 assay section).
The viral titer was expressed as focus forming units per mil-
liliter of supernatant.

To generate H3N2 influenza A virus, MDCK cells at
80%—-90% confluence were infected with H3N2 influenza

A virus (A/H3N2) for 2 hours. The infected cells were
cultured for another 72 hours and the media were harvested
and stored at —80°C. To determine the viral titer, human
lung adenocarcinoma A549 cells were infected with serially
diluted viral solutions for 1 hour. Percentage of infected cells
was determined 3 days postinfection by immunofluorescent
staining with a monoclonal antibody against the influenza A
virus nucleoprotein (anti-NP) (Abcam, ab20343, Cambridge,
UK). The viral titer was expressed as tissue culture infectious
dose (TCID).

Anti-HCV and H3N2 assay
To test the effects of the IFN-A analogs on HCV, Huh-7.5.1
cells were plated on eight-well chamber plates (Lab-tek,
Rochester, NY, USA) at 2x10* cells/well. From the next
day, cells were cultured in a new medium containing 0.1x
multiplicity of infection HCVcc for 24 hours, and then dif-
ferent concentrations of IFN proteins were added to treat
the cells for 48 hours. Drug-treated cells were washed three
times with PBS, fixed for 9 minutes with acetone/ethanol
(1:1), permeabilized in PBS containing 0.2% Triton X-100
for 10 minutes, followed by blocking with 1% BSA in PBS
for 1 hour, and incubation in anti-HCV core antibody (C7-50,
Pierce Biotechnology, Rockford, IL, USA) overnight at
4°C. After rinsing in PBS, the cells were incubated with
Alexa Fluor 488-conjugated secondary antibodies (Jackson
ImmunoResearch Laboratories, Inc.) for 1 hour at room tem-
perature. After washing with PBS, the slides were mounted
in VectaShield mounting medium with DAPI (Vector
Laboratories, Burlingame, CA, USA) and visualized using
an Olympus fluorescence microscope. Numbers of HCV foci
were manually counted, and averaged numbers of three wells
were shown. To quantify HCV RNA by qRT-PCR, Huh-
7.5.1 cells were seeded in 24-well plates at 2x10* cells/well.
Viral infection, drug treatment, and qRT-PCR analysis were
performed as described earlier.

To test the effects of the IFN-A analogs on H3N2 influenza
A virus, A549 cells were treated with different concentrations
of test protein for 24 hours, and then infected with 30x TCID,
H3N2 for 90 minutes. The infected cells were cultured for
another 72 hours, fixed by ice-cold acetone, and immunos-
tained by a monoclonal anti-NP (Abcam) and a secondary
antimouse-HRP (Jackson ImmunoResearch Laboratories,
Inc.) antibodies. All treatments were performed in triplicates.
As controls, cells were either uninfected and untreated (back-
ground) or infected and untreated (negative control). Signals
were developed with the 3,3%,5,5 -tetramethylbenzidine
(TMB) substrate kit for HRP (Vector Laboratories) and
readings at OD490 nm were measured by a plate reader
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(Synergy 2, Biotek). Half maximal inhibitory concentration
(IC,,) values were determined by nonlinear regression analy-
sis using the GraphPad Prism software. Ethical approval was
not required from the Institutional Review Board (IRB) or
Ethics Committee of Jilin University for these studies.

Statistical analysis

Statistical analysis was performed using the GraphPad Prism
software. Significance was calculated using one-way analysis
of variance.

