
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Jozsef Soki,
University of Szeged, Hungary

REVIEWED BY

Juan Alberto Corbera,
University of Las Palmas de Gran Canaria,
Spain
Miriam Cordovana,
Bruker Daltonik GmbH, Germany

*CORRESPONDENCE

Yurong Wen

Yurong.Wen@xjtu.edu.cn

Fang Zheng

Fang.Zheng@xjtu.edu.cn

†These authors have contributed
equally to this work and share
first authorship

SPECIALTY SECTION

This article was submitted to
Microbial Immunology,
a section of the journal
Frontiers in Immunology

RECEIVED 09 October 2022

ACCEPTED 19 January 2023
PUBLISHED 10 February 2023

CITATION

Guo Y, Ouyang Z, He W, Zhang J, Qin Q,
Jiao M, Muyldermans S, Zheng F and
Wen Y (2023) Screening and epitope
characterization of diagnostic nanobody
against total and activated Bacteroides
fragilis toxin.
Front. Immunol. 14:1065274.
doi: 10.3389/fimmu.2023.1065274

COPYRIGHT

© 2023 Guo, Ouyang, He, Zhang, Qin, Jiao,
Muyldermans, Zheng and Wen. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

TYPE Original Research

PUBLISHED 10 February 2023

DOI 10.3389/fimmu.2023.1065274
Screening and epitope
characterization of diagnostic
nanobody against total and
activated Bacteroides fragilis toxin
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Qian Qin1, Min Jiao1, Serge Muyldermans2, Fang Zheng1*

and Yurong Wen1*

1Center for Microbiome Research of Med-X Institute, The Key Laboratory of Environment and Genes
Related to Disease of Ministry of Education, The First Affiliated Hospital, Xi’an Jiaotong University,
Xi’an, China, 2Laboratory of Cellular and Molecular Immunology, Vrije Universiteit Brussel,
Brussels, Belgium
Enterotoxigenic Bacteroides fragilis (ETBF) can rapidly secrete an enterotoxin

termed B. fragilis toxin (BFT), which is thought to be the only recognized

virulence factor in ETBF. ETBF can cause acute diarrhea, inflammatory bowel

disease (IBD), colorectal cancer, and breast cancer. BFT is divided into three

subtypes, BFT1, BFT2, and BFT3. BFT1 is the most widely distributed in human B.

fragilis isolates. BFT can be used as a biomarker for predicting the inflammation-

cancer transformation of intestine and breast. Nanobodies have the advantages of

small structure, complete antigen recognition capacity, rapid selection via phage

display technology, and can be massively produced in microbial expression

systems. Nanobodies have become a powerful tool for medical diagnosis and

treatment. This study focuses on screening and structural characterization of

nanobodies targeting full length and active BFT. By constructing prokaryotic

expression systems to obtain recombinant BFT1 protein, high purity BFT1 protein

was used to immunize alpacas. Phage display technology was used to construct a

phage display library. The positive clones were selected by bio-panning, and the

isothermal titration calorimetry was used to select high-affinity nanobodies. Then

the three-dimensional structures of BFT1:Nb2.82 and BFT1:Nb3.27 were solved by

crystal X-ray diffraction. We got two kinds of nanobodies, Nb2.82 targeting the

BFT1 prodomain and Nb3.27 recognizing the BFT1 catalytic domain. This study

provides a new strategy for the early diagnosis of ETBF and the possibility for BFT as

a biomarker for diagnosing diseases.
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1 Introduction

The gut microbiota occupies the large intestinal mucosa and is

composed of tens of trillions of microorganisms. Microorganisms

interact with the host in a bona fide manner and regulate multiple

physiological processes, including pathogenicity, nutrient uptake,

material metabolism, and host immunologic defense (1).

Bacteroides genus is a ubiquitous member of the human gut

microbiota. It can ferment sugars, starch, and fiber into volatile

fatty acids, which are absorbed and used by the host cells. B. fragilis

is considered the most virulent species and common clinical isolate in

Bacteroides (2). B. fragilis is a conditional pathogen, divided into

enterotoxigenic B. fragilis (ETBF) and non-enterotoxigenic B. fragilis

(NTBF). ETBF can secrete an enterotoxin termed B. fragilis toxin

(BFT), which is the most potent weapon of ETBF and encoded by the

bft gene. The gene locates in the B. fragilis pathogenicity island

(BfPAI), which is absent in NTBF strains (3).

ETBF can induce clinical pathology, including acute diarrhea,

bacteremia, inflammatory bowel disease, and colorectal cancer

(CRC). It is reported that ETBF stimulates rapid colitis and

strongly induces colonic tumors in multiple intestinal neoplasia

mice (4). Moreover, BFT induces ETBF tumorigenesis in ApcMin

(Min: multiple intestinal neoplasia) mice (5). The predominant

biofilm of familiar adenomatous polyposis (FAP) patients is mainly

composed of polyketide synthase (pks)+ E. coli and ETBF. Co-

colonization with pks+ E. coli and ETBF can increase colon tumor

onset and mortality in Azoxymethane (AOM) mice (6). BFT is

significantly occurring more often in mucosal samples from CRC

patients than in healthy individuals. The positivity of BFT in late-

stage CRC patients is higher than that in the early stage, where BFT is

thought to be the high-risk factor for the late stage of CRC and can be

a crucial biomarker for diagnosis (7). ETBF positivity and increased

abundance are associated with early-stage carcinogenic lesions (8).

Recent research also shows that ETBF can promote breast

tumorigenesis and metastatic progression (9). Hence, it is crucial to

detect and diagnose ETBF colonization. BFT is the only recognized

virulence factor in ETBF (10), so it can be used as a biomarker for

predicting inflammatory bowel disease, a risk factor for

carcinogenesis, and the development of cancer.

BFT is a zinc-dependent metallopeptidase (11). Three different

variants have been identified, including BFT1, BFT2, and BFT3 (12).

