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Type |l interferon (IFN) has been approved as an anticancer agent to treat some malignancies.
However, IFNs have a short in vivo half-life, systemic toxicity, and poor biophysical properties,
which prevent it from being widely used for cancer therapy. This study aimed to construct
recombinant IFN-B-1a mutein immunocytokines that comprise a human epidermal growth
factor receptor 2 (HER2)-targeting antibody and IFN- muteins with an additional
glycosylation, which can overcome the limitation of the cytokine itself. Hence, the
molecular design aims to 1) enhance productivity and biophysical properties by adding
secondary glycosylation in IFN-B, 2) increase the therapeutic index of IFN-p therapy by
preferential retention at the tumor by possessing high affinity for HER2-expressing cancer cells,
and 3) improve the pharmacokinetics and, thus, the convenience of IFN-B administration. The
yield of trastuzumab-IFN-B mutein was higher than that of trastuzumab-wild-type IFN-B in the
mammalian cell culture system. Trastuzumab-IFN-B mutein showed similar IFN activity and
HER2-targeting ability equivalent to that of IFN-f mutein and trastuzumab, respectively.
Trastuzumab-IFN-B mutein directly inhibited the growth of HER2-positive gastric cancer
cell lines and was more effective than trastuzumab or IFN-B mutein alone. Trastuzumab-
IFN-p mutein and IFN-p mutein displayed enhanced immune cell-mediated cytotoxicity.
Collectively, trastuzumab-IFN-B mutein may have indirect immune cell-mediated antitumor
effects and direct cell growth inhibitory effects. Tumor-targeting effect of trastuzumab-IFN-p
mutein was analyzed using in vivo fluorescence imaging. The accumulation of trastuzumab-
IFN-B mutein was observed in HER2-positive tumors rather than other tissues except the liver.
To evaluate the both direct tumor growth inhibition effect and indirect immune cell-mediated
antitumor effect, we tested the effect of trastuzumab-IFN-p mutein in HER2-positive cancer
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xenograft models using nude mice or humanized mice. Trastuzumab-IFN-$ mutein could
significantly enhance tumor regression when compared with trastuzumab or IFN-p mutein. In
addition, an increase in tumor-infiltrating lymphocytes was observed in the trastuzumab-IFN-f
mutein-treated group, implying that the tumor-targeting IFN-B may have an enhanced
antitumor effect through increased immune response. Therefore, targeting IFN-p with an
anti-HER2 monoclonal antibody makes the immunocytokine more potent than either agent
alone. These novel findings suggest that trastuzumab-IFN- mutein merits clinical evaluation
as a new candidate of anticancer therapeutics.

Keywords: HER2, trastuzumab, interferon-beta mutein, immunocytokine, tumor-targeting, immune cell-mediated

cytotoxicity

INTRODUCTION

During the last decade, the pleiotropic antitumor effects of type I
interferons (IFNs) have been studied, with specific reference to
their direct role on cancer cells and indirect action through the
immune effector cells and tumor vasculature (Borden, 2019).
Based on the antitumor efficacy, a recombinant human type I
IEN, IFN-a2, has been approved for the treatment of different
types of cancers (Borden et al, 2007). However, systemic
administration of IFNs has severe technical limitations that
must be overcome. This mainly includes the failure to achieve
optimal concentrations within the tumor bed after administration
of tolerable dose of IFNs. IFNs have short half-lives (Radwanski
et al., 1987; Salmon et al,, 1996), and pharmacokinetic studies
have shown that only a tiny fraction of the injected dose
(approximately 0.01%) reaches the targeted tumor regions and
draining lymph nodes (Suzuki et al., 2003). Since the potential of
cytokine therapies are impaired due to dose-limiting systemic
toxicities, novel treatment methods should be developed to safely
deliver effective drug quantities at the tumor sites relative to the
whole body (Young et al., 2014).

Antibody-drug conjugates (ADCs) has been attempted to
induce organ-targeting and alleviate systemic side effects, and
several ADCs such as trastuzumab emtansine (T-DM1) have
been successfully approved (Hoffmann et al., 2018). When
conjugated with an antibody, higher doses of payload can be
tolerated (Poon et al., 2013). Immunocytokines share a similar
development concept, so it is predicted that they could
improve the therapeutic window of cytokines. In cases of
IFNs, various conjugates with monoclonal antibody (mAb)
targeted against tumor-associated proteins, such as EGFR,
HER2, CD20, CD38, and CD137, showed antiproliferative
effects in murine models of either hematological
malignancies or solid tumors (Huang et al, 2007; Rossi
et al, 2009; Dubrot et al,, 2011; Trinh et al, 2013; Yang
et al., 2014; Vega et al., 2015; Pogue et al., 2016). Tumor
suppression was mediated by IFN a/p receptor on the cells
(Xuan et al,, 2010) and/or through a more effective tumor
antigen presentation by DCs to CD8" T cells (Yang et al.,
2014). In addition, therapeutic advantages of IFN-antibody
conjugates might be derived through immunomodulation and
angiogenesis blockade (Greiner et al., 1991; Ozzello et al., 1995;
Sivaraman et al., 2000; Li et al., 2017).

The uncertainty of IFN’s inter-species reactivity discourages
the development of human type I IFN derivatives for clinical
application. The limited cross-reactivity is probably due to low
cross-species identification (Harari et al, 2014). Cytokines
including type I IFNs, IL-2, IL-7, IL-15, and TNFa, attract
attention as anticancer agents (Conlon et al.,, 2019), and their
receptors have 50-80% homologies between humans and mice. In
particular, type I IFN receptors and IFN- had the least homology
(less than 50%), and as a result, other cytokines had some cross-
reactivity, whereas IFN- B did not (Mosmann et al, 1987;
Seckinger et al, 1990; Eisenman et al., 2002; Barata et al,
2006). Human to mouse cross-reactivity is a very important
factor, especially in conducting in vivo experiments. Because it
is very difficult to evaluate the full efficacy and toxicity of human
IFN-f substrates to host cells in murine models, most preclinical
studies used mouse IFN surrogates to analyze the in vivo effect,
and revealed the underlying mechanisms. Nevertheless, for
clinically relevant studies, human form of IFN substrates
should be tested.

In our previous studies, we developed a glycoengineered
variant of recombinant human IFN-f-1a, IFN-B-R27T, which
has two N-glycosylation sites at the 80th (original site) and an
additional one at the 25th amino acid residue due to a mutation of
Thr to Arg at position 27 of IFN-p (Song et al., 2014). IFN-
B-R27T exhibited superior stability, solubility, productivity, and
pharmacokinetic properties compared to wild-type IFN-B-1a
(Lee et al, 2019; Song et al., 2020). Herein, we constructed
fusion proteins consisting of an anti-HER2 antibody
(trastuzumab) with IFN-p mutein and investigated its
antitumor effect on a HER2-positive model.

MATERIALS AND METHODS

Antibody and Antibody-Cytokine Fusion

Proteins

The trastuzumab- and trastuzumab-IFN- mutein-expressing
gene  constructs generated by gene synthesis
(Cosmogenetech, Seoul, Korea), and the synthesized heavy and
light chain DNAs were inserted into the pCHO 1.0 expression
vector (Life Technologies, Gaithersburg, MD, United States) at
the AvrII-Bstz17I and EcoRV-Pacl sites of the polylinker region,
respectively (Supplementary Table S1). CHO-S cells (Life

were
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Technologies, Gaithersburg, MD, United States) were transfected
with the expression vectors, and stable clones were selected with
100-10,000 nM of methotrexate (Sigma, NY, United States) and
10-50 ug/ml of puromycin (Life Technologies, Gaithersburg,
MD, United States). Culture media from CHO-S cells stably
expressing trastuzumab and trastuzumab-IFN-B muteins were
collected and loaded onto a MabSelect SuRe™ rProtein A
agarose-bead resin (GE Healthcare, WI, United States), and
the proteins were eluted using 0.1 M sodium citrate buffer (pH
3.0). The purified antibody and antibody-cytokine fusion proteins
were quantified using the Cedex Bio Analyzer (Roche,
Indianapolis, IN, United States) and analyzed using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) under reducing and non-reducing conditions.

Cell Lines and Cell Culture

Human gastric carcinoma cell lines (NCI-N87, YCC-19, YCC-38,
KATOIII, Hs746T, and MKN74), normal gastric epithelial cell
line (HFE145), and normal primary human umbilical vein
endothelial cell line (HUVEC) were used in this study. NCI-
N87 and HUVEC cell lines were purchased from the American
Type Culture Collection (ATCC; Manassas, VA, United States).
KATOIII, Hs746T, and MKN74 cell lines were purchased from
Korean Cell Line Bank (KCLB; Seoul, Korea). YCC-19 and YCC-
38 cell lines were established and provided by Sun Young Rha
(Yensei University, Seoul, Korea) (Kim et al., 2018). HFE145 cell
line was provided by Hassan Ashktorab (Howard University,
MD, United States) (Marlink et al., 2003). All cell lines were
cultured with RPMI 1640 Medium (Hyclone, Logan, UT,
United States) supplemented with 10% fetal bovine serum
(FBS) (Hyclone, Logan, UT, United States), 100 units/ml
penicillin, and 100 ug/ml streptomycin (Hyclone, Logan, UT,
United States). HUVECs were maintained in VascuLife EnGS
(containing endothelial cell growth supplement; Lifeline Cell
Technology, Frederick, MD, United States). All cultured cells
were incubated at 37°C in a cell culture incubator with 5% CO,.

