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Interferon α (IFN-α) exerts potent antiviral, immunomodulatory, and antiproliferative activity and have proven
clinical utility in chronic hepatitis B and C virus infections. However, repeated IFN-α administration induces neu-
tralizing antibodies (NAb) against the therapeutic in a significant number of patients. Associations between IFN-
α immunogenicity and loss of efficacy have been described.
So as to improve the in vivobiological efficacy of IFN-α, a long lasting hyperglycosylated protein (4N-IFN) derived
from IFN-α2bwild type (WT-IFN)was developed. However, in silico analysis performedusing established in silico
methods revealed that 4N-IFN had more T cell epitopes than WT-IFN. In order to develop a safer and more effi-
cient IFN therapy, we applied the DeFT (De-immunization of Functional Therapeutics) approach to producing
functional, de-immunized versions of 4N-IFN.
Using the OptiMatrix in silico tool in ISPRI, the 4N-IFN sequencewasmodified to reduce HLA binding potential of
specific T cell epitopes. Following verification of predictions by HLA binding assays, eight modifications were se-
lected and integrated in three variants: 4N-IFN(VAR1), (VAR2) and (VAR3). Two of the three variants (VAR1 and
VAR3) retained anti-viral function and demonstrated reduced T-cell immunogenicity in terms of T-cell prolifer-
ation and Th1 and Th2 cytokine levels, when compared to controls (commercial NG-IFN (non-glycosylated),
PEG-IFN, WT-IFN and 4N-IFN).
It was previously demonstrated that N-glycosylation improved IFN-α pharmacokinetic properties. Here, we fur-
ther reduce immunogenicity asmeasured in vitro using T cell assays and cytokine profiling bymodifying the T cell
epitope content of a protein (de-immunizing). Taking into consideration the present results and previously re-
ported immunogenicity data for commercial IFN-α2b variants, 4N-IFN(VAR1) and 4N-IFN-4N(VAR3) appear to
be promising candidates for improved IFN-α therapy of HCV and HBV.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction

Human alpha interferons (hIFN-α) are a multigene family of induc-
ible cytokines that exert a variety of biological actions. Three allelic
variants, hIFN-α2a, hIFN-α2b and hIFN-α2c were described, but only
the first ones are used in clinical settings [1]. Recombinant human inter-
feron alpha (rhIFN-α) is widely used for the treatment of viral diseases
such as chronic Hepatitis B and C (CHC), AIDS-related Kaposi's sarcoma
and several types of cancer [2,3].

Although rhIFN-α is a ‘self’ derived protein therapeutic, anti-IFN-α
immune responses have been reported in treated patients. For instance,
in treatment with rhIFN-α2a in patients with malignant midgut carci-
noid tumors, 41% of patients developed anti- IFN-α antibodies [4].
Moreover 32–42% of patients with metastatic renal cell carcinoma
rrege).
(RCC) treated intramuscularly developed neutralizing antibodies to
IFN-α (NAB) [5–7].

Prolonged half-life is one of the most prominent features of
pegylated IFN-α. However, patients with chronic hepatitis Cwho devel-
oped anti-IFN-α antibodies during pegylated IFN-α treatment failed the
treatment [8,9]. Moreover, it was reported that PEG-IFN-α preparations
are immunogenic when administered to CHC patients who previously
received conventional IFN-α therapy [10].

Given the clinical data from IFN-α therapy, it is not surprising that a
number of attempts to predict and mitigate its immunogenicity in pre-
clinical studies have been carried out. In this context, T cell epitopes rec-
ognized by therapy-induced human anti-interferon-α neutralizing
antibodies have been identified [11,12]. In addition, a strategy to reduce
IFN-α immunogenicity was carried out by Jones and collaborators. The
authors identified, using a human T cell proliferation assay and peptides
spanning the IFN-α2b sequence, three potentially immunogenic re-
gions and corresponding mutations that remove the T-cell epitopes.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.clim.2017.01.003&domain=pdf
http://dx.doi.org/10.1016/j.clim.2017.01.003
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However, they were not able to test the modified whole proteins in
their T cell assays because IFN-α itself has antiproliferative properties
[13].

An additional inconvenience of unmodified IFN-α2 monotherapy is
the frequency of administration. In general, it requires daily or thrice
weekly injections over the course of treatment due to the rapid clear-
ance of the cytokine from blood [14]. To improve bioavailability, a hy-
perglycosylated derivative of the cytokine (4N-IFN) was developed,
through the introduction of four potential N-glycosylation consensus
sequences by site-directed mutagenesis [15]. The strategy was based
on the knowledge that glycans can prolong the circulation half-lives of
proteins, which may lead to a reduced dosing frequency and conse-
quently decrease side effects in patients. Although the hyperglycosylat-
ed proteinwas found to have a 25-fold longer plasma half-life than non-
glycosylated IFN, which is even greater than the commercial pegylated
derivative Intron-A PEG, the potential immunogenicity of the molecule
was not assessed.

Therefore, we performed an in silico immunogenicity screen follow-
ed by a stepwise de-immunization process of 4N-IFN. The strategy was
based on the concept that T cell epitope modifications can be identified
to reduce binding of T cell epitopes to MHCII, while preserving protein
function. This process is called de-immunization for functional thera-
peutics or “DeFT” [16].

An in silico analysis of 4N-IFN using EpiMatrix and ClustiMer [17] re-
vealed that the hyperglycosylated protein hadmore T cell epitopes than
the original sequence. Further analysis revealed promiscuous T cell epi-
topes that could be modified using the OptiMatrix program, to reduce
MHC binding across multiple HLA alleles, as originally described in
Moise et al. [16].

To validate the computational predictions, peptides representing the
original predicted immunogenic regions (ORG) and their defined mod-
ifications (MOD) were chemically synthesized. HLA binding assays for
eight prevalent HLA class II alleles were performed to screen the modi-
fied peptides and confirm reduced binding to MHC class II as predicted.
Eight modifications were selected for further studies and incorporation
into three “de-immunized” variants (designated as 4N-IFN(VAR1–3)).
The originator and variants were produced in CHO cells. Once tested
for anti-viral activity, two of the variants were found to be still function-
al; these were analyzed in T-cell proliferation assays with Th1 and Th2
cytokine profiling. Markedly reduced immunogenicity was observed
for both de-immunized versionswhen comparedwith the original mol-
ecule, with a commercially available non-glycosylated IFN-α andwith a
pegylated variant of the cytokine.