Results

Design and screening of IFN-A analogs
In humans, the type III IFN family comprises three regular
members, IFN-A1 (IL-29), IFN-A2 (IL-28A), and IFN-A3
(IL-28B), and a rare fourth member, IFN-A4, which is the
result of a subtle nucleotide polymorphism in exon 1 of the
otherwise pseudogenized IFN-A4 gene.!” The expression of
IFN-A4 has only been detected in HCV-infected liver tissues
of people that bear a functional IFN-A4 gene.* Thus, IFN-A4
is not considered as a normal player in the type III IFN fam-
ily. Among the three regular [IFN-A members, IFN-A2 and -A3
are highly homologous (with 96% amino acid identity), yet
the specific activity of IFN-A3 is 16-fold higher than IFN-A2;
the activity of IFN-A3 is also twofold higher than IFN-A1
(they share 81% amino acid identity),* indicating that the
IFN-A3-unique amino acids are critical to its activity. Both
IFN-A2 and -A3 are difficult to produce in a prokaryotic
expression system. Thus, to develop IFN-A analogs that have
both higher antiviral potency and good expression efficiency,
we used IFN-A1 (easy to express) and IFN-A3 (highest activ-
ity) as the prototypes. The central idea was to replace a few
differential amino acids of IFN-A1 by their counterparts
of IFN-A3 and vice versa. To achieve this, we arbitrarily
divided IFN-A1 and -A3 into four fragments labeled as a, b,
¢, and d (Figure 1A). Each fragment contains one of the four
helices that make up the compact four-helix bundle of class II
o-helical cytokines (helices A, C, D, and F, respectively). Nine
IFN-A analogs were designed by swapping the four fragments
between IFN-A1 and -A3 (Figure 1B). Because fragments b, c,
and d of IFN-A1 and -A3 have identical amino acid sequences
in the N-terminal (Figure 1A), the joining of two fragments
that are from two different [IFN-A molecules did not create new
amino acid sequences. Therefore, all designed analogs did not
bear any unnatural amino acid sequence (Figures 1 and S1).
The coding sequence of all nine designed analogs was
generated by overlapping PCR and cloned into the prokary-
otic expression vector pET11a. Small-scale expression in
BL21 (DE3) bacterial cells and SDS-PAGE gel analysis

showed that analog-1, -2, -3, -4, -5, and the wild-type IFN-A2
and -A3 did not express, while analog-6, -7, -8, -9, and
IFN-A1 expressed well after IPTG induction (Figure 2A).
It is interesting to see that all the constructs that start with an
IFN-A2/A3 sequence did not express (Figure 1B), whereas
those that start with an IFN-A1 sequence all expressed well.
A variety of strategies were tried to improve the expression
of'analog-1, -2, -3, -4, and -5 but failed; we therefore decided
to focus our studies on analog-6, -7, -8, and -9.

Purification and characterization of IFN-A

analog proteins

The proteins of analog-6, -7, -8, -9, and IFN-A1 were recov-
ered from inclusion bodies and incubated in a refolding buffer
to allow for proper refolding of the protein and formation
of correct disulfide bonds. The refolded proteins were then
purified by ion-exchange chromatography on SP BB, phenyl
FF (HS), and SP HP columns. In order to compare the activity
of the analogs with the PEGylated IFN-o. and -A products
that are on the market or in clinical trials, we site-specifically
modified the analogs by attaching a PEG moiety to the first
methionine using the activated PEG Sunbright ME-200AL
from NOF (NOF Corporation). PEGylated proteins were
purified by ion-exchange chromatography on an SP HP
column. Representative chromatographs of analog-6 eluted
from the SP HP column (with or without PEGylation) are
shown in Figure 2B.

