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A humanized anti-human
adenovirus 55 monoclonal
antibody with good
neutralization ability

Lei Chen, Jiansheng Lu, Junjie Yue, Rong Wang, Peng Du,
Yunzhou Yu, Jiazheng Guo, Xi Wang, Yujia Jiang,
Kexuan Cheng, Zhixin Yang* and Tao Zheng*

Academy of Military Medical Sciences (AMMS), Beijing, China
Background: Human adenovirus type 55 (HAdV55) has a re-emerged as

pathogen causing an acute respiratory disease presenting as a severe lower

respiratory illness that can cause death. To date, there is no HAdV55 vaccine or

treatment available for general use.

Methods: Herein, a monoclonal antibody specific for HAdV55, mAb 9-8, was

isolated from an scFv-phage display library derived from mice immunized with

the purified inactived-HAdV55 virions. By using ELISA and a virus micro-

neutralization assay, we evaluated the binding and neutralizing activity of mAb

9-8 following humanization. Western blotting analysis and antigen-antibody

molecular docking analysis were used to identify the antigenic epitopes that

the humanized monoclonal antibody 9-8-h2 recognized. After that, their

thermal stability was determined.

Results: MAb 9-8 showed potent neutralization activity against HAdV55. After

humanization, the humanized neutralizing monoclonal antibody (9-8-h2) was

identified to neutralize HAdV55 infection with an IC50 of 0.6050 nM. ThemAb 9-

8-h2 recognized HAdV55 and HAdV7 virus particles, but not HAdV4 particles.

Although mAb 9-8-h2 could recognize HAdV7, it could not neutralize HAdV7.

Furthermore, mAb 9-8-h2 recognized a conformational neutralization epitope

of the fiber protein and the crucial amino acid residues (Arg 288, Asp 157, and Asn

200) were identified. MAb 9-8-h2 also showed favorable general

physicochemical properties, including good thermostability and pH stability.

Conclusions: Overall, mAb 9-8-h2 might be a promising molecule for the

prevention and treatment of HAdV55.

KEYWORDS

human adenovirus type 55(HAdV55), monoclonal antibody(mAb), scFv-phage immune
library, neutralizing antibody, conformational epitope
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1 Introduction

The common acute respiratory disease (ARD) pathogen,

human adenovirus (HAdV), is an envelope-free, icosahedral,

double-stranded DNA virus in the Mastadenovirus genus (family

Adenoviridae) (1–3). There are over 111 genotypes of HAdV,

forming seven species (HAdV-A to G), which have been

identified and defined using genomics (http://hadvwg.gmu.edu/)

(4). A few HAdVs, including HAdV3, HAdV4, HAdV7, and

HAdV55, cause serious infections, particularly in specific

populations, including children, the elderly, and persons with

severely weakened immune systems, although most HAdVs only

cause mild or restricted infection (5). Among them, HAdV55 is one

of the most important serotypes causing severe acute respiratory

infections in many countries worldwide (6). In numerous provinces

of China, re-emerging HAdV55 has been linked to severe

community-acquired pneumonia in civilian and military

populations (1, 7–10). The clinical signs and symptoms of

HAdV55 infection include pneumonia, bronchitis, sore throat,

myalgia, cough, and high fever, and is a potentially lethal

condition. There is no herd immunity and HAdV55 has a higher

propensity to produce severe ARD than other adenoviruses;

therefore, HAdV55 could spread widely and create catastrophic

epidemics (11). Moreover, there is no effective antiviral therapy to

prevent or treat adenovirus infection. Therefore, the development of

drugs to treat HAdV55 infection had become urgent.

Passive immunotherapy, using the effector activities of

antibodies, can promote the direct clearance of virus-producing

cells, viral antigens, or circulatory viruses (12, 13). Antibodies that

neutralize viruses showed promise as preventative or therapeutic

measures against viral infections (14). Ebolavirus and respiratory

syncytial virus infections could both be treated with intravenously

administered antibodies (15, 16). The body could develop long-

lasting immunity to the same type of virus after contracting an

adenovirus by the creation of neutralizing antibodies (17).

Therefore, a major advance in the prevention and management of

viral infection is the use of adenovirus neutralizing antibodies for

passive immunotherapy.

Hexon, penton base, and fiber were the three main proteins that

make up the HAdV capsid. The most prevalent capsid protein, the

hexon protein, attract cytoplasmic dynein, which is essential for the

movement of viral capsids along microtubules (18–20). The fiber

protein protrudes from each of the twelve vertices of the icosahedral

capsid and mediates selective and high-affinity binding to major

cellular receptors (17). The twelve vertices of the capsid are formed

by the penton base, which promotes clathrin-mediated endocytosis

(21, 22). Any of these important capsid proteins could be used to

produce anti-adenovirus antibodies. The variations in the frequency

and makeup of these HAdV-specific neutralizing antibodies are

unknown. Serotype-specific neutralizing antibodies for HAdV3, 5,

7, 14, or 55 primarily targeted the hexon protein (23). Anti-hexon

neutralizing antibodies could internalize the virus without

accompanying viral gene expression. Anti-hexon antibodies

neutralize HAdV by cross-linking to the hexon envelope, thereby
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preventing viral decapsidation and viral DNA from entering the

nucleus (24). The fiber protein could stimulate the production of

antibodies that were cross-neutralizing to HAdV14 and HAdV55. It

was demonstrated that both polyclonal and monoclonal anti-fiber

neutralizing antibodies could exert antiviral effects by cross-linking

fibers on individual viral particles or by inhibiting the binding of

AdV5 fiber knobs to their cell attachment receptors (25, 26). Anti-

penton antibodies significantly aided in the neutralization of HAdV

infection, primarily at the stage of virus internalization (22).

The present study comprised the construction of a single-chain

variable fragment (scFv)-phage display library from mice

immunized using purified HAdV55, from which we identified 14

clones specific for HAdV55 with different sequences. Then, we

successfully identified five mAbs with potent neutralizing activities.

MAb 9-8, which had the highest affinity and neutralizing activity

among these five candidate antibodies, was humanized and the

humanized mAb 9-8-h2 retained biological activity similar to that

of the parental antibody. The humanized mAb 9-8-h2 significantly

inhibited the cytopathic effect of HAdV55 virus in vitro at low

concentrations and displayed good stability. Thus, mAb 9-8-h2

showed promise as an effective prophylactic treatment and therapy

for HAdV55 infection.
2 Materials and methods

2.1 Viruses and cell lines

Hiam A549 cells were grown in Dulbecco’s modified Eagle

medium (DMEM; Life Technologies, Carlsbad, CA, USA) with 10%

fetal bovine serum (FBS; Gibco, Grand Island, NY, USA).