Three-Dimensional (3D) Structure, Circular

Dichroism, and Size Analysis

The 3D structure of trastuzumab-IFN-{ was predicted using the
Protein Data Bank (PDB) files of trastuzumab and IFN- B-1a. To
determine the secondary structures of trastuzumab-IFN-B-R27T
(trastuzumab-R27T), circular dichroism spectra were obtained
using a Chirascan-plus circular dichroism spectrometer (Applied
Photophysics Ltd., Surrey, United Kingdom). The spectra were
measured between the wavelengths of 190 and 260 nm in the
presence of samples diluted in phosphate-buffered saline (PBS).
The secondary structure of the trastuzumab-R27T was analyzed
using CDNN secondary structure analysis software (Applied
Photophysics Ltd., Surrey, United Kingdom). The size of
trastuzumab-R27T was measured using dynamic light scattering.

Flow Cytometry Analysis

To analyze the HER2 binding of trastuzumab and trastuzumab-
R27T, NCI-N87 and HUVEC cells were detached with enzyme-
free, PBS-based cell dissociation buffer (Gibco, Gaithersburg,

Antibody-IFN-Beta Mutein for Cancer Therapy

MD, United States). The cells were incubated with 1 ug/ml of
human immunoglobulin G1 (IgG) (Jackson Immunoresearch
Laboratories, West Grove, PA, United States), trastuzumab or
trastuzumab-R27T in PBS containing 1% FBS for 1 h at 4°C. The
cells were then washed twice and incubated with fluorescein
isothiocyanate  (FITC)-conjugated anti-human secondary
antibody (diluted 1:100; Santa Cruz Biotechnology, Danvers,
MA, United States). Stained cells were analyzed using a BD
FACSCalibur system equipped with Cell Quest Pro software
(BD Biosciences, San Jose, CA, United States).

Immunofluorescence Analysis

NCI-N87 and HUVECs were seeded in four-well culture slides
(SPL, Seoul, Korea), grown to 80% confluence and treated with
trastuzumab or trastuzumab-R27T for 1 h. The cell culture slides were
washed with PBS, and cells were fixed using 4% paraformaldehyde for
15 min. The cells were incubated with FITC-conjugated anti-human
secondary antibody (Santa Cruz, Danvers, MA, United States) for 1 h
and stained with 4,6-diamidino-2-phonylindole dihydrochloride. The
slides were removed from chamber and mounted for digital
micrographs, which were taken using the LSM 700 ZEISS laser
scanning confocal microscope (Carl Zeiss, Jena, Germany). The
data were processed using LSM co-localization software (Carl
Zeiss, Jena, Germany).

IFN Luciferase Assay

IFN reporter gene assays were performed using iLite” Type I IFN
assay ready cells (Euro Diagnostica, Malmo, Sweden) and a
luciferase assay kit (Promega, Madison, WI, United States).
Briefly, iLite” Type I IFN assay ready cells were seeded in a
96-well plate and treated with IFN-B-R27T, trastuzumab, or
trastuzumab-R27T. After 18 h, type I IFN promoter activity
was quantified by measuring the firefly luciferase luminescence
using a microplate reader (TECAN, Minnedorf, Switzerland).

Cell Viability Assay

To perform the cell viability assay, NCI-N87, YCC-19, YCC-38,
KATOIIL Hs746T, MKN74, or HFE145 cells were seeded in 96-
well plates, cultured overnight, and treated with various
concentrations of IFN-B-R27T, trastuzumab, or trastuzumab-
R27T for 72h. Cell viability was assessed by Water-Soluble
Tetrazolium (WST) colorimetric assay (Ez-Cytox; DogenBio,
Seoul, Korea). Absorbance was measured at 450 nm using a
microplate reader (TECAN, Minnedorf, Switzerland). Percent
growth was calculated according to the NCI-60 DTP Human
Tumor Cell Line Screen protocol as follows:

% Growth = (treated viability - viability at time 0)/(vehicle
control viability - viability at time 0) x 100.

Growth inhibition of 50% (GlIsy) and the maximum inhibitory
effect at the highest drug concentration (E,,,,,) values were estimated
using GraphPad Prism 7.0 software (San Diego, CA, United States).

Immune Cell-Mediated Cytotoxicity Assay
Human peripheral blood mononuclear cells (PBMCs) were
purchased from Stem Express (Placerville, CA, United States).
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CD14" monocytes, CD8" T cells, CD4" T cells, or natural killer
(NK) cells were purified from human PBMCs using magnetic-
activated cell sorting (Miltenyi Biotech GmbH, Bergisch Gladbach,
Germany) according to the manufacturer’s instructions. To
perform the immune cell-mediated cytotoxic assay, the human
gastric cancer cells were seeded at 1 x 10 cells per well in 96-well
plates. The next day, tumor cells were co-cultured with each
effector cell population at 0.5:1, 1:1, 2:1, 4:1, 8:1, and 16:1
effector-to-target cell (E:T) ratios in the absence or presence of
control IgG, trastuzumab, IFN-B-R27T, or trastuzumab-R27T for
72h. After incubation, cell viability was assessed by WST
colorimetric assay (DoGenBio, Seoul, Korea). Absorbance at
wavelength 450 nm was read using a microplate reader
(TECAN, Minnedorf, Switzerland), and data were recorded and
normalized by respective blank using target and effector cell
culture. In the wash-out study, NCI-N87 or Hs746T cells were
pre-treated with control IgG, trastuzumab, IFN-B-R27T, or
trastuzumab before co-culture with PBMC. After 6 h, the cells
were washed with PBS twice and then co-cultured with PBMCs.

Antibody-Dependent Cell-Mediated
Cytotoxicity Assay

The ADCC assay was performed in four human gastric cancer cell
lines (NCI-N87, YCC-19, KATOIII, and Hs746T) and two normal
cell lines (HFE145 and HUVEC). Target cells were seeded in 96-well
plates at a density of 2 x 10* cells/well and incubated overnight. The
NK-92MI-CD16a cells, which stably express CD16a, were previously
established and used as effector cells (Yang et al,, 2020). The target
cells were incubated with control IgG, IFN-B-R27T, or trastuzumab-
R27T at a final concentration of up to 10,000 nM and 8 x 10* effector
cells in a CO, incubator for 4 h at 37°C (E:T ratio = 4:1). Target cell
lysis was measurec}@ by detecting the release of lactate dehydrogenase
using CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega,
Madison, WI, United States) according to the manufacturer’s
instructions. The absorbance of the plates was analyzed using the
Spark TM 10M microplate reader (TECAN, Minnedorf,
Switzerland) at 490 nm. For data analysis, the percentage of
specific ADCC was calculated as follows:

% Cytotoxicity = (Experimental - Effector Spontaneous -
Target  Spontaneous)/(Target =~ Maximum -  Target
Spontaneous) x 100.

The dose-response curve and ECs, values were estimated
using GraphPad Prism 7 (GraphPad Software, San Diego, CA,
United States).

Tumor-Targeting Analysis in a
HER-2-Positive Tumor Xenograft Mouse

Model

Control  IgG-IFN-B-C17S/R27T  (IgG-C17S/R27T)  and
trastuzumab-IFN-B-C17S/R27T (trastuzumab-C17S/R27T) were
labeled with fluorescent dye CF750 (Biotium Inc., Hayward,
CA, United States) through amide linkage in basic condition in
accordance with the manufacturer’s instructions. Since IFN-
B-R27T is susceptible to pH stress (Song et al., 2020), C17S was

Antibody-IFN-Beta Mutein for Cancer Therapy

additionally addressed to reduce nonspecific events that occur
during labeling. C17S mutation increases stability without
affecting IFN-B activity (Runkel et al, 1998), allowing it to
generate more stable and high yield products while maintaining
the properties of IFN-B-R27T (Supplementary Figure S1).

To generate xenografts, 5 x 10° NCI-N87 or Hs746T cells were
resuspended in 100 pL PBS and injected subcutaneously into the
right flank of six-week-old BALB/c-nude mice (Orient Bio,
Seongnam, Gyeonggi, Korea). Tumor-bearing mice were treated
intravenously with CF750-labeled antibody-cytokine fusion
proteins (100 pug/100 uL in PBS). After 1, 6, and 24 h, the mice
were anesthetized with Terrell TM isoflurane (Piramal Critical
Care Inc., Bethlehem, PA, United States) and placed in Ami HTX
(Spectral Instruments Imaging, Tucson, AZ, United States) to
visualize CF750-labeled antibody-cytokine fusion proteins. The
fluorescence was detected using an excitation filter (710 nm)
and an emission filter (790 nm). At the final time point, the
mice were sacrificed, and the liver, kidney, spleen, lung,
intestine, and tumor were excised. The organs from each mouse
were placed, and the intensity of fluorescence was analyzed using
Aura imaging software (Spectral Instruments Imaging, Arizona,
United States). The average fluorescence intensity was calculated by
creating a region of interest for each organ. The animal experiment
was approved by the Institutional Animal Care and Use Committee
(IACUC) of Seoul National University (SNU-200307-1).

Human Gastric Cancer Xenograft Nude
Mice Model

The antitumor efficacy of trastuzumab-IFN- mutein in vivo was
tested in NCI-N87 xenograft models. The animal experiment was
approved by the Institutional Animal Care and Use Committee
(IACUC) of Seoul National University (SNU-190528-2-1). Five-
week-old male/female BALB/c-nude mice (Orient Bio, Seongnam,
Gyeonggi, South Korea) were subcutaneously inoculated at the
dorsal right side with 5 x 10° cells. NCI-N87-bearing mice were
intraperitoneally treated with trastuzumab, IFN-B-R27T, or
trastuzumab-R27T (10 mg/kg) thrice a week for 3 weeks. Tumor
size was measured using a Vernier caliper in two dimensions, and
the tumor volume was calculated using the following formula: tumor
volume (mm?) = (short diameter)* x (long diameter) x 0.5.