Purified protein preparations were first analyzed by
SDS-PAGE gel under undenatured, nonreducing conditions
(Figure 2C) and were further analyzed by HPLC (Figure 2D)
and LC/MS (Waters Q-TOF) (Table 2). IFN-A1 and all four
analogs showed a strong band corresponding to the expected
size on SDS-PAGE, but the analog-7, -8, and -9 showed
additional weak bands corresponding to the size of a dimer
and trimer (Figure 2C). This is consistent with these analogs
having an additional cysteine that may be involved in the
formation of interstrands disulfide bonds (Table 2). HPLC
analysis showed that IFN-A1 and analog-6 were represented
by a single, clean peak (Figure 2D), but analog-7, -8, and -9
were represented by a split peak (data not shown). Finally,
IFN-A1 and analog-6 showed the correct molecular mass by
LC/Q-TOF/MS analysis, but analog-7, -8, and -9 showed
two masses (Table 2), suggesting these proteins had been
subjected to modification. The nature of the modification
remains to be characterized. Based on these results, analog-6
was chosen as the key candidate in the following studies.
The stability of analog-6 and -7 proteins was tested by incu-
bating them at 4°C, 25°C, and 40°C for more than 1 month.
The quality of the proteins was continuously monitored by
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Notes: (A) SDS-PAGE gel analysis of small-scale expression of the nine designed analogs: the arrow on the right marks the position of the expected protein band; M: protein
marker; A: IPTG-induced; B: uninduced. (B) Representative chromatographs of analog-6 (left) and PEG-analog-6 (right) eluted from the SP HP column. (C) SDS-PAGE gel
analysis of purified proteins (left) and purified PEGylated proteins (right): the samples were undenatured and run in nonreducing conditions. (D) HPLC analysis of purified
IFN-A1 (IL-29S) (left) and analog-6 (right): the peak on the left represents the PEGylated protein, and the peak on the right represents the unmodified protein.

Abbreviations: IFN, interferon; IPTG, isopropyl-B-D-thiogalactopyranoside; PEG-IFN, pegylated-interferon; SDS-PAGE, polyacrylamide gel electrophoresis.
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Table 2 Characterization of purified proteins by LC/Q-TOF/MS

Number of Number of

Theoretical MW

Detected MW MW difference

amino acids cysteines
IFN-AI 176 4 19,590.58 19,590.20 Normal
Analog-6 178 4 19,869.79 19,869.40 Normal
Analog-7 169 5 18,782.63 18,783.00/18,902.10 Normal/+119
Analog-8 170 5 18,794.69 18,781.10/18,900.20 —14/+105.5
Analog-9 167 5 18,503.42 18,503.90/18,623.00 Normal/+119

Abbreviations: IFN, interferon; LC/ESI-QTOF-MS, liquid chromatography and electrospray ionization quadrupole time-of-flight mass spectrometry; MW, molecular

weight.

measuring their molecular mass, purity, and concentration.
Both protein preparations showed no change in all these
parameters and hence were quite stable (Figure S2).

Induction of MxA and OAS by IFN-A

analogs

To test the bioactivity of the analogs, HepG2 cells were
treated with 0.1, 1, 10, or 100 ng/mL IFN-A1 or analog
proteins for 3, 12, or 24 hours. Induction of the antiviral
gene MxA and OAS was analyzed by qRT-PCR. The results
showed that, similar to IFN-AL, all four analogs potently
induced the expression of MxA4 and OAS (Figure 3A and B).
The induction showed both good dose-dependency (Figure
3A) and time-dependency (Figure 3B). The induction activity
was significantly reduced after the proteins were treated at
95°C for 5 minutes, and a similarly prepared unrelated protein
(human growth hormone) showed no activity (Figure S3).
Therefore, the expression of the antiviral MxA4 and OAS genes
was specifically induced by the analogs.

Next, we checked if the PEGylated analog proteins
retained the MxA- and OAS-inducing activities such as the
PEGylated IFN-A1 and IFN-02a. The results showed that
the PEGylated analog-6 and -7 were at least equally active
as PEG-IFN-A1 and PEG-IFN-02a (PEGASYS) in inducing
the expression of MxA4 and OAS (Figure 3C). The activity of
PEGylated analog-8 and -9 was significantly reduced (data
not shown); therefore, we did not include these two analogs
in subsequent studies.