FreeStyleTM 293 Expression Medium (Gibco) was used to culture

FreeStyleTM HEK 293-F cells (Invitrogen, Waltham, MA, USA).

Cells were grown in a 5% CO2 atmosphere at 37°C. HAdV55

(GenBank accession no. AF532578.1), HAdV4 (GenBank

accession no. AF532578. 1) and HAdV7 GZ6965 strain (GenBank

accession no. AF532578.1) were maintained in our laboratory (27).

All HAdVs were grown in A549 cells cultured in DMEM with 2%

FBS. When 80–90% of the cells showed a cytopathological effect

(CPE) characteristic of HAdV infection, the viral cultures were

harvested and freeze-thawed three times. The viral supernatants

were collected by centrifugation for purification by calcium chloride

gradient centrifugation (28). The 50% tissue culture infective dose

(TCID50) was calculated to determine adenovirus titers according

to the classical Reed-Muench method (29).
2.2 scFv-phage antibody library
construction

A previously published method (27) was used to produce and

screen scFv colonies directed against HAdV55. Briefly, we

immunized female BALB/c mice (6-8 weeks old) intraperitoneally

using purified HAdV55 (in phosphate buffered saline (PBS)) mixed
frontiersin.org

http://hadvwg.gmu.edu/
https://doi.org/10.3389/fimmu.2023.1132822
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Chen et al. 10.3389/fimmu.2023.1132822
with a 1/10 volume of aluminum adjuvant every 14 days for a total of

4 times. Three days after each mouse was intravenously injected with

25 mg of HAdV55, their blood was collected and serum was isolated

to detect the antibody titers in mouse serum. Pre-immune mouse

serum samples were collected for use as negative controls. Mice were

killed and their spleens were harvested one week after the final

booster immunization. Isolated spleen cells were subjected to total

RNA extraction, which was reverse transcribed to cDNA using the

Invitrogen Superscript III First-strand synthesis system for RT-PCR

reverse transcription kit (K1621, Thermo Scientific, USA). The

cDNA was used as a template to amplify the antibody heavy chain

variable region (VH) and light chain variable region (VL). Primer sets

for amplification of the VH and VL regions were designed with

reference to the literature (30). The scFv gene fragment was then

obtained using overlay-extended PCR amplification, digested using

Nco I/Not I, and ligated into the NEN-SCFV phage display vector.

The ligation mixture was transformed into competent E. coli TG1

cells using electroporation. To determine the library size, transformed

cells were titrated on 2-YT agar plates, and we carried out colony PCR

on selected colonies to verify the presence of DNA inserts in the

vector. Harvested cells containing the verified scFv antibody gene

library were harvested pooled, aliquoted, and stored at −80°C.
2.3 Selection of the scFv-phage
antibody library

The HAdV55-specific phage antibody library was screened

using a solid phase screening strategy using purified HAdV55 as

the antigen. Purified HAdV55 in PBS was coated onto an

immunotube at 4°C overnight and blocked using 3% bovine

serum albumin (BSA) in PBS (50 mM Tris-HCl pH 7.5, 150 mM

NaCl) overnight at 4°C. An aliquot of the phage library (5.0×1011

plaque-forming units (pfu) per mL) was added and the tube was

incubated for another 2 h at 37°C. Tubes were washed using PBST

(PBS containing 0.1% Tween-20), and 1 mL of 0.1 M glycine-HCl

(pH 2.2) was used to elute the bound phage, which was neutralized

using 50 mL 1 M Tris-HCl (pH 9.0). Eluted phage was infected into

E. coli TG1 cells for amplification, followed by two more rounds of

the panning process. The final eluted phages were identified using

PHAGE-enzyme linked immunosorbent assay (ELISA). Positively

selected phages were amplified and the nucleotide sequence of the

resulting scFv was determined. The identification of the sequences

of genes encoding VH and VL were performed using the IMGT

database (HTTP://www.imgt.org/IMGTlect/).
2.4 Cloning, expression, and purification of
the antibody

The full-length VL and VH chain genes of the positively selected

phages and humanized antibodies were amplified by PCR. Restriction

endonucleases Sal I/Nhe I or Sal I/Nar I were used to digest the PCR

amplicons and the resultant fragments were ligated separately into

vectors pTSEG1n or pTSEK, each comprising a human

immunoglobulin constant gene. The constructed expression plasmids
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were cotransfected into FreeStyleTM HEK293-F cells using the

transfection reagent FectoPRO DNA Transfection Reagent (Polyplus,

Illkirch, France; 116-001). After 4 days, a HiTrap protein G apparatus

(28-4082-60, (GE Healthcare Bio-Sciences AB, Uppsala, Sweden)) was

used to harvest and purify the antibodies from the antibody-containing

supernatants, following to the supplier’s guidelines. SDS-PAGE was

employed to determine the purity of the antibodies, and a NanoDrop

spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA)

was used to evaluate the antibody concentration.
2.5 ELISA

A microtiter 96-well plate (9018, Costar, Washington, DC,

USA) was coated with 200 ng/well of purified virus and incubated

at 4°C overnight. The plate was added with 200 µL/well of 2% (w/v)

Non-Fat Dry Milk (NFDM, Bio-Rad, Hercules, CA, USA) in PBS at

37°C for 2 h and then incubated for 1.5 h at 37°C with 100 µL/well

of antibodies at various dilutions in Milk-PBS. Plates were washed

three times with PBST and then incubated with goat anti-mouse/

human horseradish peroxidase (HRP)-conjugated IgG antibody (1:

4,000, v/v) at 37°C for 45 min. Finally, the plates were washed six

times using PBST, and the color was developed using o-

Phenylenediamine (OPD) chromogen substrate (Sigma, UK). The

reaction was stopped using 50 µL of 2 M H2SO4 and the OD492/

OD630 determined in a microtiter plate reader (iMark, Bio-Rad).
2.6 Virus micro-neutralization assay

A549 cells (100 µL containing 2×105 cells/mL) were seeded in the

wells of 96-well plates and incubated at 37°C overnight in a 5% CO2

atmosphere. PurifiedmAbs were diluted serially by 2-fold using DMEM,

and 50 µL samples of each dilution were addedwith 50 µLHAdVs at 100

TCID50. The virus-antibody mixtures were incubated for 1 h at 37°C.

