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Abstract: Therapeutic antibodies-F(ab’), obtained from hyperimmune equine plasma could treat
emerging infectious diseases rapidly because of their high neutralization activity and high output.
However, the small-sized F(ab’), is rapidly eliminated by blood circulation. This study explored
PEGylation strategies to maximize the half-life of equine anti-SARS-CoV-2 specific F(ab’),. Equine
anti-SARS-CoV-2 specific F(ab’), were combined with 10 KDa MAL-PEG-MAL in optimum conditions.
Specifically, there were two strategies: Fab-PEG and Fab-PEG-Fab, F(ab’), bind to a PEG or two
PEG, respectively. A single ion exchange chromatography step accomplished the purification of the
products. Finally, the affinity and neutralizing activity was evaluated by ELISA and pseudovirus
neutralization assay, and ELISA detected the pharmacokinetic parameters. The results displayed that
equine anti-SARS-CoV-2 specific F(ab’); has high specificity. Furthermore, PEGylation F(ab’),-Fab-
PEG-Fab had a longer half-life than specific F(ab’),. The serum half-life of Fab-PEG-Fab, Fab-PEG,
and specific F(ab”), were 71.41 h, 26.73 h, and 38.32 h, respectively. The half-life of Fab-PEG-Fab
was approximately two times as long as the specific F(ab’),. Thus far, PEGylated F(ab’), has been
prepared with high safety, high specificity, and a longer half-life, which could be used as a potential
treatment for COVID-19.
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1. Introduction

Coronavirus Disease 2019 (COVID-19) is an acute infectious disease caused by SARS-
CoV-2. The early and most common manifestations are dry cough, fever, fatigue, headaches,
and myalgia. Since the epidemic of COVID-19, the widespread pandemic of it and rising
mortality rates have become significant public health concerns [1-3]. Therefore, effective,
specific, and quickly accessible drugs are needed to control this situation.

Several vaccines have been used to prevent the epidemic of SARS-CoV-2, but they are
not completely effective. It could be stated that therapeutic agents will continue at the cen-
ter of the fight against COVID-19 [4-6]. Antibody drugs are effective in treating emerging
infectious diseases [7]. Monoclonal antibody drugs have the advantages of high stability
and specificity. However, they also have the disadvantages of a long production cycle, high
production cost, and easy loss of antigen epitopes [8]. Polyclonal antibody serum product
developed in recent years shows good application prospects in various studies. Convales-
cent plasma is one of the most extensive therapies researched for SARS-CoV-2 and is more
likely to produce specific antibodies [9]. Even so, the ability to obtain plasma depends on
voluntary donations from recovered patients. In addition, there are significant differences
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in the antibodies produced by individuals, which may lead to poor treatment effectiveness.
These disadvantages could be overcome by using heterologous antibodies obtained from
horse plasma immunized with SARS-CoV-2. It has multiple antigen-binding sites, therefore
it has a greater ability to neutralize viruses than monoclonal antibodies [10,11]. Equine
polyclonal antibody fragments (EpAbs)-F(ab’), have been proven to be a safe immunother-
apy with decades of production experience, which make EpAbs a potential emergency aid
to help fight COVID-19 [12,13]. Israel and other countries are stepping up the development
of equine antiserum. In addition, Argentina has used it as an emergency-approved drug for
clinical treatment [14]. Nevertheless, direct injections will cause an allergic reaction caused
by Fc fragments from IgG. F(ab’); not only retains the activity of IgG but also reduces
antibody-dependent cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity
(CDCQ). Therefore, preparation of specific F(ab’), fragments lacking Fc fragments would be
a desired candidate for therapy [15,16]. Compared with a whole IgG, the F(ab’), possesses
the advantage of a small size, enabling better transportation or penetration in vivo to the
target, leading to increased therapeutic effects [17]. Nevertheless, one of the concerns re-
lated to F(ab’); is that the reduced hydrodynamic size results in a short circulation half-life
due to fast clearance through the kidneys [18].

Polyethylene glycol (PEG) is a nontoxic, harmless chemical that the Food and Drug
Administration (FDA) has approved. PEG is applied to foods, cosmetics, and pharma-
ceuticals. PEGylation is the process of coupling PEG with proteins in order to protect
the proteins from hydrolytic degradation, reducing non-specific interactions, increasing
solubility, and, most importantly, enhancing their half-life. About 20 PEGylated drugs
have been approved by FDA all over the world, and nearly a thousand of them are under
development [19,20]. With the development of PEGylated drugs in recent years, they have
a broad market. Various PEGylated drugs are shown as follows (Table 1).

Table 1. The PEGylated drugs on the market in recent years.

Product Manufacturer Drug Year
Adagen Enzon Adenosine Deaminase (ADA) 1990
Oncasper Enzon Asparagine Synthase (ASNS) 1994
Doxil Schering Liposomes 1995
PEG-intron Schering IFN-o-2B 2000
PEGASYS Roche IFN-o-20¢ 2001
Oncasper Enzon Asparagine Synthase (ASNS) 1994
Doxil Schering Liposomes 1995
PEG-intron Schering IFN-o-2B 2000
PEGASYS Roche IFN-o-2 2001
Neusalta Amgen G-CSF 2002
Somavert Pfizer Growth Hormone Antagonist (GHA) 2003
Mircera Roche Erythropoietin (EPO) 2007
Sylatron Merck IFN-o-2B 2011
Plegridy Biogen IFN-B-1c 2014
Adynovate Baxalta antihemophiliac globulin (AHG) 2015
Rebinyn Novo Nordisk Coagulation Factor IX 2017
Jivi Bayer Healthcare antihemophiliac globulin (AHG) 2018
Fulphila Mylan GmbH G-CSF 2018
Udenyca Coherus Bioscience G-CSF 2018
Ziextenzo Sandoz G-CSF 2019