Stimulation of STAT | phosphorylation by

IFN-A analogs
Binding of both type I and I1I IFNs to their distinct receptors

triggers phosphorylation of preassociated JAK1 and TYK?2,
which in turn phosphorylate specific intracellular tyrosine
residues of the receptor. This leads to the recruitment and
phosphorylation of STAT1 and STAT2. Phosphorylated
STATI and STAT2 form a heterodimer, which recruit

the IFN-regulatory factor 9 to form the IFN-stimulated
gene factor 3.° To check if the IFN-A analogs also acted
through the JAK-STAT signaling pathway to induce the
expression of antiviral genes, we performed Western blot
analysis to examine the level of phosphorylated STAT1
after treatment of HepG2 cells with PEGylated proteins.
Figure 3D showed that similar to PEG-IFN-02a and PEG-
IFN-A1, both PEG-analog-6 and PEG-analog-7 were able to
significantly increase the level of phosphorylated STATI,
indicating that they also acted through the JAK-STAT
signaling pathway.

Analog-6 was more potent than both
IFN-A1 and IFN-02a

After confirming the activity of the IFN-A analogs, we
measured their antiviral potency and compared it with that
of IFN-02a and the natural IFN-A1. Potency determination
based on ISRE-driven luciferase activity is a robust, sensi-
tive assay with high reproducibility, specificity, and linearity
to IFN treatment.* To minimize experimental variations
associated with transient transfection and to get rid of the
need for an internal control, we established a stable HEK293-
ISRE-luciferase cell line that expresses the firefly luciferase
gene [uc2P under the control of five copies of ISRE. The
homogeneous cells of the established stable cell line showed
good linear and highly reproducible responses to IFN-02a
and IFN-AI treatment. And MTT assay showed that the [FN
proteins did not affect the viability of the cells of the stable
HEK?293-ISRE-luciferase cell line (Figure S4A and B). Using
this cell line, we first compared the activity of analog-6 and -7
with IFN-A1 (Figure 4A). The EC,, values for analog-6,
analog-7, and IFN-A1 were 0.1294, 0.514, and 0.9569 ng/mL.
Thus, analog-6 and -7 were more active than IFN-A1.

Next, we compared the potency of PEGylated analog-6
and -7 with that of PEG-IFN-A1 and PEG-IFN-02a (PAGA-
SYS) (Figure 4B). The EC,, values for PEG-analog-6,
PEG-analog-7, PEG-IFN-A1, and PEG-IFN-02a were 1.098,
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Figure 3 Stimulation of antiviral gene expression.

Notes: (A—C) qRT-PCR analysis of MxA and OAS gene expression: cells were treated by different concentrations of proteins for 12 hours, and induction of MxA and OAS
expression by analog-6, -7, -8, and -9, and IFN-A| showed good dose-dependency (A); cells were treated by 10 ng/mL proteins for 3, 12, and 24 hours, and induction of
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similar inducing activity as PEG-IFN-A| and PEG-IFN-02a (C). (D) Representative image of Western blot analysis of STAT | phosphorylation: cells were treated by 10 ng/mL

PEGylated protein for 12 hours.
Abbreviations: IFN, interferon; PEG-IFN, pegylated-interferon; qRT-PCR, quantitative real-time polymerase chain reaction.
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Figure 4 Activation of the ISRE-luciferase reporter.

Notes: (A) Representative response curves of anolog-6, analog-7, and IFN-A|. (B) Representative response curves of PEG-analog-6, PEG-analog-7, PEG-IFN-A|, and PEG-

IFN-02a. Data were analyzed using the GraphPad Prism software.

Abbreviations: IFN, interferon; ISRE, IFN-stimulated response element; PEG-IFN, pegylated-interferon.

7.827,11.06, and 5.918 ng/mL. Again, both analogs showed
a better potency than IFN-A1, and PEG-analog-6 was fivefold
more potent than PEG-IFN-02a (1.098 vs 5.918 ng/mL).