The mixtures were then transferred into 96-well plates comprising A549

cell monolayers at 85–95% confluence and cultured in DMEM

containing 2% FBS at 37°C for 1 h. A microscope was used to observe

the infected cells and then the viability of the A549 cells was determined

using a Cell Counting Kit-8 (CCK-8) assay (Vazyme Biotech, Nanjing,

China) according to the manufacturers protocol. After washing the 96-

well cell culture plate twice with sterile PBS, DMEMmedium (containing

10% FBS and 10% CCK-8 reagent) was added at 100 mL/well and
incubated for 2.5 h at 37°C in a cell incubator. The absorbance value at

450 nm was then measured using a microtiter plate reader. The

neutralizing titers and concentrations of the mAbs were used to

calculate the half-maximal inhibitory concentrations (IC50).
2.7 Western blotting analysis

Briefly, purified antigens were separated using SDS-PAGE

(together with prestained protein markers (NEB, Hitchin, UK))

and then electroblotted onto a polyvinylidene fluoride (PVDF)

membrane for immunoblotting. The membrane containing the

transferred proteins was blocked using 5% (w/v) NFDM in TBS
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buffer for at least 2 h. After blocking, a mAb or antiserum was added

and incubated overnight in a refrigerator at 4°C. The membrane

was then incubated with goat anti-human/mouse horseradish HRP-

conjugated IgG antibody (1:4,000, v/v) (ZSGB-BIO Beijing, China).

Western HPR Substrate Peroxide solution (Millipore, Billerica, MA,

USA) was used to detect the signals.
2.8 Antigen-antibody molecular
docking analysis

The antibody and antigen sequence (fasta format) were submitted

to AlphaFold2 (31), which was operated in the multimer mode and

monomer mode. The top ranked structure predicted using local

distance difference test (pLDDT) score model was chosen as best

structure. The antibody PDB residues were renumbered using the

Chothia antibody-numbering scheme (32). The renumbered PDB

residues were then submitted to the Antibody_H3 module in Rosetta

3 (33) with default settings to optimize the complementarity

determining region 3 (CDR3) conformation. The top 1000

conformations were generated and ranked as Antibody_H3 scores.

HADDOCK (34) was employed to simulate antibody-antigen docking.

HADDOCK performed rigid body docking to generate 10000

conformations. The top 1000 conformations with minimum energy

score were selected to perform flexible refinement and energy

minimization refinement. According to the Root Mean Square

Deviation (RMSD), the conformations were divided into different

clusters. The top five structures from the Antibody_H3 results with

antigen structures were submitted to HADDOCK to perform five times

docking. The best conformation of the antibody-antigen complex was

selected from the largest conformation cluster by visual inspection.
2.9 Thermostability assessment

The candidate mAb’s thermostability was assessed utilizing a

UNcle (UNchained Laboratories) detection approach based on

fluorescence, dynamic light scattering (DLS), and static light

scattering (SLS). A mAb sample was diluted in PBS to 3333 nM in

several formulations and tested in duplicate. Between 25 and 95°C, a

heating rate of 0.25°C/minute was observed. The best analytical

technique was determined to be the barycentric mean (BCM) of

the fluorescence intensity. The SLS data were simultaneously

gathered while the SLS assays were measured at 266 nm. The

greatest point of the first derivative of the melting curve was

defined as the melting temperature (Tm). The first positive data

point above the baseline of the first derivative of SLS was used to

define aggregate temperatures (Tagg). Finally, Tm and Tagg from the

DLS assay were analyzed and calculated using UNCLE Analysis

Software (Unchained Labs, Pleasanton, CA, USA) (35).
2.10 Statistical analysis

The mean and standard deviation for all quantitative data are

shown. One-way ANOVA or a t-test were used to determine the
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statistical significance of the differences between groups. P-values

under 0.05 were used to determine the statistical significance of the

differences. GraphPad Prism 5 was used to analyze all of the data

(GraphPad Inc., La Jolla, CA, USA).
3 Results

3.1 Panning and screening of anti-HAdV55
scFv clones

To obtain neutralizing antibodies with high specificity, diversity

and affinity, mice were immunized using purified inactivated-

HAdV55 (Figure S1). The immune sera showed effective and

specific serological activity against HAdV55 binding, at a titer of

409600, compared with that of the pre-immune serum (Figure S2).

We then constructed a phage display library, which had > 2×108

colony-forming units (CFU). After two rounds of phage display

biopanning, the binding partners of HAdV55 were selected using

PHAGE-ELISA, which identified 130 out of 234 clones as positive

clones (Figure S3). Sequencing of the 130 clones allowed us to

discard duplicate sequences based on their amino acid sequence

alignment. Notably, 14 HAdV55-specific clones with different

sequences were identified. The process is shown in Figure 1.
3.2 Production and characterization of
chimeric antibodies

The sequences encoding the heavy chain (VH) and light chain

(VL) of selected scFv clones were amplified and ligated into the

antibody expression vectors pTSE-G1n and pTSE-K, respectively, to

express human-mouse chimeric IgG1. Ten mAbs were successfully

expressed and purified using affinity chromatography. Next, we

investigated the properties of these antibodies, including their

binding affinity and neutralizing activity. HAdV55-bound antibodies

were screened using ELISA (Figure 2A). The EC50 values ranged from

0.0098 to 2.722 nM, indicating strong binding to HAdV55 by all the

mAbs (Figure 2B). Next, the neutralizing abilities of the mAbs toward

HAdV55 were determined. The results showed that 5 out of 10

candidate antibodies showed significant blocking effect on HAdV55

infection of A549 cells (Table S1). The inhibition rates of the five

candidate mAbs (9-8, 10-4, 2-8, 12-1 and 8-2) were calculated using

normalization against a control sample (Figure 2C). The five mAbs

displayed dose-dependent neutralizing protection, with IC50 values

below 29.65 nM, including a minimum IC50 of 0.1927 nM. Through a

comprehensive evaluation of various parameters, we finally selected

mAb 9-8, which had the best binding activity and neutralization

activity, as a candidate antibody for subsequent studies.
3.3 Production, binding, and neutralization
of humanized antibodies

Hu-mAb, an antibody humanization tool, reduced the likelihood

of immunogenicity in murine antibody sequences (36). The mouse-
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derived antibody 9-8 was humanized by Hu-mAb (http://

opig.stats.ox.ac.uk/webapps/newsabdab/sabpred/humab). In order

to humanize antibody variable region sequences, mutations that

improve the “human” score were created, but only in the

framework region, leaving the CDR residues unaltered to maintain

antibody binding characteristics (Table S2). The humanized VH and

VL sequences were fused those of the human VH and LH constant

domains encoded in pTSE-G1n and pTSE-K vectors, respectively, to

construct the humanizedmAb 9-8-h2. SDS-PAGE demonstrated that

the protein purity of mAb 9-8-h2 was higher than 95% (Figure S4).

To compare the binding activity between the humanizedmAb 9-8-h2

and the chimeric antibody mAb 9-8, the EC50 for antibody binding to

HAdV55 was calculated according to the ELISA results. As shown in

Figure 3A, mAb 9-8-h2 bound to HAdV55 with an EC50 of 0.0701

nM, which was comparable to that of mAb 9-8 (0.0410 nM).