Additionally, an isoelectric focusing assay showed a higher degree of
glycosylation for one of the de-immunized proteins (4N-IFN(VAR3)) in
comparison to the original molecule. This feature is usually correlated
with benefits in stability, protease resistance and solubility. Taking
these results altogether, the 4N-IFN de-immunized variants developed
in this study appear to be promising candidates for antiviral therapy
in patients.

2. Materials and methods

A stepwise approach followed in this study is illustrated in Fig. 1.

3. De-immunization tools

To de-immunize 4N-IFN, the strategy described in Moise et al. [16]
was carried out. Briefly, the sequence of human 4N-IFN was parsed
into overlapping 9-mer frames and the immunogenic potential of each
framewas assessed against a panel of eightHLA class II supertype alleles
(DRB1*0101, DRB1*0301, DRB1*0401, DRB1*0701, DRB1*0801,
DRB1*1101, DRB1*1301 and DRB1*1501) that represent N90% of MHC
diversity in the human population [18]. A “Z” score for each 9-mer is
assigned by EpiMatrix. Any 9-mer scoring above 1.64 on the EpiMatrix
“Z” scale (approximately the top 5% of the random peptide set) has a
significant chance of binding to the MHC II molecule and is designated
as a “hit”. 9-mers scoring above 2.32 on the scale (the top 1%) are ex-
tremely likely to bind. In general most published T cell epitopes fall
within this category. These EpiMatrix results were then screened for
the presence of concentrated regions of MHC binding potential using
ClustiMer. Regions of high immunogenic potential, defined as having a
score above 10 (including multiple ‘hits’ against many different HLA
DR), were identified, and the corresponding “original” (ORG) peptides
were synthesized [19].

To identify amino acidswithin theORG sequences thatwere suitable
for modification, we evaluated the contribution of each amino acid in
these regions to HLA binding using OptiMatrix (part of the EpiVax
ISPRI toolkit for de-immunization). OptiMatrix begins with looking at
“critical” residues, which contributemost toMHCbinding affinity across
multiple 9-mer frames andmultiple HLA alleles. The program then iter-
atively substitutes all 19 alternative amino acids in any given position of
a protein sequence (with operator-defined input that may limit the list
to naturally conserved variants) and then re-analyzes the predicted im-
munogenicity of the sequence, following that change. To avoid a nega-
tive effect on protein structure and consequently in biological activity
a comprehensive search in literature for critical residues was also con-
ducted, which identified amino acids thatwere not candidates for mod-
ification. The predicted disruptive impact on the overall immunogenic
potential of the modified (MOD) peptides was verified by confirming
that the modifications reduced binding to HLA in HLA binding assays.

3.1. Synthetic peptides

ORG and MOD peptides corresponding to the predicted epitopes
were synthesized (New England Peptide, Gardner, MA, USA) by
9-fluoronylmethoxy-carbonyl (Fmoc) method on an automated Rainen
Symphony/Protein Technologies synthesizer. The peptides were puri-
fied to 85% or higher by reversed phase HPLC.

3.2. HLA binding assay

Class II HLA binding assays were used to estimate the affinity of pre-
dicted epitope sequences for multiple HLA alleles and their de-
immunized variants. We performed a competition-based HLA binding
assay that was initially described by Steere and collaborators [20]. In
96-well plates, non-biotinylated test peptides at five different concen-
trations (100 μM, 50 μM, 10 μM, 1 μMand 0.1 μM) competed for binding
to purified Class II molecules (50 nM) against a biotinylated standard
peptide at a fixed concentration (0.1 μM) for 24 h at 37 °C to reach equi-
librium. Class II complexes were then captured on ELISA plates using
pan anti-Class II antibodies (L243, anti-HLA-DR). Plates were washed
and incubatedwith Europium-labeled Streptavidin for 1 h at room tem-
perature. The Europium activation buffer was added to develop the
plates for 15–20 min at room temperature before they were read on a
Time Resolved Fluorescence (TRF) plate reader. All assays were
performed in triplicate. Binding assays were performed for 8 alleles:
DRB1*0101, DRB1*0301, DRB1*0401, DRB1*0701, DRB1*0801,
DRB1*1101, DRB1*1301 andDRB1*1501,which provided a broad repre-
sentation of class II HLA allele binding pockets [18].

3.3. Gene expression in mammalian cells

3.3.1. Cell culture
Cell culture Chinese hamster ovary (CHO·K1) cells were grown in

basal culture medium previously described [21] supplemented with
5% (v/v) fetal calf serum (FCS) (PAA, Argentina). Madine Darby bovine
kidney (MDBK) cells were grown in minimum essential medium
(MEM; Gibco, USA) supplemented with 10% (v/v) FCS. Bioassays were
performed using MEM supplemented with 2% (v/v) FCS (assay
medium).



Fig. 1. Flow diagram illustrating the main steps in this study.
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3.3.2. Production and purification of IFN-α variants
In order to produce large amount of protein for further analysis, a

third-generation lentiviral strategy was carried out which included the
packaging construct (pMDLg/pRRE), VSV-G expressing construct
(pMD.G) and the Rev. expressing construct (pRSV-Rev) (Addgene,
USA; Plasmid numbers #12251, #12259, #12253, respectively) [22,23].

