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of 12 Mammalian IFN-A4 Orthologs
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IFN-A4 is a novel type-III interferon with strong clinical significance in humans. Only a subset of individuals—up to
10% of Asians, 50% of Europeans, and 90% of Africans—carry the AG allele of a genetic variant rs368234815-TT/AG
and are genetically able to produce IFN-A4 protein. Carriers of the AG allele have impaired ability to clear infection
with hepatitis C virus (HCV). IFN-A4 is also predicted to exist and be functionally important in several nonhuman
mammals. In this study, we present the first comparative analysis of 12 mammalian IFN-A4 orthologs in a human
hepatic cell line, HepG?2, which supports signaling of the human IFN-A4. We show that despite differences in protein
sequences, functional properties of the recombinant human and nonhuman IFN-A4 proteins are comparable—they are
all expressed as predominantly cytoplasmic proteins that are biologically active for induction of interferon signaling.
We show that several IFN-A4 orthologs can be detected by Western blotting, flow cytometry, and confocal imaging
using a monoclonal antibody developed for the human IFN-A4. Studies of IFN-A4 in animals should help improve our

understanding of the biology of this novel clinically important interferon in normal and disease conditions.

Introduction

NTERFERONS (IFNSs) are an essential part of the innate im-

mune response, which is the first line of defense against
pathogens. The induction of IFNs leads to activation of the
JAK/STAT signaling pathway and expression of interferon-
stimulated genes (ISGs) in the infected and the surrounding
cells. This response can limit viral spread through mobilization
of cellular defense mechanisms and elimination of infected
cells (Parkin and Cohen 2001; Levy and others 2011).

IFNs are classified into three major groups—types I, 11,
and III—based on their receptor utilization. Type-I IFNs
include a panel of IFN-a subtypes, IFN-B, IFN-g, IFN-k, and
IEN-m, all of which signal through a ubiquitous IFNAR re-
ceptor complex, consisting of the IFNAR1 and IFNAR?2 re-
ceptors. IFN-vy, the only known type-II IFN, signals through
its own receptor complex, IFNGR, consisting of the IFNGR1
and IFNGR?2 receptors. Type-III IFNs (IFN-A1-4) signal
through the IFNLR receptor complex, which consists of the
IENLR1 receptor specific to type-III IFNs, and the IL10R2
receptor shared by all type-III IFNs and the IL-10 family of
cytokines. The signaling of type-III IFNs is restricted com-
pared with other IFNs because expression of IFNLRI is
largely limited to epithelial cells, such as of the respiratory
and gastrointestinal tract. IFN activity in these cells, which

are commonly exposed to exogenous pathogens, is important
for prevention of viral entry and dissemination.

A recently discovered type-III TFN, IFN-A4 (Prokunina-
Olsson and others 2013) reviewed in (O’Brien and others
2014), can be created only in the presence of the AG allele of a
dinucleotide genetic variant rs368234815-TT/AG; this variant
is polymorphic in humans, but only the ancestral AG allele
seems to be present in nonhuman species. The human-specific
TT allele, which eliminates IFN-A4 protein by a frameshift in
the first exon, appeared only 60,000 years ago (Key and others
2014). Apparently, this event was beneficial because it was
favored by positive selection, which has resulted in a rapid
increase of the TT allele frequency (or a rapid loss of the
AG allele) in human populations (Key and others 2014).

Currently, up to 10% of Asians, 50% of Caucasians, and
90% of Africans carry at least one copy of the AG allele and
thus can generate IFN-A4. Carriers of the AG allele have
impaired ability to clear hepatitis C virus (HCV) infection
(Prokunina-Olsson and others 2013; Aka and others 2014).
Chronic HCV infection eventually increases the risk of death
due to liver failure and liver cancer, but this process takes
decades, thus improvement of HCV clearance due to genetic
inability to produce IFN-A4 could not be the reason for the
positive selection observed for the rs368234815-TT allele
(Key and others 2014). The strength of this selection indicates
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that IFN-A4 might have interfered with clearance of other
more deadly pathogens, suggesting that elucidation of IFN-A4
function could be important for understanding, prevention,
and treatment of some existing and emerging infections.