BFT1 is widely represented in human B. fragilis isolates (13), BFT2 is

confirmed to be the most toxic variant and can cause tissue damage,

BFT3 has a geographical tendency in Southeast Asia (14, 15). The pre-

protein of BFT consists of 397 amino acid residues with an 18-residue

signal peptide for secretion, a 193-residue prodomain, and a 186-

residue catalytic domain (16). The prodomain inhibits the catalytic

domain activity via an aspartate-switch mechanism (16). The

fragipain (Fpn) can cleave BFT-preproprotein into two discrete

fragments, the auto-inhibitory prodomain is cleaved off, BFT is

activated (10) and the catalytic domain is released from the

bacterial cell.

The colonization of ETBF leads to occurrence of related diseases,

so it is important to detect the active BFT. Colonization with ETBF is

often determined by detecting the bft gene or its biological activity.
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The first method is to extract DNA directly from stool or surgical

wound infection samples and the bft gene is detected via PCR and 16s

rRNA (17). The stool and surgical wound infection samples contain

PCR inhibitors, which reduce PCR sensitivity (18). In addition, when

the bft gene does not express, or the samples contain dead bacteria, it

is easy to generate false negative results. Moreover, the cost of PCR is

expensive. The second method uses HT29/C1 cells (a human colonic

epithelial tumor cell line) to detect the biological activity of BFT,

which is secreted in the culture supernatant of ETBF strains (19). In a

cytotoxic response of HT29/C1 cells, the cells exhibit morphological

changes after BFT treatment, including cell rounding and dissolution

of tight clusters (20). The main disadvantage of this method is the lack

of objective criteria for morphological changes. Subjective factors of

the experimenter easily influence the results. At the same time, this

method involves the culture of HT29/C1 cells and the isolation and

identification of anaerobic bacteria, which require complex

experimental conditions and high technical skills. Other detection

methods such as IMS-PCR (21), multiplex serology (22), and ELISA

(23), monoclonal antibodies are required. Although monoclonal

antibodies have high sensitivity and specificity, they suffer from

several disadvantages such as their large molecular size, high

production cost, short shelf-life (24), and eliciting immune

reactions (25). Therefore, these methods of ETBF detection cannot

be widely used in clinical diagnosis. It is necessary to develop a novel,

convenient, accurate, sensitive and low-cost detection method.

Heavy chain antibodies (HCAbs) are naturally occurring and

functional antibodies lacking light chains in camel serum. It contains

a heavy chain variable region (VHH), and heavy chain constant

regions 2 (CH2) and 3 (CH3). The VHH retains full antigen-binding

capacity and is the smallest intact antigen-binding fragment. VHH is

also named “nanobody” referring to their small size with nm

dimensions (2.5 nm × 4 nm × 3 nm, 12~15 kDa) (26, 27). The

discovery of nanobody opens a new era in antibody engineering,

nanobodies have gradually become a potent tool in therapeutic drugs

and clinical diagnostic reagents. Nanobodies have the advantages of a

shorter preparation period, better stability, weak immunogenicity,

specific antigen binding ability, and good tissue penetration (28). It

has already been widely applied in molecular imaging, disease

diagnosis, immunotherapy, and other fields. However, similar to

most common anaerobic bacteria in human infection samples, B.

fragilis related nanobodies have not been reported yet.

In this study, we focused on screening for specific BFT1 (full

length without signal peptide) nanobodies. BFT1, the most widely

distributed subtype, was used to immunize an alpaca. We have

constructed a phage display library of specific nanobodies against

the BFT1, and the library was used to retrieve the nanobodies. BFT1

nanobodies with high-affinity to antigen were assessed by isothermal

titration calorimetry, then these nanobodies were co-crystallized with

BFT1. We obtained nanobodies targeting the BFT1 prodomain

(Nb2.82) and the BFT1 catalytic domain (Nb3.27), respectively.

They form a powerful tool to detect mature and active BFT and

provide a forecast for diagnosis of postoperative infection in patients.

The study provides a new strategy for the early diagnosis of ETBF and

enlightens the possibility of diagnosing CRC using BFT as

a biomarker.
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2 Materials and methods

2.1 Cloning, expression, and purification of
recombinant BFT1

The DNA fragment was purchased (GENEWIZ, Suzhou, China)

and cloned in the pET28a vector. The BFT1 plasmid was transformed

into Escherichia coli Origami-2 (DE3) cells, protein expression was

induced with 0.4 mM isopropyl b-D-1-thiogalactopyranoside (IPTG)
at 18°C for 18–20 h, when the growth of culture reached an OD600nm of

0.6. The BFT1 protein was purified by Ni-NTA chromatography

followed by size exclusion chromatography (SEC) purification on a

Superdex 75 column (GE Healthcare, Boston, USA). The purity of the

protein was assessed by 12.5% SDS-PAGE stained with Coomassie blue.

Recombinant BFT1 protein was used for alpaca immunization, bio-

panning, and ELISA screening, mainly as described previously (29).
2.2 Library generation and bio-panning

An adult alpaca introduced from China was subcutaneously

injected with 100 mg purified recombinant BFT1 protein plus

adjuvant FAMA (Gerbu, Heidelberg, Germany) once a week.

Peripheral blood was collected from jugular vein before the first

injection and three days after the last injection, separated serum and

compared immune effect by ELISA.

Three days after the last immunization, peripheral blood

mononuclear cells (PBMCs) were extracted from alpaca blood,

followed by the mRNA isolated from PBMCs. VHH was amplified

by PCR and cloned in the vector pMES4 for phage display expression.