Humanized Gastric Cancer Xenograft in

Humanized Mice

To establish humanized mice, mononuclear cells were separated
from human umbilical cord blood obtained after normal full-
term deliveries. Informed consent was obtained from donor
according to institution guidelines, and these experiments were
approved by Seoul Metropolitan Government Seoul National
University Boramae Medical Center (IRB No. 16-2014-80) and
Seoul National University Institutional Review Board (IRB No.
E1409/002-001). This study is conducted in accordance with the
World Medical Associtation’s Declaration of Helsinki. CD34"
hematopoietic stem cells (HSCs) were isolated using a direct
CD34" MicroBead kit (Miltenyi Biotec, CA, United States). Five-
week-old female NSG mice (Jackson Laboratory, PA
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United States) were preconditioned with 30 mg/kg of busulfan
(MedChemExpress, Monmouth Junction, NJ, United States).
Approximately, over 90% purified 1 x 10° of freshly isolated
CD34" HSCs were injected intravenously into mice 24 h after
preconditioning. The engraftment levels of human CD45" cells
and human immune cell populations were determined in the
peripheral blood using a color flow cytometry panel. Mice that
had over 25% human CD45" cells in the peripheral blood were
considered humanized. Humanized mice were randomized into
every treatment group for all experiments. All humanized mice
were confirmed for humanization before tumor xenograft.

To generate subcutaneous xenograft tumor models, 1 x 10°
NCI-N87 or YCC-19 cells were implanted in the right flank of
humanized mice. Tumor-bearing humanized mice were
randomized into the treatment and non-treatment groups.
Three humanized mice per group, from one donor, were used
for xenograft experiments. Tumor-bearing humanized mice were
treated with trastuzumab, IFN-B-R27T, or trastuzumab-R27T
intraperitoneally thrice a week for 3 weeks. The control group
received intraperitoneal injections of the saline vehicle. Mice were
monitored routinely, and tumor size was measured with calipers
at the endpoint, and volumes (in mm?>) were calculated using the
formula (length x width®)/2. For immune analysis, mice from
each treatment groups were sacrificed, and tumor tissues were
harvested for IHC. Harvested tissues were fixed with 4%
paraformaldehyde for 24h and paraffin-embedded for
immunostaining with the indicated antibodies. Human
forkhead box P3 (FOXP3; clone D9MS8I), CD68 (clone
D4B9C), and programmed death-ligand 1 (PD-L1; clone
E1L3N) antibodies were purchased from Cell Signaling
Technology (United States), and human CD8 antibody was
purchased from Invitrogen (United States). Histology slides
were analyzed with a photomicroscope (Olympus, Miami, FL,
United States) at a final magnification of 200x. Six images from
each group were captured using NIS-Element BR software
(Nikon, Shizuoka, Japan).

Statistical Analysis

Data were presented as means + standard deviation (SD) and
were statistically analyzed using one or two-way analysis of
variance with appropriate post hoc analysis for multiple
groups or student’s unpaired two-tailed t-tests. A p value less
that 0.05 was considered statistically significant. All statistical
analyses were performed using GraphPad Prism 7.0 software (San
Diego, CA, United States).

RESULTS

Generation of Trastuzumab-IFN-$ Mutein

Fusion Protein

We generated an anti-HER2 antibody conjugated IFN-B-R27T
fusion protein (trastuzumab-R27T), in which a 15-mer flexible
peptide linker (GGGGSGGGGSGGGSG) was used to link IFN-
B-R27T to the C-terminus of each heavy chain of trastuzumab
(Figure 1A). Trastuzumab-R27T was expressed in Chinese
hamster ovary (CHO) cells and secreted in the culture

Antibody-IFN-Beta Mutein for Cancer Therapy

medium. The proteins were purified and separated by SDS-
PAGE under reducing and non-reducing conditions. The band
representing the heavy chain of the fusion protein was observed
between the 70 and 100 kDa marker bands, which confirmed that
IFN-B-R27T was successfully fused to the heavy chain
(Supplementary Figure S2A). The fusion protein showed a
higher molecular weight than the trastuzumab band under
non-reducing conditions (Supplementary Figure S2B). Next,
we compared the expression levels of trastuzumab-wild-type
IFN-B and trastuzumab-R27T fusion proteins in CHO-S cells.
Expression analysis revealed that trastuzumab-R27T showed
higher expression levels than trastuzumab-wild-type IFN-(
(Supplementary Figure S2C). In addition, IgG quantification
analysis revealed that the expression level of trastuzumab-R27T
was six-fold higher than that of trastuzumab-wild-type IFN-(
(Supplementary Figure S2D). The results are consistent with our
previous research on IFN-B-R27T that showed six-fold higher
productivity compared to wild-type IFN-B (Song et al., 2014). To
summarize, these results suggest that trastuzumab-R27T is
appropriately conjugated and produced more stably and
efficiently.

The 3D structure of trastuzumab-R27T was visualized using
the PDB files for trastuzumab and IFN-f-1a (Figure 1B). The size
of trastuzumab-R27T was approximately 16.8 nm, which
corresponds to the combined size of IFN-B-R27T (3.7 nm) and
trastuzumab (11.4 nm) (Figure 1C). Moreover, the secondary
structural analysis revealed that the trastuzumab-R27T tends to
form a-helices that are 9.85% higher than that of trastuzumab,
mainly due to the conjugation of IFN-p (Figure 1D).

Bioactivity of the Trastuzumab-IFN-$

Mutein Fusion Protein

To investigate whether the bioactivity of trastuzumab-R27T was
maintained, the effects of trastuzumab-R27T on anti-HER2 and
IFN activity were evaluated. First, we used the U937 iLite” type I
IFN assay ready cell system to confirm the bioactivity of
trastuzumab-R27T. This cell line expresses firefly luciferase
under the control of IFN-responsive promoter. The result
showed that trastuzumab-R27T increased luciferase activity
and had similar luminescence as that of IFN-B-R27T
(Figure 2A). Since U937 iLite” ready cells do not express
HER2 (Figure 2A, insert), the IFN activation in the cells
induced by trastuzumab-R27T was independent of HER2
expression. The IFN signaling is mediated through the binding
of type I IFN receptors and the subsequent phosphorylation of
signal transducers and activators of transcription (STATs)
(Darnell et al., 1994). Trastuzumab-R27T induced robust
STAT1 phosphorylation in both NCI-N87 and Hs746T gastric
cancer cells harboring high and low HER2 expression,
respectively (Figure 2B). These results indicate that the
cytokine attached to the C-terminal heavy chain of
trastuzumab with a polypeptide linker is sterically distant from
the antigen-binding region, and is flexible enough to allow
engagement with its receptor. Second, to determine the HER2-
targeting function of trastuzumab-R27T, HUVEC (HER2-
negative) or NCI-N87 cells (HER2-positive) were stained with
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FIGURE 1 | Generation of trastuzumab-IFN-B mutein fusion protein. (A) Schematic representation of trastuzumab-IFN-B mutein and its constituents. The fusion
protein was generated by fusing IFN-p mutein to the C-terminus of the trastuzumab heavy chain via 15-mer flexible peptide linker (GGGGSGGGGSGGGSQG). (B) A model
structure of trastuzumab-IFN-B. 3D structure of trastuzumab-IFN-f was predicted in silico. (C) The size of trastuzumab-IFN-p was measured by dynamic light scattering.
(D) Structural analysis of trastuzumab-R27T. The CD spectra of IFN-B-R27T, trastuzumab, and trastuzumab-R27T were measured. The secondary structural

contents were analyzed using the CDNN program.

trastuzumab or the fusion protein. Flow cytometry analysis
revealed that trastuzumab and trastuzumab-R27T showed
similar binding abilities in both cell lines, indicating that the
fusion protein retained the ability to bind to HER2 (Figure 2C).
NCI-N87 cell membrane was positively stained by both
trastuzumab and fusion protein, whereas HUVECs did not
show any other binding (Figure 2D). Overall, the IFN-B
mutein-fused trastuzumab possessed both IFN activity and

HER2-targeting ability equivalent to that of IFN-$ mutein and
trastuzumab, respectively.

In vitro Antitumor Effect of the

Trastuzumab-IFN-p Mutein Fusion Protein
Type I IFNs have a direct antiproliferative or cytotoxic effect on
primary malignant cells from patients with multiple myeloma
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and melanoma (Schiller et al., 1986; Grandér et al., 1993) and a
few tumor cell lines, such as WM9, Daudi, and OVCAR3
(Leaman et al., 2003; Kim et al., 2017). We compared the
antitumor activity of trastuzumab, IFN-B-R27T, and
trastuzumab-R27T using an in vitro proliferation assay with

HER2-positive (NCI-N87, YCC-19, YCC-38, and SNU216;
Figure 3A and Supplementary Figure S3A) and HER2-
negative (KATOIII, Hs746T, MKN74, and MKN45;
Figure 3B and Supplementary Figure S3B) gastric cancer
cell lines and a normal gastric epithelial cell line (HFE145;
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FIGURE 3 | /n vitro direct antitumor effect of trastuzumab-IFN-B mutein on different gastric cancer cell lines. (A) HER2-positive (NCI-N87, YCC-19, and YCC-38),
(B) HER2-negative (KATOIIl, Hs746T, and MKN74) cancer cell lines, or (C) normal gastric epithelial cells (HFE145) were treated with trastuzumab, IFN-B-R27T, or
trastuzumab-R27T for 72 h. Cell growth (%) was determined using the WST assay. Each point is the mean of three replicates, and error bars represent SD. (D) HER2 and
Type | IFN receptor 1 expression in gastric cancer cell lines and normal gastric epithelial cell line.