Furthermore, the neutralizing activity of the antibody was assessed

using a micro-neutralization assay. The humanized mAb 9-8-h2

demonstrated a neutralization ability that was slightly lower than

that of the human-mouse chimeric mAb 9-8; however, the

humanized mAb 9-8-h2 could still neutralize HAdV55 infection

with an IC50 of 0.6050 nM (Figure 3B).
3.4 Cross-reactivity of the humanized mAb
9-8-h2 against other types of HAdVs

To identify the cross-reactivity of antibody mAb 9-8-h2,

purified HAdV55, HAdV7, and HAdV4 virions were employed as

coating antigens for ELISA. Two unrelated antibodies (anti-EGFR

antibody (anti-EGFR) and anti-HAdV7 antibody (10G12)) served

as the negative controls and the anti-HAdV5 serum served as the
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positive control. As shown in Figure 4A, mAb 9-8-h2 interacted

with HAdV55 and HAdV7, but not with HAdV4. In comparison to

mAb 9-8-h2 to HAdV55, mAb 9-8-h2’s binding OD value to

HAdV7 was lower. To examine mAb 9-8-h2’s potential for cross-

neutralization, we performed adenovirus neutralization

experiments in vitro. A549 cells were infected with HAdV7,

HAdV4, and HAdV55 with 100 TCID50. The humanized mAb 9-

8-h2 could neutralize HAdV55, but not HAdV7 or HAdV4

(Figures 4B–D). According to the results of ELISA, mAb 9-8-h2

bound to HAdV7, but could not neutralize HAdV7, which

indicated that the epitope of mAb 9-8-h2 recognized on HAdV7

might not be neutralizing.
3.5 Humanized mAb 9-8-h2 binds
the fiber protein

Hexon is a crucial protective antigen for the generation of

neutralizing antibodies, and the fiber protein contains certain

neutralizing epitopes, according to earlier research (37). ELISA

and immunoblotting analysis were then carried out to discover

the epitope recognized by mAb 9-8-h2. The hexon LP12 fragment

and fiber-encoding genes were amplified by PCR and introduced

into the pTIG-TRX vector, respectively. Escherichia coli BL21 (DE3)

cells were transformed with the pTIG-TRX-LP12/fiber plasmid to

produce the His-tagged fusion protein, which was described in our

previous study (27). As coating antigens for ELISA, HAdV55

virions, fragment LP12 (comprising loop1 and loop2 of the

hexon), and fiber were employed. The results demonstrated that

HAdV55 virions and fiber, but not LP12, were bound by mAb 9-8-

h2 (Figure 5A). After coating the ELISA assay plates with fiber, the
FIGURE 1

Diagram of the strategy for immunization and screening used to isolate mAbs recognizing HAdV55. Mice were immunized with inactivated and
purified HAdV55 virus, and serum was collected to determine antibody titer. Following that, RNA from mouse spleen was isolated and reverse-
transcribed into cDNA. The light and heavy chain variable region genes (VL and VH) of the antibodies were amplified using cDNA as a template. The
gene fragment encoding the single-chain fragment variable (scFv) antibody was obtained by amplifying VL and VH using overlapping extension PCR,
and scFv was then cloned into the phage vector to create the scFv phage display library. After that, the scFv phage display library was screened three
times with purified HAdV55 as the target. Using Phage-ELISA, positive phage clones were identified. The screened positive phage clones were
subjected to a sequence analysis.
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affinity of mAb 9-8-h2 for the fiber protein was calculated. The

results revealed that mAb 9-8-h2 had a lower affinity for fiber than

for HAdV55, with a binding activity of 17.21 nM (Figure 5B).

Additionally, we performed immunoblot analysis under reducing

and non-reducing condit ions , with or without beta-

mercaptoethanol (b-ME). The HAdV55 fiber protein retained its

trimeric form in SDS-PAGE loading buffer with 10% SDS but

without b-ME and heating. Theoretically, the HAdV55 fiber

monomers had a molecular weight of about 35 kDa, while the

theoretical molecular weight of the trimer was about 105 kDa

(Figure 5C). The humanized mAb 9-8-h2 recognized HAdV55

(lane 1) and trimeric HAdV55 fiber (lane 3) under non-reducing

conditions, but did not recognize HAdV55 (lane 2) and monomeric

HAdV55 fiber (lane 4) under reducing conditions (b-ME plus

heating at 98°C) (Figure 5D). These results suggested that the

conformation of the epitopes on the HAdV55 fiber homotrimer

affected their recognition by mAb 9-8-h2.
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3.6 Antibody structures and computational
docking studies

The structure of mAb 9-8-h2 was predicted using the

AlphaFold2 program based on its protein sequence. The best

predicted model was reasonable according to its pLDDT score of

0.921. The conformation of CDR3 was stretched out in the

predicted model, which is rare in antibody structures (Figure

S5A). The antibody conformation was further optimized using

the Antibody_H3 module of Rosetta 3. The top five of 1000

conformations generated by Antibody_H3 were selected

according to their ranking scores (Figure S5B). The heavy chain

CDR3 structure of those five antibody conformations were

reasonable in antibody binding, in which they adopted a bending

pose. Those five hits were used for antibody-antigen complex

prediction (Figure S6; Table S4). The structure of the fiber

homotrimer was predicted using AlphaFold2 based on its protein
B

C

A

FIGURE 2

Profiles of the binding and neutralization of mAbs toward HAdV55. (A) Curves showing the binding between all mAbs and HAdV55. (B) ELISA data-
generated heatmap showing the binding between the mAbs and HAdV55 (n = 3 independent experiments). (C) Neutralization assay of the chimeric
antibodies, 9-8, 10-4, 2-8, 12-1, and 8-2 toward viruses. Data are shown as the mean ± SD (n = 3 independent experiments). Nonlinear regression
analysis was used to obtain the IC50 value.
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sequence (Figure S5C). The best predicted model was reasonable

according to its pLDDT score of 0.857 and was used for antibody-

antigen complex prediction. The structure of the antibody-antigen

complex was predicted using HADDOCK3. According to the

predicted conformation clustering analysis, antibody_0307 bound

with the receptor binding domain of the antigen was the best

predicted model, which belonged to the largest cluster containing

eight similar conformations (Figures 6A, S7; Table S5). Gly 104 of

heavy chain CDR3 bound with antigen Arg 288 via a hydrogen

bond. Besides, the Lys 36 of CDR1 in the light chain formed a salt

bridge with Asp157 of the antigen, and Gln 35 of CDR1 in the light

chain formed a hydrogen bond with Asn 200 of the

antigen (Figure 6B).

