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Abstract

Adenovirus belongs to the family of Adenoviridae. As a vaccine carrier, it has high safety and stimulates the body to
produce cellular immunity and humoral immunity. This study prepared an adenoviral vector-specific single-domain
antibody for use in adenovirus identification and purification. We successfully constructed a single domain antibody
phage display library with a capacity of 1.8 x 10° by immunizing and cloning the VHH gene from Bactrian camel.
After the second round of biopanning, clones specific for adenovirus were screened using phage ELISA. Twenty-two
positive clones were obtained, and two clones with the highest binding affinity from ELISA were selected and named

purification

sdAb 5 and sdAb 31 for further application. The recombinant single-domain antibody was solublely expressed in

E. coli and specifically bound to adenoviruses rAd26, ChAd63 and HAd5 in ELISA and live cell immunofluorescence
assays. We established an effective method for immunoaffinity purification of adenovirus by immobilizing the single
domain antibody to Sepharose beads, and it may be used to selectively capture adenoviruses from cell culture
medium. The preparation of the adenovirus-specific single-domain antibody lays a foundation for the one-step
immunoaffinity purification and identification of adenoviruses.
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Introduction

Adenovirus (Ad) is a promising vector platform that may
be used for vaccine development due to its high safety
and stimulation of robust cellular response and humoral
immunity in multiple species (Antrobus et al., 2014;
Barnes et al., 2012; Coughlan et al., 2018). Adenovirus
belongs to the family of Adenoviridae, and it is primarily
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isolated from five major vertebrates, including birds,
mammals, reptiles, amphibians and fish. Approximately
200 non-human Ad serotypes have been identified. The
diameter of the adenovirus shell is 70-90 nm, and it is
composed of three main structural proteins: fiber, the
penton base and the hexon. The genome of adenovirus is
linear double-stranded DNA without an envelope (Tren-
tin et al., 1962). Adenovirus stimulates the body’s natural
immune response without requiring immune adjuvants
(Molinier-Frenkel et al., 2002). It has a broad spectrum
of host cell tropism and infects host cells regardless of
cell division (Chang, 2021). Adenoviruses exhibit some
desirable characteristics. For example, their genomes
are stable and easy to manipulate, which makes them
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particularly suitable for the development of preventive
vaccines. These viruses may be amplified to produce high
titers using a variety of complementary cell lines that
comply with Good Clinical Practice (GCP) (Kovesdi and
Hedley, 2010). They are now used as safe immunogenic
vaccine vectors in clinical trials and exhibit outstanding
performance (Gurwith et al., 2013; Liebowitz et al., 2020;
Sebastian and Lambe, 2018).

Researchers modified the adenovirus genomes for safe
and effective use in animals and humans. Deletion of the
E1/E3 region to obtain the first-generation adenovirus
vector allows the insertion of a transgene with replica-
tion-defective properties and improved immunogenicity
characteristics (Bett et al., 1994). However, the first-gen-
eration adenovirus vector genome is homologous to the
E1 region inserted into the packaging cell line HEK293,
which may result in replicating-competent adenovirus
(RCA). Researchers solved this problem using minimal
homology cell lines (Kovesdi and Hedley, 2010). Second-
generation adenoviral vector research found that addi-
tional deletion of the E2/E4 site can increased transgenic
ability and decreased the possibility of RCA formation.
However, the second-generation adenoviral vector had
decreased replication ability in producer cell lines (Wang
and Finer, 1996), and the overall production yield of
adenovirus vectors was lower than the first-generation
adenovirus vectors. Third-generation adenoviral vec-
tors, known as helper-dependent gutless adenoviral vec-
tors, were obtained by deleting most genomic sequences
except the regions that were necessary for packaging
(Kochanek et al., 1996; Parks et al., 1996). Therefore, mul-
tiple transgene expression cassettes may be inserted, but
with increasing difficulty of manufacturing. The immu-
nogenicity of these vectors is also reduced due to deletion
of the sequence, and there is a possibility of helper virus
contamination.

When adenovirus is used as a vaccine carrier, its preva-
lence in humans must be considered during the research
process. Pre-existing immunity reduces the effectiveness
of the vaccine. Studies found that the globally most prev-
alent adenovirus vectors, human adenovirus serotypes
2 (HAd2) and HAd5, demonstrated variable results in
clinical studies, and approximately 80% of the population
had neutralizing antibodies against HAd5 (Farina et al,,
2001). Therefore, scientists have tried to prepare adeno-
virus vectors using human adenovirus serotypes with low
prevalence in the population and searched for adenovi-
ruses of other species, such as chimpanzees and rhesus
monkeys.

The prevalence of these alternative Ads is very low
compared to Ad2 and Ad5 vectors, like Group D adeno-
viruses (such as Ad26, Ad48, Ad24, and Ad49). Neutral-
izing antibodies against Ad26 only exist in individuals in
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South Africa and Southeast Asia, and Ad5-specific neu-
tralizing antibodies were detected at very high levels in
all regions (Shenk, 1996). Compared with rhesus mon-
keys vaccinated with Ad5, rhesus monkeys vaccinated
with Ad26 induced higher levels of interferon-y (IFN-y),
interleukin-1 receptor agonist (IL-1RA), IL-6 and induc-
ible protein-10 (IP-10) cytokines. Therefore, rAd26
played a better role in the field of vaccine research and
development.