Figure 3C). The Glso and E,,,x values of trastuzumab, IFN-
B-R27T, and trastuzumab-R27T are summarized in Table 1.
Trastuzumab-R27T strongly inhibited (E,., = 88.9-100%)
HER2-positive cancer cells with high potency (GIso =
0.006-0.062 nM); however, trastuzumab slightly inhibited
(Emax = 14.1-50.4%) HER2-positive cancer cells and had no
inhibitory effect on HER2-negative gastric cancer cell lines and
the normal gastric epithelial cell line. IFN-B-R27T showed a
similar or slightly weak inhibitory effect on cancer cells
compared to trastuzumab-R27T, indicating that the
antitumor effect of trastuzumab-R27T is mainly due to IFN-
B than that of trastuzumab. Interestingly, both IFN-B mutein-
containing drugs (trastuzumab-R27T and IFN-B-R27T) had
strong antitumor effect on all four HER2-positive cell lines,
whereas differential antitumor reactivity was shown in HER2-
negative cell lines. Furthermore, the antitumor activity of IFN-

B was not correlated with type I IFN receptor expression
(Figure 3D).

Immune Cell-Mediated Anticancer Effect of
the Trastuzumab-IFN-$ Mutein Fusion

Protein

Type I IFNs have been proven to be involved in immune system
regulation (Hervas-Stubbs et al., 2011). To test whether
trastuzumab-IFN-f mutein can activate the antitumor
responses of immune cells, we measured PBMC-mediated
cytotoxicity in HER2-positive (NCI-N87) or HER2-negative
(Hs746T and KATOIII) cells. PBMCs from healthy donors
were co-cultured with NCI-N87, Hs746T or KATOIII cells at
different E:T ratios ranging from 0.5:1 to 16:1 in the presence of
0.1 nM of human IgG, trastuzumab, IFN-B-R27T, or trastuzumab-
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TABLE 1 | The °Gls, and PE_ .« values of trastuzumab, IFN-B-R27T, and
trastuzumab-R27T.

Cell lines Trastuzumab IFN-B-R27T Trastuzumab-R27T
GISO (nM) Emax (0/0) GISO (nM) Emax (0/0) GISO (nM) Emax (n/o)
NCI-N87 4.38 50.4 0.098 76.1 0.042 88.9
YCC19 >100 34.7 0.034 104.8 0.006 100
YCC38 >100 141 0.071 74.0 0.062 89.5
KATOIll >100 6.5 0.128 64.4 0.018 56.6
Hs746T >100 0 >100 19.3 >100 21.5
MKN74 >100 0 >100 0 >100 0
HFE145 >100 6.5 >100 0 >100 0.3

4Glso: The concentration of drug needed to inhibit cell growth by 50%.
PE,.x: The growth inhibition percent at the highest drug concentration.

R27T. Co-culture with PBMCs exhibited the antitumor function in
a certain E:T ratio (Figure 4A; Supplementary Figure $4).
Notably, treatment with IFN-B-R27T or trastuzumab-R27T
enhanced PBMC-mediated cytotoxicity in all three cell lines,
whereas IgG or trastuzumab had no additional effect.

Antibody-IFN-Beta Mutein for Cancer Therapy

To examine the type of immune cells that contributed to the
antitumor effects, the cytotoxic effects of CD4" T cells, CD8"
T cells, NK cells, or CD14" monocytes were tested in the NCI-
N87 co-culture system. Each cell type was isolated using
magnetic bead separation from healthy PBMCs. As shown in
Figure 4B, all types of immune cells played a role in restraining
NCI-N87 cells. Treatment with IFN-B-R27T or trastuzumab-
R27T enhanced the antitumor effect in the presence of each
immune cell type. In particular, co-culture with CD8" T cells or
NK cells showed the most synergistic cytotoxic effect on NCI-
N87 cells in combination with IFN-B-R27T or trastuzumab-
R27T. NK cells form a small subset among lymphocytes;
however, they are considered the most important cells
capable of inducing ADCC in trastuzumab-mediated
therapies (Beano et al., 2008). Because activating NK cells
rapidly downregulate the expression of Fc gamma receptor
III-A (CD16a) (Peruzzi et al., 2013; Romee et al., 2013), co-
culture with NK cells from PBMCs did not show sufficient
ADCC effect by trastuzumab. To validate the ADCC effect by
NK cells, we measured ADCC activity using NK-92MI-CD16
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FIGURE 4 | Synergistic effect of trastuzumab-IFN-g mutein on immune cell-mediated cytotoxicity in gastric cancer cell lines. (A) PBMCs co-cultured with gastric cancer

cells were treated with 0.1 nM of control IgG, trastuzumab, IFN-B-R27T, or trastuzumab-R27T. At 72 h post treatment, cell viability was measured using the WST assay.
(B) Specific effects of CD8, CD4, NK, and CD14™ cells co-cultured with NCI-N87 cells alone or combined with each drug. NCI-N87 cells were co-cultured with sorted CD8*
Tcells, CD4* T cells, NK cells, and CD14" monocytes atindicated E:T ratio, alone or in combination with each drug. Data represent the mean + SD (n = 3), *p < 0.05, *p <

0.01 vs. control IgG at each E: T ratio, assessed by two-way ANOVA with Turkey’s multiple comparison test. (C) ADCC activity of trastuzumab-R27T in a HER2-dependent
manner in various gastric cancer cell lines. Cancer cells were incubated with effector cells at an E:T ratio of 8:1 and various concentration of each drug for 6 h. Cytotoxicity
(%) was determined by measuring released lactate dehydrogenase (LDH) and normalizing to a maximum LDH release in the presence of Triton X-100 (100% cell lysis).

Frontiers in Pharmacology | www.frontiersin.org

January 2021 | Volume 11 | Article 608774



https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Lee et al.
A NCI-N87 Drug treatment
culture  +PBMC co-culture WST assay
No wash-out l___'@_h______________ZZ_h ________ i
condition
[} 1 2 3 4 day
Wash-out T___z_“_h___T_E"_ _______Zz_h_________T
condition
NCI-N87 Drug treatment WST assay
culture
wash-out &
PBMC co-culture
B PBMC + NCI-N87
p>0.01
120 NS NS N =m Control IgG
4o - Trastuzumab
= == |FN-B-R27T
< g0 = Trastuzumab-R27T
2
S 60
K]
; 40
Q
o 20
o
No wash-out Wash-out
C PBMC + Hs746T
120 N.S. mm Control IgG
100 T Trastuzumab
= == IFN-B-R27T
°S 6 = Trastuzumab-R27T
% 1
K]
=
= 40
[
o
20
]
No wash-out Wash-out
FIGURE 5 | In vitro tumor-targeting effect of trastuzumab-IFN-B mutein
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cell line, which is a genetically engineered cell line with sufficient
activity (Yang et al., 2020). Treatment of trastuzumab-R27T
showed a similar ADCC effect as that of trastuzumab in HER2-
positive cancer cell lines, suggesting that trastuzumab-R27T is
capable of causing significant ADCC (Figure 4C). These results
suggested that the immune response mediated by trastuzumab-
IEN-B mutein increased the cytotoxic activity of all types of
immune cells, especially the primary effector cells, CD8" T and
NK cells, which exerted significant antitumor effects.

Tumor-Targeting of Trastuzumab-IFN-$

Mutein

As shown in Figures 3, 4, IFN-p exhibited both direct cell killing
and immune cell-mediated cytotoxicity even in HER2-negative
cancer. However, the cytokines that are not targeted to tumors are
actually difficult to maintain this effect in an in vivo environment.
The primary goal of developing immunocytokines is to expand
the therapeutic index of IFN-P by preferential retention at the
tumor sites by possessing high affinity for antigen-expressing

Antibody-IFN-Beta Mutein for Cancer Therapy

cancer cells. To reveal the importance of the tumor-targeting
effect of IFN-f on immune cell-mediated tumor cytotoxicity, we
performed a wash-out study in NCI-N87 and Hs746T cells. In the
wash-out condition, cancer cells were treated with each drug for
6 h, washed with the completed media, and then co-cultured with
PBMCs (Figure 5A). Because treated drugs were intactly
remained in the media under non-wash condition, the PBMC-
mediated cytotoxic effect of IFN-B-R27T or trastuzumab-R27T
was observed in both cell lines (Figures 5B,C). In contrast, drug
washing led to the loss of these effects with IFN-B-R27T, while
with trastuzumab-R27T they were retained in NCI-N87 cells
(Figure 5B right). Although this result was slightly reduced due to
the removal of free form of trastuzumab-R27T, tumor-bound
trastuzumab-R27T was sufficient to produce cytotoxicity.
However, the PBMC-mediated cytotoxic effects were not
shown in Hs746T cells under wash-out condition (Figure 5C
right). These results highlight the importance of providing IFN-f3
with a tumor-targeting property.

To demonstrate the in vivo tumor-targeting properties of
trastuzumab-IFN-B mutein depend on whether HER2 is
expressed or not, fluorescence imaging assay was conducted in
xenograft mice bearing tumors with HER?2 positive (NCI-N87) or
negative (Hs746T). IgG-C17S/R27T, a fusion protein consisting
of human IgG with IFN-B mutein as a non-targeting agent, and
trastuzumab-C17S/R27T were conjugated with the fluorescence
dye (CF750). Further, 100 pg of CF750-labeled control IgG-C17S/
R27T or trastuzumab-C17S/R27T was intravenously injected in
BALB/c nude mice bearing NCI-N87 or Hs746T to evaluate the
tumor-targeting properties of these agents. On a qualitative basis,
in vivo fluorescence imaging indicated that the fusion proteins
were locally concentrated in the tumor and liver for 24 h after
administration (Figures 6A,C). In addition, quantitative ex vivo
measurements of the dissected organs of NCI-N87 tumor-bearing
mice confirmed that trastuzumab-C17S/R27T targeted the
HER2-positive tumor with more than four-fold high local
concentration  compared to  control IgG-C17S/R27T
(Figure 6B). In contrast to NCI-N87, there was no difference
in tissue distribution, including in the tumor (Figure 6D).
Collectively, the results demonstrated that trastuzumab-IFN-
B-mutein was guided to the tumor in an HER2 dependent
manner.

