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ABSTRACT: Currently, no specific therapeutics are available for
foodborne Shiga toxin-producing Escherichia coli (STEC)
infections that cause severe gastroenteritis and life-threatening
complications of hemolytic uremic syndrome (HUS). As STEC
attachment to intestinal epithelium might increase the host
absorption of Shiga toxins and severity of the disease, we were
inspired to develop a bispecific neutralizer capable of blocking its
Shiga toxin and adhesin intimin simultaneously. Two nanobodies
against the B subunit of Shiga toxin 2 (Stx2B) and the C terminus
of Intimin (IntC280) were genetically fused together as the
bispecific neutralizer, and it can be efficiently produced in a conventional E. coli expression system. We demonstrated that each of the
nanobody modules in the bispecific format showed increased antigen binding capability and was able to functionally neutralize the
binding of Stx2B or IntC280 to the respective host receptors even in the presence of the two virulence factors together. Moreover,
the bispecific neutralizer was relatively stable to harsh storage conditions and gastrointestinal pH extremes. Taking into account its
easy and economical production and superior pharmaceutical properties, we believe that a nanobody-based bispecific neutralizer
would be more favorable and practical to be developed as a therapeutic to fight STEC in the developing world.
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Shiga toxin-producing Escherichia coli (STEC) is an
infectious enteric pathogen that causes severe gastro-

enteritis worldwide. Although STEC infected cases are often
sporadic and occur on a small scale, STEC also causes large
outbreaks due to its highly infectious nature.1−4 The symptoms
of STEC infections are mostly severe stomach cramps and
bloody diarrhea, but it was estimated that 6−25% of patients
developed life-threatening complications known as hemolytic
uremic syndrome (HUS), which is characterized by hemolytic
anemia, thrombocytopenia, and acute kidney injury.5−7

Currently, no specific preventions and therapeutics against
STEC infections are available for clinical use, and early drug
development has been mostly focused on neutralizing its
disease-causing virulence factors including Shiga toxins.8,9

Shiga toxins are the main virulence factors that drive organ
damage and cause complications of HUS in STEC-infected
people.10,11 Shiga toxin 1 and 2 are the most common subtypes
associated with disease, but more subvariants have also been
identified.12 Both subtypes of Shiga toxins share a common
AB5 architecture of a subunit A and a pentamer subunit B. The
B subunits are responsible for targeting host cells through the
receptor globotriaosylceramide (Gb3), which is expressed on
the surface of several types of cells including endothelium cells
of the gut, kidney, brain, as well as tubular and mesangial cells
inside the kidney.10 After entering the host cells, the A subunit

matures as an active N-glycosidase that cleaves an adenine
from the 28S RNA in the ribosome and interferes with proteins
synthesis which results in cell death.13 With respect to
neutralizing Shiga toxin-caused cytotoxicity, most attempts
have been focused on developing Gb3 competitive inhibitors,
for example multivalent neutralizers by displaying the func-
tional carbohydrate part of Gb3 or its analogues on a probiotic,
nanoparticle, polymer, or multivalent scaffold.14−18 Passive
immunization including conventional antibodies and recombi-
nant antibody fragments such as ScFv and Fab have also been
developed to target and neutralize Shiga toxins.19−21

Interestingly, nanobodies, the variable domain of camelid
heavy chain antibody, against Stx1 and Stx2 as neutralizer also
showed therapeutic potential for HUS.22−24 Inherent advan-
tages of a nanobody over conventional antibody such as easy
production, high stability, and tolerance to modifications have
made it a promising alternative for targeted-drug development
targeting infectious diseases.25−28
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Another pathogenicity of STEC additionally comes from its
type III secretion system (T3SS) and the secreted effector
proteins that mediate the intimate attachment and effacement
of host enteric cells. The tight attachment of the bacterium to
host enteric cells partially relies on the specific interaction of its
adhesin intimin and the T3SS translocated-intimin receptor
(Tir) on the host cell membrane.29 A recently reported
nanobody against Tir was shown to be able to inhibit
enterohemorrhagic E. coli attachment and colonization by
blocking Intimin-Tir interactions, thus indicating the ther-
apeutic possibility by targeting this interaction.30 In addition, a
virulence profiling study of the 2011 European outbreak strain
suggested that the adherence of this strain to intestinal
epithelium cells might increase the absorption of Shiga toxins
and progression and severity of HUS.31 However, to date, no
efforts and attempts have been made to study a bispecific or
synergistic strategy to target STEC attachment and its toxins
simultaneously.
In the present work, as inspired by the hints that STEC