The recombinant plasmid was transformed into TG1 cells by

electroporation to construct a TG1 bacterial library, and the bacterial

library was infected withM13K07 helper phage to obtain a VHH-phage

displayed library. Phages expressing nanobodies with specificity for

BFT1 were enriched after three rounds of bio-panning, following

detailed experimental procedures as reported previously (29).
2.3 ELISA to quantitate initial binding

The bacterial library was established by infecting E. coli TG1 cells

with the second and third rounds of phage libraries, individual

bacterial colonies were randomly picked from the second and third

rounds of bacterial libraries. These colonies were picked in 24-well

plates and induced with 1 mM IPTG at 28°C for 18 h, when the

growth of culture reached an OD600 nm of 0.7. Wells of microtiter

plates with 1 µgmL-1 BFT1 protein coating and blank wells were

incubated with PBS overnight at 4°C. The periplasmic extracts were

added after blocking residual protein binding sites in the wells with

2% skim milk in PBS and incubated for 2 h. After washing the wells,

horseradish peroxidase (HRP)-conjugated His-tag antibody was

added and incubated for 1 h. After washing, TMB substrate was

added and to measure absorbance at 450 nm. The OD 450 nm signal

of each well was divided by the signal of the well without antigen and

considered positive if the resulting ratio was ≥ 2. These positive clones

were chosen for DNA sequence determination.
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2.4 Nanobody expression and purification

The plasmids containing the nanobody genes were transformed

into Escherichia coli strain WK6 cells to express the nanobody in the

periplasm of transformed cells. BFT1 nanobodies were extracted from

periplasmic space by osmotic shock. All the extracted proteins were

expressed in a 1000 mL medium. Nanobodies were purified by a Ni-

NTA column and further purified by size exclusion chromatography

(SEC) on a Superdex 75 column.
2.5 Isothermal titration calorimetry

A Microcal ITC 200 calorimeter (GE Healthcare, Boston, USA)

was used to perform ITC experiments at 25°C. The BFT and

nanobody proteins were exchanged to the same buffer (20 mM Tris

pH 8.0, 150 mM NaCl, 5% glycerol). The nanobody protein (20 mM)

was injected into a BFT solution (200 mM). The first injection was 0.4

mL and the second to 19th injections were with 2 mL at 120 s intervals.

The ITC data were analyzed with the supplemented Microcal ITC

data analysis package under the one binding site mode.
2.6 Crystallization and data collection

The sitting-drop vapor diffusion method and 384-well plates were

used for crystallization screening experiments and crystals appeared

within 1 week at 20°C. The BFT1 and nanobody recombinant

proteins were purified from size exclusion chromatography. Then,

two kinds of proteins were concentrated and incubated (the molar

ratio of BFT and nanobody is 1:1) for complex crystallization (30 mg

mL-1). The BFT1:Nb2.82 complex crystals, which were observed in

(1): 0.2 M potassium thiocyanate, 20% w/v PEG 3350 (2); 0.2 M

lithium chloride, 20% w/v polyethylene glycol 3350, pH 6.8 (3); 0.2 M

sodiummalonate pH 5.0, 20% w/v polyethylene glycol 3350 (4); 8% v/

v tacsimate pH 5.0, 20% w/v polyethylene glycol 3350. The BFT1:

Nb3.27 complex crystals, which were observed in (1): 0.2 M

ammonium tartrate dibasic, 20% w/v polyethylene glycol 3350, pH

6.6 (2). 2% v/v tacsimate pH 4.0, 0.1 M sodium acetate trihydrate pH

4.6, 16% w/v polyethylene glycol 3350. Crystals data were collected in

the Shanghai Synchrotron Radiation Facility (SSRF) BL18U1 and

BL19U1. The BFT1:Nb2.82 P212121 space group crystal diffracted to

1.66Å with a = b = g = 90°, a = 55.663 Å, b = 78.212 Å, c = 118.132 Å.

The BFT1:Nb3.27 C121 space group crystal diffracted to 2.25 Å with

a = g = 90°, b = 109.015°, a = 156.901 Å, b = 82.984 Å, c = 139.807 Å.
2.7 Structure determination

Diffraction images were processed using X-ray Detector Software

(30). The structures of both BFT1:Nb2.82 and BFT1:Nb3.27

complexes were determined via molecular replacement using

Phaser implemented in the Phenix package (31). The BFT3

structure (PDB: 3P24) was used as a search template for BFT1 (16).

The structures of nanobodies were determined using Phaser

implemented in the Phenix package using nanobody from 5IMM as
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a search model (32). The model was manually improved with the

COOT program (33), and refinement was further done using Phenix

refine (31). The interaction interface was calculated by PDB PISA

(34). Moreover, figures were generated from PyMOL program, and

data collection and refinement statistics are summarized in Table 1.

Crystallographic coordinates and structure factors were deposited to

the Protein Data Bank with access codes 8H3X and 8H3Y for BFT1:

Nb2.82 and BFT1:Nb3.27, respectively.
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3 Results

3.1 Immune effectivity evaluation of
recombinant BFT1

Recombinant BFT1 was produced in an E. coli prokaryotic

expression system and used as antigen. Before immunization, the

integrity and purity of BFT1 protein were tested by SDS-PAGE and
TABLE 1 X-ray data collection and refinement statistics.

Crystal BFT1:Nb2.82 BFT1:Nb3.27

Data collection

Space group P212121 C21

a, b, c (Å) 55.66, 78.21, 118.13 156.90, 82.98, 139.80

a, b, g (°) 90, 90, 90 90, 109.015, 90

Resolution (Å) 32.15-1.66 (1.72-1.66) 41.39-2.25 (2.33-2.25)

Rmerge 0.06499 (1.512) 0.1738 (1)

Rmeas 0.06774 (1.616) 0.2069 (1.201)

Multiplicity 12.3 (8.0) 3.4 (3.2)

CC (1/2) 1 (0.529) 0.984 (0.541)

CC* 1 (0.832) 0.996 (0.838)

I/s(I) 21.83 (1.0) 8.40 (1.33)

Completeness (%) 99.48 (96.54) 98.52 (98.22)

Wilson B-factor (Å2) 29.19 41.31

Refinement

Total Reflections 755356 (46719) 271519 (25498)

Unique Reflections 61429 (5862) 79575 (7917)

Rwork 0.1830 0.2039

Rfree 0.2163 0.2430

Number of atoms:

Macromolecules 3796 11096

Ligands 1 3

Water 563 608

Average B-factor (Å2) 34.55 48.51

Protein (Å2) 33.57 48.64

Ligands 33.14 62.32

Water (Å2) 41.22 46.16

Ramachandran plot:

Favored/Allowed (%) 98.5/1.3 97.6/2.2

Root-Mean-Square-Deviation:

Bond lengths (Å) 0.007 0.009

Bond Angle (°) 1.04 1.03
Statistics for the highest resolution shell are shown in parentheses. CC* = [2 CC(1/2)/(1 + CC(1/2))]1/2.
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Coomassie blue staining (Supplementary Figure 1). An alpaca was

immunized seven times at a weekly interval. Enzyme-linked

immunosorbent assay (ELISA) was used to detect the BFT1-specific

antibody titers from pre-immune and post-immune alpaca serum

(Figure 1). Compared with pre-immunization, BFT1-specific

antibody titers increased after seven times of immunization.
3.2 BFT1 nanobody generation

Three days after the last immunization, blood was collected from

the jugular vein, and total RNA was extracted from the peripheral

blood lymphocyte cells (PBLs). RT-PCR generated the cDNA, and

nested PCR amplified the VHH gene fragment. The immune VHH

library was constructed after ligating of the VHH fragments in the

pMES4 vector. After the transformation of recombinant phagemids

into E. coli TG1 cells, we successfully obtained a library with a size of

1.93×107 individual clones. Recombinant BFT1 protein was coated in

microplate wells as antigen, and phage display panning was the

method to retrieve BFT1-specific nanobodies. After three rounds of

phage display panning, BFT1-specific nanobodies were enriched

(Table 2). After three rounds of bio-panning for BFT1, a gradual

increase in enriched phages from 1.6×109 to 2×1012 cfu mL-1

was noted.

In order to ensure the diversity of nanobodies, 188 individual

clones were randomly picked after the 2nd round (94 colonies) and

3rd round (94 colonies) of bio-panning. The individual clones were

grown and nanobodies were induced and expressed with IPTG, and

periplasmic extracts were tested in ELISA against recombinant BFT1

protein. 135 individual clones were considered positive colonies and
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sent for sequencing since the ratio between the signal in wells with

coated antigen and background signal was more than 2-fold (Table 3).

The VHH contains four framework regions (FRs) and three

antigen-binding complementarity determining regions (CDRs). The

CDR3 loop of VHHs is the major contributor for antigen interaction

and prefers to recognize holes and cavities in the spatial conformation

of antigens. Sequence diversity in the CDR3 of VHH is sufficient for

most antibody specificities. According to the international

immunogenetics information system (IMGT), the framework and

complementarity determining regions of the nanobodies were

identified. Among 135 positive clones, 22 distinct VHH fingerprints

were identified, belonging to 16 different groups based on their unique

CDR3 (Figure 2). The amino acid sequences of CDR1, CDR2, and FRs

were also different among different groups. These 22 nanobodies were

positive representative clones (Figure 2). All the nanobodies were

expressed with a C-terminal His6-tag for purification.
3.3 Expression and purification of BFT1
nanobodies

Nanobody containing plasmids were transformed into E. coli

strain WK6 cells and nanobody protein was expressed in the

periplasm of cells. Soluble nanobodies with His6-tag were extracted

from the periplasm and affinity purified using nickel beads. The purity

and size of BFT1 nanobodies were analyzed by Coomassie-stained

12.5% SDS-PAGE gels (Figure 3). The lane of elution showed high

purity and the molecular weight of nanobodies around 14 kDa. These

were consistent with the size calculated from amino acid sequences.

The yield of BFT1 nanobodies varied from 2.5 mg to 34 mg per liter

(Supplementary Table 1).
3.4 The interactions of nanobodies with
BFT1 by isothermal titration calorimetry

The proteins of nanobodies and recombinant BFT1 were purified

by nickel column affinity chromatography, and size exclusion

chromatography profile indicates that BFT1 can form complexes

with nanobodies (Supplementary Figure 2). The stoichiometry and

thermodynamics of the interactions of nanobodies with BFT1 were

characterized by isothermal titration calorimetry (Table 4). Figure 4

and Supplementary Figure 3 show that an exothermic reaction

occurred when the nanobody interacted with BFT1. The molar

ratio of nanobody to BFT1 protein is 1: 1. The affinity of antibodies

is described by the dissociation constant (KD). The smaller the KD

value, the higher the affinity between the antibody and its antigen.
FIGURE 1

ELISA analysis of the BFT1 specific antibody titers from pre-immune
and post-immune (7 weeks) alpaca serum.
TABLE 2 Enrichment of phages with each consecutive round of bio-panning.

Round Input (cfu mL-1) BFT1 output(cfu mL-1) PBS output(cfu mL-1) Recovery
(BFT1/input)

BFT1/PBS

1 4.8×1011 1.6×109 4×106 3.3×10-3 400

2 2.5×1014 1×1012 3.6×106 4×10-3 2.7×105

3 1.2×1014 2×1012 1×108 1.67×10-2 2×104
fr
Input corresponds to the number of phages incubated in wells and output corresponds to phages eluted after each round of bio-panning. cfu (colony forming units).
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Fourteen different nanobodies against BFT1 had an affinity ranging

from 0.36 to 11.5 nM, the affinities of Nb2.14, Nb3.17, and Nb3.27

were between 0.36~0.828 nM, the affinities of 9 nanobodies (Nb2.29,

Nb2.41, Nb3.43, Nb3.40, Nb3.63, Nb2.37, Nb3.4, Nb3.93, and

Nb2.40) were between 1.18~8.72 nM, whereas the affinities of

Nb2.55 and Nb2.82 were 10.6 nM and 11.5 nM.
3.5 Overall structures of nanobodies in
complex with BFT1

Fourteen high-affinity nanobodies were separately crystallized with

BFT1. Fortunately, we obtained two complex crystal structures, BFT1:

Nb2.82 and BFT1:Nb3.27. Nb2.82 targets BFT1 prodomain and Nb3.27

targets BFT1 catalytic domain. The crystallographic structure of the

BFT1:Nb2.82 crystals in space group P212121 was solved to 1.66 Å and

that of BFT1:Nb3.27 in space group C121 was solved to 2.25 Å. Data

collection and refinement statistics are reported in Table 1. The BFT1

and nanobody can form a stable and compact heterodimer. The CDR

regions of nanobodies are directly involved in antigen binding, these

regions consist of two antiparallel b-sheets, and the overall structures of
Nb2.82 and Nb3.27 contains ten b-strands to form two b-sheets which
are connected by a disulfide bond between Cys22 and Cys96. The CDR1

to 3 of Nb2.82 has 8 residues (Gly26 to Thr33), 8 residues (Ile51 to

Thr58) and 15 residues (Ala97 to Asp111), respectively (Figure 5A). The

Nb3.27 has CDR1 to 3, comprising 8 residues (Gly26 to Ala33), 8

residues (Ile51 to Thr58), and 14 residues (Ala97 to Asn110),
Frontiers in Immunology 06
respectively (Figure 5C). The CDR1, 2, and 3 loops of Nb2.82 mainly

recognize the a-helix in BFT1 prodomain (Figure 5B), while the CDR1,

2, 3 loops of Nb3.27 mainly recognize the a-helix in BFT1 catalytic

domain (Figure 5D). The amino acids of the CDR1 loop of Nb2.82 form

8 hydrogen bonds and one salt bridge with BFT1, the CDR2 forms 6

hydrogen bonds and 3 salt bridges, and the CDR3 forms five hydrogen

bonds, and two salt bridges. The amino acids of the CDR1 loop of

Nb3.27 form 8 hydrogen bonds with BFT1, the CDR2 forms three

hydrogen bonds and one salt bridge and the CDR3 forms four hydrogen

bonds. The detailed interaction interface between BFT1 and nanobodies

are listed in Supplementary Table 2 and Table 3.
4 Discussion

An increasing number of studies have shown that the gut

microbiota is essential for maintaining host health. The disturbance

of the gut microbiota is closely related to various diseases. ETBF is an

intestinal anaerobic bacterium, it can live in the intestine without

causing symptoms, but it also can cause diarrhea in livestock and

humans. Comparing laterally spreading tumor patients with healthy

controls, the abundance of ETBF in fecal samples is increased 9.26-

fold (35). ETBF secretes B. fragilis toxin (BFT) that targets the colonic

epithelium to trigger an IL-17 mucosal immune response, then IL17

activates NF-kb and stat3 signaling pathways, induces the release of

signaling molecules (CXC chemokines) and recruits more immune

cells to participate in the inflammatory response to promote
TABLE 3 PE-ELISA of individual colonies screened for binding to BFT1 from panning of round 2 and 3.

Specific signal/background signal Round 2 Round 3 Total

> 2-fold 83 52 135

< 2-fold 11 42 53
frontie
188 individual phage clones selected from panning of round 2 and 3. The number of colonies were calculated by PE-ELISA, and the values were measured at 450 nm. >2-fold colonies were
DNA sequenced.
FIGURE 2

The amino acid sequence of BFT1 nanobodies. Framework regions (FR) and complementarities determining regions (CDR) were determined by blasting
against the IMGT database. CDR sequences are marked with black rectangles, the same group is marked with the same color.
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tumorigenesis (5). ETBF is also colonized in the mammary gland,

promotes breast tumorigenesis, and activates Notch and b-catenin
axes (9). In addition, B. fragilis is the most ordinary pathogen in

patients’ infections after the gastrointestinal operation. B. fragilis
Frontiers in Immunology 07
bacteremia causes high mortality, particularly among older people

and cancer patients (36).

The current detection methods of BFT with conventional

antibodies have problems of being expensive, subjective
TABLE 4 The stoichiometry and thermodynamics binding constants of BFT1 nanobodies.

NO Name Round KD (nM) DH (kcal/mol) DG (kcal/mol) -TDS (kcal/mol)

1 Nb2.14 2 0.36 -14.3 -12.9 1.43

2 Nb2.29 2 1.18 -15.5 -12.2 3.35

3 Nb2.37 2 3.91 -14.1 -11.5 2.6

4 Nb2.40 2 8.72 -13.5 -11 2.51

5 Nb2.41 2 1.37 -20 -12.1 7.89

6 Nb2.55 2 10.6 -10 -10.9 -0.867

7 Nb2.82 2 11.5 -17.9 -10.8 7.08

8 Nb3.4 3 3.94 -8.4 -11.5 -3.07

9 Nb3.17 3 0.66 -20.3 -12.5 7.75

10 Nb3.27 3 0.828 -9.47 -12.4 -2.93

11 Nb3.40 3 2.58 -13.6 -11.7 1.92

12 Nb3.43 3 2.01 -9.06 -11.9 -2.81

13 Nb3.63 3 3.37 -18.8 -11.6 7.24

14 Nb3.93 3 5.96 -22.1 -11.2 10.9
A B D EC

F G IH

FIGURE 3

Coomassie-stained 12.5% SDS-PAGE gels were used to analysis the purity and size of BFT1 nanobodies. The results revealed BFT1 nanobodies with
molecular size 14 kDa. (A) Nb2.74, Nb 3.40, Nb2.37, Nb2.29 (B) Nb3.4, Nb2.59, Nb2.82 (C) Nb2.1, Nb2.13 (D) Nb2.40, Nb2.14 (E) Nb3.74 (F) Nb2.55,
Nb2.50, Nb3.17, Nb3.63, Nb2.41 (G) Nb3.43, Nb3.27 (H) Nb3.88 (I) 3.93. Ladder: relative molecular mass marker (kDa); Extract: extract from periplasmic;
Elution: 500 mM imidazole-Tris.
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interpretation, poor stability, and low yield. Moreover, these

approaches cannot detect the stage of BFT. Therefore, it is

necessary to design a novel, rapid, accurate, sensitive, robust, and

low-cost diagnostic method for detecting the total and active BFT.