The IFN-A analogs potently reduced HCV

viral load in Huh-7.5.1 cells
Type III IFNs act specifically on epithelial cells as well as
hepatocytes to defend them against infections by viruses
including hepatitis B virus and HCV; as a result, IFN-A1
is currently being developed as biologics to treat hepatitis
B virus and HCV in several clinical trials.?*4 To directly
test the antiviral activity of the analogs, cell culture-derived
infectious genotype 2a HCV (HCVcc) viruses were used to
infect fresh Huh-7.5.1 cells at 0.1x multiplicity of infection
for 24 hours. The infected cells were then treated with 0.5,
5, or 50 ng/mL PEG-analog-6, PEG-analog-7, PEG-IFN-A1,
or PEG-IFN-02a for 48 hours. The presence of HCV was
revealed by immunefluorescent labeling of a HCV-specific
core protein with an anti-HCV core antibody. As shown in
Figure 5A, in the untreated wells (the “no drug” panels),
there were numerous bright and large HCV foci (~40 foci/
well). Both the number as well as the size of the HCV
foci were significantly reduced in the drug-treated panels
(Figure 5A), demonstrating that all four proteins dose-
dependently inhibited the replication of HCV (Figure 5A
and B). To exclude the possibility that the reduction of viral
signals was due to reduced cell viability, we compared the
viability of uninfected Huh-7.5.1 cells by an MTT assay,
which showed that all four proteins had no impact on the
viability of Huh-7.5.1 cells (Figure S4C).

To provide a quantitative measurement of the antiviral
potency, we measured drug treatment-induced changes

in HCV RNA levels by real-time RT-PCR using relative
quantification and the 2722°© method. The results were
expressed as fold of changes in HCV RNA level relative
to untreated controls, which showed that all four proteins
dose-dependently reduced HCV RNA levels (Figure S5).
To compare the IC, values, these numbers were fitted
into the GraphPad Prism software to generate inhibition
curves by nonlinear regression analysis (Figure 6A). The
IC,, values generated from these analyses were 0.2654,
0.2911, 0.9175, and 0.09681 ng/mL for PEG-analog-6,
PEG-analog-7, PEG-IFN-A1, and PEG-IFN-02a, respec-
tively (Figure 6A). In agreement with the luciferase assay
results, PEG-analog-6 and PEG-analog-7 were more potent
than PEG-IFN-A1, and their anti-HCV activity was close to
that of PEG-IFN-02a.

The IFN-A analogs inhibited replication of
H3N2 influenza A virus in A549 cells

To test the activity of the IFN-A analogs against viral infec-
tion of mucosal epithelial cells, the ability of the analogs to
inhibit replication of H3N2 influenza A viruses was examined
in human alveolar epithelial adenocarcinoma A549 cells. After
treatment by 0.1, 1, 10, or 100 ng/mL analog-6, analog-7,
IFN-A1, or IFN-02a for 24 hours, A549 cells were infected with
30x TCID,, of H3N2 viruses for 90 minutes, and the amount
of H3N2 virus was quantified 72 hours later by enzyme-linked
immunosorbent assay (ELISA). The IC, values revealed by
these measurements were 0.1794, 0.5126,0.8057, and 1.106 ng/
mL for analog-6, analog-7, IFN-A1, and IFN-02a, respectively
(Figure 6B). The results showed that, similar to their anti-HCV
activity, both analogs displayed a potent bioactivity against
influenza A viruses. Again, both analogs were more potent than
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Figure 5 Anti-HCV assay.

Notes: (A) HCVcc-infected Huh-7.5.1 cells were treated by 0, 0.5, 5, and 50 ng/mL of PEG-analog-6, PEG-analog-7, PEG-IFN-A I, or PEG-IFN-02a for 48 hours and stained
by an anti-HCV core antibody (green, upper panels) and DAPI (blue, lower panels); scale bar: 50 um. (B) Quantification of HCV positive cells: number of HCV foci in three
wells was counted manually, and the average number of HCV foci per well was shown.

Abbreviations: HCV, hepatitis C virus; IFN, interferon; PEG-IFN, pegylated-interferon.
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Figure 6 Quantification of anti-HCV and anti-H3N2 potency.

