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Protein therapeutics have clinically been proven to be effective
in treating many diseases due to their high specificity and
biological activity."* However, they have conspicuous limita-
tions such as quick renal clearance, poor stability and strong
immunogenicity during their use, thus requiring frequent
administrations to achieve therapeutic effects, which in turn
increases the chance of dramatically oscillating concentrations
in blood and adverse effects as well as poor patient compli-
ance."™® Many strategies, such as dissolving in appropriate
buffers,” loading in nanocarriers,*™° site-specific mutation,**
immobilization in functional materials,** modification with
polymers,'** etc., can effectively improve the stability and drug
delivery. Covalent conjugation of poly(ethylene glycol) (PEG) on
the surface of protein therapeutics, named PEGylation, is a type
of important strategy to extend the half-life of biomolecules.*®
Various proteins, such as interferon «-2a (IFNa-2a), r-aspar-
aginase, adenosine deaminase and tumor necrosis factor alpha
have successfully been conjugated with PEG to enhance their
therapeutic properties.”” Genetically fusing proteins with

“Department of Medical Research Center, State Key Laboratory of Complex Severe and
Rare Diseases, Peking Union Medical College Hospital, Chinese Academy of Medical
Science and Peking Union Medical College, Beijing 100730, China. E-mail:
ncuskhujin@163.com

*Department of Intensive Care Unit, Beijing Chest Hospital, Capital Medical
University, Beijing Tuberculosis and Thoracic Tumor Research Institute, Beijing
101149, China

‘Department of Rheumatology, Beijing Hospital, National Center of Gerontology,
Institute of Geriatric Medicine, Clinical Immunology Center, Graduate School of
Peking Union Medical College, Chinese Academy of Medical Sciences, Peking Union
Medical College, Beijing 100730, China

‘Department of Stomatology, Peking Union Medical College Hospital, Chinese
Academy of Medical Science and Peking Union Medical College, Beijing 100730, China
‘Department of Gastroenterology, Peking Union Medical College Hospital, Chinese
Academy of Medical Science and Peking Union Medical College, Beijing 100730, China
+ Electronic supplementary information (EST) available. See
https://doi.org/10.1039/d2ra04978c

1 These authors contributed equally to this work.

© 2022 The Author(s). Published by the Royal Society of Chemistry

pharmacokinetics and therapeutic efficacy over the monomeric IFN, and the results can be positively
enhanced by the concatenated number of self-fused proteins.

long-acting human serum albumin (HSA) is another conven-
tional strategy, and various HSA-fused proteins such as IFNq,
antihemophilic factor, recombinant factor IX and anti-vascular
endothelial growth factor have been approved by the Food and
Drug Administration (FDA) for clinical use.?** Nevertheless,
both approaches require the introduction of exogenous mole-
cules, resulting in inevitable immunogenicity, reduced biolog-
ical activity and potential toxicity induced by the extra
moiety.***’

In order to avoid the unpredictable influences caused by the
introduction of macromolecules, we developed an easy but
universal protein modification approach, self-fused concatena-
tion (SEC), to modify model protein, green fluorescence protein
(GFP). We successfully synthesized a set of GFP concatemers
using this protein fusion technique.”® The concatemers dis-
played larger hydrodynamic radius and remarkable improve-
ment in in vivo tumor retention over the monomeric GFP.
However, this technique has never been applied in therapeutic
proteins to display its potential as an alternative of protein
modification in the field of drug delivery, since the biosynthesis
and modification conditions of therapeutics are much stricter
than model proteins.