Researchers also isolated adenovirus from non-human
species to perform clinical applications (Lewis and
Rowe, 1970). The main purpose of using adenoviruses
from non-human species is to avoid existing immunity
to human adenovirus serotypes. The diseases caused
by non-human adenoviruses are species specific, so
these viruses do not harm humans. Studies showed that
the use of chimpanzee adenoviruses (ChAd3, ChAd6,
ChAd7, ChAd63, and ChAd68) in clinical trials in mice,
non-human primates and humans demonstrated that
these adenovirus vectors evaded the specific immunity
of human adenovirus serotypes (Wold and Toth, 2013).
These results identified ChAd63 as a good candidate for
gene transfer applications (Ison and Hayden, 2016).

Adenovirus purification is performed using cesium
chloride (CsCl) density gradient centrifugation. A den-
sity gradient is created when CsCl is placed in a strong
centrifugal field, and the virus in CsCl is centrifuged to
equilibrium for isolation. Viruses are collected accord-
ing to buoyant density (Burova and Ioffe, 2005). This
method is relatively well established and widely used in
the laboratory. However, it has certain limitations, such
as requiring several ultra-centrifugations to obtain the
pure product, and it is not suitable for mass production.
The recovery rate is only 10%-30%, and the purified viral
activity is not stable. This traditional method no longer
meets the demands, and many new methods were devel-
oped in recent years.

Lee et al. (Lee et al.,, 2009) combined anion-exchange
chromatography and immobilized metal affinity mem-
brane chromatography for the purification of recom-
binant adenovirus. The adenovirus was purified from
clarified infectious lysate via anion-exchange chromatog-
raphy using Q Sepharose XL resin. The virus was further
purified using a Sartobind IDA membrane unit charged
with Zn2+ions as affinity ligands, which increased the
yield of adenovirus purification significantly. Peixoto
et al. (Peixoto et al., 2006) reported a novel expanded
bed chromatography method to purify adenovirus vec-
tors. This technology is characterized by expanded beds
concentrated by hollow fiber cartridges that harvest
viral particles from cell extracts directly. For a minimal
amount of sample handling, the purification is completed
in less than one working day, and the overall process yield
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reaches 32%. However, this method remains difficult to
scale up.

Single domain antibodies have only one heavy chain
variable region domain called the variable domain of the
heavy chain antibody (VHH), which are also referred to
as nanobodies, and are extracted from Camelidae serum.
These VHHs tightly bind to specific antigens. The relative
molecular weight of nanobodies is only approximately
15 kDa, which allows them to have a strong tissue pen-
etration ability (Hu et al., 2017). Nanobodies have good
stability, may be stored for a long time at — 80 °C, and
withstand high temperature, high pressure and extreme
pH environments (Salvador et al., 2019). Therefore, nan-
obodies may be stockpiled as a therapeutic treatment
option in the case of an epidemic. The simple molecular
structure makes it easier to express in large quantities
in yeast, E. coli and other microbial expression systems,
which allows for industrialized large-scale production
(Lafaye and Li, 2018). Compared to traditional anti-
bodies, nanobodies do not have an Fc segment, and the
sequence information encoding VHH is highly homolo-
gous to human VH families 3 (Ahmadvand et al., 2008),
which exhibits very low immunogenicity in humans
(Vincke et al., 2009). Part of the hydrophobic amino acids
of nanobodies are replaced by hydrophilic amino acids,
which improves solubility (Beghein and Gettemans,
2017). The CDR1 and CDR3 of nanobodies are longer
than the conventional monoclonal antibody VH, which
penetrates into the interior of the antigen and has better
binding activity to the concave structure of the antigen
(Padlan, 1996). Based on these excellent characteristics,
nanobodies have been used as therapeutic and diagnos-
tic agents in multiple research and clinical trials (Beghein
and Gettemans, 2017).

The present study screened an antibody library for
single domain antibodies that were specific for the ade-
novirus vector for coupling to the NHS-activated sepha-
rose particles and use as an immunoaffinity purification
ligand. This study provides a simple one-step adenovirus
purification method from the cell culture medium that is
relatively fast and efficient.

Materials and methods

Bactrian camel immunization

A healthy 3-year-old female Bactrian camel was selected
for immunization with adenoviruses rAd26 and ChAd63
(gift of Professor Jinsheng He from Beijing Jiaotong Uni-
versity). The adenoviruses were diluted from the original
concentration of 1x10'® vp/ml to 2 x 10" vp/ml and
1 x 10° vp/ml for immunization. Five milliliters of blood
was collected from the jugular vein and coagulated natu-
rally before immunization. The serum was collected and
stored at — 20 °C. The camel was immunized four times,
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and the interval between immunizations was two weeks.
One week after each immunization, blood was collected
from the jugular vein and placed at 4 °C to separate the
serum used for ELISA to detect the antibody titer. Two
weeks after the fourth immunization, 50 ml of blood was
collected from the jugular vein of the immunized camel
for the separation of peripheral blood lymphocytes. The
camel was farmed in a pasture located in the suburb of
Hohhot city, Inner Mongolia and had free access to water
and food. All experimental procedures were performed
in accordance with the institutional and national guide-
lines and regulations and were approved by the Animal
Care and Use Committee of Inner Mongolia Agriculture
University.