Notes: (A) Representative curves of HCV inhibition: HCVcc-infected Huh-7.5.1 cells were treated by PEG-analog-6, PEG-analog-7, PEG-IFN-AI, or PEG-IFN-0.2a for
48 hours and values representing relative HCV RNA levels were fitted into the GraphPad Prism software to generate the inhibition curves and IC, . (B) Representative
curves of H3N2 inhibition: A549 cells were treated by analog-6, analog-7, IFN-A I, or IFN-0.2a for 24 hours and then infected by H3N2 influenza A virus for 90 minutes, and

the amount of H3N2 virus was quantified by ELISA 72 hours later.

Abbreviations: HCV, hepatitis C virus; IFN, interferon; ELISA, enzyme-linked immunosorbent assay; IC,, half maximal inhibitory concentration; PEG-IFN, pegylated-

interferon.

PEG-IFN-A1, and the activity of all three IFN-A molecules was
higher than that of PEG-IFN-02a.

Discussion

Viral infection of mucosal surfaces causes the major types
of infectious diseases today.*” Due to the low efficiency of
vaccines and the lack of specific antiviral small molecule

drugs, biologics like IFNs that induce broad-spectrum anti-
viral responses in target cells should become an important
option in the treatment regimen. Type I and II IFNs have
been prescribed in the last few decades for the treatment of
infectious and autoimmune diseases and selected types of
cancer.'® Although these IFNs have undisputable therapeutic
benefits, they have also been linked to adverse side effects or
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lack of efficacy.!” Therefore, it is important to design next-
generations of IFNs with better safety profile and higher
specific bioactivity for distinct indications. Recent studies
have established type III IFNs as the primary inducer of
antiviral responses at mucosal surfaces, where the activity
of type I IFNs is weak.?62%323548 Moreover, patients with
persistent or recurrent respiratory viral infections were found
to have lower than normal type III IFN levels.* Thus, thera-
peutic application of exogenous type 111, instead of type I
IFNs, should be effective against mucosal viral infection. 3%
However, the antiviral potency of natural type III IFNs is
in general much weaker than type I, and the most potent
type III member, IFN-A3, is difficult to produce in prokary-
otic expression systems.

In the current study, we designed nine IFN-A analogs
based on IFN-A1 and IFN-A3. Analog-1, -2, -3, -4, and -5
have an N-terminal fragment from IFN-A3, and like the
natural IFN-A3, they all failed to be expressed in the BL21
bacterial cells. Understanding of the underlying reasons may
open new opportunities to find more protein analogs with
distinct efficacy. Analog-6, -7, -8, and -9 have an N-terminal
fragment from IFN-A1, and like the natural IFN-A1, they
all could be easily expressed in BL21 bacterial cells with
high yield. These four analogs potently induced the expres-
sion of the antiviral gene MxA and OAS, but the activity
of PEGylated analog-8 and -9 decreased significantly. We
therefore focused on analog-6 and -7. In the ISRE-luciferase
assay, analog-6 and -7 showed significantly enhanced activity
that was higher than both IFN-A1 and IFN-02a. PEGylated
analog-6 and -7 powerfully inhibited replication of HCV
and influenza A viruses, and the protein preparations were
stable at 40°C for more than 1 month. Thus, these studies
established analog-6 and -7 as promising candidates to be
developed as new antiviral drugs. Given the better safety
profile associated with type III IFNs and their specific effects
in epithelial cells, these novel IFN-A analogs could be used
to replace IFN-t in the treatment and prevention of epithelial
viral infections.

An intriguing feature shared by both type I and type I11
IFNs is that a single heterodimeric receptor is recognized
by multiple subtypes to give rise to differential responses
with respect to antiviral, antiproliferative, and immuno-
modulatory activity.® For example, IFN-o and -3 bind to
the same receptor, but IFN-B is 50 times more potent in
antiproliferation activity than IFN-02, but only two times
more potent in antiviral activity.* Thus, subtle differences
in the amino acid sequence of an IFN may result in profound
alterations in receptor subunit affinity, potency, and target

cell specificity.® For example, replacing a single amino acid
at three particular positions of the human IFN-02 by the
IFN-al counterpart modified its activity by up to 400-fold.*
Here, we provide another example from the type III family
of IFNs. The activity of analog-6 was not only higher than
IFN-A1, but was even higher than IFN-02a. The difference
between analog-6 and IFN-A1 is that fragments b and ¢ of
IFN-A1 were replaced by that of IFN-A3. Although these
regions are not directly involved in receptor binding,'*!*
the resulting subtle amino acid changes may influence the
three-dimensional structure of other regions to enhance or
weaken ligand-receptor affinity.