So far, beyond HCV, the AG allele was also found to be
associated with increased risk of cytomegalovirus infection
in patients receiving solid organ transplants without antiviral
prophylaxis (Manuel and others 2015); susceptibility to
cytomegalovirus retinitis among HIV-infected individuals
(Bibert and others 2014); decreased resistance to HIV in-
fection (Real and others 2015); and unfavorable clinical and
immunological status in HIV-infected individuals (Mach-
mach and others 2015). IFN-A4 has been reported to induce
antiviral response against coronaviruses (HCoV-229E and
MERS-CoV), yellow fever virus, and dengue virus (Ham-
ming and others 2013; Lu and others 2015); this list is likely
to grow with additional studies.

Previously, based on available genomic sequences, IFN-
A was predicted to exist in a number of mammals. Analysis
of IFN-A4 protein sequences from 13 mammalian species
showed evidence of purifying selection, which is a process
of eliminating genetic changes that cause amino acid sub-
stitutions while retaining neutral (synonymous) variations
(Key and others 2014). This suggests that IFN-A4 is func-
tionally important across species and evolutionary forces
protect it from significant changes.

Although the function of human IFN-A4 is not completely
understood, its ability to induce IFN signaling and antiviral
response against several pathogens has been clearly dem-
onstrated. It is possible that the human and animal IFN-A4
proteins have similar functions, which are relevant to anti-
viral response. In this study, we provide initial functional
characterization of IFN-A4 orthologs from 12 mammalian
species, including those commonly used in biomedical re-
search. Studies of IFN-A4 across species should help im-
prove our understanding of the biology of this clinically
important IFN in normal and disease conditions.

Materials and Methods
Cells

The human hepatoma cell line, HepG2 (ATCC HB-8065),
was purchased from the American Tissue Culture Collection
(ATCC) and maintained in DMEM supplemented with 10%
heat-inactivated fetal bovine serum (FBS). The custom
ISRE-Luc-HepG?2 cell line stably expressing the luciferase
reporter under control of the interferon-stimulated response
element (ISRE) has previously been described (Prokunina-
Olsson and others 2013); the cells were maintained in
DMEM supplemented with 10% FBS and 1 pg/mL of pu-
romycin (Gold Biotechnology).

Anti-IFN-.4 antibodies

The mouse (MAB-IFN-A4) and rabbit (RAB-IFN-A4)
monoclonal antibodies for IFN-A4 have previously been
described (Prokunina-Olsson and others 2013). MAB-IFN-
M (MABF227; Millipore) was raised against a synthetic
peptide KALRDRYEEEALSWGQRNCSFRPRRDSPRPS
corresponding to amino acids 44-74 and RAB-IFN-14 was
raised against a synthetic peptide PGSSRKVPGAQKRR
HKPRRADSPRC corresponding to amino acids 128-152 of
the human IFN-A4 protein (NP_001263183). The antibodies do
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not cross-react with the human IFN-A3 protein. To reduce un-
specific background in flow cytometry experiments, MAB-IFN-
M was buffer exchanged to PBS using Zeba 7k spin columns
(Thermo Scientific), and for Western blot and confocal imag-
ing, the MAB-IFN- A4 was used without buffer exchange.

Expression constructs

The expression constructs (human IFN-A4-Halo and
control-Halo) based on the pFC14A vector (Promega) have
previously been described (Prokunina-Olsson and others
2013). The control-Halo construct generates a Halo-tag pro-
tein with a size of 33kDa, and the IFN-A4-Halo construct
generates the IFN-A4-Halo protein (53 kDa) consisting of the
IFN-A4 protein (20 kDa) C-terminally fused with the Halo-tag
protein (33 kDa). For the animal expression constructs, full-
length open reading frames (ORFs) were predicted from
DNA sequences available in the UCSC Genome browser
based on similarity to human IFN-A4 protein sequence.