attachment increases host Shiga toxin absorptions, we report
the construction and in vitro evaluation of a bispecific
neutralizer consisting of two existing nanobodies against
Shiga toxin and intimin, respectively. We demonstrated that
each of the modules in the bispecific construct showed
increased antigen binding capability compared to the
respective monospecific nanobody and that the bispecific
construct was able to functionally block the binding of Shiga
toxin or intimin to their respective receptors when these
virulence factors were even present simultaneously. Taking
into consideration the easy and economical production,
superior pharmaceutical properties, and high stability of this
construct, we believe that introducing this bispecific concept of
nanobodies for drug development should bring practical
benefits into the fight against STEC infections in the
developing world.

■ RESULTS AND DISCUSSION
Fabrication of the Bispecific Neutralizer. To obtain a

construct capable of simultaneously neutralizing the binding of
Shiga toxin and intimin to their respective host receptors
(Figure 1A), two reported nanobodies against the B subunit of
Shiga toxin 2 (Stx2B) and C terminus of intimin (IntC280),
i.e., Nb113 and IB10, were chosen to fabricate a bispecific
nanobody.24,32 To this end, two nanobodies were genetically
fused through a (G4S)3 linker with NB113 at the N terminus
and IB10 at the C terminus, with a hope that each individual
nanobody module can retain its full antigen binding capability
(Figure 1B). For the sake of brevity, the recombinant bispecific
Nanobody for Shiga toxin and Intimin was hereinafter referred
to as siNb. The codon-optimized gene for coding siNb was
cloned into a pET-22b vector for expression using the E. coli
Bl21 (DE3) strain. After straightforward purification using a
nickel affinity protein purification column, eluted proteins were
analyzed by using SDS-PAGE. As shown in Figure 1C, a single
protein band was detected from elution fractions in Lane 5−7
with a size consistent with the theoretical molecule weight for
siNb of 28.49 kDa and it was further confirmed as siNb by
Western blot analysis using antibodies against His-tag and the
nanobody as well (Figure 1D). All the corresponding fractions
were desalted and concentrated, resulting in pure siNb with a
final yield of 4.5 mg/L. The resultant siNb was also
characterized by size-exclusion chromatography (SEC) analysis
and high-resolution mass spectrometry, which indicated a

molecule weight of siNb well in agreement with the calculated
value (Figure S1 and S2). In addition, monospecific nano-
bodies and all the relevant proteins were prepared accordingly
for the mentioned characterization of siNb (Figure 1B and
Figure S3). It is important to note that the production of such
a construct at low cost and high yield using a common E. coli
system would be a favorable advantage to meet the
requirement for quick production of preventives and
biotherapeutics in response to an STEC outbreak challenge.

Antigen Binding Affinity of the Bispecific Neutralizer.
With this construct in hand, we then tested its binding
capability to Stx2B and IntC280, respectively. To rule out the
possibility of an unfavorable effect of protein fusion on its
affinity, we first compared the antigen-binding affinity of each
monospecific module in siNb with that of each monospecific
nanobody individually expressed (Figure 2A). For this
purpose, Stx2B or IntC280 without His-tag were immobilized
on a microplate for an ELISA assay and the binding of
nanobodies (His-tagged) was determined accordingly using
HisProbe-HRP. Surprisingly, the binding affinity of NB113
portion in siNb to Stx2B turned out to be 8.7 times higher than
that of the monospecific nanobody NB113 (Figure 2B), while
the binding affinity of the IB10 portion in siNb was 2.7-fold of
that of the monospecific nanobody IB10 (Figure 2C). This
affinity increasement of siNb might not come from the cross-
reactivity of each nanobody module, because no significant
binding of each monospecific nanobody to the irrelevant
antigen can be detected even at high concentrations up to 4
μM (Figure S4).
We next determined whether each of the modules in this

bispecific construct can independently function in the presence
of two antigens simultaneously. To achieve this purpose in an
ELISA type assay, Stx2B without His tag was first coated on
the plate and likewise the binding of bio-Int280 (biotin
labeled) mediated by siNb was determined using a
streptavidin-conjugated HRP, and vice versa (Figure 2D). As