To corroborate the computational docking results of HAdV55

and mAb 9-8-h2 was correct, the binding ability of mAb 9-8-h2 to

recombinant HAdV55 fiber proteins which were mutated at Arg

288, Asp 157, and/or Asn 200 by alanine mutagenesis. Arg 288, Asp

157, and/or Asn 200 was mutated to alanine respectively. Fiber

mutants that altered the key amino acids were constructed and

purification (Figure S8A). In ELISA, the mAb 9-8-h2 recognized
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fiber and three fiber single site mutants (D157A, N200A or R288A),

but did not recognize fiber-mut (D157A, N200A and R288A).

Analysis of the binding affinity of mAb 9-8-h2 to fiber revealed

an EC50 value of 11.49 nM, which was range from 2.95 to 8.79 fold

higher than that of the three fiber single site mutants (Figure S8B).

These results suggested that Arg 288, Asn 200, especially Asp 157

were critical to fiber/mAb 9-8-h2 binding.
3.7 Biophysical and stability/forced
degradation study of mAb 9-8-h2

Pharmaceutical quality control requires the characterization of

the biophysical characteristics of antibodies. The creation of new

therapeutics largely depends on the aggregation behavior of

biological molecules. Thermostability was assessed and the graph

demonstrated that the melting temperature (Tagg) for mAb 9-8-h2

was 65.70°C, with a melting temperature for the first transition

(Tm1) of 67.47°C, and a melting temperature for the second

transition (Tm2) of 76.70°C (Figure 7A; Table S3). Under normal
B

A

FIGURE 3

Humanized mAb 9-8-h2 binding and neutralization abilities. (A) Humanized mAb 9-8-h2 binding to HAdV55, as assessed using ELISA.
(B) Neutralization assay of humanized mAb 9-8-h2. Data are shown as the mean ± SD (n = 3 independent experiments). Nonlinear regression
analysis was used to obtain the IC50 value.
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conditions (pH 7.4, RT), and under pH stress (pH 3, RT), mAb 9-8-

h2 exhibited no significant aggregation (Figure 7B). The humanized

mAb 9-8-h2 had good thermostability and aggregation resistance,

indicating that it possessed favorable general physicochemical

properties necessary for its development as a passive immune agent.
4 Discussion

To date, only one human mAb, 3-3E, has been isolated from a

single plasma cell contained in HAdV-7 infected patient-derived

peripheral blood mononuclear cells using the single B-cell PCR

technique (23). Most of anti-HAdV neutralizing antibodies have

been developed from mice (38). Tian et al. obtained an mAb with

broad neutralizing activity against HAdV types 55, 14p, 7, and 11

using the hybridoma fusion technique with recombinant type 11

fiber knob (39). In our preliminary study, we generated 10G12, a

novel anti-HAdV7 antibody, by immunizing a mouse to construct

an scFv-phage immune library. We found that 10G12 could

specifically bind the hexon protein of HAdV7 and had effective

neutralization activity against HAdV7 (27). Mouse-derived

monoclonal antibodies could produce human anti-murine

antibody (HAMA) reactions because of their immunogenicity,

which might be life-threatening to the patient; therefore, they

require humanization before therapeutic use. However, the

humanization of anti-HAdV murine antibodies has not yet been

reported. Herein, an scFv-phage immune library was obtained from

mice immunized using HAdV55, in which a potent humanized

neutralizing antibody, mAb 9-8-h2, was identified that could inhibit

HAdV55 infection in vitro. To the best of our knowledge, this is the

first report of a humanized mAb that can neutralize HAdV55.
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It is generally accepted that HAdV mAbs are serotype-specific,

and some earlier investigations demonstrated that they exhibited

little or no cross-reactivity with other species of HAdV. Meanwhile,

few studies have examined the cross-neutralization of various

strains of the same HAdV species (39). Considering that there are

more than 111 HAdV genotypes, we selected HAdV7, which

belongs to the same species as HAdV55 but is a different

serotype, and HAdV4, which is a different species, to detect the

cross-reactivity of mAb 9-8-h2. The ELISA results showed that

mAb 9-8-h2 interacted with HAdV55 and faintly with HAdV7, but

not with HAdV4 (Figure 6A). Importantly, in vitro neutralization

experiments showed that mAb 9-8-h2 neutralized HAdV55, but not

HAdV7 and HAdV4 (Figures 6B–D). Rong et al. suggested that

antibody 10G12 cannot neutralize HAdV55, and showed little

cross-reactivity, likely via interactions with non-neutralizing

epitopes (27). The current study showed that the sequences of

mAb 9-8-h2 that recognize the antigenic epitopes of HAdV7 and

HAdV55 had some homology; however, the differences in certain

key amino acids resulted in mAb 9-8-h2 being able to neutralize

HAdV55 but not HAdV7.

When humans were immunized with recombinant adenovirus

capsid proteins, anti-fiber antibodies appeared first, followed by

anti-penton antibodies, and then anti-hexon antibodies (40).

Studies have reported that HAdV-specific neutralized antibodies

mainly target the hexon protein, especially multiple hexon

hypervariable regions (41, 42). However, HAdV-specific

neutralized antibodies against the fiber knob and penton base

have also been described (43). Herein, the recombinant fiber

protein of HAdV55 was expressed and purified. MAb 9-8-h2

could bind to HAdV55 virions and fibers, but not to LP12

(Figure 5A). MAb 9-8-h2 was also used to identify a
B

C D

A

FIGURE 4

Humanized mAb 9-8-h2 cross-reacts with several types of HAdV. ELISA detection of humanized mAb 9-8-h2 reacting with purified virions from
HAdV4, HAdV7, and HAdV55 (A). n = 3 independent experiments; data are shown as the means ± SD. Humanized mAb 9-8-h2 was assessed for NAb
titers to HAdV55 (B), HAdV7 (C) or HAdV4 (D) viruses using an in vitro micro-neutralization test.
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conformational epitope common to the HAdV55 fiber. MAb 9-8-h2

could bind HAdV55 and fiber protein under nonreducing

conditions (Figure 5C), suggesting that mAb 9-8-h2 recognized a

conformational epitope in the HAdV55 fiber, which was also
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present in the HAdV55 trimeric fibers. The trimeric form of the