Construction and screening of Bactrian camel phage
display antibody library
The construction and screening of a single-domain
phage display library are shown in Fig. 1. Peripheral
blood monocytes (PBMCs) were prepared using an ani-
mal blood lymphocyte separation kit (TBD Science,
Tianjin Haoyang Biological Products Technology Co.
Ltd. China). TRIzol reagent (Ambion, USA) was used to
extract total RNA from PBMCs, and RNA was reverse
transcribed to cDNA using a reverse transcription kit
(Promega, USA) and random hexamers as primers. The
VHH fragment was amplified using the nested PCR
method and the primers listed in Table 1. The first round
of PCR used P; and P, as primers to amplify the anti-
body gene sequence from the leader peptide to the CH2
region from the cDNA. The PCR products were run on
an agarose gel, and the VHH-containing band (600 bp)
was recovered by cutting and extracting from the gel
and used as the template for the second round of PCR.
The full-length VHH gene from FR1 to FR4, with a frag-
ment size of approximately 400 bp, was amplified from
the second round of PCR using P; and P, as primers. The
PCR-amplified product was digested using the restric-
tion enzymes Ncol and Notl (New England Biolabs, UK),
ligated into the pMECS plasmid vector (a gift from Pro-
fessor Serge Muyldermans of the Vrije Universiteit Brus-
sel, Belgium) with T4 ligase (New England Biolabs, UK),
and transformed into E. coli TGl competent cells (GE
Healthcare, USA) to construct the antibody library. The
capacity of the antibody library was estimated by calcu-
lating the colony forming units (CFU) of 10 series of mul-
tiple dilutions on a 2 x YT-AG plate. The transformation
efficiency and the insertion of VHH were evaluated using
PCR with the sequencing primers of the pMECS plasmid
vectors MP57 and GIII, as listed in Table 1.

The antibody library was added to 200 ml of 2 x YT
medium, and the OD600 nm value of the bacterial solu-
tion did not exceed 0.3. The library was cultured in a
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Fig. 1 Schematic diagram of the construction and screening of a single-domain phage display library. The Bactrian camel was immunized with
adenoviruses rAd26 and ChAd63, and the blood was collected to isolate peripheral blood mononuclear cells (PBMCs). Total RNA was extracted

from PBMCs and reverse transcribed into cDNA. The VHH gene fragments were amplified using PCR. In the first round of PCR, a fragment of
approximately 600 bp from the leader sequence to the CH2 domain was amplified from the cDNA. The full-length VHH gene from FR1 to FR4 was
amplified using P5 and P, primers in the second round of PCR. The PCR-amplified product was digested using the restriction enzymes Ncol and Notl.
The VHH gene was ligated into the pMECS plasmid and transformed into E. coli TG1. After rescue by the M13k07 helper phage, the VHH gene was
displayed on the phage surface, and the specific phages were enriched and selected using phage ELISA

Culture
——

Table 1 The primers bacterial solution was centrifuged at 2000x g for 10 min
Primers  Sequences Products at 4 °C. The supernatant was discarded, resuspended,

and inoculated into 2x YT-AK medium containing

Py 5-GGTACGTGCTGTTGAACTGTTCC-3' 600 bp, 900 bp ampicillin and kanamycin at 37 °C and 220 r/min shak-

P, 5-GICCTGGLTGLTCTTCTACAAGG-3' ing overnight. The cultured medium was centrifuged

Ps 5-AGTTGTTCCTTCTATGCGGLCCAGLLG at 4 °C and 7197 xg for 15 min the next day, and the
GCCATGGCTGAKGTBCA dded % PEG d .
GCTGGTGGAGTCTGG 3! supernatant was added to 20% 8000 and centri-

P, 5 ATTGCGTCAGCTATTAGTGCGGCCGCT 400 bp fuged at 7197 xg at 4 °C for 25 min to precipitate the
GAGGAGACRG phage. The supernatant was discarded, and the pel-

TOACCWGGGTCCS! let was resuspended in PBS to obtain the recombinant

MP57 S“TTATGCTTCCGGLTCGTATG-3! phage library. The phage library was added to a 96-well

Gl 5-CCACAGACAGCCCTCATAG-3 600 bp microtiter plate coated with the adenovirus rAd26 at a

concentration of 2 x 10’ vp/ml and bound at 37 °C for
1 h. The bound phage was eluted with 100 pul 100 mM
triethylamine, sealed, incubated at room temperature
for 10 min, and neutralized with 50 pul 1 M Tris—HCI.
The eluted recombinant phage was used to infect E.