Figure 1. Fabrication and characterization of the bispecific neutralizer
siNb. (A) Schematic depiction of the bispecific neutralizer. (B)
Primary architectures of the bispecific neutralizer and other relevant
proteins. (C) SDS-PAGE analysis of the purified bispecific neutralizer.
Lane 1: lysate, Lane M: marker, Lane 2 and 3: washing buffer with 50
mM or 75 mM imidazole, and Lane 4−8: elution buffer with 100, 175,
250, 500, 500 mM imidazole. (D) The bispecific nanobody together
with two monospecific nanobodies were analyzed by using Western
blot with antibodies against His-tag (left panel) and nanobody (right
panel).
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shown in Figure 2E, whether it was Stx2B or Int280
immobilized, the formation of a ternary complex can be
determined in the presence of the siNb at the concentrations
indicated, but no significant signal accounting for this complex
can be detected in the controls without siNb. In the same vein,
this ternary complex of siNb and two types of antigens was
further validated in a pull-down assay where one of the
antigens with biotin was immobilized on streptavidin magnetic
beads and the bound proteins after incubation were visualized
using SDS-PAGE. As shown in Figure 2F, three bands
corresponding to Stx2B, siNb, and IntC280 can be detected
from the pull-down samples, indicating the formation of the

ternary complex. The binding of siNb to the immobilized
Stx2B was further compared with that in the presence of free
Int280 using the above ELISA assay and vice versa (Figure S5).
Under both conditions, siNb did not show significant
difference in its ability to bind to each immobilized antigen,
which further excluded the possibility of cross-reactivity from
each nanobody module. We speculated that protein-fusion
might stabilize the bispecific construct in conformation, and
thus siNb showed the increased binding ability to each antigen.
Taken together, these results demonstrated that the

bispecific construct retained the individual function of each
nanobody module with even enhanced antigen binding

Figure 2. Antigens binding by the bispecific neutralizer. (A) Schematic depiction of ELISA type assay for individual antigen binding. (B) Affinity
comparison of NB113-IB10 and NB113 binding to Stx2B as described in left panel of (A). (C) Affinity comparison of NB113-IB10 and IB10
binding to IntC280. (D) Schematic depiction of ELISA type assay for simultaneous antigen binding. ELISA (E) and pull-down analysis (F) of the
bispecific construct binding to two Stx2B and IntC280 simultaneously.

Figure 3. Functional neutralization of Shiga toxin and intimin by the bispecific neutralizer. (A) Schematic depiction of the function assay for Shiga
toxin neutralization. (B) Schematic depiction of the function assay for IntC280 neutralization. (C) Shiga toxin neutralization by various
concentrations of siNb. (D) Int280 neutralization by various concentration of siNb. (E) Stx2B neutralization by siNb in the presence of IntC280 (6
μM). (F) IntC280 neutralization by siNb in the presence of Stx2B (19 μM).
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capability. Most importantly, it can bind to both antigens
simultaneously as we initially hoped for such a construct.
Functional Blocking of Shiga Toxins and Intimin by

the Bispecific Neutralizer. Next, we tested the ability of this
bispecific construct for functionally neutralizing Shiga toxin
and Intimin. Inhibition of Stx2B binding to its receptor Gb3
trisaccharide was determined by using a functional ELISA type
assay as we described previously.15 The Gb3 construct was
immobilized on the plate and the Bio-Stx2B binding to Gb3
was determined in the presence or absence of siNb (Figure 3A
left panel, and Figure S6A). As shown in Figure 3C, the
addition of BSA as a control had no effect on the Bio-Stx2B
binding, while introduction of siNb blocked that in a
concentration dependent manner, with an EC50 of 133 nM.
Likewise, a similar functional assay was developed to determine
the effect of siNb on the binding of IntC280 to TirM as
depicted in the right panel of Figure 3A. Recombinant TirM
was coated on the plate and the binding of Bio-Int280 was
determined in the presence or absence of siNb (Figure S6B).
Again, nonspecific control BSA did not significantly interfere
with the binding of Bio-Int280 to immobilized TirM and as
expected concentration dependent inhibition of this inter-
action was seen in the presence of siNb, resulting in an EC50 of
475 nM (Figure 3D).
Although the simultaneous binding of siNb to two different