3.3.3. Vector construction
The 4N-IFN de-immunized variants were synthetically generated by

GeneArt™ (USA) and cloned into a self-inactivating (SIN) promoter-
containing expression vector. Sequences of all constructions were veri-
fied by DNA sequencing.
3.3.4. LV particles production and titration
Research grade HIV-based lentiviral particles containing IFN variants

transgenes were manufactured following the protocol suggested by
Naldini et al. [23] and Dull et al. [22]. Following a lipofection protocol,
adherent HEK293T cells (1.2 × 107 cells per well) were simultaneously
co-transfected with four plasmids: the packaging construct (pMDLg/
pRRE) [22], the VSV-G-expressing construct (pMD.G) [23], the Rev.-
expressing construct (pRSV-Rev) [22], and the self-inactivating (SIN)
promoter-containing LV. Lentiviral particles (LVPs) containing superna-
tant were collected 72 h after transfection. LVPs were titered using the
QuickTiter™ Lentivirus Titer Kit (Lentivirus-Associated HIV p24) fol-
lowing instructions suggested by the manufacturer (Cell Biolabs Inc.,
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USA) and the titer (TUml−1) was determined. The titer was used to cal-
culate the necessary supernatant dilutions to transduce cells at the same
multiplicity of infection (MOI).

3.3.5. Stable expression (lentiviral transduction)
Transductionswere carried out by incubating 6.0 × 104 cells perwell

seeded onto 6-well plates (Greiner) with LVPs at a final MOI of sixty.
Twenty-four hours post-transduction, media were replaced with fresh
media. In order to eliminate the remaining wild type cells, 96 h post-
transduction supernatants were replaced by fresh growthmedium con-
taining 10 μg·ml−1 puromycine (Sigma Aldrich, USA). Selective medi-
um was changed every 3–4 days until control cell death. Transduced
cells were expanded for IFN-α production. 4N-IFN producing cell lines
were cloned by the limit dilution method [24]. The productivity of indi-
vidual clones was evaluated by determination of expression levels and
cell counting. The highest expressing clones of each 4N-IFN variant
were cultivated for large-scale production. Cells were grown until con-
fluence in 500 cm2 triple flasks using growth medium. The medium
was then changed to basal medium supplemented with 0.5% (v/v) FCS
(production medium). Every 48 or 72 h, conditioned medium was har-
vested and replacedwith fresh productionmedium. Harvests were clar-
ified by centrifugation and stored at −20 °C. Protein was purified by
immunoaffinity chromatography following a strategy previously de-
scribed [15]. The concentration of purified 4N-IFN variant was deter-
mined by reverse-phase HPLC, using the non-glycosylated cytokine as
standard and confirmed by spectrophotometric quantification.

3.3.6. Human PBMC HLA-DR typing
All blood extraction and handling procedures were approved by the

Universidad Nacional del Litoral Research Ethics Committee (Santa Fe,
AR). Blood was obtained from healthy donors by venipuncture after
obtaining informed consent. PBMCs were isolated by Ficoll-Paque™
PLUS (GE Healthcare Bio-Science, SE) density-gradient separation ac-
cording tomanufacturer's instructions, and the buffy coat was collected
and washed twice with PBS. PBMCs were cryopreserved in liquid nitro-
gen at a concentration of 1–3 × 107 cells/ml. Previously, an aliquot of
blood was separated and HLA-DR allotypes were determined by
Luminex Sequencing Technology (PRICAI, Buenos Aires, AR). Typing re-
sults were compared to publicly available HLA-DR frequencies in the
world population: (www.allelefrequencies.net).

3.3.7. Ex vivo T-cell assays
For ex vivo T-cell assays a strategy suggested by Jaber and Baker [25]

with modifications was performed. Monocytes were isolated from
PBMCs from each donor blood sample by differential adherence to plas-
tic [26]. The adherent cells were retained for differentiation and the
non-adherent cells were collected and cryopreserved for further use.
To induce an immature phenotype of monocyte-derived DC, monocytes
were incubated in growth medium containing 1000 U/ml each of
human IL-4 (Milipore, USA) and granulocyte macrophage colony-
stimulating factor (GM-CSF, GemaBiotech, AR) for 6 days with a change
of media at day 3. On day 6, immature dendritic cells were collected,
counted and incubated with IFN-α variants or non-antigen (medium
or excipients). Test antigens that were included in this study were:
non-glycosylated IFN (NG-IFN), wild type IFN produced in CHO cells
(WT-IFN), pegylated IFN (PEG-IFN), 4N-IFN and its de-immunized
variants. After an overnight incubation, DC were washed to remove ex-
ogenous antigen and resuspended in growth medium containing re-
combinant human tumor necrosis factor (rhTNF, ProsPec, USA) alpha,
GM-CSF and IL-4 for 4 days to induce DC maturation. Ag pulsed-DCs
were then incubated with autologous cells for 48 h inmedium contain-
ing 2 ng/ml human IL-2 (Thermo, USA). Supernatants were collected
and evaluated for IFN-γ and IL-4 quantification by sandwich ELISA. Neg-
ative controls (medium or excipients), and positive controls (phytohe-
magglutinin, Sigma Aldrich, USA) were also included.
3.3.8. IFN-γ and IL-4 sandwich ELISA
96-well plates were coated with 100 μl primary IFN-γ mAb (clone

2G1) (Thermo, USA), or primary IL-4 mAb (clone E10023, Endogen,
USA) at a concentration of 1.5 μg/ml, first for 1 h at 37 °C and then
overnight at 4 °C. After blocking 1 h at 37 °C with 1% (w/v) BSA in
phosphate-buffered saline (PBS), culture supernatants were added
and incubated for 1 h at 37 °C. Serial 1:2 dilutions of rhIFN-γ or rhIL-4
(Thermo, USA) from 1 ng/ml were also included. Then, 100 μl/well of
IFN-γ pAb (Catalog Number P700, Thermo, USA) 150 ng/ml or biotinyl-
ated IL-4 secondary mAb (clone E10021, Endogen, USA) at a concentra-
tion of 300 ng/mlwas added to the plates and incubated for 1 h at 37 °C.
Then, plates were incubated with a peroxidase-labeled goat anti-rabbit
immunoglobulins (DAKO, Denmark) diluted 1:1000 or Streptavidin
horseradish peroxidase conjugate (RPN4401-AMDEX, USA) diluted
1:5000. After 1 h, plates were incubated with substrate solution
(0.5 mg ml−1 o-phenylenediamine, 0.015% (v/v) H2O2 in 50 mM
phosphate citrate buffer). Reactions were stopped by the addition of
2 N H2SO4 and the absorbance was measured at 492 nmwith amicroti-
ter plate reader Labsystems Multiskan MCC/340, Finland). Between
every step, plates were washed with PBS containing 0.05% (v/v)
Tween 20 (PBS-T). Dilutions were prepared in PBS-T containing
0.1% (w/v) BSA. The assay was performed in triplicate.