We used information based on our earlier sequencing of
the genomic DNA for chimpanzee IFN-A4 (GenBank
JX867772 and NM_001276259) and cynomolgus (crab-
eating macaque; Genbank KC525948). Sequences for
orangutan, marmoset, elephant, panda, megabat, cow, dog,
and pig were only derived from the UCSC Genome browser
and not validated by sequencing. Commercial genomic DNA
sample for rhesus was obtained from Zyagen and used for
Sanger sequencing of the predicted IFN-A4 ORF.

Complete ORFs for IFN-A4 orthologs (Supplementary
Table S1; Supplementary Data are available online at
www.liebertpub.com/jir) were ordered as custom synthetic
genes subcloned in pIDTBIue vector (IDT). The sequences
were then PCR amplified and recloned into Halo-tag ex-
pression vector (Promega) to create constructs similar to the
human IFN-A4-Halo plasmid. The final constructs were
fully sequenced for validation, propagated in E. coli, and
purified with an endotoxin-free Maxi plasmid kit (Qiagen).

Transient transfection of HepG2 cells

HepG2 cells were reverse-transfected with corresponding
constructs using Lipofectamine 3000 and Opti-MEM (Life
Technologies).

Western blot

After transfection for 48 h in 6-well plates at a density of
350,000 cells/well, cells were lysed with 350 L. of RIPA
buffer (Sigma) supplemented with Complete Ultra protease
inhibitor (Roche). Equal amounts of proteins were resolved
on 4%—-12% Bis-Tris Bolt gels and transferred using iBlot2
(Life Technologies). Detection was done using primary
antibodies MAB-IFN-A4 (2 pg/mL), RAB-IFN-A4 (0.5 pg/
mL), and mouse a-Halo (1 pg/mL, G9211; Promega). Sec-
ondary HRP-tagged goat anti-rabbit (sc-2030) or goat anti-
mouse (sc-2031) antibodies from Santa Cruz were used at a
1:10,000 dilution. Signals were detected with HyGlo Quick
Spray (Denville Scientific) and viewed on the ChemiDoc
Touch imager with ImageLab 5.2 software (BioRad).

Flow cytometry

For initial screening, transfections were done for 48 h in
6-well plates with 350,000 cells/well. Constructs, which
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showed positive signals for MAB-IFN-A4, were further
evaluated by transfections in 12-well plates with 200,000
cells/well, in triplicates. Cells were harvested, fixed for
30min at room temperature with 100 uL of cytofix (BD
Biosciences), and stained overnight in cytoperm (BD
Biosciences) with 0.5 pg/mL of a-Halo, 1 pg/mL RAB-IFN-
A, or 2 pg/mL of MAB-IFN-A4. Secondary antibodies were
donkey anti-mouse and donkey anti-rabbit Alexa Fluor 488
(1 pg/mL; Life Technologies). Cells were analyzed using
multiparametric flow cytometry on a FACS Aria III (BD
Biosciences) and FlowJo.10 software (Tree Star).

Confocal imaging

Cells were transfected for 48 h on Nunc Lab-Tek II chamber
slides (Thermo Scientific) at a concentration of 20,000 cells/
chamber in 200 pL reaction volumes. Cells were fixed for
20min in cytofix (BD Biosciences), and then coincubated
for 2h with the MAB-IFN-A4 (2 pg/mL) in cytoperm (BD
Biosciences) and rabbit o-tubulin ab (1:500 dilution, ab-
15246; Abcam). Samples were then incubated for 1h at
room temperature with donkey anti-mouse Alexa Fluor 594
and donkey anti-rabbit Alexa Fluor 488 secondary anti-
bodies (1:1000 dilutions; Life Technologies). Alternatively,
Halo-tag was detected with cell-permeant Halo-tag ligand
(TMR red; Promega), which was added to live cells (1:2000
for 15 min), then the cells were washed and fixed for 20 min
in cytofix (BD Biosciences). Slides were covered with
mounting media (Prolong Gold antifade reagent with DAPI).
Immmunofluorescent images were obtained with a confocal
laser scanning microscope (LSM 700; Carl Zeiss) and ana-
lyzed using Zen software (Carl Zeiss).