antigens was well demonstrated above, we here continued to
test its neutralization ability in the presence of two antigens
simultaneously. The above two functional assays were further
performed in the simultaneous presence of the two different
antigens and the binding of each antigen to its corresponding
receptor was determined respectively as shown in Figure 3B.
As shown in Figure 3E and 3F, the addition of siNb at the EC50
concentration of each module inhibited the antigens binding to
respective receptors by 50%. As free Shiga toxins were also
detected in blood circulation of infected patients, the ability of
siNb to neutralize stx2B was also determined in serum
simulation (Figure S7). These data suggest that the bispecific
nanobody as bifunctional neutralizer is capable of blocking the
binding of Shiga toxin and intimin to their respective receptors.
The Bispecific Neutralizer Blocked Stx2B Attachment

to Gb3 Expressing Colorectal Cells. We then studied the
ability of this bispecific neutralizer to block the binding of
stx2B to Gb3 receptor using human cells. An array of cancer
cell lines was scanned for Stx2B binding using a flow cytometry
analysis (Figure S8) and colorectal cell line HT29 expressing
the highest Gb3 level was finally chosen as a model for the
subsequent study (Figure S9A and S9B). As expected, treating
the cells with increasing concentrations of siNb showed
concentration dependent inhibition on Stx2B (500 nM)
binding to the cells and complete inhibition was seen when
it reached at 1 μM (Figure 4 and Figure S9C and S9D). The
presence of high concentration of IntC280 consistently did not
show unfavorable effect on this activity of siNb (Figure 4).
Interestingly, siNb showed more potent Stx2B inhibition than
the monospecific module Nb113, which can be attributed to
the enhanced binding capability of siNb to Stx2B as we
observed (Figure 2B). In addition, an immuno-cytochemical
analysis was performed to visualize the inhibition of Stx2B
binding to HT29 cells. As shown in Figure 5, Stx2B labeled by
fluorescent anti-MYC antibody (green) was clustered on
HT29 cell surface in the absence of siNb, but this clustering of
Stx2B was significantly reduced by the addition of siNb at 250
nM and it was completely invisible when 500 nM of siNb was

given. The above data demonstrated that the bispecific
neutralizer can block the attachment of Stx2B onto colorectal
cells and it should also be applicable to other types of cells
expressing such Gb3 receptors.

Figure 4. Flow cytometry analysis of the inhibitory effect of siNb on
Stx2B attachment to HT29 cells. (A) HT29 cells were treated with
Stx2B or in combination with either siNb or Nb113, and the bound
Stx2B was labeled and counted by a flow cytometer using an anti-
MYC primary antibody and a Cy5-conjugated secondary antibody.
(B) The mean fluorescence intensity (MFI) quantification of the
result of (A). Treatment without Stx2B was used a negative control.

Figure 5. Immuno-cytochemical analysis of the inhibitory effect of
siNb on Stx2B attachment to HT29 cells. HT29 cells were treated
with Stx2B with or without siNb, and the attachment of Stx2B was
labeled and visualized under a fluorescent microscopy using an anti-
MYC primary antibody and an Aleaxa-488-conjugated secondary
antibody. Treatment without Stx2B was used as a negative control.
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The Stability of the Bispecific Neutralizer to Storage
Conditions, Lyophilization, and pH. The high stability
under harsh conditions might be more desirable for developing
biopreventives and biotherapeutics against STEC infections as
the cases are often sporadic and the cold-chain transportation
together with strict storage conditions of unstable drugs
inevitably increases the cost especially in developing countries.
In this regard, we next tested the stability of the bispecific
neutralizer to freezing-thaw, long-term storage, lyophilization.
For the freezing-thaw stability of siNb, a total of three cycles of
freezing-thaw did not cause significant protein degradation and
reduction of its binding capability to both stx2B and IntC280
(Figure 6A).