A similar acceptance criterion to that suggested byWullner et al. [51]
to define a positive response for a given donor was used.
The Stimulation Index (SI) was defined as a ratio of the cytokine
concentration from protein challenged samples divided by cytokine
concentration from excipient treated samples. A geometric mean
(GM) of the SI was then calculated and a positive donor was defined
when SI N GM.

3.3.9. IFN-α sandwich ELISA
rhIFN variants yields from culture supernatants were quantified by a

specific sandwich ELISA assay previously described by Ceaglio and col-
laborators [15].

3.3.10. Antiviral assay
The biological antiviral activity of rhIFN-a2b was determined by its

ability to inhibit the cytopathic effect caused by vesicular stomatitits
virus (VSV, Indiana strain) on MDBK cells [27,28]. To evaluate the im-
pact of modifications on the anti-viral activity of the IFN-α variants,
MDBK cells were seeded into culture microtiter plates in growth medi-
um (2.5 × 104 cells per well) and incubated at 37 °C overnight. After re-
moving culture supernatants, we added 1:2 serial dilutions of rhIFN-a2b
WHO international standard (NIBSC 95/566) from 20 U ml−1 to
0.16 U ml−1 or 1:2 serial dilutions of 4N-IFN variants test samples in
assay medium. The plates were then incubated for 6 h at 37 °C, and
after removal of supernatants, the monolayers were infected with 1.6
PFU of VSV virus per cell. Viral replication was allowed to proceed
until the cytopathic effect was clearly observable in control wells (no
IFN-α). The medium was discarded and cells were fixed and stained si-
multaneously with a solution of 0.75% (w/v) crystal violet in 40% (v/v)
methanol. After 10 min, plates were washed with water and the re-
maining dye was solubilized in 20% (v/v) acetic acid. The plates were
read at 540 nm with a microtiter plate reader and the signal intensity
of each dilution was reported as the mean of the absorbance measured
in five wells.

3.3.11. SDS-PAGE and Western blotting
SDS-PAGE analysis was performed according to the standard

method using 15% (w/v) polyacrylamide resolving gels and 5% (w/v)
stacking gels. Proteinswere transferred onto a polyvinylidene difluoride
(PVDF) membrane (BioRad). Blots were blocked for 1 h with 5% (w/v)
non-fat milk in Tris-buffered saline (TBS) and then probed with
rabbit anti-rhIFN- a2b polyclonal antibodies. After 1 h, blots were incu-
bated with the same peroxidase-conjugated described in the ELISA. Im-
munoreactive bands were visualized using an ECL™ Chemiluminescent

http://www.allelefrequencies.net
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Western Blotting Analysis System (GE Healthcare). Washes between
steps were performed with TBS containing 0.05% (v/v) Tween 20
(TBS-T). Dilutions were prepared in TBS-T containing 0.5% (w/v) non-
fat milk.
3.3.12. Isoelectric focusing (IEF)
IEFwas performed in 1mm thick 8% (w/v) polyacrylamide gels con-

taining 7 M urea, 20% (w/v) 4.0–6.5 ampholytes and 80% (w/v) 2.5–5
ampholytes. The gel was prefocused at 10 W, 2000 V and 100 mA for
1 h. Then, 5–20 ml samples were applied at 1 cm from cathode and
electrophoresis was carried out using the same conditions as the
prefocusing step for 30min. The IEF-separated components were trans-
ferred to PVDF membranes and Western blotting proceeded as de-
scribed above.
3.3.13. Statistical analysis
Differences between treatments were evaluated through a one-way

analysis of variance (ANOVA). When the ANOVA produced significant
differences (p b 0.05), a post-hoc Tukey's multiple comparison test
was applied.
Fig. 2. In silico immunogenicity analysis of 4 N–IFN. A) EpiMatrix MHC binding cluster immuno
individual EpiMatrix scores. The EpiMatrix cluster immunogenicity score represents the devi
standard. MHC binding clusters scoring above +10 are considered to be potentially immuno
from highest (red) to lowest (blue). B) MHC Class II binding cluster map of 4N-IFN as predic
aligned along the 4N-IFN sequence. Any peptide scoring above 1.64 on the EpiMatrix “Z” scale
on the scale (top 1%) are extremely likely to bind MHC (black bars). Clusters identified by Ep
(blue bars) determined by experimental methods overlapped with those defined here. C) Loca
IFN. (For interpretation of the references to color in this figure legend, the reader is referred to
4. Results

4.1. Immunogenicity prediction and experimental validation

In silico assessment for potential immunogenicity using EpiMatrix
revealed that 4N-IFN had more T cell epitopes per unit amino acid
than the unmodified protein (WT-IFN), suggesting the generation of
new epitopes and/or the immunogenicity enhancement of those
previously existent ones, as a consequence of the incorporation of
N-glycosylation sites (Fig. 2A). Further analysis using the EpiMatrix
and ClustiMer algorithms allowed us to identify regions containing con-
centrated putative 9-mer MHC binding known as clusters in the 4N-IFN
sequence. As shown in Fig. 2B, regions of putativeMHCbindingwere lo-
cated at the following positions: 1–19, 11–32, 41–62, 57–78, 114–141
and 140–165. Five out of six predictedMHCbinding clusters overlapped
with T cell epitopes previously defined [13].