In vivo Effect of Trastuzumab-IFN-p Mutein
The in vivo therapeutic performance of trastuzumab-IFN-f
mutein was tested in BALB/c nude mice bearing NCI-N87
tumors. After the tumor volume reached the average volume of
150 mm®, the mice were treated with trastuzumab, IFN-
B-R27T, or trastuzumab-R27T thrice a week for three weeks.
Compared to vehicle control, trastuzumab, IFN-B-R27T, or
trastuzumab-R27T inhibited the tumor growth effectively
without a change in weight (Figures 7A,B). Although
antitumor effect of trastuzumab-R27T is mostly similar to
IFN-B-R27T in vitro, it was significantly higher than that of
IEN-B-R27T in vivo. Because biophysical properties such as
half-life and biodistribution are considerable factors for in vivo
effect, the cytokine had no strong in vivo effects than the
in vitro effects. However, trastuzumab-IFN- mutein, which
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FIGURE 6 | Tumor targeting effect of trastuzumab-IFN-B mutein in xenograft mice bearing HER2-positive or HER2-negative tumor. (A,C) NCI-N87 (A) or
Hs746T (C) cells were transplanted subcutaneously into BALB/c-nude mice. CF750-control IgG-C17S/R27T or CF750-trastuzumab-C17S/R27T was
intravenously injected at a dose of 100 pg/mouse, and the fluorescence intensity was monitored at 1, 6, and 24 h (B,D) Tissues from NCI-N87 (B) or Hs746T
(D) xenograft mice were isolated at 24 h post-injection, and the ex vivo fluorescence images were observed. The ex vivo fluorescence images from each
tissue were quantified as the average radiant efficiency. Data represent the mean + SD (n = 3), **p < 0.01 vs. control IgG-C17S/R27T.

improved the biophysical properties of the cytokine and is The tumor regression effect of trastuzumab-R27T in the
endowed with tumor-targeting, exhibited superior efficacy over =~ xenograft model only reflected the direct cancer cell growth
IFN-B-R27T. inhibitory effects and did not include the immune -cell-
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FIGURE 7 | The in vivo direct effect of trastuzumab-IFN-B mutein in NCI-
N87 xenograft model. (A) Tumor volume gain curve of mice treated with
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Dot line indicated the date of drug treatment. Tumor volume analysis was
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0.01. (B) The percent of body weight gain curve.

mediated antitumor effects. Because human IFN-f rarely
responds to mouse cells (Harari et al., 2014), an in vivo model
with a human immune system is required to reveal the immune
responses. Hence, we developed CD34" human hematopoietic
stem cell-derived humanized mice, which recapitulated the
human immune system (De La Rochere et al.,, 2018). Further,
two humanized gastric cancer models were established using
NCI-N87 and YCC-19. In both models, tumor size was
significantly reduced in all treatment groups compared to
vehicle control. Particularly, trastuzumab-R27T had greater
efficiency than trastuzumab or IFN-B-R27T alone in both
NCI-N87 and YCC-19 humanized xenograft tumor models
(Figures 8A,B).

Immune cell infiltration to tumor tissue is necessary for the
prognosis of patients and the response to immunotherapies
(Fridman et al., 2017). So, we investigated the prevalence of
tumor-infiltrating lymphocytes in NCI-N87 bearing humanized
mice. The immunohistochemistry (IHC) analysis revealed that
increased numbers of CD8" T cells (CD8") were observed in
small tumors responding to trastuzumab-R27T therapy relative
to controls (Figure 8C). The percentages of CD8" T cells in the
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tumors of trastuzumab-R27T-treated mice were significantly
higher than that of control tumors. In addition, type I IFNs
negatively regulated the proliferation of regulatory T cells,
which directly suppressed the activity of cytotoxic T cells
(Pace et al, 2010; Sisirak et al, 2012). The number of
regulator T cells (FOXP3+) was significantly decreased in the
trastuzumab-R27T-treated group. All examined tumors
exhibited very low numbers of monocyte (CD14") cells and
B cells (CD20") in association with high macrophage (CD68")
numbers regardless of the treatment (data not shown and
Figure 8C). PD-L1 was detected in tumor cells and stromal
immune cells. The expressions of PD-L1 in tumor cells tended
to be slightly increased by trastuzumab-R27T, which might be
due to type I IFN-induced PD-L1 expression (Garcia-Diaz et al.,
2017). Taken together, these data suggest that tumor repression
by trastuzumab-IFN- mutein relies on both direct and indirect
immune cell-mediated cytotoxic activities.

DISCUSSION

This is the first study to describe the production of a novel
immunocytokine comprising a human IFN-, which selectively
targets the HER2-positive tumor tissues, achieving a high local
concentration of the cytokine at the site. In this study, we used
IFN-B-R27T, a biobetter of IFN-p, to generate immunocytokine
instead of wild-type IFN-p. We had developed the
glycoengineered IFN- B-R27T mutant; the additional
glycosylation makes it more physicochemically stable (Song
et al., 2014). Several studies have revealed that undesirable
physicohemical properties of IFN-B primarily cause the
various types of its instability, such as aggregation, oxidation,
deamidation, and disulfide changes. Therefore, IFN-B
instability during the culture, purification, and storage of the
commercial product has been investigated to decrease
instability, especially aggregation, improve productivity and
maintain functional activity (Rodriguez et al, 2005; Han
et al, 2009; Rodriguez et al, 2010). IFN-B-R27T is less
susceptible to biophysical instability, such as aggregation,
than Wild-type IFN- B. Consequently, the productivity of
IFN-B-R27T was approximately 3-6 times higher than that
of wild-type IFN-B (Song et al., 2014). It is likely that this
was a consequence of lesser aggregation resulting from the
additional glycosylation, since it is well known that low
productivity of IFN-B is caused by molecular aggregation.
For immunocytokines, the stability of the proteins tends to
be determined primarily by the cytokine rather than the
antibody (Sommavilla et al., 2010; Schneider et al., 2019).
This is because antibodies are very stable, whereas cytokines
are relatively unstable, resulting in product-related impurities.
The productivity of trastuzumab-R27T was higher than that of
trastuzumab-wild-type IFN-. This is probably because of the
same reason why IFN-B-R27T showed up to 6-fold higher
productivity than wild-type IFN-f.

The fusion protein potently inhibited human HER2-high
gastric and breast cancers (Supplementary Figure S5) in direct
manner. In contrast, HER2-low cancers showed differential
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FIGURE 8| The in vivo effect of trastuzumab-IFN- mutein in humanized gastric cancer xenograft models. (A,B) Tumor weight of humanized mice bearing NCI-N87

(A) or YCC-19 (B) treated with vehicle, trastuzumab, IFN-B-R27T, or trastuzumab-R27T (n = 3). Data represent mean + SD, *p < 0.01 vs. vehicle. (C)
Immunohistochemistry analysis of tumor-infiltrating immune cells after treatment. 10 um sections of tumors were stained for CD8 (cytotoxic T cell), FOXP3 (regulatory
T cell), CD68 (tumor-associated macrophage), and PD-L1 (immune check point). Magnification, x100. Data represent mean + SD, *p < 0.05, **p < 0.01 vs. vehicle.

response to IFN-p, even though STAT1 phosphorylation by IFN
was observed (Figure 2B). Interestingly, the direct killing effect of
trastuzumab-R27T is primarily dependent on IFN-f rather than
trastuzumab in almost all cancer cell lines. However, its cytotoxic
sensitivity to cytokines seems to be correlated with HER2
expression. Our results are in line with a previous clinical
correlation study showed that IFN activity was associated with
a low risk in patients with HER2-positive breast cancer (Callari
et al, 2014) In addition, IFN could act as a regulatory factor
against HER2-positive cancers (Stagg et al., 2011; Castiello et al,,
2018). All these evidences indicate that the differences in the level
of HER2 expression would be associated with distinct biological
properties of cancer cells. To date, there has been no report on the
effect of HER2 on the responsiveness to type I IFN. Therefore, the
underlying mechanism of why higher IFN-induced cytolytic
activity is observed in HER2-positive cancers needs to be
studied in more depth in future research. The higher sensitivity
of neoplastic cells with high HER2 expression to IFN may have

clinical implications as it suggests the benefits of anti-HER2
conjugated IFN-B in patients with high-risk HER2-positive
cancer.

The in vitro antitumor effect of trastuzumab-R27T is mostly
dependent on IFN-B-R27T. However, the in vivo effect of
trastuzumab-R27T was significantly greater than that of IFN-
B-R27T (Figure 7). Unlike the in vitro situation, biophysical
properties, such as half-life and biodistribution, are considerable
factors for the effect of the drug in vivo. Despite the strong effect
of IFN-f, no strong in vivo effects were observed resembling those
in vitro. However, the immunocytokine, which improves the
short half-life of cytokine and is endowed with tumor-
targeting effects, retained its strong antitumor effect in vivo
and in vitro. In general, the half-life of cytokine is short,
ranging from several minutes to several hours. In the case of
IFN-B, serum concentrations following intravenous
administration decline rapidly, and the terminal half-life
ranges from 1 to 2h in humans (Wills, 1990). Therefore,
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most drugs are lost before they reach an optimal concentration
in the target organs and have only a slight effect. Here, we fused
trastuzumab to IFN-B mutein, which has a half-life of 15h
(unpublished data). Though its half-life is shorter than that of
the antibody (terminal half-life of trastuzumab: 12-16 days)
(Spilker et al., 2017), it causes a dramatic increase in half-life
when compared to cytokine (terminal half-life of IFN-3-R27T:
88 min) (Song et al., 2014). Therefore, our immunocytokine is
not merely the simple sum of a cytokine and an antibody, and it
could be valuable as novel entity that has different biophysical
properties than those of a cytokine or an antibody alone.