Nanobodies are generally regarded as a substitute for conventional

antibodies because of their unique structure and chemical stability

and have become a new research tool for disease diagnosis and

treatment. Nanobodies are also referred to as VHH, and there are

three main differences between VHH and the VH domain of a

conventional antibody. First, a VHH usually has an enlarged CDR1,

and CDR3 (37). The loss of the light chain leads to a decrease in

antibody binding capacity. However, the expansion of CDR1 and

CDR3 can largely compensate for this theoretical loss. Because the

extended CDR3 can form a finger-like structure or a convex paratope

that penetrates the interior of the antigen to bind to antigenic epitopes

that are much less antigenic for conventional antibodies (24).

Therefore, the affinity of a nanobody for its cognate antigen can be

as high or even higher than that of conventional antibodies. Second, a

notable difference between VHH and VH is that the four highly

conserved hydrophobic residues (V42, G49, L50, W52, IMGT

numbering) in the VH framework-2 region are replaced by

hydrophilic residues (often F42, E49, R50, G52) in VHH (38),

thereby VHH can maintain good specificity and affinity, and the

solubility and stability have been increased. Third, an additional

interloop disulfide bond between CDR1 (or FR2) and CDR3 in
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VHH is often observed in VHH, reducing the entropic penalty for

nanobody-antigen binding, increasing the conformational stability of

nanobody, enhancing heat and acid-alkali resistance of nanobodies

(39). Because of the above-mentioned structural characteristics,

nanobodies have the advantages of both conventional antibodies

and small molecule drugs. The nanobodies can be used for

developing clinical diagnostic kits because of the following

characteristics: lower production cost, easy modification to improve

specificity and affinity, high stability against elevated temperature,

organic solvents or non-physiological conditions, targeting hidden

epitopes, and low immunogenicity (28). Nanobodies have gradually

become an emerging force in therapeutic drugs and clinical

diagnostic reagents.

In this study, we aimed to screen the nanobodies targeting BFT1,

providing a new idea and scientific support for developing diagnostic

methods of ETBF. According to the research of Theodoros Goulas (16),

we expressed and purified the recombinant BFT1 protein in a

prokaryotic expression system. The high purity and correct size

recombinant protein was used to immunize alpacas. After seven

immunizations, a high titer of BFT1-specific antibodies was obtained,

confirming that the recombinant BFT1 was a good immunogen in

experimental animals. We obtained the VHH library with a size of

1.93×107 individual clones, and the library capacity is similar to our

previous study (40). Individual phage clones have different binding

abilities to an antigen, hence the high capacity and diversity of the
A B

D E F

C

FIGURE 4

The isothermal titration calorimetery of BFT1 and nanobody. There were 6 nanobodies with high affinity of BFT1, (A) Nb2.14 (B) Nb2.55 (C) Nb2.82 (D)
Nb3.27 (E) Nb3.43 (F) Nb3.93. Dissociation constant (KD), stoichiometry (N), enthalpy (DH), entropy (DS) and Gibbs free energy (DG) are denoted.
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library are the prerequisites for screening the specific and high-affinity

nanobodies (41). After three rounds of bio-panning, BFT1-specific

phages were significantly enriched, and the number of phages increased

from 1.6×109 to 2×1012 c.f.u mL-1. To ensure the diversity of sequences,

we selected 135 individual clones for DNA sequencing and finally

obtained 22 amino acid sequences with unique CDR3. This result also

reflects the diversity of the library. The clones were cultured in 1 L

medium, and the yield of BFT1 nanobodies varied from 2.5 mg to 34

mg per liter. It is normal for nanobodies to have large differences in

expression (40, 42). Isothermal titration calorimetry was used to

quantify the interactions between nanobodies with BFT1. The

dissociation constant (KD) varied from 0.36 nM to 11.5 nM. This

affinity of nanobodies for their antigen is comparable with other

publications (38).

We crystallized high-affinity nanobodies with recombinant BFT1

separately, the crystal structures were studied by X-ray diffraction,

and the structures of the complexes BFT1:Nb2.82 and BFT1:Nb3.27

were obtained. The CDR loops of Nb2.82 mainly recognize the a-
helix in the BFT1 prodomain, while Nb3.27 mainly interacts with the

a-helix in BFT1 catalytic domain. Disulfide bonds in nanobodies are

classified into conserved, and additionally almost all structures of

nanobodies contain a conserved disulfide bonds linked by FR1
Frontiers in Immunology 09
(Cys22) and FR3 (Cys96). A conserved disulfide bond connects the

two b-sheets to increase structural stability. However, only some

nanobodies contain additional disulfide bonds, and their location and

number are also different in different nanobodies. These mainly

depend on the position and number of cysteines in nanobodies.

The additional disulfide bonds can limit CDR loop flexibility and

conformation. Nb2.82 and Nb3.27 only contain two cysteines (Cys23

and Cys104), and they just have conserved disulfide bonds. Moreover,

the CDR3 loops of the nanobodies fold over some of the FR2 residues

to make them solvent inaccessible, which will prevent nanobody

stickiness and dimerization.

Nb2.82 and Nb3.27 can detect the total and activated BFT in

human tissue or feces by enzyme-linked immunosorbent assay.

Nb2.82 and Nb3.27 contain His6-tag, which can be used as

detection antibodies. The tagged protein binds to the corresponding

enzyme-labeled antibody. After the substrate is added, the antigen

and small molecules are detected by enzyme-catalyzed substrate

coloration. We can also use nanobodies and biotin-streptavidin

ELISA to improve the detection sensitivity. Yaozhong Hu and

colleagues (43) developed a sandwich ELISA by employing the

nanobody and biotinylated-nanobody pair to capture and detect

Staphylococcus aureus in milk. Moreover, Linzhi Li (44) developed
A B

DC

FIGURE 5

The structures of nanobodies in complex with BFT1. The overall crystal structures of nanobodies Nb2.82 and Nb3.27 in complex with BFT1 are shown in
(A, C) respectively. The nanobodies are colored magenta, BFT1 prodomain is colored in lime, BFT1 catalytic domain is colored in orange. The CDR1,
CDR2, CDR3 are shown in the color teal, skyblue and yellow, the cysteine involved in disulfide bonding forming are denoted in red sphere. The
magnified views of the interaction region are shown in (B, D) respectively. The color mode is the same as in (A, C), residues involving in interaction are
shown as stick.
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a novel ultrasensitive electrochemiluminescence (ECL) immunoassay

based on nanobody and Au/CaCO3, which was proposed for

detecting ochratoxin A in coffee. Nb2.82 and Nb3.27 can also be

integrated with electrochemical detection technology to determine

BFT rapidly.