shaker at 37 °C and 250 r/min for 2 h. The M13K07
helper phage (GE Healthcare, USA) was added and
incubated at 37 °C for 1 h for infection. The cultured
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coli TG1 (OD600 nm =0.6), and M13K07 helper phage
was added for rescue. The phages were harvested, puri-
fied and used for a new round of enrichment. The E.
coli TG1 infected with the eluted phages from the final
enrichment were grown on 2 x YT-AG plates. Ninety-
two clones were randomly selected from the 2 x YT-AG
plate, added to the 2 x YT-AG liquid medium, and incu-
bated at 37 °C and 250 r/min overnight. The M13K07
helper phage was added and infected for 1 h. After
centrifugation at 14,000 r/min for 5 min, the bacteria
were resuspended in 2 x YT-AK medium and incu-
bated at 37 °C and 250 r/min overnight. The medium
was centrifuged at 14,000 r/min for 5 min, the super-
natant was collected, 20% PEG8000 was added, and
the mixture was centrifuged at 7197 xg for 20 min. The
recombinant phage was added to an ELISA plate pre-
coated with 2 x 107 vp/ml adenovirus rAd26, and the
M13KO07 helper phage was used as a negative control.
PBS buffer was used as a blank control and bound for
2 h at room temperature. HRP/anti-M13 monoclonal
conjugate (GE Healthcare, USA) diluted at 1:5000 was
added to each well and bound for 1 h at room tempera-
ture. TMB solution was added for color development,
and the OD450 nm value was determined. The absorb-
ance of the experimental group/negative control>2.1
was regarded as positive.

Expression and purification of sdAb

Plasmids of the positive clones were isolated from the
phage-ELISA and double digested using the restriction
enzymes Ncol and Notl. The digested VHH fragments
were ligated into the pET-25b (+) —SBP plasmid and
digested using the same restriction endonuclease with T4
DNA ligase. The pET-25b (+) vector carried a streptavi-
din-binding protein that was constructed and preserved
by the Public Health Department of the School of Veteri-
nary Medicine, Inner Mongolia Agricultural University.
The products were transformed into E. coli BL21 (DE3)
competent cells (TransGen Biotech, Beijing, China).
The expression of recombinant sdAb was induced using
isopropyl-B-d-thiogalactoside (IPTG) (Solarbio Life Sci-
ences, Beijing, China) for 8-12 h. The cells were col-
lected and sonicated. The precipitate and supernatant
were collected and analyzed using SDS-PAGE. Ni-NTA
Sefinose™ Resin (Sangon Biotech, Shanghai, China) was
used to purify the expressed recombinant single domain
antibodies, and the purified sdAbs were analyzed using
SDS-PAGE.

Binding activity and specificity of sdAb

To determine the binding activities of the purified
recombinant sdAbs, the purified clone 5 and 31 sdAbs
were diluted to a concentration of 5 pg/ml and added
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as a primary antibody to a 96-well plate coated with
adenoviruses rAd26, ChAd63 and HAd5 at a concen-
tration of 2x 107 vp/ml. Sonicated E. coli BL21 (DE3)
transformed with empty pET-25b (+) vector was used
as a negative control, and PBS buffer was used as a blank
control. Meanwhile, the purified clone 5 sdAbs were
serial diluted from 30 pg/ml to 0.00152415 pg/ml to use
as primary antibody and added to another 96-well plate
coated with adenoviruses rAd26, ChAd63 and HAd5 at
a concentration of 2 x 10" vp/ml. HRP-conjugated 6*His-
tag mouse monoclonal antibody (Proteintech Group,
Wuhan, China) was used as the secondary antibody at a
concentration of 1:10,000, and TMB solution was added
for color development. The OD450 nm value was deter-
mined using a microplate reader.

Binding affinity of recombinant sdAb

The affinity constants of purified clone 5 sdAbs to ade-
novirus rAd26 were determined by competitive ELISA.
Adenovirus rAd26 at a titer of 2 x 107 vp/ml was used
to coat the 96-well plates overnight at 4 °C. The stock
solution of adenovirus rAd26 was serial diluted from
2 x 10” vp/ml to 2 x 10% vp/ml, and mixed with 5 pg/ml
of purified clone 5 sdAbs in a separate 96-well plates 1 h
at 37 °C. The mixture was added to the antigen-coated
wells and incubated for 2 h at 37 °C. After PBST wash-
ing, 100 ul of HRP-labeled anti-6*His-tag (1:10,000) was
added to each well and incubated for 1 h at 37 °C. The
wells were washed with PBST, and TMB solution was
added for color development. The OD450 nm value was
determined using a microplate reader. Affinity constants
were expressed as the reciprocal of the adenovirus titer at
50% of the maximum OD450 nm value.