PEGylation can be performed randomly (nonselective) or site-directed. However,
for F(ab’),, random modification greatly reduces or even inactivates the activity [21,22].
Cysteines (Cys) in protein are generally suitable targets for site-directed labeling with
maleimide-activated PEG. PEGylation can be used to target the thiol group of Cys in the
hinge region, which is a good idea for site-directed modifications. Generally, thiol groups
are obtained by reducing the S-S bond, or they could be genetically engineered to be
introduced into antibodies at specific sites. When the S-S bond is reduced, the natural S-S
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bond is replaced by PEG-linkage [23,24]. The most obvious advantage of this strategy in
comparison to traditional PEG conjugation is the chemical linkage that is formed between
both chains contributing to the stabilization of the molecular structure [25]. In addition,
different molecular weights (MW) or PEG shapes would also significantly impact the half-
life and activity. It is well known that the in vitro activity of PEGylated protein decreases
with the increase of PEG MW. For example, Stephen Brocchini modified mmTRAILA with
5 KDa, 10 KDa, and 20 KDa PEG, and their half-lives were extended from less than 10 min
to 30 min, 350 min, and 400 min, respectively [26]. However, the data displayed that the
MW of PEG exceeding 60 KDa could introduce a question of safety because it could not be
eliminated [27]. Briefly, the MW of PEG and the site where the PEG binds to the protein
are significant.

Based on the background illustrated above, the total IgG in the serum was separated
by affinity chromatography and then digested with pepsin to obtain the total F(ab’);.
The specific F(ab’); was obtained using an immunochromatographic column bound to
the SARS-CoV-2 RBD. SDS-PAGE indicated that the MW was accurate, and thin layer
scanning showed a high purity. In addition, ELISA and pseudovirus neutralization assay
showed that the specific F(ab’),; had higher neutralizing activity and affinity than the total
F(ab’);. We have evaluated the effects of PEGylation on the activity and half-life of the
specific F(ab’), obtained. The specific F(ab’), was restored to Fab’ by TCEP and bound to
10 KDa MAL-PEG-MAL immediately (Figure 1). The MW, activity, and pharmacokinetic
parameters of the PEGylated F(ab’), were investigated in detail. We discovered that the MW
and half-life of the PEGylated F(ab’), increased compared to the specific F(ab’),, although
the activity had reduced slightly. Finally, the equine anti-SARS-CoV-2 specific F(ab’), was
prepared successfully, and it was safe, efficient, and had a longer half-life after PEGylation.

Fab Fab-PEG

v
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TCEP+MAL-PEG-MAL

TCEP+MAL-PEG-MAL
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Figure 1. Structural representation of IgG, F(ab’),, Fab-PEG, and Fab-PEG-Fab and the preparation
process of PEGylated F(ab’),. On the one hand, IgG was digested by pepsin to obtain F(ab’),. F(ab’),
was restored to Fab’ by TCEP and bound to 10 KDa MAL-PEG-MAL immediately. Fab-PEG and
Fab-PEG-Fab were obtained. On the other hand, IgG was digested by papain to obtain Fab, and Fab
bonded to 10 KDa MAL-PEG-MAL to obtain Fab-PEG.

2. Result
2.1. Expression and Purification of SARS-CoV-2 RBD

To obtain the specific F(ab’),, SARS-CoV-2 RBD was selected as the antigen to prepare
an immunoaffinity chromatography column. The pET-30a(+)-RBD was successfully con-
structed by connecting the correct RBD gene sequence with DH5«, which was verified by
enzyme digestion (Figure S1). After induced expression and the purification of pET-30a(+)-
RBD plasmid in Escherichia coli, the RBD protein was finally prepared. Then the result of
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the SDS-PAGE (Figure 2a) and WB (Figure 2b) displayed the MW of the SARS-CoV-2 RBD
was correct, as a single band appeared at 32 KDa and had an excellent specificity. The thin
layer scanning result showed the purity of the RBD was 94.5% (Figure 2c). Finally, the
immunoaffinity chromatography column with RBD as antigen was successfully prepared
atpH=9,4°C for 18 h.
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Figure 2. Expression and purification of SARS-CoV-2 RBD. (a) The SDS-PAGE of SARS-CoV-2 RBD
induced at 37 °C for 5 h and purified by Ni-NTA. After mixing 20 uL. SARS-CoV-2 RBD (10 mg)
and 5 pL 5x loading buffer at 80 V for 20 min and 130 V for 40 min, decolorization took place after
dyeing for 30 min. (b) The WB of SARS-CoV-2 RBD. SARS-CoV-2 RBD (10 mg) was transferred to
a nitrocellulose membrane after SDS-PAGE, a rabbit anti-S1 polyclonal antibody was incubated at
room temperature 2 h, and an HRP sheep anti-rabbit polyclonal antibody was diluted 1:10,000 at
room temperature for 2 h. (c) Thin layer scanning of SARS-CoV-2 RBD. The purity of SARS-CoV-2
RBD was 95.320% and there were two impurities, 1.033% and 3.670%, respectively.

2.2. Preparation of Specific F(ab’),

The total IgG was successfully purified by the Protein G column, and the MW was
displayed at 250 KDa (Figure 3a, lane 1), and then digested with pepsin to obtain the total
F(ab’);. The optimum digestion condition was 30 °C for 4 h (data not provided). Finally,
the digestion solution was purified by the Protein A column and there was a single target
band at 110 KDa (Figure 3a, lane 2). At the same time, the specific F(ab’), was obtained by
immunoaffinity chromatography and was correctly identified by non-reduced SDS-PAGE
(Figure 3b). There was a high purity of 96.771% by thin layer scanning (Figure 3c), however,
the yield was 4.89% (Table 1).