Combining the conserved amino acids among IFN-o. sub-
types generated the consensus IFN (IFN-con1), which showed
a tenfold higher antiviral efficacy than natural IFN-q..>!%
Moreover, DNA shuffling was used to generate IFN-o
hybrids with a 180-fold greater potency relative to natural
IFN-0..** Unfortunately, these engineered IFN-o. molecules
possess too strong immunogenicity such that it is difficult to
develop them as biological drugs. Unlike IFN-conl and the
IFN-o hybrids generated by DNA shuffling that are associ-
ated with strong immunogenicity, the IFN-A analogs we
designed here did not create any new amino acid sequence;
therefore, they should bear minimal immunogenicity. Such an
approach could be used to find more IFN analogs with better
drug attributes, such as greatly improved antiviral activity
and significantly decreased antiproliferation activity for
antiviral treatment. The desired therapeutic effects of native
cytokines are often mitigated by toxicity or lack of efficacy,
and thus protein engineering has become an increasingly
feasible and powerful approach to generate biologics with
significantly improved therapeutic index.*** Thus, the cur-
rent approach holds great potential in developing biologics
with low immunogenicity.
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Supplementary materials

Analog-1 MRLRGALPDARGCHIAQFKSLSPQELQAFKRAKDALEESLLLKDCKCRSRLFPR
(A3ai1bcd) TWDLRLLQVRERPVALEAELALTLKVLEAAAGPALEDVLDQPLHTLHHILSQLQ
ACIQPQPTAGPRPRGRLHHWLHRLQEAPKKESAGCLEASVTFNLFRLLTRDLKY
VADGNLSLRTSTHPEST

Analog-2 MRLRGALPDARGCHIAQFKSLSPQELQAFKRAKDALEESLLLKDCKCRSRLFPR

(A3a A1b.cd) TWDLRQLQVRERPVALEAELALTLKVLEAAAGPALEDVLDQPLHTLHHILSQLQ

ACIQPQPTAGPRPRGRLHHWLHRLQEAPKKESAGCLEASVTFNLFRLLTRDLKY
VADGNLSLRTSTHPEST

Analog-3 MRLRGALPDARGCHIAQFKSLSPQELQAFKRAKDALEESLLLKDCKCRSRLFPR
(A3ab,A1cd) TWDLRQLQVRERPVALEAELALTLKVLEATADTDGPALEDVLDQPLHTLHHILS
QLQACIQPQPTAGPRPRGRLHHWLHRLQEAPKKESAGCLEASVTFNLFRLLTR
DLKYVADGNLSLRTSTHPEST

Analog-4 MRLRGALPDARGCHIAQFKSLSPQELQAFKRAKDALEESLLLKDCKCRSRLFPR

(A3abci1d) TWDLRQLQVRERPVALEAELALTLKVLEATADTDPALGDVLDQPLHTLHHILSQ
LRACIQPQPTAGPRTRGRLHHWLHRLQEAPKKESAGCLEASVTFNLFRLLTRDL
KYVADGNLSLRTSTHPEST

Analog-5 MRLRGALPDARGCHIAQFKSLSPQELQAFKRAKDALEESLLLKDCKCRSRLFPR
(A3adA1bc) TWDLRLLQVRERPVALEAELALTLKVLEAAAGPALEDVLDQPLHTLHHILSQLQ
ACIQPQPTAGPRPRGRLHHWLHRLQEAPKKESPGCLEASVTFNLFRLLTRDLN
SVASGDLSV