ISRE-luciferase assays

Untransfected and transfected stable HepG2-ISRE-Luc
cells were grown in 96-well plates at a concentration of
20,000 cells/well. The cells were lysed 48 h after plating and
assayed for luciferase expression of the ISRE-Luc reporter
using a GloMax luminometer (Promega). All transfections
were done in 14 biological replicates, except for un-
transfected cells (6 biological replicates).

Bioinformatic analysis

IFN-2\4 protein sequences were analyzed with free online
tools—Clustal W for sequence alignment and BoxShade for
annotating amino acid similarities. Analysis of leader pep-
tides was performed with online SignalP 4.1Server (Petersen
and others 2011), and PSORT II analysis of nuclear local-
ization signals and intracellular localization was performed
with PSORT server (http://psort.hgc.jp/) (Nakai and Horton
1999). Statistical analysis and graphical presentation of re-
sults were done with GraphPad Prism 6 (GraphPad).

Results and Discussion

IFN-24 is a novel type-III IFN with moderate similarity to
other type-IIl IFNs; it has 29% amino acid identity with
IFN-A3, the most related member of this family (Prokunina-
Olsson and others 2013). The three other type-III IFNs
(IFN-A1, TIFN-A2, and IFN-A3), which share high protein
identity (81% between IFN-A1 and IFN-A2 and 96% be-
tween IFN-A2 and IFN-A3), were discovered in 2003
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(Kotenko and others 2003; Sheppard and others 2003). All
four type-III IFNs are encoded by a 55 Kb genomic cluster
on the human chromosomel19q13.2. Due to low sequence
similarity between IFNL4 and the genes for other type-III
IFNs, IFNL4 could not be identified by a homology search.
The reference human genome sequence has the rs368234815-
TT allele, which does not support the IFN-A4 ORF, thus the
existence of IFN-A4 was not predicted. IFN-A4 was identi-
fied by direct cloning and annotation of sequences discov-
ered through RNA sequencing of human hepatocytes treated
with PolyI:C to mimic viral infection (Prokunina-Olsson and
others 2013).

Once the protein sequence of human IFN-A4 was known,
it was used to search for IFN-A4 orthologs in all ~ 100
vertebrate species with genomic information available
through the UCSC Genome browser. Complete ORFs en-
coding IFN-A4 proteins were found in several mammalian
species, but not in nonmammals (Key and others 2014). The
regions corresponding to IFN-A4 could not be found in the
mouse and rat genomes, although orthologs for IFN-A2 and
IFN-A3 are present in these species. Now, we generated
expression constructs for 11 IFN-A4 orthologs (Fig. 1 and
Supplementary Table S1) and tested their functionality in a
human hepatoma cell line, HepG2, in comparison with hu-
man IFN-A\4.

We used the human cell line, HepG2, because it has all
necessary components for type-III IFN signaling and was
used to characterize human IFN-A4. We recognize that a
human cell line may not be optimal for all IFN-A4 orthologs
because the human receptors (IFNLR1 and IL.10R2) and other
signaling components may not work efficiently with non-
human IFN-A4s. However, our aim was to perform initial
comparative characterization of IFN-A4 orthologs in the
same established experimental system. Additional studies on
IFN-A4 orthologs should be performed in experimental
systems relevant for species of interest.

Protein sequence alignment of IFN-A4 orthologs showed
high similarity between primates, while more diversity was
observed among nonprimate species (Fig. 1). All orthologs
were predicted to have a leader peptide, with a cleavage site
located between amino acids 22 and 23 in most cases and
between 21 and 22 or 23 and 24 in some cases. Interestingly,
the lowest leader peptide prediction score was for human
IFN-A4 (0.56), followed by marmoset (0.67); all other or-
thologs had higher prediction scores (0.77-0.87) (Table 1).
However, a swap of leader peptides between the poorly
secreted IFN-A4 and highly secreted IFN-A3 did not affect
the secretion of IFN-A4 (Hamming and others 2013), sug-
gesting that the predicted strength of the leader peptide
might not be relevant for IFN-A4 secretion. The most di-
verse area in IFN-A\4 is the sequence immediately after the
predicted leader peptide—the 7 amino acid fragment was
missing in all primates and this sequence was different in all
nonprimates (Fig. 1). This fragment did not seem to affect
the leader peptide prediction scores and its functional sig-
nificance is unclear.