It is controversial whether the direct or indirect effect of IFNs
is the main anticancer mechanism. In several studies, type I
IENs have direct inhibitory effects on tumor cells of different
origin, hence, they curb proliferation and drive senescence and
apoptosis. The immunocytokine, anti-CD20-IFN-a clearly
showed that type I IFNs could have direct cytotoxic effects in
lymphoma, which is very sensitive to type I IFN receptor-
mediated tumor killing (Rossi et al., 2009; Xuan et al., 2010;
Trinh et al., 2013). On the contrary, Yang at al. demonstrated
that antibody-fused mouse IFN-B regulates tumor growth
primarily by host (mouse) immune responses rather than
direct killing (Yang et al., 2014). They provided evidence that
the antibody fused mouse IFN-B enhanced cytotoxic T
lymphocytes activation creating a positive feedback loop to
kill more cells.

Given that the NCI-N87 cell line is IFN-sensitive, the in vivo
direct tumor killing effect of trastuzumab-R27T in the xenograft
model was consistent with the in vitro effect. Similarly, in our NCI-
N87 and YCC-19 xenograft model using humanized mice, the
direct antitumor effect of trastuzumab-R27T would also be
effective. Furthermore, it was found that the number of tumor-
infiltrating human CD8" T cells increased in the trastuzumab-R27T-
treated group in the humanized mice model. FOXP3 stained cells,
presumed to be regulatory T cells were significantly decreased by a
third compared to vehicle control. Rios-Doria et al. characterized
several xenograft models using humanized mice and revealed that
the antitumor response of the models to immunotherapy was
positively associated with the induced levels of CD4 and
CD8 tumor-infiltrating lymphocytes (Rios-Doria et al, 2020).
Moreover, CD8 T cells were essential for the antitumor immune
response of the murine IFN-B-immunocytokine (Yang et al.,, 2014).
Based on these studies, our results showing the infiltration of CD8
T cells in humanized mice model provided a meaningful evidence
for the immunological effects of human IFN-f immunocytokine.
Collectively, previous reports and our results complement each other
and cover two different modes of action for IFN-mediated tumor
regression.

There are several limitations in the present study. Due to
technical difficulties, we used tumor cell lines and did not freshly
isolate autologous tumors to assess the cytotoxic capabilities of
immune cells. Therefore, we mainly evaluated the antitumor
activity of immune cells, except for the analysis of autologous
tumor cells. Moreover, although we introduced humanized mice
to verify the role of immune cells in antitumor effect, the direct
anti-tumor effects were also mixed in the mice models, making it
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difficult to evaluate only intact indirect effects. In fact, the most
important consideration of immunocytokine studies is the
possibility of reducing cytokine toxicity through antigenic
targeting. Unfortunately, it would be limited to evaluate the
full efficacy and toxicity of human IFN-p substrates to host
cells in murine models because human IFN-B rarely works in
mouse cells (Harari et al., 2014). Therefore, the development of
new models capable of evaluating intact human IFN-B is
required, which may accelerate the translational research of
human IFN-f.

In summary, the data presented in this study provide a
rationale for the clinical investigation of fully human analogs
of trastuzumab-IFN-B, which feature human IFN-B as the
therapeutic payload. Targeting IFN-f with an anti-HER2 mAb
makes the immunocytokine more potent than either agent alone.
Our findings suggest that trastuzumab-IFN-f mutein merits
clinical evaluation as a new candidate for anticancer therapeutics.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession numbers can be found in the article/Supplementary
Material.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Seoul Metropolitan Government Seoul National
University Boramae Medical Center and Seoul National
University  Institutional Review Board. The patients/
participants provided their written informed consent to
participate in this study. The animal study was reviewed and
approved by Institutional Animal Care and Use Committee
(IACUC) of Seoul National University.

AUTHOR CONTRIBUTIONS

CL, TK, and YS designed the study. CL, TK, SH, JC, KS, SR, HJ,
and YS contributed to the conceptual development and
experimental design. CL, TK, SH, JC, JK, HP, and H]J
performed the experiments and analyzed the data. CL, SL,
J-SC, and YS prepared the manuscript.

FUNDING

This research was funded by the Global Core Research Center
(Grant No. 2011-0030001) from the National Research
Foundation, Ministry of Science and ICT, Korea; and Tech
Incubator program for Startup Program (S2716361) funded by
the Ministry of Small and Medium-sized Enterprises and
Startups.

Frontiers in Pharmacology | www.frontiersin.org

January 2021 | Volume 11 | Article 608774


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Lee et al.

ACKNOWLEDGMENTS

The authors would like to thank Hassan Ashktorab from Howard
University for kindly providing HFE145 cell line, as well as
Editage (www.editage.co.kr) for English language editing.

REFERENCES

Barata, J. T, Silva, A., Abecasis, M., Carlesso, N., Cumano, A., and Cardoso, A. A.
(2006). Molecular and functional evidence for activity of murine IL-7 on human
lymphocytes. Exp. Hematol. 34, 1132-1141. doi:10.1016/j.exphem.2006.05.001

Beano, A., Signorino, E., Evangelista, A., Brusa, D., Mistrangelo, M., Polimeni, M.
A, etal. (2008). Correlation between NK function and response to trastuzumab
in metastatic breast cancer patients. J. Transl. Med. 6, 25. doi:10.1186/1479-
5876-6-25

Borden, E. C. (2019). Interferons a and  in cancer: therapeutic opportunities from
new insights. Nat. Rev. Drug Discov. 18, 219-234. doi:10.1038/s41573-018-
0011-2

Borden, E. C,, Sen, G. C,, Uze, G,, Silverman, R. H., Ransohoff, R. M., Foster, G. R.,
et al. (2007). Interferons at age 50: past, current and future impact on
biomedicine. Nat. Rev. Drug Discov. 6, 975-990. doi:10.1038/nrd2422

Callari, M., Musella, V., Di Buduo, E., Sensi, M., Miodini, P., Dugo, M., et al. (2014).
Subtype-dependent prognostic relevance of an interferon-induced pathway
metagene in node-negative breast cancer. Mol. Oncol. 8, 1278-1289. doi:10.
1016/j.molonc.2014.04.010

Castiello, L., Sestili, P., Schiavoni, G., Dattilo, R., Monque, D. M., Ciaffoni, F., et al.
(2018). Disruption of IFN-I signaling promotes HER2/Neu tumor progression
and breast cancer stem cells. Cancer immunol. Res. 6, 658-670. doi:10.1158/
2326-6066.CIR-17-0675

Conlon, K. C., Miljkovic, M. D., and Waldmann, T. A. (2019). Cytokines in the
treatment of cancer. J. Interferon Cytokine Res. 39, 6-21. doi:10.1089/jir.2018.
0019

Darnell, J. E,, Kerr, I. M., and Stark, G. R. (1994). Jak-STAT pathways and
transcriptional activation in response to IFNs and other extracellular
signaling proteins. Science 264, 1415-1421. doi:10.1126/science.8197455

De La Rochere, P., Guil-Luna, S., Decaudin, D., Azar, G., Sidhu, S. S., and Piaggio,
E. (2018). Humanized mice for the study of immuno-oncology. Trends
Immunol. 39, 748-763. doi:10.1016/j.it.2018.07.001

Dubrot, J., Palazén, A., Alfaro, C., Azpilikueta, A., Ochoa, M. C., Rouzaut, A., et al.
(2011). Intratumoral injection of interferon-a and systemic delivery of agonist
anti-CD137 monoclonal antibodies synergize for immunotherapy. Int. J. Canc.
128, 105-118. doi:10.1002/ijc.25333

Eisenman, J., Ahdieh, M., Beers, C., Brasel, K., Kennedy, M. K, Le, T, et al. (2002).
Interleukin-15 with receptor complexes:
characterization and species specificity. Cytokine 20, 121-129. doi:10.1006/
cyt0.2002.1989

Fridman, W. H., Zitvogel, L., Sautés—Fridman, C., and Kroemer, G. (2017). The
immune contexture in cancer prognosis and treatment. Nat. Rev. Clin. Oncol.
14, 717-734. doi:10.1038/nrclinonc.2017.101

Garcia-Diaz, A., Shin, D. S., Moreno, B. H,, Saco, J., Escuin-Ordinas, H., Rodriguez, G.
A, etal. (2017). Interferon receptor signaling pathways regulating PD-L1 and PD-
L2 expression. Cell Rep. 19, 1189-1201. doi:10.1016/j.celrep.2017.04.031

Grandér, D., Xu, B., and Einhorn, S. (1993). Cytotoxic effect of interferon on
primary malignant tumour cells. Studies in various malignancies. Eur. J. Canc.
29, 1940-1943. doi:10.1016/0959-8049(93)90448-0

Greiner, J. W., Guadagni, F., Goldstein, D., Borden, E. C,, Ritts, R. E., Witt, P., et al.
(1991). Evidence for the elevation of serum carcinoembryonic antigen and
tumor-associated glycoprotein-72 levels in patients administered interferons.
Canc. Res. 51, 4155-4163.

Han, Y. K,, Koo, T. Y., and Lee, G. M. (2009). Enhanced interferon-p production by
CHO cells through elevated osmolality and reduced culture temperature.
Biotechnol. Prog. 25, 1440-1447. doi:10.1002/btpr.234

Harari, D., Abramovich, R., Zozulya, A., Smith, P., Pouly, S., Koster, M., et al.
(2014). Bridging the species divide: transgenic mice humanized for type-I
interferon response. PLoS One 9, €84259. doi:10.1371/journal.pone.0084259

interactions interleukin-15

Antibody-IFN-Beta Mutein for Cancer Therapy

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2020.608774/
full#supplementary-material.