IFNs a are a group of cytokines that possess various biolog-
ical effects, including antiviral, antitumor and immunomodu-
latory activities in patients with defined types of viral and cancer
diseases.>** It has already been approved by FDA (Food and
Drug Administration) for clinical application since 1986.
However, IFN o has a low molecular weight (~20 kDa) and short
in vivo half-life (4-8 h), which requires frequent administrations
to achieve sustained high concentrations, thus resulting in
severe side effects and poor compliance.***

Herein, as the first case, we successfully biosynthesized IFN
concatemers via SEC in prokaryotic expression system and
systematically studied the effects of modification on the phar-
maceutical profiles of IFN. The circulating half-lives of trimer
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(3 x IFN) and dimer (2 x IFN) of IFN were 10.6- and 4.80-fold
longer than that of monomer (1 x IFN), respectively. 3 x IFN
and 2 x IFN displayed better inhibition ability on tumor growth
in ovarian cancer inoculated mice, with 2.11- and 1.44-fold
longer of median survival time of mice than that of 1 x IFN.
Moreover, the concatenated number could positively enhance
the in vitro bioactivity, in vivo pharmacokinetics and therapeutic
efficacy of IFN. These findings demonstrated that SEC would be
a promising alternative to optimize the pharmaceutic profiles of
protein/peptide therapeutics for clinical application.

To obtain concatenated IFNs, we designed and constructed
three recombinant plasmids containing the sequence of
monomer (1 x IFN), dimer (2 x IFN) and trimer (3 x IFN) of
IFN. A 6 x His tag was fused at the C-terminus for nickel-
nitrilotriacetic acid immobilized metal affinity chromatog-
raphy (Ni-NTA IMAC) purification (Fig. 1a). The natural IFN, 1 x
IFN, and the self-fused proteins, 2 x IFN and 3 x IFN, were
successfully overexpressed in Escherichia coli (E. coli) after
induced with isopropyl-B-p-1-thiogalactopyranoside (IPTG) and
purified via Ni-NTA IMAC in high yield (~80 mg per liter of
bacteria culture medium) (Fig. S1-S37). Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) showed only
a single band around the molecular weight (MW) of approxi-
mately 20, 40 and 60 kDa that corresponded to 1 x IFN, 2 x IFN
and 3 x IFN, respectively (Fig. 1b). The accurate MW was
further detected by liquid chromatography-electrospray ioniza-
tion mass spectrometry (LC-ESI-MS). The MWs of 1 x IFN, 2 X
IFN and 3 x IFN were 20 092.0, 40 930.0 and 60 470.0 kDa,
which were in accordance with the theoretical value of 20 092.0,
40 930.6 and 60 470.0 kDa, respectively (Fig. 1c). Dynamic light
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Fig. 1 Biosynthesis and characterization of IFN concatemers. (a)
Schematic illustration of the synthesis of IFN concatemers. (b) SDS-
PAGE analysis of purified IFN concatemers. Lane 1, 1 x IFN; lane 2, 2 x
IFN; lane 3, 3 x IFN. (c) LC-ESI-MS spectra of IFN concatemers. (d) DLS
analysis of IFN concatemers. (e) CD spectra of IFN concatemers.
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scattering (DLS) showed that 3 x IFN and 2 x IFN possessed
hydrodynamic radii (R,) of 6.857 and 4.612 nm, much larger
than that of 1 x IFN (2.759 nm) (Fig. 1d). The secondary
structural conformations of IFN concatemers detected by
circular dichroism (CD) spectroscopy exhibited the identical
signature of a-helix with a typical doublet at 208/222 nm, and
the far-UV scans were in consistent with each other (Fig. 1e).
These results indicated that IFN concatemers were successfully
synthesized via SEC and the physicochemical properties were
well retained after modification.