2.3. Comparison of the Affinity and Activity for Specific F(ab’), and Total F(ab’),

The ELISA(Figure 4a) results show that the concentration was proportional to the
absorbance at ODysp, and that the absorbance of the specific F(ab’), was higher than that of
the total F(ab’), at the same concentration. In particular, the pseudovirus neutralization
assays displayed a similar trend to ELISA. Half maximal inhibitory concentration (ICsy) of
the specific F(ab’), and the total F(ab’), were 0.862 pg/mL and 3.492 ng/mL, respectively
(Figure 4b). All these data indicate that the specific F(ab’), had higher affinity and activity
to SARS-CoV-2 RBD than the total F(ab’),.
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Figure 3. Preparation and purification of specific F(ab),. (a) Non-reduced SDS-PAGE of the total
IgG (10 mg) and the total F(ab’); (10 mg). (b) Non-reduced SDS-PAGE of the specific F(ab’); (10 mg).
(c) The purity of the specific F(ab’), by thin slice scanning, which was 96.771%. The other two
impurities were 0.780% and 2.449%, respectively.
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Figure 4. Comparison of the affinity and activity for specific F(ab’), and total F(ab’),. (a) The
absorbance at ODysq of the specific F(ab”), and the total F(ab’), by ELISA. (b) The inhibition rate of
specific F(ab”); and total F(ab’), to the pseudovirus.

2.4. The Recovery of Specific F(ab’), and Total F(ab’),

The concentrations were detected by BCA, and were 8.58 mg/mL, 6.77 mg/mL, and
1.05 mg/mL of the total IgG, the total F(ab’),, and the specific F(ab’),, respectively. The
yield of the total IgG was 100% of the standard, hence the yield of the total F(ab’), and the
specific F(ab’); was 78.9% and 4.89%, respectively (Table 2).



Int. . Mol. Sci. 2023, 24, 3387

6 of 13

Table 2. Recovery of specific F(ab’), and total F(ab’),.

Sample Concentration (mg/mL) Recover Rates (%)
Total IgG 8.58 100
Total F(ab’), 6.77 78.9
Special F(ab’), 1.05 4.89

2.5. Preparation and Purification of PEGylated F(ab’),

In the process of reducing the specific F(ab’), by TCEP, the Fab’ (~50 KDa) was obtained
(Figure 5b, lanel). At the same time, 10KDa MAL-PEG-MAL was attached to the reduced
Fab’ and there were two conjugates. The Fab-PEG-Fab (Figure 5b, lane 2) and the Fab-
PEG (Figure 5¢, lane 1) were purified to homogeneity by anion exchange chromatography.
During the experiment, the mole ratio of MAL-PEG-MAL:specific F(ab’), was 4:1, 2:1, and
1:1, respectively (Figure 5a), and the optimum reaction conditions were the mole ratio of
MAL-PEG-MAL:specific F(ab’), = 4:1.

&
KDa M kba M <&
I 250 . |
1308 Fab-PEG-Fab(140 KDa) o
100 SR %

— 'Fab-PEG(75 KDa)
55 \
35/

(a) (b) (c)

Figure 5. Non-reduced SDS-PAGE analysis of preparation and purification of PEGylated F(ab’);.
(a) The conditions of the specific F(ab”); (10 mg) binding with the MAL-PEG-MAL. Protein standards
(line M); MAL-PEG-MAL: specific F(ab’), = 4:1 (lane 1); MAL-PEG-MAL: specific F(ab’), = 2:1 (lane 2);
MAL-PEG-MAL: specific F(ab”), = 1:1 (lane 3). (b) The purification of the PEGylated F(ab"),. Protein
standards (line M); specific F(ab’), reduced by TCEP (lane 1); Fab-PEG-Fab (10 mg) was purified by
ion chromatography (lane 2). (c) Protein standards (line M); Fab-PEG (10 mg) was purified by ion
chromatography (lane 1).

2.6. Compared the Affinity and Activity of Specific F(ab’),, PEGylated F(ab’),, and Total F(ab’);

In order to explore the effect of PEGylation on the activity of the specific F(ab’), in vitro,
the affinity ability with the SARS-CoV-2 RBD of the specific F(ab’),, the Fab-PEG-Fab, the
Fab-PEG, and the total F(ab’), were evaluated by ELISA. The increased concentration
caused the increase in absorbance at ODjs59. The crave of the specific F(ab’), was higher
than the Fab-PEG and the Fab-PEG-Fab at the same concentration, and the crave of the
total F(ab”); was lower than the Fab-PEG-Fab and higher than the Fab-PEG (Figure 6a).
Meanwhile, the pseudovirus neutralization assay showed the result was similar to ELISA.
In particular, the ICsy of the Fab-PEG-Fab was 5.52 ug/mL, which was lower than the
specific F(ab’), (2.62 ug/mL) and was higher than the total F(ab’), (9.17 pg/mL) and the
PEG-Fab (17.69 png/mL) (Figure 6b). The results indicate that there was an effect to the
affinity and activity when the specific F(ab’), combined with the PEG. This might be due to
the fact that the PEG blocked the binding site of the specific F(ab’), to the antigen.

2.7. Pharmacokinetic Properties

In order to obtain the pharmacokinetic parameters, the specific F(ab’),, Fab-PEG-Fab,
and PEG-Fab were administered to SD rats at 1 mg/kg through intraperitoneal injection.
The serum was separated and the pharmacokinetic parameters of the specific F(ab”),, Fab-
PEG-Fab, and Fab-PEG were determined by ELISA at the same conditions after the blood
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was collected at different time points (Figure 7a). The results showed that, compared to
the specific F(ab’),, the Fab-PEG-Fab displayed a significantly increased half-life, which
indeed went from 38.32 h (specific F(ab’),) to about 71.41 h (Fab-PEG-Fab) and the half-
life of Fab-PEG was 26.73 h (Figure 7b). Other pharmacokinetic parameters were also
obtained (Table 3). In the Summary, there are two products after PEGylation in which the
Fab-PEG-Fab had a 1.86-fold increase in half-life and a 1.73-fold increase in the area under
the curve (AUC).

2 1004 -
«- Specific F(ab'),
» Specific F(ab" o
2 . @) R g = Total F(ab),
- Total F(ab'), 2
© -PEG-
§ 1 - Fab-PEG-Fab ;-:- 60 -+ Fab-PEG-Fab
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Control 3
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Concentration(pug/mL)
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Figure 6. Comparison of the affinity and activity of specific F(ab’),, PEGylated F(ab’),, and total
F(ab’),. (a) The affinity of specific F(ab’),, Fab-PEG-Fab, Fab-PEG, and total F(ab’), measured by
ELISA. (b) The activity of specific F(ab’),, Fab-PEG-Fab, Fab-PEG, and total F(ab’), measured by
pseudovirus neutralization assay.