We then identified modifications that disrupted or reduced MHC II
binding affinity using OptiMatrix. Among the changes suggested by
OptiMatrix, we selected those ones that were not identified as critical
for biological activity or receptor binding (Table 1). In order to reduce
perturbations to protein structure, mutations were made by substitut-
ing alanine (except for onemodification that wasmade to tryptophan).
genicity scale. Peptides are mapped onto a cluster immunogenicity scale according to their
ation in putative epitope content from baseline expectation based on a random peptide
genic. Some positive control peptides and proteins are also arranged by EpiMatrix score,
ted by EpiMatrix. EpiMatrix-predicted 9-mer hits for 8 prevalent HLA class II alleles are
(top 5%) is considered to be a potential epitope (gray bars). Peptides scoring above 2.32

iMatrix with the respective scores indicated above are framed in red. Published epitopes
tion of and D) Impact of selected mutations on the overall immunogenic potential of 4N-
the web version of this article.)



Table 1
Critical residues for IFN-α structure/biological function previously identified and reported in the literature.

Function Residues Reference

Biological activity Leu30, Lys31, Arg33, His34, Phe36, Arg120, Lys121, Gln124,
Tyr122, Tyr129, Lys131, and Glu132

Mitsui et al., 1993
Uzé et al., 1995
Radhakrishnan et al., 1996

Arg144 Senda et al., 1995
Glu146 Korn et., 1994
Arg22, Leu26 and Phe27 Weber et al., 1987
Ser68, Thr79, and Tyr85 Rehberg et. Al, 1982
Functional hot-spot residues (fully conserved) Leu30, Arg33,
Arg144, Ala145, Met148, and Arg149

Piehler et al., 2000; Roisman et al., 2001

Presumably important for protein structural integrity Phe36, Tyr122 and Tyr129 Radhakrishnan et al., 1996
Interaction with IFN-αR1 AB loop (Arg22, Leu26, Phe27, Leu30, Lys31, Arg33,

His34), the bend in helix B (Ser68) and helices C (Thr79,
Lys83, Tyr85, and Tyr89), D (Arg120, Lys121, Gln124,
Lys131, and Glu132) and E (Arg144, and Glu146) and Arg149

Uzé et al., 1994
Radhakrishnan et al., 1996

Interaction with IFN-αR2 Leu15, Leu26, Phe27, Leu30, Lys31, Asp32, Arg33, His34; Asp35,
Lys133, Arg144, Ala145, Met148, Arg149, Ser152, Leu153, Arg12

Piehler et al., 2000
Roisman et al., 2001

Dimerization Arg33, His34, Asp35, Gly38, Gln41, Glu42, Glu 43, Gly45, Arg114,
Ser115, Ala118, Lys121, Arg125 and Glu132

Radhakrishnan et al., 1996

Stabilization of the conformation of the AB loop (Cys29–Cys138, Phe36, Tyr122,
Arg125 and Tyr129

Radhakrishnan et al., 1996

Cys involved in disulfide bond Cys29 with Cys138 and Cys1 with Cys98 Radhakrishnan et al., 1996
Zinc-binding site Glu41 and Glu42 Radhakrishnan et al., 1996
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A total of eleven mutations were identified and their impact on poten-
tial immunogenicity is shown Fig. 2C and D. For each original (ORG)
cluster one to three modifications (MOD) were designed, these se-
quence are described in greater detail in Table 2.

To validate the computational predictions, HLA Class II binding as-
says were performed for the DRB1*0101, DRB1*0301, DRB1*0401,
DRB1*0701, DRB1*0801, DRB1*1101, DRB1*1301 and DRB1*1501 al-
leles at five different peptide concentrations. IC50 values for each pep-
tide and HLA allele were calculated. IC50 values and the corresponding
EpiMatrix Z score are shown in Supplemental material (Fig. 1). To iden-
tify those modifications that effectively produced a relevant impact on
HLA binding, we plotted the IC50 average for each peptide (ORG and
MOD) across all alleles (IC50 = 100 μM were adopted for non-binders
for calculation purposes). As shown in Fig. 3, L9A, F47A, L117A, F123A
and L128Amutations in peptides 1a (ORG), 2 (ORG) and 4–5 (ORG) re-
duced HLA binding affinity and were considered to produce 4N-
IFN(VAR1). Discrepancies between predictions and binding assays
may be attributable to peptide aggregation or folding that interferes in
the binding assay or to less than accurate predictions (EpiMatrix is
85% accurate, as described in previous publications). Even though
L18A, I60A and F64A did not disrupt peptide:HLA interactions in bind-
ing assays, these substitutions were still considered for synthesis, be-
cause they showed a marked reduction in Z score according to
Table 2
Original (ORG) andmodified (MOD) 4N-IFN peptides sequences. Highlighted residues are
considered essential for HLA binding and consequently optimal for substitution. For each
original cluster one to three modifications were introduced.

Peptide ID Sequence

1a (ORG) C D L P Q T H S L G S R R T L M L L A
1a (MOD) C D L N Q T H S A G S R R T L M L L A
1b1 (ORG) S R R T L M L L A Q M R N I S L F S C L K D
1b1 (MOD1) S R R T L M L A A Q M R N I S L F S C L K D
1b1 (MOD2) S R R T L M A A A Q M R N I S L F S C L K D
2 (ORG) E E F G N Q F Q K A E T I P V L H E M I Q
2 (MOD) E E F G N Q A Q K A E T I P V L H E M I Q
3 (ORG) L H E M I Q Q I F N L F S T N D S S A A W N
3 (MOD1) L H E M A Q Q I F N L F S T N D S S A A W N
3 (MOD2) L H E M A Q Q I A N L F S T N D S S A A W N
4–5 (ORG) E D S I L A V R K Y F Q R I T L Y L K E K K Y S P C A W
4–5 (MOD) E D S I A A V R K Y A Q R I T A Y L K E K K Y S P C A W
6 (ORG) A W E V V R A E I M R S F S L S T N L Q E S L R S K E
6 (MOD) A W E V V R A E A M R S F S L S T W L Q E S L R S K E
OptiMatrix. A total of eight mutations were introduced into the 4N-
IFN sequence to develop 4N-IFN(VAR2). In addition, we decided to pro-
duce an additional variant carrying a lower number of mutations so as
to reduce the potential for compromising IFN-α function. Therefore,
we designed 4N-IFN(VAR3) carrying only three mutations that were
predicted to have the highest impact on HLA binding disruption accord-
ing to binding assays (L9A, F47A) and EpiMatrix predictions (L18A). 4N-
IFN variant sequences are shown in Fig. 2 (Supplemental material) and
their EpiMatrix scores are shown in Fig. 2C.
4.2. 4N-IFN de-immunized variants: Production, purification
and characterization

4N-IFN de-immunized variants were synthesized and cloned into a
third generation lentiviral vector and then the variants were expressed
in CHO cells. In a preliminary analysis, cell culture supernatants were
characterized for antiviral activity. Despite all cell lines produced high
levels of each IFN variant (data not shown) no residual activity was ob-
served for 4N-IFN(VAR2), which was then eliminated from further
study. It is likely that this variant was not functional due to the number
of modifications that had been introduced in the sequence.