In conclusion, we have revealed two nanobodies that

recognize distinct epitopes on BFT1, Nb2.82 targets BFT1

prodomain and Nb3.27 targets BFT1 catalytic domain. We are

the first to obtain B. fragilis-related nanobodies. Future work on

these nanobodies will develop detection kits to quantify the

active BFT in patients and healthy people, providing judgment

methods for the prevention of intest inal diseases and

postoperative intervention of patients.
Data availability statement

Crystallographic coordinates and structure factors were deposited

to the Protein Data Bank with access codes 8H3X and 8H3Y for BFT1:

Nb2.82 and BFT1:Nb3.27, respectively. The datasets presented in this

study can be found in online repositories. The names of the

repository/repositories and accession number(s) can be found in

the article/Supplementary Material.
Ethics statement

All applicable institutional and/or national guidelines for the care

and use of animals were followed and all animal experiments were

approved by the Ethical Committee for Animal Experiments of Xi’an

Jiaotong University (NO. XJTU-2020-35).
Author contributions

YW, FZ, YG designed the experiments. YG, ZO, JZ, and QQ

performed the characterization experiments. YG, ZO, WH, MJ and

YW performed crystallography experiments. YG, WH, YW and FZ,

SM analysed data. YG and YW wrote the manuscript. All authors

contributed to the article and approved the submitted version.
Frontiers in Immunology 10
Funding

This work was partially supported by the National Natural

Science Foundation of China (NO. 82072237, NO. 31870132),

Shaanxi Province Natural Science Funding (NO. 2023-JC-JQ-63),

and Institutional Foundation of the First Affiliated Hospital of Xi’an

Jiaotong University.
Acknowledgments

We thank the staff assistant from Shanghai Synchrotron

Radiation Facility BL18U1 and BL19U1 for help with data

collection. Funding from the National Natural Science Foundation

of China is gratefully acknowledged.
Conflict of interest

YW, FZ, SM and YG declare financial interests with the patent of

the diagnostic nanobodies.

The remaining authors declare that the research was conducted in

the absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
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.2023.1065274/

full#supplementary-material
References
1. Wong SH, Yu J. Gut microbiota in colorectal cancer: Mechanisms of action and
clinical applications. Nat Rev Gastroenterol Hepatol (2019) 16(11):690–704. doi: 10.1038/
s41575-019-0209-8

2. Valguarnera E, Wardenburg JB. Good gone bad: One toxin away from disease for
bacteroides fragilis. J Mol Biol (2020) 432(4):765–85. doi: 10.1016/j.jmb.2019.12.003

3. Moncrief JS, Duncan AJ, Wright RL, Barroso LA, Wilkins TD. Molecular
characterization of the fragilysin pathogenicity islet of enterotoxigenic bacteroides
fragilis. Infect Immun (1998) 66(4):1735–9. doi: 10.1128/iai.66.4.1735-1739.1998

4. Wu S, Rhee KJ, Albesiano E, Rabizadeh S, Wu X, Yen HR, et al. A human colonic
commensal promotes colon tumorigenesis Via activation of T helper type 17 T cell
responses. Nat Med (2009) 15(9):1016–22. doi: 10.1038/nm.2015

5. Chung L, Thiele Orberg E, Geis AL, Chan JL, Fu K, DeStefano Shields CE, et al.
Bacteroides fragilis toxin coordinates a pro-carcinogenic inflammatory cascade Via
targeting of colonic epithelial cells. Cell Host Microbe (2018) 23(2):203–14 e5.
doi: 10.1016/j.chom.2018.01.007
6. Dejea CM, Fathi P, Craig JM, Boleij A, Taddese R, Geis AL, et al. Patients with
familial adenomatous polyposis harbor colonic biofilms containing tumorigenic bacteria.
Sci (New York NY) (2018) 359(6375):592–7. doi: 10.1126/science.aah3648

7. Boleij A, Hechenbleikner EM, Goodwin AC, Badani R, Stein EM, Lazarev MG, et al.
The bacteroides fragilis toxin gene is prevalent in the colon mucosa of colorectal cancer
patients. Clin Infect Dis (2015) 60(2):208–15. doi: 10.1093/cid/ciu787

8. Purcell RV, Pearson J, Aitchison A, Dixon L, Frizelle FA, Keenan JI. Colonization
with enterotoxigenic bacteroides fragilis is associated with early-stage colorectal neoplasia.
PloS One (2017) 12(2):e0171602. doi: 10.1371/journal.pone.0171602

9. Parida S, Wu S, Siddharth S, Wang G, Muniraj N, Nagalingam A, et al. A pro-
carcinogenic colon microbe promotes breast tumorigenesis and metastatic progression
and concomitantly activates notch and betacatenin axes. Cancer Discovery (2021) 11
(5):1138–57. doi: 10.1158/2159-8290.CD-20-0537

10. Choi VM, Herrou J, Hecht AL, Teoh WP, Turner JR, Crosson S, et al. Activation of
bacteroides fragilis toxin by a novel bacterial protease contributes to anaerobic sepsis in
mice. Nat Med (2016) 22(5):563–7. doi: 10.1038/nm.4077
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1065274/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1065274/full#supplementary-material
https://doi.org/10.1038/s41575-019-0209-8
https://doi.org/10.1038/s41575-019-0209-8
https://doi.org/10.1016/j.jmb.2019.12.003
https://doi.org/10.1128/iai.66.4.1735-1739.1998
https://doi.org/10.1038/nm.2015
https://doi.org/10.1016/j.chom.2018.01.007
https://doi.org/10.1126/science.aah3648
https://doi.org/10.1093/cid/ciu787
https://doi.org/10.1371/journal.pone.0171602
https://doi.org/10.1158/2159-8290.CD-20-0537
https://doi.org/10.1038/nm.4077
https://doi.org/10.3389/fimmu.2023.1065274
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Guo et al. 10.3389/fimmu.2023.1065274
11. Moncrief JS, Obiso RJr., Barroso LA, Kling JJ, Wright RL, Van Tassell RL, et al. The
enterotoxin of bacteroides fragilis is a metalloprotease. Infect Immun (1995) 63(1):175–81.
doi: 10.1128/iai.63.1.175-181.1995