Speciic F(ab” )

Fab-PEG-Fab
Fab-PEG
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Figure 7. The detection of the half-life of the specific F(ab’),, Fab-PEG-Fab, and PEG-Fab. (a) The
scheme of collecting blood and testing the half-life. (b) Plot of plasma concentrations of specific
F(ab’),, Fab-PEG-Fab, and PEG-Fab obtained following single intravenous administration in SD rats
at 1 mg/kg. The dotted line represents half of the highest concentration of the specific F(ab’),.
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Table 3. Table of the main pharmacokinetic parameters calculated after intraperitoneal injection of
specific F(ab’),, Fab-PEG-Fab, and Fab-PEG.

Product Dose (mg/kg) Half-Life (h)
Specific F(ab’), 1.0 38.32
Fab-PEG-Fab 1.0 7141
Fab-PEG 1.0 26.73

3. Discussion

Antibodies, convalescent human plasma, and animal-derived high immunoglobulins
have generally been several specific antiviral therapies available, in addition to vaccination,
to control the epidemic of COVID-19 [28]. Although these methods are effective in preven-
tion and treatment, COVID-19 is still spreading globally, constituting a major public health
concern. The urgency to make life-saving treatments for COVID-19 available precludes
traditional drug discovery paths, given their typically protracted timelines. Animal-derived
immunoglobulin passive therapy is a better option for low-income countries, with the
advantages of low cost, fast results and good efficacy. Immunotherapies with hyperimmune
serum have been applied as a therapeutic approach in the treatment of coronavirus since
2005. In particular, antibody drugs with F(ab’), as the main component have been used
to treat snake venom, scorpion venom, and tetanus, and achieved tremendous curative
effects [18,29,30]. However, the heterogeneous material injected frequently can still bring
different effects to the body and even death. Moreover, compared with IgG, F(ab’); has a
shorter elimination half-life in vivo, which leads to both mental and material pressure in
patients. Therefore, it was urgent to prepare equine anti-SARS-CoV-2 specific F(ab’), with
high specificity, high safety, and extended serum half-life.

Considering the enormous potential of antibody-based therapy, we developed SARS-
CoV-2 specific immunoglobulin fragments F(ab’),. In the present study, on one hand,
specific F(ab’), was obtained from equine hyperimmune serum by self-made immunoaffin-
ity chromatography. On the other hand, the half-life of specific F(ab’), was extended by
site-directed coupling 10 KDa MAL-PEG-MAL. For specificity, the pseudovirus neutraliza-
tion assay showed that the inhibition rate of specific F(ab’), against the pseudovirus was
significantly higher than that of the total F(ab’);, which was consistent with the trend of
ELISA. On the serum circulation time, the half-life of Fab-PEG-Fab was 71.41 h and the
half-life of specific F(ab’), was 38.32 h, which extended 1.86 times. The final experimental
data also verified that our results were in line with the expectations, which also suggests
that the solution is feasible and credible.

To obtain the equine anti-SARS-CoV-2 specific F(ab’),, we used prokaryotic expres-
sion of SARS-CoV-2 RBD as an antigen. According to the final experimental results, the
immunoaffinity chromatography column prepared with RBD could successfully prepare
specific F(ab’),, which indicates that it is feasible to use RBD as the antigen. The main
reason for this phenomenon is that RBD is a crucial site for binding with receptor ACE2, so
these F(ab’), specifically target the RBD and prevent the binding of the virus to its receptor,
ACE2. The purity and specificity of specific F(ab’), obtained with RBD as an antigen was
high. However, the yield was low, which might be due to the fact that, although RBD was
the key site for the binding of SARS-CoV-2 to the host receptor, it was not a single site
that could wholly extract the anti-SARS-CoV-2 specific antibody in horse serum. From
this view, it might be better to use full-length S protein as an antigen for immunoaffinity
chromatography. However, relevant data also displayed that the specificity of the antibod-
ies extracted from full-length S protein as an antigen was lower than that of RBD, which
requires further exploration.

The composition of the PEGylated F(ab’), was different when different amounts of
PEG reacted with the specific F(ab’),. There were two products when the PEG reacted
with the reduced F(ab’),. One of the products was Fab-PEG-Fab, in which PEG was used
as a scaffold molecule to link two Fab’ together to give Fab-PEG-Fab, and another was a
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Fab’ combined with a PEG to produce Fab-PEG. This was owing to different amounts of
PEG and Fab’ combined to obtain different products. In the process of product separation,
due to the shielding of PEG, Fab-PEG-Fab had a higher affinity than PEG-Fab. Finally,
Fab-PEG-Fab was eluted after Fab-PEG. In addition, the apparent MW of Fab-PEG-Fab
and Fab-PEG were higher than the theoretical MW, because PEGylation would increase
the molecular radius of the molecule. However, the ELISA and pseudovirus neutralization
assay results confirmed that the affinity and the neutralization activity of the PEGylated
F(ab’), to the antigen were decreased, but the effect was slight. This was due to the high
flexibility of the PEG chains swept around the protein, which shielded the interaction
capabilities of the protein that were responsible for its in vitro biological function, thus
decreasing the in vitro activity [31,32].

In addition, the MW of Fab-PEG-Fab was 140 KDa, and its half-life was 71.41 h.
The MW of the specific F(ab”);, was 110 KDa, and its half-life was 38.32 h. This also
clearly demonstrates the strong dependence of half-life on molecular size. Remarkably,
the molecular size and half-life correlation was almost linear between the specific F(ab’),
and the PEGylated F(ab’),. Nevertheless, the excessive molecular weight would increase
the toxic effects on the body. The pharmacokinetic properties might also have relevance in
providing a warning for the use of PEGylated F(ab’),, whose pros and cons compared to
the full-sized molecules and antibody fragment should be equally considered in a potential
development program.