fiber is necessary to induce neutralizing antibodies and to make

contact with the receptors, and discontinuous epitopes on the head

domain might be involved in fiber-cell interactions (26).
B

C D

A

FIGURE 5

Binding of humanized mAb 9-8-h2 to the fiber of HAdV55. (A) Binding of various antigens by mAb, assessed using ELISA analysis (n =3 independent
experiments). Data are shown as the means ± SD. (B) ELISA-derived affinity curve for binding between serially diluted (starting concentration of 66.7
nM) humanized mAb 9-8-h2 and the fiber (200 ng/well). (C) SDS-PAGE analysis of the purified HAdV55 and recombinant HAdV55 fiber. Purified
HAdV55 virions and recombinant fiber proteins were heated at 98°C (“Reducing”) or stored at room temperature (“Non-reducing”) for 5min with
loading buffer. (D) The polymeric form of the HAdV55 fiber is recognized by the mAbs, as assessed using western blotting. A 300 ng/well sample of
purified HAdV55 virions and recombinant fiber protein were loaded/used in SDS-PAGE and WB analysis. Primary antibody (6667 nM) was diluted
1:1,000. M, prestained protein markers; 1, Purified HAdV55 virions (Non-reducing, Green arrow); 2, Purified HAdV55 virions (Reducing, Blue arrow); 3,
recombinant fiber protein (Non-reducing, Red arrow); 4, recombinant fiber protein (Reducing, Purple arrow).
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In addition, we used a computational method to analyze the

interaction between 9-8-h2 and fiber to locate the binding site, which

was supplemented by experimental approaches utilizing targeted

mutations. Using computer-generated molecular docking, a model of

the interaction between the mAb 9-8-h2 and the HAdV55 fiber was
Frontiers in Immunology 10
created, and it was suggested that the residues Arg 288, Asn 200, and

Asp 157 were important. Our theoretical and experimental approaches

were largely convergent, and we discovered that the fiber residues Arg

288, Asn 200 andAsp 157 reacted with CDRH3 and CDRL1 inmAb 9-

8-h2. These particular amino acid were essential for this
BA

FIGURE 6

Molecular docking of mAb 9-8-h2 to the Fiber antigen. (A) Predicted structure of the antibody-antigen complex by HADDOCK3. The heavy chain is
marked in green, and the light chain is marked in cyan. The antigen homotrimer is marked in yellow, orange, and salmon. (B) Binding mode of the
antibody-antigen interaction surface.
B

A

FIGURE 7

Physical properties of humanized mAb 9-8-h2. (A)Tm and Tagg with optional DLS detection of the developed characteristics of the thermostability
properties of mAb 9-8-h2. The data are from two independent replicate experiments. (B) ELISA of mAb 9-8-h2 and HAdV55/fiber binding. MAb 9-8-
h2 was incubated under different pH value (pH3 or 7.4).
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conformational epitope. Next, cryo-EM will be used to investigate the

actual crystal structure formed during the binding of the mAb 9-8-h2

to the fiber. The neutralizing antibody mAb 9-8-h2 is a candidate

therapeutic antibody; therefore, we will further determine whether it

can provide in vivo protection against HAdV55. However, currently,

we lack an in vivo experimental model of HAdV-B infection. Thus, it is

important to establish an animal HAdV-B infection model to develop

therapeutic antibodies against HAdV-B.

In conclusion, mAb 9-8-h2 had the highest affinity for

HAdV55, significantly inhibited the infection of HAdV55 virus at

low concentrations in vitro, and displayed favorable general

physicochemical properties. MAb 9-8-h2 has potential utility for

prophylactic or therapeutic purposes against HAdV55 infection.

MAb 9-8-h2 should be tested clinically to treat patients, alone or

combined with currently available anti-HAdV drugs.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The animal study was reviewed and approved by the Animal

Care and Use Committee (Beijing Institute of Biotechnology).
Author contributions

Conception and design of the experiments: TZ and ZY. Library

construction, phage display, cloning, production, purification and

characterization of scFv: JG, YJ, KC, and XW. Designed the

humanized antibody: JY. Production and purification of
Frontiers in Immunology 11
recombinant proteins, HAdVs culture, and microneutralization

assay: LC. Data analysis and interpretation, figures preparation:

JL, RW, YY, and PD. Drafting the manuscript: LC and JL. Revision

the manuscript: ZY and TZ. All authors contributed to the article

and approved the submitted version.
Funding

This research was supported by BWS21J014.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.

1132822/full#supplementary-material
References
1. Tian X, Ma Q, Jiang Z, Huang J, Liu Q, Lu X, et al. Identification and application
of neutralizing epitopes of human adenovirus type 55 hexon protein. Viruses (2015)
7:5632–42. doi: 10.3390/v7102896

2. Yao LH,Wang C, Wei TL, Wang H, Ma FL, Zheng LS. Human adenovirus among
hospitalized children with respiratory tract infections in Beijing, China 2017-2018.
Virol J (2019) 16:78. doi: 10.1186/s12985-019-1185-x

3. Yi H, Wang Q, Deng J, Li H, Zhang Y, Chen Z, et al. Seroprevalence of
neutralizing antibodies against adenovirus type 26 and 35 in healthy populations
from guangdong and Shandong provinces, China. Virol Sin (2022) 37:716–23.
doi: 10.1016/j.virs.2022.06.006

4. Duan Y, Xu B, Li C, Bao Y, An S, Zhou Y, et al. Molecular characteristics of
human adenovirus type 3 circulating in parts of China during 2014-2018. Front
Microbiol (2021) 12:688661. doi: 10.3389/fmicb.2021.688661

5. Lenaerts L, De Clercq E, Naesens L. Clinical features and treatment of adenovirus
infections. Rev Med Virol (2008) 18:357–74. doi: 10.1002/rmv.589

6. Feng Y, Sun X, Ye X, Feng Y, Wang J, Zheng X, et al. Hexon and fiber of
adenovirus type 14 and 55 are major targets of neutralizing antibody but only fiber-
specific antibody contributes to cross-neutralizing activity. Virology (2018) 518:272–83.
doi: 10.1016/j.virol.2018.03.002

7. Li X, Kong M, Su X, Zou M, Guo L, Dong X, et al. An outbreak of acute
respiratory disease in China caused by human adenovirus type B55 in a physical
training facility. Int J Infect Dis (2014) 28:117–22. doi: 10.1016/j.ijid.2014.06.019
8. Chen M, Zhu Z, Huang F, Liu D, Zhang T, Ying D, et al. Adenoviruses associated
with acute respiratory diseases reported in Beijing from 2011 to 2013. PloS One (2015)
10:e0121375. doi: 10.1371/journal.pone.0121375

9. Yi L, Zou L, Lu J, Kang M, Song Y, Su J, et al. A cluster of adenovirus type B55
infection in a neurosurgical inpatient department of a general hospital in guangdong,
China. Influenza Other Respir Viruses (2017) 11:328–36. doi: 10.1111/irv.12457