Despite being only poorly secreted, human IFN-A4 can
efficiently activate IFN signaling (Prokunina-Olsson and
others 2013; Onabajo and others 2015). We evaluated bio-
logical activity of the IFN-A4 orthologs after transient
expression in HepG2 cells stably expressing an interferon-
stimulated response element (ISRE) coupled with lucifer-
ase reporter (ISRE-Luc); this system was previously used
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FIG. 1.

Multiple alignment of IFN-A4 orthologs. ClustalW sequence alignment for IFN-A4 orthologs. Shaded in black—

identical amino acids, in gray—similar amino acids. The locations of synthetic peptides used to generate monoclonal

antibodies, MAB-IFN-A4 and RAB-IFN-A4, are indicated.

to characterize human IFN-A4. We observed differential
biological activity of the IFN-A4 orthologs: compared with
human IFN-A4, proteins from chimpanzee, orangutan,
marmoset, and cynomolgus showed similar levels of bio-
logical activity (ISRE-Luc activation), while the dog protein
showed significantly higher activity (by 40%). Orthologs
from rhesus, panda, and elephant were significantly less
active (25% compared with the human IFN-A4, Fig. 2).
Biological activities of the IFN-A4 orthologs measured in
this experiment are likely to be affected by differential af-
finity of these proteins to human receptors and do not rep-
resent quantitative comparisons. However, the fact that all

TABLE 1. PREDICTION OF LEADER PEPTIDES
IN IFN-A4 ORTHOLOGS BASED ON SIGNALP ANALYSIS

Leader

IFN-4 peptide Position,
orthologs Yes/No  Score Cut site aa
Human Yes 0.56 TAA-AP 22-23
Chimpanzee Yes 0.86 VAA-AP 22-23
Orangutan Yes 0.87 VAA-AP 22-23
Rhesus Yes 0.85 VTA-AP 22-23
Marmoset Yes 0.67 GAA-AP 22-23
Cynomolgus Yes 0.85 VTA-AP 22-23
Dog Yes 0.82 GDA-AE 22-23
Panda Yes 0.79 GEA-AD 22-23
Elephant Yes 0.84 VAA-EP 23-24
Pig Yes 0.86 VFA-LD 22-23
Megabat Yes 0.77 VAA-DH 21-22
Cow Yes 0.77 VAA-NP 23-24

of the IFN-A4 orthologs were able to activate ISRE-Luc
reporter above the background level (control-Halo) indicates
that these proteins are biologically active as IFNs, even in
human cells.
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FIG. 2. Analysis of biological activity of IFN-A4 ortho-
logs. Results of transient transfections of expression con-
structs producing IFN-A4 orthologs in the HepG2 cell line
stably expressing the ISRE-Luc reporter. The results are
normalized to human IFN-A4 and represent mean values of
14 biological replicates for all samples, except for un-
transfected cells (n=6), all with standard errors. *=P<
0.001 compared with activity of human IFN-A4. All ortho-
logs showed significantly higher biological activity com-
pared with control-Halo (background).
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FIG. 3. Western blots of IFN-A4 orthologs. Western blot analysis of equal amounts of whole-cell protein lysates of
HepG?2 cells transiently transfected with expression constructs generating IFN-A4 orthologs. (A) Positive control—detection
by the a-Halo antibody for the C-terminal Halo-tag present in all IFN-A4-Halo proteins. Halo protein alone produces a band
of 33kDa, IFN-A4-Halo proteins produce bands of ~55kDa. (B) MAB-IFN-A4 detects IFN-A4-Halo proteins (55 kDa)
produced only by a subset of orthologs. (C) RAB-IFN-A4 detects only human IFN-A4.