4. Materials and Methods
4.1. Materials

The IPTG and TMB were purchased from Beijing Solaibao Technology Co., Ltd. (Bei-
jing, China). The Ni-NTA Resin was purchased from Beijing Quanshi Gold Biotechnology
Co., Ltd. (Beijing, China). The pepsin was obtained from the Promega company in the
United States (Madison, WI, USA). The HiTrap protein a HP and HiTrap protein G HP
was obtained from Healthcare in the United States (New York, NY, USA); 30 KDa and
10 KDa ultrafiltration centrifuge tubes were purchased from Merck (Darmstadt, Germany).
The TCEP was obtained from Beyotime Biotechnology (Beijing, China). The 10 KDa MAL-
PEG-MAL were purchased from Beijing Jiankai Technology Co., Ltd. (Beijing, China). The
purification instrument was obtained from Shanghai Jinpeng Analytical Instrument Co.,
Ltd. (Shanghai, China).

4.2. Animals, Cells, and Virus Strains

Sprague Dawley (SD)male rats were purchased from Beijing Weitong Lihua Laboratory
Animal Technology Co., Ltd. The SARS-CoV-2 pseudovirus, 293T cells, and 293T-hACE2
cell lines were obtained from the Laboratory of Animal Virology and Special Animal
Diseases, Changchun Veterinary Research Institute.

4.3. Preparation and Purification of SARS-CoV-2 RBD

The forward primers and reverse primers were designed according to the SARS-
CoV-2 RBD gene sequence (amino acids 319-541 in GenBank) and the target fragment
was amplified by PCR (polymerase chain reaction). The PCR products were linked with
pET30a(+) by T4 ligase and transformed into competent cell (DH5«). Finally, the correct
recombinant plasmid was transformed into DH3 and expression was induced by IPTG for
5 h. In addition, the bacterial solution was collected for centrifugation and the precipitation
was suspended in an equilibrium solution. Then ultrasonic crushing was performed on ice
until the liquid clarified and the supernatant was collected after centrifugation. Finally, the
packing was combined with the supernatant at 4 °C overnight and purified by Ni-NTA.
The MW was detected by SDS-PAGE and the purity was measured by thin layer scanning.
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4.4. Preparation of SARS-CoV-2 RBD Immunoaffinity Chromatography Column

The Sepharose 4B gel was rinsed with ddH;O, then the gel was activated with 0.2 M
Nap,MnOj for 1 h at room temperature. The activated gel was then balanced by an equilib-
rium buffer (0.2 M NaHCO; + 0.5 M NaCl, pH = 10). Finally, RBD was combined with gel
at 4 °C overnight. The next day, the gel was resuspended with 2% NaBHj, and the reaction
was turned slowly at room temperature for 1 h, rinsed with a buffer, and drained of excess
liquid. The gel was resuspended with 0.1 M Tris-HCI (pH = 8.0) and turned for 2 h at room
temperature. Finally, the column bed was balanced by 0.02 M PBS (pH = 7.4), and finally
stored at 4 °C with 20% ethanol.

4.5. Purification of Total IgG

Equine anti-SARS-CoV-2 serum was diluted 10 times with 0.02 M PBS (pH =7.2). After
the column bed was balanced with 0.02 M PBS, the serum diluent was repeatedly sent
through the Protein G column 2-3 times and the fluxion liquid was collected. A total of
0.02 M PBS was used to balance the column bed again, and 0.1 M Glycine-HCL (pH = 2.7)
was used to elute the bed. A total of 1 M Tris-Hcl (pH = 9) was added instantly after the
eluent was collected until the pH =7.0. After dialysis at 4 °C overnight, the concentration
was calculated by BCA, the MW was calculated by 8% non-reducing SDS-PAGE, and the
purity was calculated by thin layer scanning. Finally, the prepared IgG was stored at
—20°C.

4.6. Preparation of the Total F(ab’),

To obtain the total F(ab’),, pepsin was dissolved in 0.02 M PBS (pH = 3.2) and was
added to the total IgG to digest for 4 h at 30 °C. During this time, samples were taken every
hour to determine the optimal reaction time. Finally, the reaction was terminated with
NaOH to adjust the pH =7.0.

4.7. Purification of Total F(ab’),

The digestion solution described above was filtered by a 0.22 pm filter membrane and
purified by a Protein A column. Briefly, the Protein A column was balanced with 0.02 M
PBS (pH = 7.4), then the digestion solution was repeatedly sent through the Protein A
column 2-3 times and the fluxion liquid was collected. A total of 0.02 M PBS was used to
balance the column again and was eluted with 0.1 M Glycine-HCL (pH = 2.5). The fluxion
was collected and 1 M Tris-HCL (pH = 9) was added to it instantly. The samples above
were dialyzed at 0.02 M PBS at 4 °C overnight and stored at —20 °C until use.

4.8. Preparation of SARS-CoV-2 Specific F(ab’),

The immunoaffinity chromatography column was prepared in the early stage and
combined with the total F(ab’), overnight at 4 °C. The next day, the penetrating fluid
and the washing fluid were collected, respectively, and the sample was passed through
2-3 times after the components were collected.

Finally, the immunoaffinity chromatography column was eluted with 0.1 M of Glycine-
HCl (pH =2.7) and 1 M Tris-Hcl (pH = 10) was added to the eluent to prevent antibody
inactivation. The samples above were dialyzed at 0.02 M PBS at 4 °C overnight and stored
at —20 °C until use.

4.9. Comparison of the Affinity and Activity for Specific F(ab’), and Total F(ab’),

ELISA and pseudovirus neutralization assay were used to detect the affinity and
activity of the specific F(ab’), and the total F(ab’),. For ELISA, briefly, SARS-CoV-2 RBD
was antigen-coated with a 96-well plate and kept at 4 °C overnight. The board was washed
with PBST five times, 5 min each time. The 96-well plate was sealed with 2% BSA for 2 h at
37 °C and washed with PBST. The special F(ab’),, total F(ab’),, and the control were diluted
with a blocking solution in proportion and successively added to 96-well plates with 100 uL
per well. Meanwhile, a negative control was set and incubated for 2 h at 37 °C. To detect the
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samples, 100 pL of antihuman IgG (Fab specific)-peroxidase (1:5000 dilution) was added to
each well and incubated for 1 h at 37 °C and washed with PBST. TMB (100 uL/well) was
then added. When the blue color was sufficiently visible, 50 uL of a 1.0 M HCl solution
was added to each well to stop the enzymatic reaction. Finally, the absorbance was read at
450 nm.