Purification of the secreted 4N-IFN variants from individual harvests
was achieved in one step by immunoaffinity chromatography using a
monoclonal antibody (CA5E6). CA5E6 mAb binds with high affinity to
both 4N-IFN variants (a representative chromatogram is shown in
Supplemental material, Fig. 3) and was adsorbed on CNBr-activated
Sepharose as ligand for immunoaffinity chromatography purification.
Supernatants containing different IFN variants were loaded onto the
matrix, without exceeding 40% of its theoretical capacity. No loss of
the cytokine was observed during washing steps, which were useful
to remove a high content of contaminants. The achieved purity level
was above 95% as judged by RP-HPLC-C4 chromatography (data not
shown).

As shown in Fig. 4A, a comparison of electrophoretic migration
by SDS-PAGE showed similar patterns for both 4N-IFN and 4N-
IFN(VAR1). However, although no modifications were introduced into
N-glycosylation sites, 4N-IFN(VAR3) demonstrated a marked electro-
phoretic retardation in comparison to the original protein. The in-
creased size of this variant may be attributed to the presence of
multiple N-linked glycans as a consequence ofmore efficiently occupied
consensus sites.



Fig. 3. Experimental validation of 4N-IFN immunogenicity predictions. IC50 average for each peptide (ORG andMOD) across eight relevant alleles that represent N90% of MHC diversity in
the human population. Bars represent averages. Mutations that effectively produced an impact on the binding to HLA alleles are correlated with an increase of the bar height and are
highlighted in the figure.
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In order to confirm this hypothesis, the charge-based heterogeneity
of the 4 N–IFN variants was analyzed by IEF (Fig. 4B). The non-
glycosylated IFN-α consisted in a unique band of a pI close to the
lower limit of the pH gradient (6.5) as previously reported in the litera-
ture [29]. As suggested by the SDS-PAGE result, 4N-IFN(VAR1) demon-
strated a similar IEF pattern to 4N-IFN, butwith a lower proportion of O-
glycosylated isoforms. In contrast, 4N-IFN(VAR3) showed a markedly
different pattern of bands with the majority of them concentrated in
the upper part of the pH range, suggesting that 4N-IFN(VAR3) was
enriched in highly sialylated isoforms.

4.3. Biological activity

In order to evaluate the impact of themodifications on IFN biological
activity, an antiviral activity assay was carried out using MDBK cells as
target cells for viral infection by VSV virus.

Although the immunization strategy was aimed to change the min-
imum number of amino acids without varying residues directly in-
volved in biological activity (see Table 1), a reduction in antiviral
Fig. 4.Mutations introduced into 4N-IFN(VAR3) produced an enrichment in highly glycosylate
were analyzed by denaturing PAGE. (B) The charge-based heterogeneity of the IFN variants wa
activity was observed for the modified variants (Table 3). For 4N-
IFN(VAR1) the residual activity was 28.4% and even lower for 4N-
IFN(VAR3) (16.9%). Frequently, excessive sugar attachment might re-
sult in steric hindrances that negatively impact the cytokine-receptor
interaction. Additionally, enhanced sialic acid content could also explain
the observed reduction in antiviral activity.

4.4. Immunogenicity

4.4.1. Donor samples
Blood samples were taken from 26 healthy donors aged between 24

and 60 years. Previous studies showed that HLA-DRB1 are involved in
antigen presentation and required for the T-cell response [30,25];
hence, donor HLA-DRB1 types were determined.

Comparison of the allotypes expressed in the cohort against those
expressed in the world population revealed that coverage of nearly
85% of HLA DR types was achieved and that all major HLA-DRB1 alleles
(allotypes with frequencies higher than 5% expressed in theworld pop-
ulation) were well represented (Fig. 5).
d isoforms in comparison with 4N-IFN. (A) Glycosylation patterns of purified IFN analogs
s analyzed by IEF and differently sialylated forms were distinguished.



Table 3
The antiviral activity of IFN-α variants was determined by their abil-
ity to inhibit the cytopathic effect caused by vesicular stomatitis virus
on MDBK cells and normalized to the activity of 4N-IFN.

Protein % Residual Activity

4N-IFN 100.0
4N-IFN(VAR1) 28.4
4N-IFN(VAR3) 16.9
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4.4.2. T-cell proliferation assay
Because of antiproliferative effect of IFN-α on T-cells (especially on

naïve T-cells) it was not possible to test T-cell proliferation by direct in-
cubation of IFN (antigen) with PBMCs. For this, an alternative protocol,
involving monocyte isolation and further differentiation into dendritic
cells, was considered.

Immature DCs were loaded with Ag (IFN), matured and then incu-
bated with monocyte-depleted autologous PBMCs. Cytokine secretion
was then evaluated by sandwich ELISA and used to calculate the SI
and the number of positive donors. SI for each donor and protein are
shown in Supplemental material (Fig. 4).

As shown in Fig. 6A, a Th1 profile analysis showed that almost 54% of
donors responded to the non-glycosylated commercial version (NG-IFN)
produced in E. coli. Surprisingly, almost all of the donors responded to
WT-IFN, despite only an additional O-glycosylation. In addition, 4N-IFN
was, in this analysis, more immunogenic than the non-glycosylated
cytokine (73% of positive responses). A markedly reduced immune
response was detected for both 4N-IFN de-immunized variants, with
38% and 27% positive responses for 4N-IFN(VAR1) and 4N-IFN(VAR3),
respectively. Relatively low immunogenicity was also observed for
PEG-IFN (38%).