After storage of siNb at 4 °C for up to 30 days, no significant
protein degradation was detected and each portion of the
bispecific nanobody maintained at least 85% of its binding
capability for Stx2B and 75% for IntC280 (Figure 6B). The
stability of siNb to lyophilization was determined by the SEC
analysis. As shown by the SEC profile (Figure 6C), there were
no significant changes in the retention time and percentage of
siNb between samples before and after lyophilization. More-
over, no aggregate corresponding to any multimeric siNb was
detected. As the promising potential of a nanobody for
inhalable and oral administration against respiratory virus
infections, we believe that a nanobody could also be an ideal
therapeutic and preventive in the case of STEC infections that
initiate in the intestinal mucosa.33−35 In this regard, we further
determined the antigen binding capability of siNb at pH
extremes simulating the gastrointestinal environment. As
shown in Figure 6D, siNb retained at least 60% of its binding
capability to Stx2B under both conditions of pH 4.0 and 1.9.
On the other side, the binding of siNb to IntC280 was not

altered at pH 4.0 and it still maintained at least 25% of this
capability at pH 1.9 although a sharp drop was seen. These
data suggest that siNb has excellent stability to be further
developed as a STEC prophylactic for oral or inhalable
administration.34−36

■ CONCLUSIONS

In conclusion, we constructed a bispecific neutralizer for STEC
by genetically fusing together two nanobody modules capable
of blocking the binding of Shiga toxin and Intimin to their
respective host receptors. The recombinant neutralizer can be
easily fabricated in conventional E. coli expression systems at
relatively low cost and high yield after optimizing the
fermentation conditions. Importantly, each of the module
from the bispecific neutralizer showed increased antigen
binding capability and was able to individually function in
the presence of both antigens simultaneously. Moreover, the
neutralizer was able to function at pH extremes simulating the
gastrointestinal environment and showed high stability under
harsh storage conditions. These pharmaceutical advantages
together should make such a construct a desirable drug
candidate especially for STEC infections in the developing
world. Although more in vivo studies have to be performed to
validate the protection and therapeutic potential of this
construct to STEC challenging, this work provides a novel
and practical strategy for drug development to combat STEC
infections.

■ METHODS

Materials and Reagents. The E. coli plasmids for
producing recombinant antigens and nanobodies, including
Stx2B (pET22b-Stx2B), IntC280 (pET22b-IntC280), TirM
(pET22b-TirM), Nb113 (pET22b-Nb113), IB10 (pET22b-
IB10), and Nb113-IB10 (pET22b-NI) (Table S1), were
prepared with codon optimization by General Biosystems
Co. Ltd. (Anhui, China) and the amino sequences
corresponding for IB10 and Nb113 were modified from
previous publications.24,32 Nickel protein purification column
(HisTrap HP) and desalting column (HiPrep Desalting) were
obtained from Jincheng Biological Co. Ltd. (Wuhan, China).
Dulbecco’s Modified Eagle Medium (DMEM) and McCoy’s
5A medium were purchased from GE Healthcare (Shanghai,
China). Fetal Bovine Serum (FBS), Penicillin−Streptomycin
solution and HisProbe-HRP were purchased from Thermo-
Fisher Scientific (Shanghai, China). FSL-Gb3 construct was
purchased from Sigma-Aldrich (Shanghai, China). Myc-tag
Rabbit Polyclonal antibody and Alexa-488 conjugated Goat
anti-Rabbit IgG antibody were purchased from Proteintech
(Beijing, China). Cy5-conjugated Goat anti-Rabbit IgG
antibody was purchased from Abcam (Shanghai, China). The
BCA kit, TMB kit, ECL kit, and all the HRP-conjugated
secondary antibodies were purchased from Beyotime (Shang-
hai, China).