For the pseudovirus neutralization assay, 293T cells were laid in a 6-well plate
(0.7 x 106 cells/mL) overnight until the cells covered about 80% of the plate. Then 3 mg
pNL-4.3-R.E., 3 mg PcDNA3.1-RBD, and 12 uL P3000 with 8 uL Lip3000 were co-incubated
for 20 min at room temperature. Finally, the mixtures were added to the plate for 48 h and
the pseudovirus was collected 48 h later. Then the specific F(ab’),, the total F(ab’);, and the
negative control in the same initial concentration were added to 96 wells. In the meantime,
293T-hACE2 (4 x 10° cells/mL) and the pseudovirus were added to each well and the cell
control and virus control were set at the same condition at 37 °C, 5% CO,, and 48 h. In
the end, 100 pL luciferase solution containing lysate was added, and the absorbance was
displayed by a microplate reader.

4.10. The Preparation of PEGylation F(ab’),

A total of 10 mg TCEP was dissolved in a 1 mL buffer solution (20 mM sodium
phosphate buffer, 50 mM NaCl, 10 mM EDTA, pH =7.2), then 700 puL 10 mM TCEP was
added to 2 mL specific F(ab’), (1 mg/mL) to react for 90 min at room temperature without
shaking. In order to remove the TCEP completely when the reaction was complete, the
process was repeated 4 times at 3500 rpm/min, 4 °C, 15 min each time and the buffer was
exchanged with a 10 KDa ultrafiltration tube. Then the PEG was dissolved in a buffer
solution to make the final concentration of 10 mg/mL, and the molar ratio of Fab:PEG was
1:1,1:2,1:4, 4 °C, 12 h, and no shaking.

4.11. Purification of PEGylated F(ab’),

The prepared samples were purified by SP HP column. Firstly, the buffer of the
PEGylated F(ab”), was replaced by an equilibration buffer (25 mM Tris-Hcl, pH = 8).
The column was balanced with three column volumes of equilibration buffer and the
load filtered samples to the column. Then five column volumes were used to wash the
uncombined protein. Finally, the PEGylated F(ab’), fragment was eluted by applying a
linear gradient of elution buffer (0-100% elution buffer in NaCl). The components of the
eluent were collected for dialysis and concentration, stored at 4 °C until use, and identified
in the end by SDS-PAGE.

4.12. Comparison of the Affinity and Activity for Specific F(ab’), and PEGylation F(ab’);

The affinity was detected by ELISA. The special F(ab’), total F(ab”);, and PEGylation
F(ab”), were diluted to the same initial concentration and added to the 96-well plate. The
other steps were the same as 2.8.1.

Briefly, the special F(ab’),, total F(ab’),, and PEGylated F(ab’), were diluted to the
same initial concentration. In the meantime, the 293T-hACE2 (4 x 10° cells/mL) and the
pseudovirus were added to each well with a negative control, a cell control, and a virus
control. The other steps were the same as 2.8.2.

4.13. Pharmacokinetics

Nine eight-week-old male SD (Sprague-Dawley) rats (240~260 g) were randomly
allocated into three groups of five rats in each group. The three groups were the specific
F(ab’),, Fab-PEG-Fab, and Fab-PEG, respectively. The rats were subjected to a single
intraperitoneal injection with the samples at 1 mg/kg body weight. The blood samples
were collected from the rats at 30 min, 1, 2, 6, 12, 24, 36, 48, 72, and 96 h after injection. The
concentrations of F(ab’), in the sera were determined by ELISA using an HRP-conjugated
anti-F(ab’), polyclonal antibody and a known concentration of F(ab’), was taken as the
standard. The T/, and AUC were measured by GraphPad Prime 8.
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5. Conclusions

In summary, the preparation of PEGylated equine anti-SARS-CoV-2 specific F(ab’);
not only retained most of the activity but also produced a longer half-life. Although equine
F(ab’), fragments were heterologous proteins to the immune system, specific F(ab”), could
minimize these effects. Additionally, PEGylated F(ab’), can prevent the reduced efficacy
associated with high cost. It is these advantages that make it a candidate for the treatment
of COVID-19.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/1jms24043387 /s1.

Author Contributions: Conceived and designed the experiments: M.X., Y.Z., X.X,, EY.,, N.F,, TW.
and S.Y.; Performed the experiments: M.X., B.L., X.W. and R.M.; Analyzed the data and wrote the
paper: M.X. and ].B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by “Research and Development of COVID-19 Vaccine for An-
imals”, grant number: 2022YFC0867900. The APC was funded by the Ministry of Science and
Technology of the People’s Republic of China.

Institutional Review Board Statement: Animals in this research were handled following the Ethics
Committee of Changchun Veterinary Research Institute, Chinese Academy of Agricultural Sciences
and College of Veterinary Medicine, Jilin University.

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors have declared no conflict of interest.

References

1. Ciotti, M.; Angeletti, S.; Minieri, M.; Giovannetti, M.; Benvenuto, D.; Pascarella, S.; Sagnelli, C.; Bianchi, M.; Bernardini, S.;
Ciccozzi, M. COVID-19 Outbreak: An Overview. Chemotherapy 2019, 64, 215-223. [CrossRef]

2. Sharma, A.; Ahmad Farouk, I.; Lal, S.K. COVID-19: A Review on the Novel Coronavirus Disease Evolution, Transmission,
Detection, Control and Prevention. Viruses 2021, 13, 202. [CrossRef]

3. Madjunkov, M.; Dviri, M.; Librach, C. A comprehensive review of the impact of COVID-19 on human reproductive biology,
assisted reproduction care and pregnancy: A Canadian perspective. J. Ovarian Res. 2020, 13, 140. [CrossRef]

4. Tregoning, J.S.; Flight, K.E.; Higham, S.L.; Wang, Z.; Pierce, B.F. Progress of the COVID-19 vaccine effort: Viruses, vaccines and
variants versus efficacy, effectiveness and escape. Nat. Rev. Immunol. 2021, 21, 626-636. [CrossRef]