To evaluate the biological activity of IFN concatemers, we
quantified the cytotoxicity of proteins against human Burkitt's B
lymphoma line under the same mass or molar concentrations.
As expected, the monomeric IFN exhibited the best bioactivity
per unit of IFN (Fig. 2a), with the half maximal inhibitory
concentration of 20.82 pg mL ™, whereas 2 x IFN and 3 x IFN
possessed the retention activity of 70.91% and 41.66%, with the
ICs, value of 29.36 and 49.98 mg mL ™", respectively (Fig. 2b and
Table S1t). However, the bioactivity per protein was signifi-
cantly enhanced with the increased fusing number of IFN
concatemers (Fig. 2c). Particularly, the ICs, values of 2 x IFN
and 3 x IFN were 0.74 and 0.52 pM, which were 1.6 x and 2.3 x
fold higher than that of 1x IFN (1.19 pM) per protein after
calculation (Fig. 2d and Table S2). We also assessed the cyto-
toxicity of Intron A, a commercial recombinant interferon that
has been applied in clinical, it exhibited similar anti-tumor
activity comparing with 1 x IFN (Fig. 2). The results revealed
that the increased bioactivity induced by the number of IFN
outperformed the reduced activity caused by the steric
hindrance of fused macromolecule. As the commercialized
techniques, PEGylation and HSA fusion, require the introduc-
tion of inactive macromolecules that reduce the biological
activity. For example, the bioactivity retentions of PEGylated
and HSA-fused IFN were only 7% (ref. 34) and 1% (ref. 35) in
previously reported literature. The data suggested that SEC
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Fig. 2 In vitro bioactivity of IFN concatemers. In vitro cytotoxicity (a)

and ICsq value (b) of IFN concatemers at the same mass concentration.
In vitro cytotoxicity (c) and ICsq value (d) of IFN concatemers at the
same molar concentration. Data are shown as the mean =+ standard
deviation (n = 3, *P < 0.05 for 3 x IFN and 2 x IFN vs. 1 x IFN).
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could well improve the bioactivity of IFN via self-fusion of the
active protein, which was dramatically superior than the exist-
ing methods.

Since natural IFN is limited by the rapid rate of blood
clearance, we then quantified the pharmacokinetic behaviour of
IFN concatemers in the mice model. Upon intravenous injec-
tion, plasma samples were collected at selected times and the
levels of IFN were detected. The data were fitted with a two-
compartment model and the pharmacokinetic parameters
were summarized in Table S3.f Obviously, 3 x IFN showed
a much slower elimination rate than 2 x IFN, and 2 x IFN
exhibited a much slower rate than 1 x IFN (Fig. 3). The distri-
bution (t1/2«) and terminal (t1/2p) half-life of 3 x IFN was
0.854 h and 13.3 h, which was 2.08-fold and 10.6-fold longer
than that of 1 x IFN (t1/2a = 0.411 h, t1/2f = 1.26 h); the
distribution and terminal half-life of 2 x IFN was 0.618 h and
6.05 h, which was1.50-fold and 4.80-fold longer than that of 1 x
IFN. Moreover, the area under the curves (AUCs) of 3 x IFN and
2 x IFN were 1.36 and 0.474 pg L™' h™", which were 6.38 and
2.23-fold than that of 1 x IFN (0.213 pug L' h™"). The data
indicated that the pharmacokinetic of IFN concatemers is
positively correlated with the concatenated number of proteins.

We further investigated the antitumor efficacy of IFN con-
catemers in human OVCAR-3 ovarian cancer xenograft in nude
mice. All animal procedures were performed in accordance with
the Guidelines for Care and Use of Laboratory Animals of
Peking Union Medical College (PUMC) Hospital and approved
by the Ethics Review Board of PUMC Hospital. Before carrying
out the animal study, we tested the in vitro bioactivity towards
OVCAR-3 cells. The IC50s of 1 x IFN, 2 x IFN and 3 x IFN of
IFN-equivalent were 230.3, 389.8 and 599.7 ng mL™', respec-
tively (Fig. S41), indicating IFN concatemers can kill OVCAR-3
cells. Next, mice with a mean tumor volume of 20 mm?® were
injected with IFN concatemers at an IFN-equivalent dose of 1
mg kg~ " every three days. 1 x IFN slightly inhibited tumor
growth comparing with saline, whereas 2 x IFN exhibited
relatively better antitumor ability than 1 x IFN. In contrast, 3 X
IFN completely inhibited the tumor growth during treatment
(Fig. 4a and S51). The median survival times for the mice treated
with 3 x IFN and 2 x IFN were 85.5 and 58.5 days, which were
2.11- and 1.44-fold longer than that of the mice treated with 1 x
IFN (40.5 days), respectively (Fig. 4b). Besides, hematoxylin and
eosin (H&E) staining showed that the tumors of the mice treated