Cell Culture. Human B lymphoblastoid cell lines Raji and
Jeko-1, human colon carcinoma cell lines Caco-2 and HT29,
human monocytic leukemia cell line THP-1, and human
myelogenous leukemia cell line K562 were kept in our lab.
Caco-2 and HT29 cells were grown in DMEM medium with
10% fetal bovine serum (FBS) and antibiotics (100 U/mL
penicillin and 100 μg/mL streptomycin). Raji, Jeko-1, THP-1,
and K562 cells were grown in RPMI 1640 medium with 10%
fetal bovine serum (FBS) and antibiotics (100 U/mL penicillin

Figure 6. Stability of the bispecific neutralizer to storage conditions
and pH extremes. Protein concentration (blue), Stx2B binding (red),
and IntC280 binding (green) of siNb were determined after three
freezing-thaw cycles at −80 °C (A) or long-term storage at 4 °C (B).
(C) SEC analysis of siNb before lyophilization and after lyophilization
and redissolved in the same volume. (D) Binding capability of siNb to
Stx2B and IntC280 in different buffers at pH of 7.4, 4.0, and 1.9.
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and 100 μg/mL streptomycin). All cells were cultured in an
incubator with humidified atmosphere containing 5% CO2 at
37 °C.
Protein Expression and Purification. All the proteins

used in this work were expressed in E. coli BL21(DE3) cells
and purified thorough a nickel protein purification column.
Briefly, the transformed E. coli cells were grown in Luria−
Bertani (LB) medium with supplement of ampicillin (100 μg/
mL) at 37 °C in a shaking incubator. After the cell density
reached at OD600 around 0.6, IPTG at a final concentration of
1 mM was added for protein induction overnight at 16 °C.
Cells were then harvested by centrifugation at 8000g for 5 min.
The pellet of cells was resuspended for sonication in a lysis
buffer (10 mM Tris-HCl, 300 mM NaCl, pH 7.4). After
centrifugation at 9900g for 30 min, the supernatant containing
target protein was collected and then loaded into a pre-
equilibrated HisTrap HP column for nickel affinity purification
according to the manufacturer’s instructions. After washing
with the suggested buffer, the bound proteins were eluted
stepwise through an elution buffer supplemented with
increasing concentrations of imidazole from 150 mM to 500
mM and 1 mL-fractions were collected for SDS-PAGE analysis.
Purified target proteins were desalted using a HiPrep Desalting
column and later concentrated using a 3-kDa centrifugal filter
unit. Stx2B and IntC280 proteins were also conjugated with a
C-terminal biotin using a Sortase A mediated ligation with a
biotin peptide (Table S1, GA-biotin) as we described
previously.25 Protein concentrations were determined using a
Bicinchoninic acid (BCA) protein assay kit.
ELISA Analysis of the Binding of Nanobodies and

Stx2B. The binding capability of the monospecific nanobody
NB113 and the bispecific nanobody to Stx2B was compared by
ELISA assay. The ELISA 96-well plate was coated with 100 μL
of Stx2B (2 μg/mL) in a coating buffer (0.1 M Na2CO3, pH
9.6) at 4 °C overnight. Unbound proteins were removed by
washing the plate with PBST and then 200 μL of 3% BSA in
PBS were added into the plate for blocking at room
temperature for 2 h. After a brief washing with PBST, the
plate was then incubated with 100 μL of NB113 or the
bispecific nanobody at concentrations as indicated in the
corresponding figures at room temperature for 2 h. After
washing the plate three times with PBST, 100 μL of HisProbe-
HRP (1 μg/well) was added and incubated at room
temperature for additional 0.5 h. After three times washing
with PBST, the HRP-based signal was developed by adding
100 μL/well TMB substrate for about 10 min and then
quenched with 100 μL/well H2SO4 (2 M). The absorbance
was recorded in a microplate reader at 450 nm. To determine
the binding of the bispecific nanobody to Stx2B in the
presence of IntC280, the same Stx2B-coated plate was
incubated with 100 μL of Bio-IntC280 (2 μg/mL) as a
negative control or Bio-IntC280 preincubated with the
nanobodies at concentration of 250 nM. All the other steps
were the same as described above except for that streptavidin-
conjugated HRP (100 μL, 1 μg/mL) was used to detect Bio-
IntC280.
ELISA Analysis of the Binding of Nanobodies to

