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LETTER

Novel binders derived from an albumin-
binding domain scaffold targeting human
prostate secretory protein 94 (PSP94)

Dear Editor,

Prostate secretory protein 94 (PSP94), also known as
β-microseminoprotein, is a product of the MSMB gene and
one of the most abundant proteins found in human seminal
plasma (Anklesaria et al., 2013). This small cysteine-rich
non-glycosylated protein is considered to be involved in
regulation of many biological processes including male
reproduction. It has been observed that PSP94 and its por-
cine homologue inhibit acrosomal reaction, sperm motility,
and maintain the sperm environment (Anahi Franchi et al.,
2008; Manaskova-Postlerova et al., 2011).

Despite of its possible role in reproduction, recently it has
been proposed its association with development of prostate
cancer (PC). It has been demonstrated that PSP94 sup-
presses tumor growth and reduces proliferation of some
cancer cells by inducing apoptosis. This action is suggested to
be regulated via binding to cell-surface receptors (Yang et al.,
1998; Annabi et al., 2006). Moreover, the large genome-wide
association studies showed that decreased expression of
PSP94 caused by the rs10993994 single nucleotide poly-
morphism is associated with an increased risk of developing
prostate cancer, suggesting a protective role of PSP94 in PC
incidence (Lou et al., 2009; FitzGerald et al., 2013).

Currently, the clinically validated test for PC diagnosis
relies on detection of serum level of prostate-specific antigen
(PSA, human kallikrein-3) using monoclonal antibody-based
ELISA kit but this examination, yet widely used, fails to
predict early stages of PC development and, in addition,
does not distinguish precisely between malign form of PC
and benign prostate hyperplasia. Due to lack of this speci-
ficity many patients have to undergo unnecessary prostate
tissue biopsy (Lazzeri et al., 2012). To overcome this draw-
back, a larger set of PC biomarkers has been suggested to
improve early prediction of PC, to identify recurrent stages of
malignancy after the prostatectomy and treatment, and to
more precisely correlate serum-level oncomarkers with a
histological Gleason scoring. Therefore, novel and more
complex tools for improved PC diagnosis, including multi-
factorial biosensors or ELISA sets, are being required
(Mhatre et al., 2014).

Many studies have suggested that PSP94 could be a
useful biomarker for PC diagnosis and prognosis (Nam et al.,
2006; Reeves et al., 2006; Velonas et al., 2013). The esti-
mation of bound/free PSP94 has been suggested as an
independent prognostic marker following radical prostatec-
tomy that can predict time to recurrence of PC (Reeves et al.,
2006). The measurement of PSP94 levels was able to
identify patients with high-grade disease among a subset of
patients in whom tests of PSA or free/total PSA were least
informative (Nam et al., 2006; Mhatre et al., 2014).

Artificial binding proteins derived from small protein
domain scaffolds represent a valuable non-immunoglobulin
alternative for the construction of novel bio-sensing devices.
Engineered small, stable, robust, and soluble proteins with a
sufficient thermal and hydrodynamic stability and without
disulphide bonds can be produced in a mass amount in
bacteria and easily modified by gene-fusion approaches. In
addition, they are amenable to rational improvement or
ab initio design and suitable for high-throughput selection
and diagnostic procedures (Gilbreth and Koide, 2012).

Recently we have demonstrated that a high-complex
combinatorial library derived from three-helix bundle of
albumin-binding domain (ABD) of streptococcal protein G
can be used for development of sub-to-nanomolar affinity
binders of human interferon gamma (Ahmad et al., 2012) or
for novel IL-23 receptor antagonists with a promising anti-
inflammatory potential (Kuchar et al., 2014). Therefore, we
used this ABD scaffold-derived library to generate unique
binders of human PSP94. In combination with five cam-
paigns of ribosome display selection we generated a col-
lection of 35 PSP94-binding clones called PAB binders,
representing 29 unique sequence variants (Fig. 1A). These
variants in the form of fusion proteins, carrying 46 amino acid
residue-long ABD sequence linked to a helical 305 amino
acid TolA spacer protein with an installed C-terminal AviTag
consensus, were further characterized. PAB clones were
tested for the production of bacterial proteins after transfor-
mation of E. coli host cells and protein production in cell
lysates. After the verification of binding function in ELISA in
combination with Western blot analysis, we selected most
promising candidates for more detailed characterization.
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Figure 1. Generation of PAB variants and their binding to recombinant HisTag-PSP94. (A) Similarity tree of polypeptide

sequences of the selected PAB binders. Analysis of a collection of 35 PAB binders obtained by ribosome display selection identified

29 unique sequence variants. For the analysis, randomized sequences between residues 20 and 46 were compared, as the

N-terminal amino acid positions 1–19 were non-mutated. The sequence of the parental ABD wild-type domain (●) was used as a root

of the tree. PAB variants selected for more detailed analysis are highlighted as triangles. (B) Binding of PAB variants to recombinant