However, a different scenario was observed when IL-4 secretion
(Th2 profile) was analyzed (Fig. 6B). NG-IFN and PEG-IFN showed sim-
ilar immunogenicity (nearly 60% positive responses). In contrast with
the results from the Th1 analysis, a lower frequency of donors
responded to WT-IFN (50%). In addition, while low immunogenicity
was detected for 4N-IFN (19%), the lowest proportion of responders
was observed for both de-immunized versions (4% and 8%). Then, it is
important to highlight that although a similar Th1 immunogenicity
was observed for PEG-IFN and both de-immunized 4N-IFN variants,
the Th2 profile was significantly higher for PEG-IFN.
Fig. 5. The HLA-DRB1 allelic distribution of our donors is representative of theworld-wide
population. HLA allelic frequency in our cohort was compared with public available
frequencies of HLA-DRB1 alleles in the world population (data extracted from www.
allelefrequencies.net).
4.4.3. HLA-DR restriction for antigen presentation
To confirm that cytokine responses were mediated through antigen

presentation in the context of HLA-DR molecules, WT-IFN-pulsed den-
dritic cells derived from five responsive donors were treated with an
anti-DR antibody (in two different concentrations) before incubation
with autologous T-cells. As shown in Fig. 7 a successive reduction of
IFN-γ SI with increasing amounts of antibody was observed in all do-
nors, demonstrating the essential role of HLA-DR in mediating T cell re-
sponses to IFN.

5. Discussion

During IFN-α treatment a significant number of patients develop
anti-IFN-α antibodies. The impact of the antibodies can vary: They
may bind to the molecule but have no effect on the efficacy of the
drug, or they may alter its pharmacokinetics, or in certain cases they
may neutralize its activity by preventing IFN-α from binding to its
cell-surface receptor on target cells [31,32]. Additionally, IFN-α has
been associated with an increase in certain autoimmune diseases.
Initially it was suspected that impurities in the leukocyte-derived
medicationwere driving increased expression ofMHC class IImolecules
and subsequently inducing autoimmune thyroiditis [33,34]. However,
even after leukocyte-derived IFN-α was replaced with recombinant
IFN, patients continued to develop autoimmune diseases [35,36], sug-
gesting that the drug can be pro-inflammatory. This pro-inflammatory
effect may contribute to its immunogenicity in the clinic.

It is now known that anti-drug antibody formation is closely related
with T-cell help [37–40]. In particular, the critical role of CD4+T cells in
anti-IFN-α antibody development was evidenced by Jones and
collaborators (2004) [13]. The authors evaluated fifteen-mer peptides
staggered by three amino acids and spanning the entire IFN-α2b se-
quence. When these regions were synthesized as single peptides and
tested in time course assays both in healthy individuals and in IFN-
α2b-treatedHCVpatient PBMCs, theywere able to identify three immu-
nogenic regions into the molecule: Region 1 (amino acids 22–39); Re-
gion 2 (amino acids 52–79) and Region 3 (amino acids 112–130).
Region 3 was reported to be the most immunogenic region in terms of
proliferative responses in vitro.

In this study, we used an in silico approach to identify
immunodominant T-cell epitopes in 4N-IFN and to modify them so as
to generate functional de-immunized variants. Several MHC binding
clusters were identified in the 4N-IFN sequence using EpiMatrix and
ClustiMer. Four out of five regions overlapped with the immunogenic
regions previously identified in IFN-α2b, demonstrating the accuracy
of the predictions (in retrospect). Also, consistent with previous exper-
imental data, Region 5 (amino acids 114–141) was themost potentially
immunogenic (Z score=36.09). After identifying the key immunogenic
regions,we usedOptiMatrix tomodify those amino acids that contribut-
ed themost toMHC Class II binding.We substituted alanine (onemuta-
tion to tryptophan) to reduce the potential for HLA binding, to reduce
the chance of having a negative impact on protein structure and/or bio-
logical activity [30]. When predictions were put to the test in HLA bind-
ing assays, we observed a correlation between both analyses. These
results are consistent with reports previously published for the
EpiMatrix algorithm [16,17,41].

Based on these results we selected a total of eight mutations that
were introduced into the 4N-IFN sequence in different combinations,
to generate three 4N-IFN de-immunized variants in CHO cells. Although
themutationswere chosenwith the aim of reducing the impact on pro-
tein structure, one of the variants (designated here as 4N-IFN(VAR2))
was nonfunctional and was not included in further studies. This result
is not surprising considering that mutations affected as much as 5% of
the protein sequence.

We found a reduction in the in vitro antiviral activity for 4N-
IFN(VAR1) and 4N-IFN(VAR3) in comparison with the original mole-
cule. One reason for this may be that the modifications produced a