Hervas-Stubbs, S., Perez-Gracia, J. L., Rouzaut, A., Sanmamed, M. F., Le Bon, A.,
and Melero, I. (2011). Direct effects of type I interferons on cells of the immune
system. Clin. Canc. Res. 17, 2619-2627. doi:10.1158/1078-0432.CCR-10-1114

Hoffmann, R. M., Coumbe, B. G., Josephs, D. H., Mele, S., Ilieva, K. M., Cheung, A.,
et al. (2018). Antibody structure and engineering considerations for the design
and function of Antibody Drug Conjugates (ADCs). Oncoimmunology 7,
€1395127. doi:10.1080/2162402X.2017.1395127

Huang, T.-H., Chintalacharuvu, K. R., and Morrison, S. L. (2007). Targeting
IFN-a to B cell lymphoma by a tumor-specific antibody elicits potent
antitumor activities. J. Immunol. 179, 6881-6888. doi:10.4049/jimmunol.
179.10.6881

Kim, H., Kang, S., Kwon, W., Kim, T., Jeong, L, Jeung, H. C,, et al. (2018). Forty-
nine gastric cancer cell lines with integrative genomic profiling for development
of ¢-MET inhibitor. Int. J. Canc. 143, 151-159. doi:10.1002/ijc.31304

Kim, T., Hong, S., Song, K., Park, S.-H., and Shin, Y. K. (2017). Sensitization of
glycoengineered interferon-pla-resistant cancer cells by c¢FLIP inhibition for
enhanced anti-cancer therapy. Oncotarget 8, 13957-13970. doi:10.18632/
oncotarget.14573

Leaman, D. W., Chawla-Sarkar, M., Jacobs, B., Vyas, K., Sun, Y., Ozdemir, A., et al.
(2003). Novel growth and death related interferon-stimulated genes (ISGs) in
melanoma: greater potency of IFN-B compared with IFN-a 2. J. Interferon
Cytokine Res. 23, 745-756. d0i:10.1089/107999003772084860

Lee, S., Son, W. S,, Yang, H. B., Rajasekaran, N., Kim, S.-S., Hong, S., et al. (2019). A
glycoengineered interferon-p mutein (R27T) generates prolonged signaling by
an altered receptor-binding kinetics. Front. Pharmacol. 9, 1568. doi:10.3389/
fphar.2018.01568

Li, Z., Zhu, Y., Li, C, Trinh, R., Ren, X, Sun, F., et al. (2017). Anti-VEGFR2-
interferon-a2 regulates the tumor microenvironment and exhibits potent
antitumor efficacy against colorectal cancer. Oncoimmunology 6, €1290038.
doi:10.1080/2162402X.2017.1290038

Marlink, K. L., Bacon, K. D., Sheppard, B. C., Ashktorab, H., Smoot, D. T., Cover, T.
L., et al. (2003). Effects of Helicobacter pylori on intracellular Ca2+ signaling in
normal human gastric mucous epithelial cells. Am. J. Physiol. Gastrointest. Liver
Physiol. 285, G163-G176. doi:10.1152/ajpgi.00257.2002

Mosmann, T., Yokota, T., Kastelein, R., Zurawski, S. M., Arai, N., and Takebe, Y.
(1987). Species-specificity of T cell stimulating activities of IL 2 and BSF-1 (IL
4): comparison of normal and recombinant, mouse and human IL 2 and BSF-1
(IL 4). J. Immunol. 138, 1813-1816.

Ozzello, L., Derosa, C. M., Habif, D., Cantell, K., and Pestka, S. (1995). Up-
regulation of a tumor-associated antigen (tag-72) by interferon-alpha and
interferon-gamma in patients with cutaneous breast-cancer recurrences. Int.
J. Oncol. 6, 985-991. doi:10.3892/ij0.6.5.985

Pace, L., Vitale, S., Dettori, B., Palombi, C., La Sorsa, V., Belardelli, F., et al. (2010).
APC activation by IFN-a decreases regulatory T cell and enhances Th cell
functions. J. Immunol. 184, 5969-5979. doi:10.4049/jimmunol.0900526

Peruzzi, G., Femnou, L., Gil-Krzewska, A., Borrego, F., Weck, J., Krzewski, K., et al.
(2013). Membrane-type 6 matrix metalloproteinase regulates the activation-
induced downmodulation of CD16 in human primary NK cells. J. Immunol.
191, 1883-1894. doi:10.4049/jimmunol.1300313

Pogue, S. L., Taura, T., Bi, M., Yun, Y., Sho, A., Mikesell, G., et al. (2016). Targeting
attenuated interferon-a to myeloma cells with a CD38 antibody induces potent
tumor regression with reduced off-target activity. PLoS One 11, e0162472.
doi:10.1371/journal.pone.0162472

Poon, K. A, Flagella, K., Beyer, J., Tibbitts, J., Kaur, S., Saad, O., et al. (2013).
Preclinical safety profile of trastuzumab emtansine (T-DM1): mechanism of
action of its cytotoxic component retained with improved tolerability. Toxicol.
Appl. Pharmacol. 273, 298-313. doi:10.1016/j.taap.2013.09.003

Radwanski, E., Perentesis, G., Jacobs, S., Oden, E., Affrime, M., Symchowicz, S.,
et al. (1987). Pharmacokinetics of interferon a-2b in healthy volunteers. J. Clin.
Pharmacol. 27, 432-435. doi:10.1002/j.1552-4604.1987.tb03044.x

Frontiers in Pharmacology | www.frontiersin.org

January 2021 | Volume 11 | Article 608774


http://www.editage.co.kr
https://www.frontiersin.org/articles/10.3389/fphar.2020.608774/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2020.608774/full#supplementary-material
https://doi.org/10.1016/j.exphem.2006.05.001
https://doi.org/10.1186/1479-5876-6-25
https://doi.org/10.1186/1479-5876-6-25
https://doi.org/10.1038/s41573-018-0011-2
https://doi.org/10.1038/s41573-018-0011-2
https://doi.org/10.1038/nrd2422
https://doi.org/10.1016/j.molonc.2014.04.010
https://doi.org/10.1016/j.molonc.2014.04.010
https://doi.org/10.1158/2326-6066.CIR-17-0675
https://doi.org/10.1158/2326-6066.CIR-17-0675
https://doi.org/10.1089/jir.2018.0019
https://doi.org/10.1089/jir.2018.0019
https://doi.org/10.1126/science.8197455
https://doi.org/10.1016/j.it.2018.07.001
https://doi.org/10.1002/ijc.25333
https://doi.org/10.1006/cyto.2002.1989
https://doi.org/10.1006/cyto.2002.1989
https://doi.org/10.1038/nrclinonc.2017.101
https://doi.org/10.1016/j.celrep.2017.04.031
https://doi.org/10.1016/0959-8049(93)90448-o
https://doi.org/10.1002/btpr.234
https://doi.org/10.1371/journal.pone.0084259
https://doi.org/10.1158/1078-0432.CCR-10-1114
https://doi.org/10.1080/2162402X.2017.1395127
https://doi.org/10.4049/jimmunol.179.10.6881
https://doi.org/10.4049/jimmunol.179.10.6881
https://doi.org/10.1002/ijc.31304
https://doi.org/10.18632/oncotarget.14573
https://doi.org/10.18632/oncotarget.14573
https://doi.org/10.1089/107999003772084860
https://doi.org/10.3389/fphar.2018.01568
https://doi.org/10.3389/fphar.2018.01568
https://doi.org/10.1080/2162402X.2017.1290038
https://doi.org/10.1152/ajpgi.00257.2002
https://doi.org/10.3892/ijo.6.5.985
https://doi.org/10.4049/jimmunol.0900526
https://doi.org/10.4049/jimmunol.1300313
https://doi.org/10.1371/journal.pone.0162472
https://doi.org/10.1016/j.taap.2013.09.003
https://doi.org/10.1002/j.1552-4604.1987.tb03044.x
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Lee et al.

Rios-Doria, J., Stevens, C., Maddage, C., Lasky, K., and Koblish, H. K. (2020).
Characterization of human cancer xenografts in humanized mice.
J. Immunother. Canc. 8, €000416. doi:10.1136/jitc-2019-000416

Rodriguez, J., Spearman, M., Huzel, N, and Butler, M. (2005). Enhanced
production of monomeric interferon-p by CHO cells through the control of
culture conditions. Biotechnol. Prog. 21, 22-30. doi:10.1021/bp049807b

Rodriguez, J., Spearman, M., Tharmalingam, T., Sunley, K., Lodewyks, C., Huzel,
N., etal. (2010). High productivity of human recombinant beta-interferon from
a low-temperature perfusion culture. J. Biotechnol. 150, 509-518. doi:10.1016/j.
jbiotec.2010.09.959

Romee, R, Foley, B,, Lenvik, T., Wang, Y., Zhang, B,, Ankarlo, D,, et al. (2013). NK cell
CD16 surface expression and function is regulated by a disintegrin and metalloprotease-
17 (ADAM17). Blood 121, 3599-3608. doi:10.1182/blood-2012-04-425397

Rossi, E. A., Goldenberg, D. M., Cardillo, T. M., Stein, R., and Chang, C.-H. (2009).
CD20-targeted tetrameric interferon-a, a novel and potent immunocytokine for
the therapy of B-cell lymphomas. Blood 114, 3864-3871. doi:10.1182/blood-
2009-06-228890

Runkel, L., Meier, W., Pepinsky, R. B., Karpusas, M., Whitty, A., Kimball, K., et al.
(1998). Structural and functional differences between glycosylated and non-
glycosylated forms of human interferon-p (IFEN-B). Pharm. Res. 15, 641-649.
doi:10.1023/a:1011974512425

Salmon, P., Le Cotonnec, J.-Y., Galazka, A., Abdul-Ahad, A., and Darragh, A.
(1996). Pharmacokinetics and pharmacodynamics of recombinant human
interferon-f in healthy male volunteers. J. Interferon Cytokine Res. 16,
759-764. doi:10.1089/jir.1996.16.759

Schiller, J. H., Willson, J. K., Bittner, G., Wolberg, W. H., Hawkins, M. J., and
Borden, E. C. (1986). Antiproliferative effects of interferons on human
melanoma cells in the human tumor colony-forming assay. J. Interferon Res.
6, 615-625. doi:10.1089/jir.1986.6.615