IntC280. The binding capability of the monospecific nano-
body IB10 and the bispecific nanobody to IntC280 was
compared similarly as described for Stx2B. In this case, the
ELISA 96-well plate was coated with 100 μL of IntC280 (2
μg/mL) and the binding of IB10 and the bispecific nanobody
was determined using HisProbe-HRP. To determine the

binding of the bispecific nanobody to IntC280 in the presence
of Stx2B, the same IntC280-coated plate was incubated with
100 μL of Bio-Stx2B (2 μg/mL) as a negative control or Bio-
Stx2B preincubated with the bispecific nanobody at concen-
tration of 50 nM. Streptavidin-conjugated HRP (100 μL, 1 μg/
mL) was used to detect Bio-Stx2B accordingly.

Pull-down Assay. The direct and simultaneous binding of
bispecific nanobody to Stx2B and IntC280 was also
determined by a pulldown assay. Briefly, streptavidin-
conjugated magnetic beads (200 μg) were washed three
times with PBST and then incubated with 50 μL Bio-Stx2B
(0.5 mg/mL) in a PBS (pH 7.4) buffer containing 0.1% BSA.
After incubation at room temperature for 1 h, unbound
proteins were removed by washing the beads again three times
with PBST and then Stx2B-loaded beads were further
incubated with 50 μL of bispecific nanobody (1 mg/mL)
preincubated with IntC280 (0.5 mg/mL) at room temperature
for 1 h. After three times washing with PBST, proteins retained
on the beads were directly subjected for SDS-PAGE analysis.
In the same vein, Bio-Int280 was first loaded on the beads and
the binding of bispecific nanobody and Stx2B was determined
accordingly. Beads incubated with PBS were used as a negative
control. Free samples of Stx2B, IntC280, and bispecific
nanobodies were loaded directly as input control for analysis.
The gel was visualized by Coomassie blue staining.

Shiga Toxin Neutralization Assay. The inhibitory effect
of nanobodies on the binding of Stx2B to Gb3 was determined
using an ELISA type functional assay essentially as we
described previously.15 Briefly, a 96-well plate (Nunc
PolySorb) were coated with FSL-Gb3 (5 μg/mL, 100 μL/
well) in PBS overnight at 4 °C. The unbound FSL-Gb3 was
removed by washing the plate three times with PBS and 200
μL of 3% BSA in PBS was added into each well to block the
potential unspecific binding sites at room temperature for 2 h.
After brief washing with PBS, the Gb3-coated plate was
incubated with 100 μL of Bio-Stx2B (1000 nM) alone as
positive control or Bio-Stx2B preincubated with the bispecific
nanobody for 0.5 h at concentration as indicated in the
context. In addition, various concentrations of BSA were used
as negative controls with respect to the bispecific nanobody.
After incubation at room temperature for 2 h, the supernatant
from each well was removed and the plate was washed three
times with PBS. Bio-stx2B bound to Gb3-coated plate was
detected using streptavidin-conjugated HRP (100 μL, 1 μg/
mL) and the signal was developed same as above ELISA
assays. Regarding the neutralization assay in the presence of
IntC280 antigen, the bispecific nanobody was first preincu-
bated for 0.5 h with Bio-Stx2B (1000 nM) and IntC280 (6
μM) at concentrations as described in the context and then
Bio-Stx2B binding was determined.

IntC280 Neutralization Assay. The inhibitory effect of
the bispecific nanobody on the binding of IntC280 to TirM
was determined using an ELISA-based functional assay. Briefly,
the ELISA 96-well plate was coated with 100 μL TirM (2 μg/
mL) in a coating buffer (0.1 M Na2CO3, pH9.6) at 4 °C
overnight. After washing with PBS, the plate was blocked with
3% BSA in PBS for 2 h and then plate was incubated with 100
μL Bio-IntC280 (1000 nM) or same amount of Bio-IntC280
preincubated with the bispecific nanobodies for 0.5 h at
concentration as indicated in the corresponding figure. With
further incubation for 2 h and washing, the plate was added
with 100 μL streptavidin-conjugated HRP (1 μg/mL) and
incubated at room temperature for 0.5 h. The HRP signal was
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developed similarly as descried in above ELISA assay. In the
case of neutralization assay with the presence of Stx2B antigen,
the bispecific nanobody was first preincubated for 0.5 h with
Bio-IntC280 (1000 nM) and Stx2B (19 μM) at concentrations
as described in the context and then Bio-IntC280 binding was
determined.
Flow Cytometry. Stx2B binding to cells was determined by