10. Lu G, Peng X, Li R, Liu Y, Wu Z, Wang X, et al. An outbreak of acute respiratory
infection at a training base in Beijing, China due to human adenovirus type B55. BMC
Infect Dis (2020) 20:537. doi: 10.1186/s12879-020-05258-2

11. Lu QB, Tong YG, Wo Y, Wang HY, Liu EM, Gray GC, et al. Epidemiology of
human adenovirus and molecular characterization of human adenovirus 55 in China
2009-2012. Influenza Other Respir Viruses (2014) 8:302–8. doi: 10.1111/irv.12232

12. Walker LM, Burton DR. Passive immunotherapy of viral infections: 'super-
antibodies' enter the fray. Nat Rev Immunol (2018) 18:297–308. doi: 10.1038/
nri.2017.148

13. Dibo M, Battocchio EC, Dos Santos Souza LM, Da Silva MDV, Banin-Hirata
BK, Sapla MMM, et al. Antibody therapy for the control of viral diseases: An update.
Curr Pharm Biotechnol (2019) 20:1108–21. doi: 10.2174/13892010206
66190809112704

14. Both L, Banyard AC, Van Dolleweerd C, Wright E, Ma JK, Fooks AR.
Monoclonal antibodies for prophylactic and therapeutic use against viral infections.
Vaccine (2013) 31:1553–9. doi: 10.1016/j.vaccine.2013.01.025
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1132822/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1132822/full#supplementary-material
https://doi.org/10.3390/v7102896
https://doi.org/10.1186/s12985-019-1185-x
https://doi.org/10.1016/j.virs.2022.06.006
https://doi.org/10.3389/fmicb.2021.688661
https://doi.org/10.1002/rmv.589
https://doi.org/10.1016/j.virol.2018.03.002
https://doi.org/10.1016/j.ijid.2014.06.019
https://doi.org/10.1371/journal.pone.0121375
https://doi.org/10.1111/irv.12457
https://doi.org/10.1186/s12879-020-05258-2
https://doi.org/10.1111/irv.12232
https://doi.org/10.1038/nri.2017.148
https://doi.org/10.1038/nri.2017.148
https://doi.org/10.2174/1389201020666190809112704
https://doi.org/10.2174/1389201020666190809112704
https://doi.org/10.1016/j.vaccine.2013.01.025
https://doi.org/10.3389/fimmu.2023.1132822
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Chen et al. 10.3389/fimmu.2023.1132822
15. Markham A. REGN-EB3: First approval. Drugs (2021) 81:175–8. doi: 10.1007/
s40265-020-01452-3

16. Rocca A, Biagi C, Scarpini S, Dondi A, Vandini S, Pierantoni L, et al. Passive
immunoprophylaxis against respiratory syncytial virus in children: Where are we now?
Int J Mol Sci (2021) 22:3703. doi: 10.3390/ijms22073703

17. Yu B, Dong J, Wang C, Zhan Y, Zhang H, Wu J, et al. Characteristics of
neutralizing antibodies to adenovirus capsid proteins in human and animal sera.
Virology (2013) 437:118–23. doi: 10.1016/j.virol.2012.12.014

18. Bremner KH, Scherer J, Yi J, Vershinin M, Gross SP, Vallee RB. Adenovirus
transport via direct interaction of cytoplasmic dynein with the viral capsid hexon
subunit. Cell Host Microbe (2009) 6:523–35. doi: 10.1016/j.chom.2009.11.006

19. Scherer J, Vallee RB. Adenovirus recruits dynein by an evolutionary novel
mechanism involving direct binding to pH-primed hexon. Viruses (2011) 3:1417–31.
doi: 10.3390/v3081417

20. Scherer J, Vallee RB. Conformational changes in the adenovirus hexon subunit
responsible for regulating cytoplasmic dynein recruitment. J Virol (2015) 89:1013–23.
doi: 10.1128/JVI.02889-14

21. Hong SS, Bardy M, Monteil M, Gay B, Denesvre C, Tournier J, et al.
Immunoreactive domains and integrin-binding motifs in adenovirus penton base
capsomer. Viral Immunol (2000) 13:353–71. doi: 10.1089/08828240050144671

22. Hong SS, Habib NA, Franqueville L, Jensen S, Boulanger PA. Identification of
adenovirus (ad) penton base neutralizing epitopes by use of sera from patients who had
received conditionally replicative ad (addl1520) for treatment of liver tumors. J Virol
(2003) 77:10366–75. doi: 10.1128/jvi.77.19.10366-10375.2003

23. Lu J, Wang R, Huang Y, Yu Y, Zhou X, Huang P, et al. A novel human
monoclonal antibody potently neutralizes human adenovirus serotype 7 by primarily
targeting the adenovirus hexon protein. Virology (2020) 543:20–6. doi: 10.1016/
j.virol.2019.12.005

24. Varghese R, Mikyas Y, Stewart PL, Ralston R. Postentry neutralization of
adenovirus type 5 by an antihexon antibody. J Virol (2004) 78:12320–32.
doi: 10.1128/JVI.78.22.12320-12332.2004

25. Everitt E, De Luca A, Blixt Y. Antibody-mediated uncoating of adenovirus in
vitro. FEMS Microbiol Lett (1992) 77:21–7. doi: 10.1016/0378-1097(92)90126-9

26. Fender P, Kidd AH, Brebant R, Oberg M, Drouet E, Chroboczek J. Antigenic
sites on the receptor-binding domain of human adenovirus type 2 fiber. Virology (1995)
214:110–7. doi: 10.1006/viro.1995.9949

27. Wang R, Lu J, Zhou Q, Chen L, Huang Y, Yu Y, et al. A murine monoclonal
antibody with potent neutralization ability against human adenovirus 7. Front Cell
Infect Microbiol (2019) 9:417. doi: 10.3389/fcimb.2019.00417

28. Rux JJ, Burnett RM. Large-Scale purification and crystallization of adenovirus
hexon. Methods Mol Med (2007) 131:231–50. doi: 10.1007/978-1-59745-277-9_17

29. He M, Chi X, Zha Z, Li Y, Chen J, Huang Y, et al. Structural basis for the shared
neutralization mechanism of three classes of human papillomavirus type 58 antibodies
with disparate modes of binding. J Virol (2021) 95:e01587–20. doi: 10.1128/JVI.01587-20

30. Krebber A, Bornhauser S, Burmester J, Honegger A, Willuda J, Bosshard HR,
et al. Reliable cloning of functional antibody variable domains from hybridomas and
Frontiers in Immunology 12
spleen cell repertoires employing a reengineered phage display system. J Immunol
Methods (1997) 201:35–55. doi: 10.1016/s0022-1759(96)00208-6

31. Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, et al. Highly
accurate protein structure prediction with AlphaFold. Nature (2021) 596:583–9.
doi: 10.1038/s41586-021-03819-2