Immunofluorescence assay

To improve cell adherence to the plate, the cell cul-
ture plate was treated with polylysine. One microliter
per well of polylysine was added to a 24-well cell cul-
ture dish and incubated for 10 min. The liquid was
discarded, and the cells were dried on a clean bench.
HEK293A cells were incubated with 10° cells/well in
a polylysine-treated 24-well cell culture dish at 37 °C
and 5% CO, for approximately 24 h. The cell culture
medium was discarded, and 1 ml of DMEM was added
to each well. The adenovirus rAd26 was diluted to a
concentration of 2 x 107 vp/ml, 100 pl of virus diluent
was added to each well (DMEM was added to the con-
trol group), and the cells were cultured in an incubator
for 24 h. The medium was discarded, and 1 ml of para-
formaldehyde was added to each well to fix the cells for
20 min at room temperature. A volume of 100 pl 0.3%
Triton X-100 was added dropwise to each well, incu-
bated at room temperature for 20 min, and rinsed with
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PBS 3 times for 5 min each. A volume of 100 ul 5% BSA
solution was added to each well and incubated at room
temperature for 30 min. The primary antibody working
solution was prepared with PBS to a concentration of
200 pg/ml, and 100 pl was added to each well and incu-
bated overnight in a refrigerator. The 24-well cell cul-
ture dish was removed from the refrigerator and placed
at room temperature to rewarm for 10 min, and PBST
was added to the shaker and rinsed 3 times for 5 min.
The CoraLite®488-conjugated 6*His His-Tag Mouse
monoclonal antibody (Proteintech Group, Wuhan,
China) was used as the secondary antibody at a con-
centration of 1:150, and 100 ul of the working solution
of the secondary antibody was added and incubated
at room temperature for 1 h. PBST was added to the
shaker and rinsed 3 times for 5 min. A volume of 100 pl
ready-to-use 4,6-diamidino-2-phenylindole (DAPI)
working solution was added and incubated at room
temperature for 4 min and rinsed with PBS 3 times for
5 min each time. The fluorescence signal was detected
using a confocal microscope (ZEISS, LSM-800).

Immunoaffinity purification of adenovirus from cell culture
medium using immobilized sdAb

The conjugation of sdAb to the NHS-Activated Sefi-
nose" 4 Fast Flow (BBI, Beijing, China) was performed
according to the manufacturer’s instructions. One
microgram of purified sdAb was dissolved in 1 ml of
coupling buffer (NaHCO, and NaCl solution). One
microliter of NHS-Sepharose FF was added to the grav-
ity column, and 5 ml of 1 mM HCI was used to wash
the column three times to remove the preservation
solution. The antibody solution was added immedi-
ately after washing and shaken overnight at 4 °C for
better coupling. The filtrate was collected the next
day, the coupled Sepharose was rinsed with 5 ml of
coupling buffer, and 1 ml of blocking buffer was used
under shaking at room temperature for 4 h to block
uncoupled agents. After removing the blocking buffer,
the Sepharose was washed three times with 2 ml of
coupling buffer. The recombinant human adenovirus
HAd5 expressing enhanced green florescent protein
(EGFP) (prepared in Department of Veterinary Public
Health Faculty) was diluted in cell culture medium with
a titer of 107 vp/ml, added to the prepared immunoaf-
finity column, and combined for 30 min at room tem-
perature. The bound virus was eluted with 2 M and
4 M NaCl solutions, and the eluent was added to the
cultured HEK293A cells for reinfection. The presence
of the recombinant virus in the eluent and the rein-
fected cells was visualized under a confocal microscope
(ZEISS, LSM-800) by the expression of the EGFP.
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Results

Bactrian camel immunization

Basal serum collected before the immunization was used
as a negative control, and anti-His-labeled goat anti-
alpaca was used as a secondary antibody for detection
in the ELISA. The OD450 nm value of basal serum was
0.375, and the OD450 nm value remained 2.1-fold higher
than the negative control when the dilutions of immune
sera specific for rAd26 and ChAd63 were 1:8000 and
1:10,000, respectively, as shown in Fig. 2. Therefore, we
determined that the titers of immune serum were 1:8000
and 1:10,000.

Construction and screening of Bactrian camel phage
display antibody library

The VHH gene fragment was amplified from the cDNA
obtained from the total RNA of camel PBMCs using
nested PCR. The antibody leader peptide to the CH2
gene fragment was amplified from the cDNA in the first
round of PCR using P, and P, as primers and detected
by 1% agarose gel electrophoresis, as shown in Fig. 3a. A
successfully amplified a gene fragment of approximately
600 bp was identified. The 600 bp product was recov-
ered from the gel and used as the template for the second
round of PCR. P, and P, primers were used to amplify
the full-length VHH gene FR1 to FR4, and the fragment
size was approximately 400 bp, as shown in Fig. 3b.
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Fig. 2 The serum antibody titer of immunized Bactrian camels was
measured using ELISA. Polystyrene microplates were coated with
rAd26 and ChAd63 viruses. The immune serum of the camel was
diluted with PBS, basal serum was used as a negative control, and
PBS was used as a blank control. The binding activity of each well
was detected using an HRP-labeled goat anti-alpaca antibody at a
1:10,000 concentration and visualized with TMB solution. The plate
was read at OD450 nm in a microplate reader
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Fig. 3 Amplification of VHH gene. cDNA was used as a template, and a fragment containing the leader sequence to the CH2 region of the IgG