Analog-6 MKPTTTGKGCHIGRFKSLSPQELASFKKARADALEESLKLKNWSCSSPVFPGNW
(MadA3bc) DLRQLQVRERPVALEAELALTLKVLEATADTDPALGDVLDQPLHTLHHILSQLR
ACIQPQPTAGPRTRGRLHHWLHRLQEAPKKESAGCLEASVTFNLFRLLTRDLKY
VADGNLSLRTSTHPEST

Analog-7 MKPTTTGKGCHIGRFKSLSPQELASFKKARADALEESLKLKNWSCSSPVFPGNW
(Mar3bcd) DLRQLQVRERPVALEAELALTLKVLEATADTDPALGDVLDQPLHTLHHILSQLR
ACIQPQPTAGPRTRGRLHHWLHRLQEAPKKESPGCLEASVTFNLFRLLTRDLN
SVASGDLSV

Analog-8 MKPTTTGKGCHIGRFKSLSPQELASFKKARADALEESLKLKNWSCSSPVFPGNW
(MabA3cd) DLRLLQVRERPVALEAELALTLKVLEAAAGDTDPALGDVLDQPLHTLHHILSQL
RACIQPQPTAGPRTRGRLHHWLHRLQEAPKKESPGCLEASVTFNLFRLLTRDL
NSVASGDLSV

Analog-9 MKPTTTGKGCHIGRFKSLSPQELASFKKARADALEESLKLKNWSCSSPVFPGNW
(Mabci3d) DLRLLQVRERPVALEAELALTLKVLEAAAGPALEDVLDQPLHTLHHILSQLQACI
QPQPTAGPRPRGRLHHWLHRLQEAPKKESPGCLEASVTFNLFRLLTRDLNSVA
SGDLSV

Figure SI Amino acid sequences of the nine designed analogs.
Note: Interferon (IFN)-A| sequence is shown in red and IFN-A3 sequence in blue.
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Figure S2 Stability of analog protein preparations.

Notes: (A) A representative graph of HPLC analysis: an aliquot of PEG-analog-6 (0221) was kept at 40°C for 39 days. (B) Purity of PEG-analog-6 (0221, 0225, 0302) kept at
40°C for up to 39 days. (C) Concentrations of PEG-analog-6 (0221, 0225, 0302) kept at 40°C for up to 39 days.

Abbreviation: HPLC, high-performance liquid chromatography.
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Figure S3 qRT-PCR analysis of MxA and OAS gene expression.

Notes: Cells were treated by 10 ng/mL proteins for 12 hours; MxA and OAS induction activity was significantly reduced after the proteins were treated at 95°C for 5
minutes, and a similarly prepared unrelated protein, human growth hormone, showed no activity.

Abbreviations: IL, interleukin; qRT-PCR, quantitative real-time polymerase chain reaction.
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Figure S4 MTT assay.

Notes: (A and B) HEK293-ISRE-luciferase cells, (C) Huh-7.5.1 cells: cells were treated by serial dilutions of analog-6, analog-7, or IFN-A| (A), or PEG-analog-6, PEG-
analog-7, PEG-IFN-AI, or PEG-IFN-02a (B and C).

Abbreviations: IFN, interferon; ISRE, IFN-stimulated response element; PEG-IFN, pegylated-interferon.
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Figure S5 qRT-PCR measurement of changes in HCV RNA levels.
Notes: HCVcc-infected Huh-7.5.1 cells were treated by different concentrations of PEG-analog-6, PEG-analog-7, PEG-IFN-A |, or PEG-IFN-0.2a for 48 hours and HCV RNA levels

in Huh-7.5.1 cells were measured by qRT-PCR using relative quantification and the 2**“® method. The results were expressed as fold of changes relative to untreated controls.
Abbreviations: HCV, hepatitis C virus; IFN, interferon; qRT-PCR, quantitative real-time polymerase chain reaction; PEG-IFN, pegylated-interferon.
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