5.  Leeder, S. Re: Public health. Aust. N. Z. J. Public Health 1997, 21, 675-676. [CrossRef]

6.  Fiolet, T.; Kherabi, Y.; MacDonald, C.J.; Ghosn, ].; Peiffer-Smadja, N. Comparing COVID-19 vaccines for their characteristics,
efficacy and effectiveness against SARS-CoV-2 and variants of concern: A narrative review. Clin. Microbiol. Infect. 2022, 28, 202-221.
[CrossRef]

7. Focosi, D.; Maggi, F. Neutralising antibody escape of SARS-CoV-2 spike protein: Risk assessment for antibody-based Covid-19
therapeutics and vaccines. Rev. Med. Virol. 2021, 31, €2231. [CrossRef]

8.  Jahanshahlu, L.; Rezaei, N. Monoclonal antibody as a potential anti-COVID-19. Biomed. Pharmacother. 2020, 129, 110337. [CrossRef]

9. Focosi, D.; Anderson, A.O.; Tang, ].W.; Tuccori, M. Convalescent Plasma Therapy for COVID-19: State of the Art. Clin. Microbiol.
Rev. 2020, 33, e00072-20. [CrossRef]

10. Nelson, PN.; Reynolds, G.M.; Waldron, E.E.; Ward, E.; Giannopoulos, K.; Murray, P.G. Monoclonal antibodies. Mol. Pathol. 2000,
53,111-117. [CrossRef]

11. Wootla, B.; Denic, A.; Rodriguez, M. Polyclonal and monoclonal antibodies in clinic. Methods Mol. Biol. 2014, 1060, 79-110.

12. Cui, Z;Li, D, Yi, S,; Guo, Y.; Dong, G.; Niu, J.; Zhao, H.; Zhang, Y.; Zhang, S.; Cao, L.; et al. Equine immunoglobulin F(ab’)2
fragments protect cats against feline calicivirus infection. Int. Immunopharmacol. 2019, 75, 105714. [CrossRef]

13. Herbreteau, C.H.; Jacquot, F; Rith, S.; Vacher, L.; Nguyen, L.; Carbonnelle, C.; Lotteau, V.; Jolivet, M.; Raoul, H.; Buchy, P; et al.
Specific polyclonal F(ab’)2 neutralize a large panel of highly pathogenic avian influenza A viruses (H5N1) and control infection
in mice. Immunotherapy 2014, 6, 699-708. [CrossRef] [PubMed]

14. Lopardo, G.; Belloso, W.H.; Nannini, E.; Colonna, M.; Sanguineti, S.; Zylberman, V.; Munoz, L.; Dobarro, M.; Lebersztein, G.;

Farina, J.; et al. RBD-specific polyclonal F(ab)2 fragments of equine antibodies in patients with moderate to severe COVID-19
disease: A randomized, multicenter, double-blind, placebo-controlled, adaptive phase 2/3 clinical trial. eClinicalMedicine 2021,
34,100843. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ijms24043387/s1
https://www.mdpi.com/article/10.3390/ijms24043387/s1
http://doi.org/10.1159/000507423
http://doi.org/10.3390/v13020202
http://doi.org/10.1186/s13048-020-00737-1
http://doi.org/10.1038/s41577-021-00592-1
http://doi.org/10.1111/j.1467-842X.1997.tb01776.x
http://doi.org/10.1016/j.cmi.2021.10.005
http://doi.org/10.1002/rmv.2231
http://doi.org/10.1016/j.biopha.2020.110337
http://doi.org/10.1128/CMR.00072-20
http://doi.org/10.1136/mp.53.3.111
http://doi.org/10.1016/j.intimp.2019.105714
http://doi.org/10.2217/imt.14.40
http://www.ncbi.nlm.nih.gov/pubmed/24673720
http://doi.org/10.1016/j.eclinm.2021.100843
http://www.ncbi.nlm.nih.gov/pubmed/33870149

Int. . Mol. Sci. 2023, 24, 3387 13 0f 13

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Cunha, L.E.R;; Stolet, A.A.; Strauch, M. A ; Pereira, V.A.R.; Dumard, C.H.; Gomes, A.M.O.; Monteiro, FL.; Higa, L.M.; Souza,
PN.C.; Fonseca, ].G.; et al. Polyclonal F(ab’), fragments of equine antibodies raised against the spike protein neutralize
SARS-CoV-2 variants with high potency. iScience 2021, 24, 103315. [CrossRef] [PubMed]

Pan, X.; Zhou, P; Fan, T.; Wu, Y,; Zhang, J.; Shi, X.; Shang, W.; Fang, L.; Jiang, X.; Shi, J.; et al. Inmunoglobulin fragment F(ab’),
against RBD potently neutralizes SARS-CoV-2 in vitro. Antiviral. Res. 2020, 182, 104868. [CrossRef]

Vazquez, H.; Chavez-Haro, A.; Garcia-Ubbelohde, W.; Paniagua-Solis, J.; Alagon, A.; Sevcik, C. Pharmacokinetics of a F(ab’),
scorpion antivenom administered intramuscularly in healthy human volunteers. Int. Immunopharmacol. 2010, 10, 1318-1324.
[CrossRef]

Wilson, B.Z.; Bahadir, A.; Andrews, M.; Karpen, ].; Winkler, G.; Smelski, G.; Dudley, S.; Walter, F.G.; Shirazi, EM. Initial Experience
with F(ab’), Antivenom Compared with Fab Antivenom for Rattlesnake Envenomations Reported to a single poison center
during 2019. Toxicon 2022, 209, 10-17. [CrossRef]

Harris, ].M.; Chess, R.B. Effect of pegylation on pharmaceuticals. Nat. Rev. Drug Discov. 2003, 2, 214-221. [CrossRef]

Caliceti, P. Pharmacokinetic and biodistribution properties of poly(ethylene glycol)—protein conjugates. Adv. Drug Deliv. Rev.
2003, 55, 1261-1277. [CrossRef]