12. Chung GT, Franco AA, Wu S, Rhie GE, Cheng R, Oh HB, et al. Identification of a
third metalloprotease toxin gene in extraintestinal isolates of bacteroides fragilis. Infect
Immun (1999) 67(9):4945–9. doi: 10.1128/iai.67.9.4945-4949.1999

13. Scotto d'Abusco AS, Del Grosso M, Censini S, Covacci A, Pantosti A. The alleles of
the bft gene are distributed differently among enterotoxigenic bacteroides fragilis strains
from human sources and can be present in double copies. J Clin Microbiol (2000) 38
(2):607–12. doi: 10.1128/jcm.38.2.607-612.2000

14. Vu Nguyen T, Le Van P, Le Huy C, Weintraub A. Diarrhea caused by
enterotoxigenic bacteroides fragilis in children less than 5 years of age in Hanoi,
Vietnam. Anaerobe (2005) 11(1-2):109–14. doi: 10.1016/j.anaerobe.2004.10.004

15. Ulger Toprak N, Rajendram D, Yagci A, Gharbia S, Shah HN, Gulluoglu BM, et al. The
distribution of the bft alleles among enterotoxigenic bacteroides fragilis strains from stool
specimens and extraintestinal sites. Anaerobe (2006) 12(2):71–4. doi: 10.1016/
j.anaerobe.2005.11.001

16. Goulas T, Arolas JL, Gomis-Ruth FX. Structure, function and latency regulation of
a bacterial enterotoxin potentially derived from a mammalian Adamalysin/Adam
xenolog. Proc Natl Acad Sci U.S.A. (2011) 108(5):1856–61. doi: 10.1073/pnas.1012173108

17. Amiri R, Norouzbabaei Z, Kalali N, Ghourchian S, Yaseri M, Abdollahi A, et al.
Identification of enterotoxigenic bacteroides fragilis in patients with diarrhea: A study targeting
16s rrna, gyrb and nanh genes. Anaerobe (2022) 75:102546. doi: 10.1016/
j.anaerobe.2022.102546

18. Sears CL. Enterotoxigenic bacteroides fragilis: A rogue among symbiotes. Clin
Microbiol Rev (2009) 22(2):349–69. doi: 10.1128/CMR.00053-08

19. Saidi RF, Sears CL. Bacteroides fragilis toxin rapidly intoxicates human intestinal
epithelial cells (Ht29/C1) in vitro. Infect Immun (1996) 64(12):5029–34. doi: 10.1128/
iai.64.12.5029-5034.1996

20. Koshy SS, Montrose MH, Sears CL. Human intestinal epithelial cells swell and
demonstrate actin rearrangement in response to the metalloprotease toxin of bacteroides
fragilis. Infect Immun (1996) 64(12):5022–8. doi: 10.1128/iai.64.12.5022-5028.1996

21. Zhang G, Weintraub A. Rapid and sensitive assay for detection of enterotoxigenic
bacteroides fragilis. J Clin Microbiol (1998) 36(12):3545–8. doi: 10.1128/jcm.36.12.3545-
3548.1998

22. Butt J, Jenab M, Werner J, Fedirko V, Weiderpass E, Dahm CC, et al. Association
of pre-diagnostic antibody responses to escherichia coli and bacteroides fragilis toxin
proteins with colorectal cancer in a European cohort. Gut Microbes (2021) 13(1):1–14.
doi: 10.1080/19490976.2021.1903825

23. Mootien S, Kaplan PM. Monoclonal antibodies specific for bacteroides fragilis
enterotoxins Bft1 and Bft2 and their use in immunoassays. PloS One (2017) 12(3):
e0173128. doi: 10.1371/journal.pone.0173128

24. Jovcevska I, Muyldermans S. The therapeutic potential of nanobodies. BioDrugs
(2020) 34(1):11–26. doi: 10.1007/s40259-019-00392-z

25. Steeland S, Vandenbroucke RE, Libert C. Nanobodies as therapeutics: Big
opportunities for small antibodies. Drug Discovery Today (2016) 21(7):1076–113.
doi: 10.1016/j.drudis.2016.04.003

26. Chakravarty R, Goel S, Cai W. Nanobody: The "Magic bullet" for molecular
imaging? Theranostics (2014) 4(4):386–98. doi: 10.7150/thno.8006

27. Muyldermans S, Baral TN, Retamozzo VC, De Baetselier P, De Genst E, Kinne J,
et al. Camelid immunoglobulins and nanobody technology. Vet Immunol Immunopathol
(2009) 128(1-3):178–83. doi: 10.1016/j.vetimm.2008.10.299
Frontiers in Immunology 11
28. Klarenbeek A, El Mazouari K, Desmyter A, Blanchetot C, Hultberg A, de Jonge N,
et al. Camelid ig V genes reveal significant human homology not seen in therapeutic target
genes, providing for a powerful therapeutic antibody platform. MAbs (2015) 7(4):693–
706. doi: 10.1080/19420862.2015.1046648

29. Xia M, Hu X, Zhao Q, Ru Y, Wang H, Zheng F. Development and characterization
of a nanobody against human T-cell immunoglobulin and mucin-3. Comput Math
Methods Med (2022) 2022:2929605. doi: 10.1155/2022/2929605

30. Kabsch W. Xds. Acta Crystallogr D Biol Crystallogr (2010) 66(Pt 2):125–32.
doi: 10.1107/S0907444909047337
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