flow cytometry analysis. Briefly, cells were detached and
collected from the culture flasks using a trypsin buffer and then
resuspended in a flow cytometry buffer (2% BSA in PBS) at a
density of 5 × 105 cells/mL. Stx2B was added into 100 μL of
the above cell suspension to final concentrations as indicated in
the corresponding figure and the mixture was then incubated
on ice for 1 h. Same volume of PBS with respect to Stx2B was
used as a parallel negative control. In the test of Stx2B
inhibition, Stx2B was first preincubated with the bispecific
nanobody at indicated concentrations for 0.5 h and then
incubated with the cells for additional 1 h. The treated cells
were then centrifuged and washed three times with 500 μL of
precold PBS. After the last washing, the pellet of cells was
resuspended in 100 μL of anti-Myc antibodies (4 μg/mL)
premixed with Cy5-conjugated secondary antibody (10 μg/
mL) and incubated in dark on ice for additional 1 h. Finally,
the cells were washed three times with 500 μL of cold PBS and
then resuspended with 200 μL of PBS for binding analysis
using an Accuri C6 flow cytometer. The data was analyzed
using a FlowJo Software.
Immuno-cytochemistry Analysis. Stx2B binding to cells

was also imaged using immuno-cytochemical assay. HT29 cells
(5000 cells/well) seeded on sterile coverslips in 24-well plates
were first fixed by 4% paraformaldehyde (PFA) for 10 min, and
then blocked with 1% BSA in PBS for 1 h. After a brief
washing, cells were treated with Stx2B or Stx2B preincubated
with the bispecific nanobody at concentrations as indicated in
the corresponding figure and incubated at room temperature
for 1 h. After three times washing with PBS, 100 μL of anti-
Myc antibody (4 μg/mL) preincubated with Alexa488-
conjugated secondary antibody (10 μg/mL) was added to
the cells for another 1 h. Again, the cells were washed three
times with PBS and then treated with a drop of antifade
mounting medium (containing 4′,6-diamidino-2-phenylindole
(DAPI)). Finally, images were recorded using a fluorescent
microscope.
Stability Analysis of the Bispecific Nanobody. For the

freezing-thaw stability, the bispecific nanobody (2.6 mg/mL)
in PBS was stored at −80 °C. The frozen sample was allowed
to thaw out slowly at 4 °C for the following tests or the
repeated frozen and totally three freeze−thaw cycles were
performed. The binding of those samples to Stx2B or IntC280
was determined using ELISA assay as described above, while
the concentrations of those samples were determined using a
BCA protein assay kit. For the long-term storage stability, the
bispecific nanobody (2.6 mg/mL) in PBS was stored at 4 °C
for days as indicated in the corresponding figure and samples
were then analyzed same as freezing-thaw stability. For the pH
stability, the bispecific nanobody was diluted at 2.6 mg/mL in
PBS buffer pH 7.4, acetate buffer pH 4.0 and acetate buffer pH
1.9, respectively. After incubation at room temperature for 2 h,
the binding of those samples to Stx2B or IntC280 was
determined accordingly as described above. For the lyophiliza-
tion stability, 100 μL of the bispecific nanobody (2.6 mg/mL)
in PBS was freeze-dried using a vacuum freeze drier. The
lyophilized powder of the bispecific nanobody was resus-

pended in 100 μL of PBS and SEC analysis of the
postlyophilization and prior-lyophilization samples were
performed on the Agilent 1260 HPLC system equipped with
a Shodex OHpak SB-805 HQ column with UV detection at
280 nm. Each sample of 100 μL was loaded into the system
and the flow rate was set to 0.5 mL/min.
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