32. Dondelinger M, Filee P, Sauvage E, Quinting B, Muyldermans S, Galleni M, et al.
Understanding the significance and implications of antibody numbering and antigen-
binding Surface/Residue definition. Front Immunol (2018) 9:2278. doi: 10.3389/
fimmu.2018.02278

33. Weitzner BD, Jeliazkov JR, Lyskov S, Marze N, Kuroda D, Frick R, et al.
Modeling and docking of antibody structures with Rosetta. Nat Protoc (2017) 12:401–
16. doi: 10.1038/nprot.2016.180

34. Honorato RV, Koukos PI, Jimenez-Garcia B, Tsaregorodtsev A, Verlato M,
Giachetti A, et al. Structural biology in the clouds: The WeNMR-EOSC ecosystem.
Front Mol Biosci (2021) 8:729513. doi: 10.3389/fmolb.2021.729513

35. Murakami T, Kumachi S, Matsunaga Y, Sato M, Wakabayashi-Nakao K, Masaki
H, et al. Construction of a humanized artificial VHH library reproducing structural
features of camelid VHHs for therapeutics. Antibodies (Basel) (2022) 11:10.
doi: 10.3390/antib11010010

36. Marks C, Hummer AM, Chin M, Deane CM. Humanization of antibodies using
a machine learning approach on large-scale repertoire data. Bioinformatics (2021)
37:4041–7. doi: 10.1093/bioinformatics/btab434

37. Bradley RR, Lynch DM, Iampietro MJ, Borducchi EN, Barouch DH. Adenovirus
serotype 5 neutralizing antibodies target both hexon and fiber following vaccination
and natural infection. J Virol (2012) 86:625–9. doi: 10.1128/JVI.06254-11

38. Tian X, Li C, Xue C, Li X, Zhou Z, Zhou R. Epitope mapping and
characterization of a neutralizing monoclonal antibody against human adenovirus
type 3. Virus Res (2013) 177:189–93. doi: 10.1016/j.virusres.2013.08.013

39. Tian X, Fan Y, Liu Z, Zhang L, Liao J, Zhou Z, et al. Broadly neutralizing
monoclonal antibodies against human adenovirus types 55, 14p, 7, and 11 generated
with recombinant type 11 fiber knob. Emerg Microbes Infect (2018) 7:206. doi: 10.1038/
s41426-018-0197-8

40. Gahery-Segard H, Farace F, Godfrin D, Gaston J, Lengagne R, Tursz T, et al.
Immune response to recombinant capsid proteins of adenovirus in humans: antifiber
and anti-penton base antibodies have a synergistic effect on neutralizing activity. J Virol
(1998) 72:2388–97. doi: 10.1128/JVI.72.3.2388-2397.1998

41. Sumida SM, Truitt DM, Lemckert AA, Vogels R, Custers JH, Addo MM, et al.
Neutralizing antibodies to adenovirus serotype 5 vaccine vectors are directed primarily
against the adenovirus hexon protein. J Immunol (2005) 174:7179–85. doi: 10.4049/
jimmunol.174.11.7179

42. Bradley RR, Maxfield LF, Lynch DM, Iampietro MJ, Borducchi EN, Barouch
DH. Adenovirus serotype 5-specific neutralizing antibodies target multiple hexon
hypervariable regions. J Virol (2012) 86:1267–72. doi: 10.1128/JVI.06165-11

43. Cheng C, Gall JG, Nason M, King CR, Koup RA, Roederer M, et al.
Differential specificity and immunogenicity of adenovirus type 5 neutralizing
antibodies elicited by natural infection or immunization. J Virol (2010) 84:630–8.
doi: 10.1128/JVI.00866-09
frontiersin.org

https://doi.org/10.1007/s40265-020-01452-3
https://doi.org/10.1007/s40265-020-01452-3
https://doi.org/10.3390/ijms22073703
https://doi.org/10.1016/j.virol.2012.12.014
https://doi.org/10.1016/j.chom.2009.11.006
https://doi.org/10.3390/v3081417
https://doi.org/10.1128/JVI.02889-14
https://doi.org/10.1089/08828240050144671
https://doi.org/10.1128/jvi.77.19.10366-10375.2003
https://doi.org/10.1016/j.virol.2019.12.005
https://doi.org/10.1016/j.virol.2019.12.005
https://doi.org/10.1128/JVI.78.22.12320-12332.2004
https://doi.org/10.1016/0378-1097(92)90126-9
https://doi.org/10.1006/viro.1995.9949
https://doi.org/10.3389/fcimb.2019.00417
https://doi.org/10.1007/978-1-59745-277-9_17
https://doi.org/10.1128/JVI.01587-20
https://doi.org/10.1016/s0022-1759(96)00208-6
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.3389/fimmu.2018.02278
https://doi.org/10.3389/fimmu.2018.02278
https://doi.org/10.1038/nprot.2016.180
https://doi.org/10.3389/fmolb.2021.729513
https://doi.org/10.3390/antib11010010
https://doi.org/10.1093/bioinformatics/btab434
https://doi.org/10.1128/JVI.06254-11
https://doi.org/10.1016/j.virusres.2013.08.013
https://doi.org/10.1038/s41426-018-0197-8
https://doi.org/10.1038/s41426-018-0197-8
https://doi.org/10.1128/JVI.72.3.2388-2397.1998
https://doi.org/10.4049/jimmunol.174.11.7179
https://doi.org/10.4049/jimmunol.174.11.7179
https://doi.org/10.1128/JVI.06165-11
https://doi.org/10.1128/JVI.00866-09
https://doi.org/10.3389/fimmu.2023.1132822
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	A humanized anti-human adenovirus 55 monoclonal antibody with good neutralization ability
	1 Introduction
	2 Materials and methods
	2.1 Viruses and cell lines
	2.2 scFv-phage antibody library construction
	2.3 Selection of the scFv-phage antibody library
	2.4 Cloning, expression, and purification of the antibody
	2.5 ELISA
	2.6 Virus micro-neutralization assay
	2.7 Western blotting analysis
	2.8 Antigen-antibody molecular docking analysis
	2.9 Thermostability assessment
	2.10 Statistical analysis

	3 Results
	3.1 Panning and screening of anti-HAdV55 scFv clones
	3.2 Production and characterization of chimeric antibodies
	3.3 Production, binding, and neutralization of humanized antibodies
	3.4 Cross-reactivity of the humanized mAb 9-8-h2 against other types of HAdVs
	3.5 Humanized mAb 9-8-h2 binds the fiber protein
	3.6 Antibody structures and computational docking studies
	3.7 Biophysical and stability/forced degradation study of mAb 9-8-h2

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