Dozier, ].K.; Distefano, M.D. Site-Specific PEGylation of Therapeutic Proteins. Int. ]. Mol. Sci. 2015, 16, 25831-25864. [CrossRef]

Pasut, G.; Veronese, EM. State of the art in PEGylation: The great versatility achieved after forty years of research. J. Control.
Release 2012, 161, 461-472. [CrossRef]

Zheng, Z.; Okada, R.; Kobayashi, H.; Nagaya, T.; Wei, J.; Zhou, Q.; Lee, F,; Bera, TK,; Gao, Y.; Kuhlman, W.; et al. Site-Specific
PEGylation of Anti-Mesothelin Recombinant Immunotoxins Increases Half-life and Antitumor Activity. Mol. Cancer Ther. 2020,
19, 812-821. [CrossRef]

Ginn, C.; Choi, J.W.; Brocchini, S. Disulfide-bridging PEGylation during refolding for the more efficient production of modified
proteins. Biotechnol. J. 2016, 11, 1088-1099. [CrossRef]

Khalili, H.; Godwin, A.; Choi, ] W,; Lever, R.; Brocchini, S. Comparative binding of disulfide-bridged PEG-Fabs. Bioconjug. Chem.
2012, 23, 2262-2277. [CrossRef]

Nie, Q.; Jia, D.; Yang, H.; Feng, Y.; Fan, Q.; Shi, Q.; Wan, L.; Lu, X. Conjugation to 10 kDa Linear PEG Extends Serum Half-Life
and Preserves the Receptor-Binding Ability of mmTRAIL with Minimal Stimulation of PEG-Specific Antibodies. Mol. Pharm.
2017, 14, 502-512. [CrossRef]

Holtsberg, EW.; Ensor, C.M.; Steiner, M.R.; Bomalaski, J.S.; Clark, M. A. Poly(ethylene glycol) (PEG) conjugated arginine deiminase:
Effects of PEG formulations on its pharmacological properties. J. Control. Release 2002, 80, 259-271. [CrossRef]

Salian, V.S.; Wright, J.A.; Vedell, P.T.; Nair, S.; Li, C.; Kandimalla, M.; Tang, X.; Carmona Porquera, E.M.; Kalari, K.R.; Kandimalla,
K.K. COVID-19 Transmission, Current Treatment, and Future Therapeutic Strategies. Mol. Pharm. 2021, 18, 754-771. [CrossRef]

Zhao, Y.; Wang, C.; Qiu, B.; Li, C.; Wang, H.; Jin, H.; Gai, W.; Zheng, X.; Wang, T.; Sun, W,; et al. Passive immunotherapy for
Middle East Respiratory Syndrome coronavirus infection with equine immunoglobulin or immunoglobulin fragments in a mouse
model. Antivir. Res. 2017, 137, 125-130. [CrossRef]

Wilson, B.Z.; Larsen, J.; Smelski, G.; Dudley, S.; Shirazi, EM. Use of Crotalidae equine immune F(ab’), antivenom for treatment of
an Agkistrodon envenomation. Clin. Toxicol. 2021, 59, 1023-1026. [CrossRef]

Khalili, H.; Godwin, A.; Choi, ].W,; Lever, R.; Khaw, P.T.; Brocchini, S. Fab-PEG-Fab as a potential antibody mimetic. Bioconjug.
Chem. 2013, 24, 1870-1882. [CrossRef]

Zarzar, ].; Shatz, W.; Peer, N.; Taing, R.; McGarry, B.; Liu, Y.; Greene, D.G.; Zarraga, L.E. Impact of polymer geometry on the
interactions of protein-PEG conjugates. Biophys. Chem. 2018, 236, 22-30. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.isci.2021.103315
http://www.ncbi.nlm.nih.gov/pubmed/34723156
http://doi.org/10.1016/j.antiviral.2020.104868
http://doi.org/10.1016/j.intimp.2010.08.018
http://doi.org/10.1016/j.toxicon.2022.01.007
http://doi.org/10.1038/nrd1033
http://doi.org/10.1016/S0169-409X(03)00108-X
http://doi.org/10.3390/ijms161025831
http://doi.org/10.1016/j.jconrel.2011.10.037
http://doi.org/10.1158/1535-7163.MCT-19-0890
http://doi.org/10.1002/biot.201600035
http://doi.org/10.1021/bc300372r
http://doi.org/10.1021/acs.molpharmaceut.6b00964
http://doi.org/10.1016/S0168-3659(02)00042-1
http://doi.org/10.1021/acs.molpharmaceut.0c00608
http://doi.org/10.1016/j.antiviral.2016.11.016
http://doi.org/10.1080/15563650.2021.1892718
http://doi.org/10.1021/bc400246z
http://doi.org/10.1016/j.bpc.2017.10.003

	Introduction 
	Result 
	Expression and Purification of SARS-CoV-2 RBD 
	Preparation of Specific F(ab’)2 
	Comparison of the Affinity and Activity for Specific F(ab’)2 and Total F(ab’)2 
	The Recovery of Specific F(ab’)2 and Total F(ab’)2 
	Preparation and Purification of PEGylated F(ab’)2 
	Compared the Affinity and Activity of Specific F(ab’)2, PEGylated F(ab’)2, and Total F(ab’)2 
	Pharmacokinetic Properties 

	Discussion 
	Materials and Methods 
	Materials 
	Animals, Cells, and Virus Strains 
	Preparation and Purification of SARS-CoV-2 RBD 
	Preparation of SARS-CoV-2 RBD Immunoaffinity Chromatography Column 
	Purification of Total IgG 
	Preparation of the Total F(ab’)2 
	Purification of Total F(ab’)2 
	Preparation of SARS-CoV-2 Specific F(ab’)2 
	Comparison of the Affinity and Activity for Specific F(ab’)2 and Total F(ab’)2 
	The Preparation of PEGylation F(ab’)2 
	Purification of PEGylated F(ab’)2 
	Comparison of the Affinity and Activity for Specific F(ab’)2 and PEGylation F(ab’)2 
	Pharmacokinetics 

	Conclusions 
	References