Schneider, A., Gorr, I. H., Larraillet, V., Frensing, T., and Popp, O. (2019).
Reduction of IL-2 fragmentation during manufacturing of a novel
immunocytokine by DoE process optimization. Biotechnol. Bioeng. 116,
2503-2513. doi:10.1002/bit.27090

Seckinger, P., Zhang, J.-H., Hauptmann, B, and Dayer, J-M. (1990).
Characterization of a tumor necrosis factor alpha (TNF-alpha) inhibitor:
evidence of immunological cross-reactivity with the TNF receptor. Proc.
Natl. Acad. Sci. U.S.A. 87, 5188-5192. doi:10.1073/pnas.87.13.5188

Shang, D., Liu, Y., Ito, N., Kamoto, T., and Ogawa, O. (2007). Defective Jak-Stat
activation in renal cell carcinoma is associated with interferon-a resistance.
Canc. Sci. 98, 1259-1264. doi:10.1111/j.1349-7006.2007.00526.x

Sisirak, V., Faget, J., Gobert, M., Goutagny, N., Vey, N., Treilleux, I, et al. (2012).
Impaired IFN-a production by plasmacytoid dendritic cells favors regulatory
T-cell expansion that may contribute to breast cancer progression. Canc. Res.
72, 5188-5197. doi:10.1158/0008-5472.CAN-11-3468

Sivaraman, S., Venugopal, P., Ranganathan, R., Deshpande, C., Huang, X,, Jajeh, A.,
et al. (2000). Effect of interferon-a on CD20 antigen expression of B-cell
chronic lymphocytic leukemia. Cytokines Cell Mol. Ther. 6, 81-87. doi:10.1080/
13684730050515804

Sommavilla, R,, Pasche, N., Trachsel, E., Giovannoni, L., Roesli, C., Villa, A., et al.
(2010). Expression, engineering and characterization of the tumor-targeting
heterodimeric immunocytokine F8-IL12. Protein Eng. Des. Sel. 23, 653-661.
doi:10.1093/protein/gzq038

Song, K., Moon, D. B,, Kim, N. Y., and Shin, Y. K. (2020). Stability and activity of
the hyperglycosylated human interferon-p R27T variant. Sci. Rep. 10, 1-10.
doi:10.1038/541598-020-65495-y

Song, K., Yoon, L-S., Kim, N. A, Kim, D.-H., Lee, ], Lee, H. J,, et al. (2014).
Glycoengineering of interferon-p la improves its biophysical and

Antibody-IFN-Beta Mutein for Cancer Therapy

pharmacokinetic properties. PLoS One 9, €96967. doi:10.1371/journal.pone.
0096967

Spilker, M. E., Chen, X., Visswanathan, R., Vage, C., Yamazaki, S., Li, G., et al.
(2017). Found in translation: maximizing the clinical relevance of nonclinical
oncology studies. Clin. Canc. Res. 23, 1080-1090. doi:10.1158/1078-0432.CCR-
16-1164

Stagg, J., Loi, S., Divisekera, U., Ngiow, S. F., Duret, H., Yagita, H., et al. (2011).
Anti-ErbB-2 mAb therapy requires type I and II interferons and synergizes
with anti-PD-1 or anti-CD137 mAb therapy. Proc. Natl. Acad. Sci. U.S.A. 108,
7142-7147. doi:10.1073/pnas.1016569108

Suzuki, K., Aoki, K., Ohnami, S., Yoshida, K., Kazui, T., Kato, N, et al. (2003).
Adenovirus-mediated  gene interferon a  improves
dimethylnitrosamine-induced liver cirrhosis in rat model. Gene. Ther. 10,
765-773. doi:10.1038/sj.gt.3301949

Trinh, K. R., Vasuthasawat, A., Steward, K. K., Yamada, R. E., Timmerman, J. M.,
and Morrison, S. L. (2013). Anti-CD20-interferon-{ fusion protein therapy of
murine B cell lymphomas. J. immunother. 36, 305-318. doi:10.1097/CJI.
0b013e3182993eb9

Vega, G. G., Franco-Cea, L. A., Huerta-Yepez, S., Mayani, H., Morrison, S. L.,
Bonavida, B., et al. (2015). Overcoming rituximab drug-resistance by the
genetically engineered anti-CD20-hIFN-a fusion protein: direct cytotoxicity
and synergy with chemotherapy. Int. J. Oncol. 47, 1735-1748. doi:10.3892/ijo.
2015.3170

Wills, R. J. (1990). Clinical pharmacokinetics of interferons. Clin. Pharmacokinet.
19, 390-399. doi:10.2165/00003088-199019050-00003

Xuan, C., Steward, K. K., Timmerman, J. M., and Morrison, S. L. (2010). Targeted
delivery of interferon-alpha via fusion to anti-CD20 results in potent antitumor
activity against B-cell lymphoma. Blood 115, 2864-2871. doi:10.1182/blood-
2009-10-250555

Yang, H., Park, H,, Lee, Y. J., Choi, J. Y., Kim, T., Rajasekaran, N., et al. (2020).
Development of human monoclonal antibody for Claudin-3 overexpressing
carcinoma targeting. Biomolecules 10, 51. d0i:10.3390/biom10010051

Yang, X, Zhang, X., Fu, M. L., Weichselbaum, R. R., Gajewski, T. F., Guo, Y., et al.
(2014). Targeting the tumor microenvironment with interferon-B bridges
innate and adaptive immune responses. Canc. Cell 25, 37-48. doi:10.1016/j.
ccr.2013.12.004

Young, P. A, Morrison, S. L., and Timmerman, J. M. (2014). Antibody-cytokine fusion
proteins for treatment of cancer: engineering cytokines for improved efficacy and
safety. Semin. Oncol. 41, 623-636. doi:10.1053/j.seminoncol.2014.08.002

transfer  of

Contflict of Interest: CL, JK, and HJ were employed by the company Genopharm
Inc,, and CL and HJ currently hold stock in Genopharm Inc., Korea. JC was
employed by the company ABION Inc., and JC and YS currently hold stock in
ABION Inc., Korea. SH and YS have received consulting fees from ABION Inc.,
Korea.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2021 Lee, Kim, Hong, Chu, Kang, Park, Choi, Song, Rha, Lee, Choi,
Kim, Jeong and Shin. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org

January 2021 | Volume 11 | Article 608774


https://doi.org/10.1136/jitc-2019-000416
https://doi.org/10.1021/bp049807b
https://doi.org/10.1016/j.jbiotec.2010.09.959
https://doi.org/10.1016/j.jbiotec.2010.09.959
https://doi.org/10.1182/blood-2012-04-425397
https://doi.org/10.1182/blood-2009-06-228890
https://doi.org/10.1182/blood-2009-06-228890
https://doi.org/10.1023/a:1011974512425
https://doi.org/10.1089/jir.1996.16.759
https://doi.org/10.1089/jir.1986.6.615
https://doi.org/10.1002/bit.27090
https://doi.org/10.1073/pnas.87.13.5188
https://doi.org/10.1111/j.1349-7006.2007.00526.x
https://doi.org/10.1158/0008-5472.CAN-11-3468
https://doi.org/10.1080/13684730050515804
https://doi.org/10.1080/13684730050515804
https://doi.org/10.1093/protein/gzq038
https://doi.org/10.1038/s41598-020-65495-y
https://doi.org/10.1371/journal.pone.0096967
https://doi.org/10.1371/journal.pone.0096967
https://doi.org/10.1158/1078-0432.CCR-16-1164
https://doi.org/10.1158/1078-0432.CCR-16-1164
https://doi.org/10.1073/pnas.1016569108
https://doi.org/10.1038/sj.gt.3301949
https://doi.org/10.1097/CJI.0b013e3182993eb9
https://doi.org/10.1097/CJI.0b013e3182993eb9
https://doi.org/10.3892/ijo.2015.3170
https://doi.org/10.3892/ijo.2015.3170
https://doi.org/10.2165/00003088-199019050-00003
https://doi.org/10.1182/blood-2009-10-250555
https://doi.org/10.1182/blood-2009-10-250555
https://doi.org/10.3390/biom10010051
https://doi.org/10.1016/j.ccr.2013.12.004
https://doi.org/10.1016/j.ccr.2013.12.004
https://doi.org/10.1053/j.seminoncol.2014.08.002
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Antibody-Based Targeting of Interferon-Beta-1a Mutein in HER2-Positive Cancer Enhances Antitumor Effects Through Immune Res ...
	Introduction
	Materials and Methods
	Antibody and Antibody-Cytokine Fusion Proteins
	Cell Lines and Cell Culture
	Three-Dimensional (3D) Structure, Circular Dichroism, and Size Analysis
	Flow Cytometry Analysis
	Immunofluorescence Analysis
	IFN Luciferase Assay
	Cell Viability Assay
	Immune Cell-Mediated Cytotoxicity Assay
	Antibody-Dependent Cell-Mediated Cytotoxicity Assay
	Tumor-Targeting Analysis in a HER-2-Positive Tumor Xenograft Mouse Model
	Human Gastric Cancer Xenograft Nude Mice Model
	Humanized Gastric Cancer Xenograft in Humanized Mice
	Statistical Analysis

	Results
	Generation of Trastuzumab-IFN-β Mutein Fusion Protein
	Bioactivity of the Trastuzumab-IFN-β Mutein Fusion Protein
	In vitro Antitumor Effect of the Trastuzumab-IFN-β Mutein Fusion Protein
	Immune Cell-Mediated Anticancer Effect of the Trastuzumab-IFN-β Mutein Fusion Protein
	Tumor-Targeting of Trastuzumab-IFN-β Mutein
	In vivo Effect of Trastuzumab-IFN-β Mutein

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