http://www.allelefrequencies.net
http://www.allelefrequencies.net


Fig. 6. 4N-IFN de-immunized variants showed a marked reduced immunogenicity in comparison with other IFN versions. Ex vivo cytokine secretion by T-cells after incubation with IFN-
pulsed dendritic cells. Data were obtained from 26 donors. A Stimulation Index (SI) was defined as a ratio of the cytokine concentration (IFN-γ (A) and IL-4 (B)) from protein challenged
samples divided by cytokine concentration from excipient treated samples. A geometric mean (GM) of the SI was then calculated and a positive donor was defined when SI N GM.
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direct impact on protein structure or binding to its receptor on MDBK
cells. Another plausible explanation could be that mutations in these
proteins increased the site accessibility forN-glycosylation. This is espe-
cially true for 4N-IFN(VAR3) where a markedly different glycosylation
patternwas observedwhen comparedwith 4N-IFN. Taking into account
that each glycoform could be considered a subset of IFN-α molecules
provided with a particular charge due to its sialic acid content, the IEF
analysis suggests that 4N-IFN(VAR3) would be significantly enriched
in more sialylated forms. This change could also explain the reduction
of in vitro antiviral activity. A concern with reduced in vitro activity is
the potential need for higher doses. However, changes in glycosylation
patterns may be useful for a prolonged in vivo action [42]. Sialic acids
contribute to extend the glycoproteins half-life limiting the binding to
hepatic asialoglycoprotein receptors specific for terminal galactose or
N-acetylgalactosamine residues [43], a receptor-mediated clearance
mechanism. In addition, carbohydrates may also play an important
role in protecting from proteolytic enzymes in the extra cellular space
and so, reducing protein elimination from the circulatory system [44].
Also, it has been reported for other therapeutics that a reduction of
Fig. 7.HLA-DR restriction. Blocking antibody assay to determine the HLA restriction of IFN
presentation by DC. A successive decrease in IFN-γ SI was observed when two different
blocking Ab concentrations were evaluated. SI were normalized to the untreated control
(excipients).
the binding affinity for their receptor would contribute to potentially
minimize negative side effects associated with therapy [48]. On the
other hand, a reduced IFN antiviral activity could be solved through
combined therapies. Recently, a screening of chemical libraries for com-
pounds that enhanced cellular responses to IFN-α allowed identifying a
triterpenoid, known as toosendanin (TSN). Pretreatmentwith TSNprior
to IFN-α treatment was more effective in suppressing HCV replication
than treatmentwith either drug alone. Although TSN alone did not acti-
vate the IFN-α pathway, it significantly enhanced the IFN-α induced in-
crease of phosphorylated STATs, interferon-stimulated response
element activation, and interferon-stimulated gene expression [49]. Ad-
ditionally, efforts have been recently made to identify compounds from
natural and synthetic libraries that can modulate the activity of IFNs
[50]. Nevertheless, the potential effect of modifications on 4N-IFN de-
immunized variants stability and pharmacokinetic parameters remains
to be determined.

IFN-α has natural antiproliferative properties. Therefore, we could
not use standard immunogenicity assays (T cell proliferation) and had
to identify alternative methods for measuring immunogenicity. We ob-
tained blood from healthy donors that possessed HLA DR types
representing the majority of HLA-DR allotypes expressed in the world
population. This allowed for detection of anti-IFN-α T-cell responses re-
stricted to a specific HLA-DR allotype. In this analysis we included the
original molecule (4N-IFN), a commercial non-glycosylated IFN (NG-
IFN) produced in bacteria, a pegylated version (PEG-IFN), the O-
glycosylated molecule (WT-IFN) produced in CHO cells and both 4N-
IFN de-immunized variants. The aim of this analysis was to confirm
the impact of those changes introduced into the 4N-IFN sequence on
immunogenicity. In this study, we compared the novel deimmunized
variants with a commercially available molecule and with PEG-IFN, a
molecule that has with extended bioavailability like 4N-IFN.

A marked difference in the in vitro immunogenicity was observed
between the IFN-α versions analyzed here. NG-IFN showed a very
high immunogenicity for both Th profiles. This result is in good agree-
mentwith previous data that have revealed an immune response in pa-
tients after IFN-α therapy [45]. WT-IFN also demonstrated high
immunogenicity, especially in the Th1 assays; almost all the donors de-
veloped an immune response. This result is surprising if we consider
that this protein is analogous to that endogenously produced. A possible
explanation for this could be the presence of contaminants in the sam-
ple that may escape the single purification step used here. It was previ-
ously reported that these undesirable products, known as host cell
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proteins (HCP) may produce, even at very low levels, an increase in the
overall immunogenicity of the product [46]. An algorithm designed to
predict the potential immunogenicity of residual CHO proteins has
been developed by our group [47]. As the present work was focused
on the development of de-immunized versions of 4N-IFN, we did not
further identify possible HCP contaminants.

When 4N-IFN was analyzed, a high proportion of responders was
observed, especially with a Th-1-polarized immunogenicity profile,
andwas evenhigher than the number of responders for NG-IFN. This re-
sult is in accordance with that previously predicted by EpiMatrix and
would suggest the generation of new and/or more immunogenic epi-
topes as a consequence of N-glycosylation site addition. However, fur-
ther assays should be addressed to confirm this hypothesis. In
contrast, 4N-IFN(VAR1) and 4N-IFN(VAR3) have shown a markedly
lowered immunogenicity for both cytokine profiling, highlighting the
success of the modifications in terms of reducing IFN-α immunogenici-
ty. The magnitude of this effect was even more pronounced for the Th2
profile. Similarly, PEG-IFN has reduced Th1 immunogenicity, which is
similar to 4N-IFN(VAR1). However, when IL-4 secretion was analyzed,
more than half of the donors responded to the pegylated version. It is
well known that T cell help is necessary for adaptive humoral immune
response, inducing B cells to produce antibodies. Therefore, the IL-4 re-
sponse to PEG-IFN observed in this study is consistent with previous
studies reporting antibody formation in patients with HCV [8,9]. The
high correlation between the results showed here and those previously
reported from clinical studies highlight the usefulness of this experi-
mental platform as a screening tool to predict potential susceptibility
of patients to develop undesired immune responses to biologics. In par-
ticular, for PEG-IFN a careful evaluation for IL-4 production and moni-
toring of these patients for hypersensitivity reactions in the clinic
should be considered.

In conclusion, using a step-wise “DeFT” approach to reducing the
immunogenicity of proteins, we first identified immunogenic regions
into 4N-IFN, a long-lasting variant of IFN-α2b, and then selected and in-
troduced themost suitable mutations in order to reduce its immunoge-
nicity. Two functional 4N-IFN variants were successfully produced in
CHO cells. These de-immunized 4N-IFN variants had significantly
reduced immunogenicity, when compared with a commercial non-
glycosylated and a pegylated IFN, asmeasured in vitro using T cell assays
and cytokine profiling. This study also reconfirms the utility of in silico
approaches to deimmunization that have been previously described
by our [20]. Considering the impact of immunogenicity on the efficacy
of IFN-α in the clinic, ranging from reduced to non-effective therapy,
the 4N-IFN variants developed in the course of this study appear to be
promising candidates for antiviral therapy of HCV and HBV.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.clim.2017.01.003.
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