(900 bp for VH and 600 bp for VHH) was amplified with primers P, and P,. The result is shown in Fig. 3(a). The 600 bp fragment was purified using
1% agarose gel electrophoresis and used as the template for the second round of PCR with primers P; and P,, which anneal to the VHH FR1 and FR4
regions, respectively. The target bands of approximately 400 bp were successfully amplified, as shown in Fig. 3(b)

The VHH gene fragment was digested and ligated into
the pMECS vector and electro-transformed into com-
petent E. coli TG1. The bacterial solution was diluted
from 10! to 10'°, coated on 2 x YT-AG solid medium,
and incubated overnight at 37 °C. The calculated phage
repertoire with capacity was 1.8 x 10°. Twenty-four
clones were randomly selected from the 2 x YT-AG solid
medium for colony PCR identification. After 1% agarose
gel electrophoresis, target bands of approximately 600 bp
were obtained in 22 clones and are shown in Fig. 4. The
correct insertion rate of the antibody fragment in the
library was 91.6%.

The adenovirus-specific recombinant phage was iden-
tified using phage ELISA. Ninety-two randomly selected
recombinant phage clones were added to the microtiter
plate coated with adenovirus vector rAd26, and HRP/
anti-M13 monoclonal antibody was used to detect the

bound phage. M13KO07 helper phage was used as a neg-
ative control, and PBS was used as a blank control. The
results are shown in Fig. 5. The measured OD405 nm
value of the negative control was 0.07, and the highest
value in the selected recombinant phage clone was 1.133.
We identified 38 clones with OD450 nm values greater
than 2.1-fold of the negative control. Two clones with the
highest absorbance value were selected and named 5 and
31 for further identification.

Expression and purification of sdAb

The plasmids of clones 5 and 31 were extracted,
digested with the restriction enzymes Ncol and Notl,
and detected using 1% agarose gel electrophoresis, as
shown in Fig. 6. A target band of approximately 400 bp
was obtained. The VHH gene fragment was ligated
into pET-25b (4) —SBP and transformed into E. coli

2000bp
1000bp
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500bp
250bp
100bp

3 4 5 6 7 8 9

10 11 12 13 14 15 16 17 18 12 20 21 22 23 24

Fig. 4 Identification of phage display antibody library. The electro-transformed TG1 bacterial solution from 10" to 10'% with fresh 2 x YT/AG media
was grown at 37 °C. The next day, the calculated volume of the phage antibodly library was 1.8 x 10°. Twenty-four clones were randomly selected
from the 2 x YT/AG plate for colony PCR identification. After 1% agarose gel electrophoresis, 22 clones with amplicons of 600 bp fragments were
obtained, and we calculated that the recombination rate of the antibody library was 91.6%
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Fig. 5 Detection of the immune activity of recombinant phages
against adenovirus using phage ELISA. Recombinant phages
prepared from 92 randomly selected clones were added to the
microplates coated with adenovirus vector rAd26. The M13K07 helper
phage was used as a negative control, and PBS was used as a blank
control. The HRP/anti-M13 monoclonal antibody was used to detect
the bound phage. The highest OD450 nm value of the recombinant
phage was 1.133, and the lowest value was 0.052. The negative
control was 0.07. Two positive clones with the highest OD450 nm
value were selected and named sdAb 5 and sdAb 31
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Fig. 6 Recombinant plasmid digestion identification. The plasmids
of the positive clones from phage ELISA were isolated, digested with
Ncol and Notl, and detected using 1% agarose gel electrophoresis. A
target band of approximately 400 bp was obtained

BL21 (DE3). After IPTG induction, the recombinant
sdAbs were expressed primarily in the supernatant
of bacterial lysate by SDS-PAGE analysis (data not
shown), and the sdAbs were applied to Ni-NTA Sefi-
nose " Resin for purification. The results of SDS-PAGE
analysis on the purified sdAb showed a protein band at
approximately 20 kDa, which was consistent with the
expected result, as shown in Fig. 7.

KD
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Fig. 7 Expression and purification of the recombinant sdAbs. The
plasmids of sdAb 5 and sdAb 31 from phage ELISA were isolated,

and the VHH gene was digested with Ncol and Notl and ligated

to pET-25b (+) —SBP. The SDS-PAGE results showed that the
recombinant sdAb 5 and sdAb 31 antibodies were expressed in a
soluble form with an expected molecular weight of 20 kDa and could
be successfully purified from Ni-NTA agarose
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hEEH

OD 450nm

Fig. 8 Binding activity and specificity were analyzed using indirect
ELISA. The recombinant sdAbs 5 and 31 showed strong binding
activity to human adenovirus Ad5, rAd26, and ChAd63 viruses in
ELISAs at a concentration of 5 ug/ml. Protein extracts from E. coli
transformed with the empty pET-25b (4) vector were used as a
negative control, and PBS solution was used as a blank control