Time (h)

Fig. 3 In vivo pharmacokinetics of IFN concatemers. Data are shown
as the mean = standard deviation (n = 3, *P < 0.05 for 3 x IFN vs. 1 x
IFN).
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Fig. 4 Antitumor efficacy of IFN concatemers. (a) Inhibition of tumor
growth. (b) Cumulative survival of mice. (c) H&E staining of tumor
tissues of mice at 33 days post treatment (n = 6-8, **P < 0.01 for 2 x
IFN vs. 1 x IFN and ***P < 0.001 for 3 x IFN vs. 2 x IFN).

with saline and 1 x IFN were composed of tightly packed cells,
and the tumors of the mice treated with 2 x IFN and 3 x IFN
existed extensive vacuoles, indicating serious damage to tumor
cells (Fig. 4c). Collectively, these results suggested that
increasing the MW of IFN concatemers would remarkably
enhance the antitumor efficacy, which could be attributed to the
improved pharmacokinetics and bioactivity.

We finally assessed the biological safety of IFN concatemers.
The body weight of mice did not decrease during treatment (Fig.
S61). H&E staining of hearts, livers and kidneys after treatment
demonstrated that there was no noticeable damage in histo-
logical level (Fig. S7t). In addition, the clinical hematological
markers such as white blood cells (WBC), red blood cells (RBC),
platelets (PLT) and hemoglobin (HGB) of mice treated with IFN
concatemers were comparable to those of mice treated with
saline (Fig. S8t), as well as the biochemical parameters of
lactate dehydrogenase (LDH) and creatine kinase isoenzymes
(CK-MB) for heart function, alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) for liver function, creatinine
(CRE) and blood urea nitrogen (BUN) for kidney function (Fig.
S9t). Taken together, the data indicated that SEC modification
for protein did not induce the systemic toxicity of IFN.

In summary, we synthesized IFN concatemers using SEC
technique to enhance the in vitro biological activity and in vivo
pharmaceutical properties of IFN without the introduction of
exogenous macromolecules. We have genetically engineered
a series of IFN concatemers in prokaryotic expression system
and studied the tandem number effect on the properties of IFN.
Such a kind of study leads to several findings that are vital for
the development of protein therapeutics: (i) concatenated IFNs
exhibited increased biological activity relative to the unmodi-
fied IFN; (ii) IFN concatemers possessed excellent circulating
half-life, with 10.6- and 4.80-fold longer for 3 x IFN and 2 x IFN
as compared with 1 x IFN; (iii) IFN concatemers displayed
improved in vivo anti-tumor activity, resulting in 2.11- and 1.44-
fold longer of median survival time of mice treated with 3 x IFN
and 2 x IFN than that of 1 x IFN. These data also demonstrated
that the concatenated number of self-fused protein would
increase the in vitro bioactivity, in vivo pharmacokinetics and
therapeutic efficacy of IFN.
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The limitation of this study is the difference between animal
study and clinical treatment. The determination of pharmaco-
kinetics and in vivo anti-tumor efficiency in mice were not
completely accurate. This is because the experimental mice
were immune-deficient that lacked antibody responses and
partial immune activations, which could have some impacts on
the in vivo behaviours of IFN concatemers (including immu-
nogenicity and immune response), especially for long-term
treatment. However, the drawback partially influenced the
results but could not change the conclusion, since the experi-
mental results of IFN concatemers were greatly enhanced
comparing with unmodified IFN. Taken together, this study
indicated that SEC might be a promising modification alter-
native to optimize the pharmaceutic profiles of protein/peptide
agents without the introduction of exogenous molecules.
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