Because all of the IFN-A4 orthologs are predicted to have
leader peptides and showed biological activity for induction
of IFN signaling, which is typical for exogenously acting
IFNs, it is likely that at least a portion of these proteins is
secreted. At the same time, if these orthologs behave like the
human IFN-A4, they will also be retained in the cytoplasm.
To test this, we evaluated protein expression and cellular
localization of all orthologs transiently expressed in HepG2
cells. Western blot analysis of protein lysates (Fig. 3), flow
cytometry analysis (Supplementary Fig. S1), and confocal
imaging (Supplementary Fig. S2) confirmed that all IFN-A4
orthologs are detectable by an antibody or a fluorescent li-
gand for the Halo-tag, which is present on all these proteins.

Confocal imaging showed that in most cases, IFN-A4 was
expressed as a cytoplasmic protein, although, in some cases,
it was also detected in the nucleus (such as in dog and
panda, Supplementary Fig. S2). PSORT analysis (Nakai and
Horton 1999) identified nuclear localization signals within
IFN-A4, and some of the orthologs were predicted to be
nuclear proteins (Supplementary Table S2); however, there
was no correlation between these predictions and intracel-
lular localization observed by confocal imaging. It is possible
that nuclear localization of IFN-A4 might be an alternative

option utilized in some specific conditions. Cytoplasmic—
nuclear shuttling has been reported for some factors involved
in immune response (Jans and Hassan 1998), including IFN-y
(Subramaniam and others 1999) and IRF3 (Kumar and
others 2000), and the possible functional effects associated
with nuclear translocation of IFN-A4 should be further ex-
plored in relevant experimental models.

Next, we tested the possibility of detection of IFN-A4
orthologs with two custom monoclonal antibodies generated
against nonoverlapping peptides within the N and C-
terminal parts of the human IFN-A4 protein. In Western blot
analysis (Fig. 3), flow cytometry (Fig. 4 and Supplementary
Figs S1 and S3), and confocal imaging (Fig. 5), the mouse
monoclonal antibody (MAB-IFN-A4) recognized IFN-A4
from the human, chimpanzee, orangutan, rhesus, marmoset,
cynomolgus (all the primates in the panel), and elephant.
The results were similar for orthologs that were detectable
both by Halo-tag and MAB-IFN-A4. The rabbit monoclonal
antibody (RAB-IFN-A4) recognized only the human IFN-
A4, This is likely because the area that can be recognized by
MAB-IFN-A\4 is more conserved between species compared
with the area that can be recognized by the RAB-IFN-A4
(Fig. 1).
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FIG. 5. Confocal imaging of IFN-A4 orthologs. HepG2
cells were transiently transfected with expression constructs
generating IFN-A4 orthologs and stained for IFN-A4 (MAB-
IFN-24, red), cytoskeleton (o-tubulin, green), and nuclei
(DAPI, blue).

Further genomic studies may help to identify IFN-A4
orthologs in other relevant species. The success and accu-
racy of these predictions rely on the quality and completion
of available genomic sequencing and additional targeted
DNA sequencing is often needed to validate the existing
sequences and close the gaps. Detailed analysis of functional
properties of IFN-A4 orthologs in relation to differences in
protein sequences could provide additional information on
its biology.

In conclusion, the importance of IFN-A4 in different as-
pects of antiviral response can be implied based on the
conservation of its sequence and biological activity in
mammals. However, it remains largely unknown what fac-
tors induce endogenous IFN-A4 expression in different
conditions and why elimination of IFN-A4 was a beneficial
event in humans strongly supported by positive selection.
Answers to these questions might be relevant for dealing
with existing and emerging infections across species. Viral
infections have been directly responsible for some of the
most dramatic and deadly disease pandemics in human
history and many of these infections, including the recent
Ebola outbreak, are of zoonotic origin (Jones and others
2008). There are also indirect devastating effects of these
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infections through the loss of livestock and wildlife, causing
food shortages and financial distress (Frolich and others
2002; Thumbi and others 2015). Some animals and corre-
sponding derived cell lines are used for studies of human
infections and vaccine development (Meurens and others
2012; Gerdts and others 2015). Thus, our findings and re-
search tools might help to identify factors that trigger IFN-
M expression and explore the spectrum of its biological
effects in different conditions.
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