Binding activity and specificity of sdAb

The purified recombinant sdAb was used as the detection
antibody to verify the binding activity to different adeno-
viruses in the ELISA. The recombinant sdAbs 5 and 31
showed strong binding activity to human adenovirus
Ad5, rAd26, and ChAd63 viruses in ELISA s at a con-
centration of 5 ug/ml, as shown in Fig. 8, when PBS was
used as a blank control, and E. coli BL21(DE3) cell lysate
transformed with pET-25b (+) empty vector was used as
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Fig. 9 The binding activity of recombinant sdAbs 5 to three
adenoviruses was analyzed using a typical ELISA. Recombinant
sdAbs 5 showed binding activity to human adenovirus Ad5, rAd26
and ChAd63 viruses in ELISA at concentrations from 30 pg/ml to
0.00152415 pg/ml
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rAd26 titer

Fig. 10 The affinity constants of recombinant sdAbs 5 to adenovirus
rAd26 were determined by competitive ELISA. Affinity constants
were expressed as the reciprocal of the adenovirus titer at 50% of the
maximum OD450 nm value. The results showed that the 50% of the
maximum OD450 nm value was 0.41225, and it can be found that the
adenovirus titer at this point was about 5 x 108 vp/ml. Therefore, the
affinity constants of purified clone 5 sdAbs to adenovirus rAd26 were
determined to be 2 x 107 by calculation

a negative control. The serial diluted recombinant clone 5
sdAb showed binding activity to human adenovirus Ad5,
rAd26, and ChAd63 at a concentration of 30 pg/ml to
0.00152415 pg/ml, as shown in Fig. 9.

Binding affinity of recombinant sdAb

The affinity constants of purified clone 5 sdAbs to ade-
novirus rAd26 were determined by competitive ELISA.
Affinity constants were expressed as the reciprocal of
the adenovirus titer at 50% of the maximum OD450 nm
value. The results showed that the maximum OD450
nm value was 0.8245, and 50% of the maximum OD450
nm value was 0.41225, and it can be found that the
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adenovirus titer at this point was about 5 x 10® vp/ml, as
shown in Fig. 10. Therefore, the affinity constants of puri-
fied clone 5 sdAbs to adenovirus rAd26 were determined
to be 2 x 10~ by calculation.

Immunofluorescence assay

The results of the immunofluorescence assays are shown
in Fig. 11. HEK293A cells were infected with rAd26
adenovirus, and recombinant sdAb 5 was used as the
detection antibody then visualized with CoraLite®488-
conjugated 6*His His-Tag mouse monoclonal antibody
under an inverted fluorescence microscope. When using
488 nm as excitation light, we found a green fluorescence
signal from the cells incubated with sdAb and primarily
stained the cytoplasm of cells when merged with images
of DAPI staining, as shown in Fig. 11A. However, we
did not observe any fluorescence signal from the con-
trol group without incubation with sdAb, as shown in
Fig. 11B. The results showed that sdAb specifically bound
to adenoviruses-infected HEK293A cells and propagated.

Immunoaffinity purification of adenovirus from cell culture
media using immobilized sdAb

The recombinant human adenovirus Ad5 expressing
EGFP was diluted in cell culture medium at a titer of 107
vp/ml, added to the prepared immunoaffinity column
coupled with purified sdAb, and incubated for 30 min
at room temperature. The bound virus was eluted with
2-M and 4-M NaCl solutions and PBS, and the eluent
was added to the cultured HEK293A cells for reinfection.
The presence of the recombinant virus in the eluent and
reinfected cells was visualized under a confocal micro-
scope by the expression of EGFP, as shown in Fig. 12. We
observed green florescence in the 2-M and 4-M NaCl
solution eluent-infected cells, as shown in Fig. 12A and
B, but it was not detected in PBS eluent-infected cells
or non-infected cells, as shown in Fig. 12C and D. These
results indicated that the immobilized sdAb specifically
bound to the adenoviruses and isolated the viruses from
culture medium, and 2-M and 4-M NaCl solutions eluted
the bound virus from the antibody.

Discussion

Adenovirus is a linear double-stranded DNA that is
enclosed in a capsid without an envelope structure.
Human adenoviruses are one cause of acute respiratory
infections in children. No safe and effective prevention
methods have been developed, and there are more than
100 serotypes of human adenovirus. Because the diseases
caused by various serotypes are different, and diverse
disease severities are observed, research on related anti-
bodies is of great significance for clinical diagnosis and
therapy. Human adenoviruses have been studied in the
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sdAb DAPI Merge
| - -
B - -
Fig. 11 Immunofluorescence assay. Adenovirus-infected HEK293A cells were incubated with sdAb 5 antibody and visualized with
CoraLite®488-conjugated 6*His His-Tag mouse monoclonal antibody. HEK293A cells uninfected with adenovirus rAd26 were used as a negative

control. The cell nuclei were stained with DAPI. The fluorescent signal and images were obtained using confocal microscopy. The merged images
showed the localization of adenovirus rAd26 in HEK293A cells (Fig. 11A), but there was no fluorescent signal in the uninfected HEK293A cells

(Fig. 11B)

Fig. 12 Immunoaffinity purification of adenovirus. The bound viruses were eluted with 2 M, 4 M NaCl solution and PBS, and the eluent was added
to the cultured HEK293A cells for reinfection. A blank and negative control group were established. After inoculation, the cells were placed at 37 °C
in a 5% CO, incubator for 24 h to 48 h and observed and counted. A 2 M eluent group; B 4 M eluent group; C blank control group; D PBS buffer
group. Green fluorescence was detected in the 2-M and 4-M NaCl solution eluent-infected cells, as shown in A and B, but we did not detect green
fluorescence in PBS eluent-infected cells or non-infected cells, as shown in C and D. These results indicate that the immobilized sdAbs specifically
bind to the adenoviruses and isolate them from the culture medium
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basic virology field and are exploited as vectors for gene
therapy, vaccination, and oncolytic therapy because Ads
have three upstream regions that allow the insertion of
foreign genes without affecting virus replication in the
cell and because of the relatively thorough research on its
structure and characteristics (Gao et al., 2019).

The outbreak of new coronavirus (2019-nCoV) infec-
tion poses a serious threat to global public health, and
vaccination is an effective means to prevent viral infec-
tions. With the efforts of scientific researchers from dif-
ferent countries, adenovirus vector vaccines, such as Ad5,
Ad26 and ChAdOx1, which encode the SARS-CoV-2
major antigen, have been developed and are already in
clinical trials. The clinical trial showed that the adeno-
virus vector vaccine was a safe and effective strategy for
the prevention and control of SARS-CoV-2 infection,
and some of these vaccines received conditional market-
ing authorization for SARS-CoV-2 (Logunov et al., 2021;
Madhi et al., 2021; Zhu et al., 2021).

Recombinant deficient adenoviruses have been widely
used as a delivery system to express functional proteins
for gene therapy. Two Ad5-based vectors expressing the
tumor suppressor P53, named Advexin and Gendicine
have generated a great deal of clinical data from their
application. Advexin has been evaluated in different can-
cers, such as head and neck squamous cell carcinoma
(HNSCC), colorectal cancer, and hepatocellular carci-
noma (HCC), and Advexin demonstrated a consistent
safety profile and clinical efficacy as a monotherapy and
in combined modality regimens with chemotherapy and
radiation (Senzer and Nemunaitis, 2009). Gendicine was
approved in 2003 by the State Food and Drug Adminis-
tration (SFDA) in China for intratumoral treatment of
HNSCC in combination with chemotherapy (Tian et al.,
2009).

Oncolytic adenoviruses have attracted much research
interest due to their peculiar tumor selectivity, safety, and
transgene-delivery capability. Adenoviruses armed with
different immunostimulatory cytokines and chemokines
have been developed. ONCOS-102 is an adenovirus
armed with granulocyte macrophage colony stimulating
factor (GM-CSEF), and it showed a synergistic antitumor
effect in humanized mice treated with the combination
of ONCOS102 and pembrolizumab (Kuryk et al., 2019).
Recent studies developed various adenoviruses armed
with immune-activating ligands and bispecific T-cell
engager (BiTE) molecules that were tested in clinical
studies (Freedman et al., 2017; Malmstrom et al., 2010).

The recombinant adenovirus may be produced in
cell culture and purified using ultracentrifugation in
CsCl density gradients, followed by desalting using
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size exclusion chromatography (sepharose columns) or
dialysis. However, the limitations of using CsCl density
gradient ultracentrifugation are that it is time-consum-
ing, the purification process is complex, and the virus
activity is inconsistent between batches (Altaras et al.,
2005). Immunoaffinity chromatography using a single
domain antibody as the capturing ligand is a power-
ful tool for the single-step purification of recombinant
virus and proteins from culture medium, with high
purity and yields. Compared to conventional antibod-
ies, single-domain antibodies lack the Fc domain of
the antibody and avoid the existence of heavy and light
contamination when used as immunoaffinity ligands
and have been used widely in single-step processes
(Ren et al., 2020; Verheesen et al., 2003).

The present study successfully constructed a single
domain antibody phage display library with a capac-
ity of 1.8 x 10° by immunizing a Bactrian camel with
adenoviruses. The phage antibody library was rescued,
and the specific phages were enriched by adenoviruses.
Twenty-two positive clones were screened, and two sin-
gle domain antibodies with the highest binding activ-
ity and different sequences were selected for further
expression and identification. Two recombinant sdAbs
were solublely expressed in the bacteria and purified
with Ni-NTA agarose. The two recombinant sdAbs
specifically bound to adenoviruses in ELISA and immu-
nofluorescence assays. We subsequently established a
method for the immunoaffinity purification of adenovi-
rus, which greatly saved purification time and cost. This
method may be used to selectively capture Ads from
vaccines or other virus culture mixtures, and it lays a
foundation for the one-step immunoaffinity purifica-
tion and identification of adenovirus.
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