HisTag-PSP94 assessed by ELISA. Serially-diluted PAB variants in the form of biotinylated HisTag-PAB-TolA-AviTag fusion proteins

were applied to a Polysorp microtiter plate coated with 10 μg/mL of recombinant HisTag-PSP94. WT-ABD indicates the parental wild-

type ABD-TolA-AviTag protein as a non-mutated control with the natural affinity to HSA. The binding was detected by Streptavidin-

HRP conjugate. The error bars represent the standard deviation from the three measurements. (C) The binding affinity of PAB

variants to the fluorescently-labeled recombinant HisTag-PSP94 measured by microscale thermophoresis. Thermophoresis + T-jump

data shown as binding curves were evaluated by a NanoTemper software and calculated Kd values for PAB036, PAB046, and PAB50

variants were 40 ± 6 nmol/L, 49 ± 10 nmol/L, and 10 ± 3 nmol/L, respectively.
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Purified recombinant proteins of these PAB variants con-
firmed binding to immobilized His-PSP94 bacterial protein in
ELISA using detection with streptavidin-HRP conjugate
(Fig. 1B). We also verified that these selected protein vari-
ants do not substantially bind to coated BSA protein (data
not shown). To further confirm that these PAB clones bind to
human PSP94 protein, we used another ELISA sandwich
layout in which in vivo biotinylated PAB clones were immo-
bilized to a coated streptavidin and binding of His-PSP94
was detected by anti-PSP94 antibody followed by a sec-
ondary IgG-HRP conjugate (results not shown).

To estimate the binding affinity of the particular PAB
variants in solution, we used microscale thermophoresis
(MST) with a fluorescently-labelled HisTag-PSP94 and
measured interactions with PAB036, PAB046, and PAB050
variants. In the Fig. 1C, binding curves obtained for all
selected PAB variants are shown, representing one of the
performed experiments. Using a commercial software, Kd
constants measured for all three PAB variants were esti-
mated to be 40 ± 6 nmol/L and 72 ± 25 for PAB036, 49 ± 10
nmol/L for PAB046, and 10 ± 3, 12 ± 3 and 21 ± 8 nmol/L (an
average value 14 nmol/L) for PAB050.

To corroborate whether PAB binders are capable of
binding to a native human target, we used LNCaP prostate
cancer cell line formerly described to secrete and cell-sur-
face express the PSP94 protein (Yang et al., 1998). To verify
this expected positivity, we used flow cytometry to assay the
binding of two monoclonal and one polyclonal anti-PSP94
antibodies. As demonstrated in the Fig. 2A, all three anti-
PSP94 antibodies substantially bind to LNCaP cells while
the presence of the only secondary Cy-5-conjugated IgGs
remains to be negative. Statistical significance of the positive
binding in comparison to the binding of the corresponding
secondary antibody only was verified by ANOVA and is
shown by asterisks. This result suggests that LNCaP cells
capture a part of the secreted PSP94 by an autologous
membrane receptor and can be, therefore, used for the
investigation of binding of PAB clones to the membrane-
bound PSP94. The possibility of the attachment of the
PSP94 to cell surface via interactions with a membrane
receptor has been already suggested (Annabi et al., 2006).
Results of binding of all used anti-PSP94 antibodies to cell
surface-bound PSP94 were further supported by intracellular
binding of these antibodies to LNCaP cells with permeabi-
lized membranes (results not shown). In the further experi-
ment, in vivo biotinylated PAB variants in the form of PAB-
TolA-AviTag fusion proteins were tested by flow cytometry for
the ability to bind to PSP94-expressing LNCaP cells. The
ABD-wild-type protein corresponding to the parental non-
randomized ABD scaffold was used as a control to exclude
the possibility that non-randomized residues of the ABD
bundle could mediate high-affinity interactions with prostate
cancer cells. In addition, presence of TolA fusion moiety,
identical between PAB variants and the ABD wild-type con-
trol, should exclude that ABD-unrelated TolA sequences
mediate or substantially contribute to cell-surface binding. As

demonstrated in the Fig. 2B, several PAB variants bind to
LNCaP cells, as detected by streptavidin-PE conjugate.
Statistical significance of binding for each PAB variant
compared to the binding of parental wild-type ABD-TolA
control is provided by ANOVA and shown by asterisks. We
also investigated binding of PAB clones to permeabilized
LNCaP cells and results are in correlation with intact cells
staining (data not shown). Interestingly, PAB036 variant,
binding well to the bacterial PSP94 in ELISA, and substan-
tially also to the intracellular LNCaP cell product (not shown),
exhibited weaker cell-membrane binding compared to the
other PAB variants. It is possible that this clone recognizes a
different binding surface of the PSP94 in comparison to the
other binders and that this membrane PSP94, bound in an
oriented way to its cognate cell-surface receptor, is sterically
hindered and, thus, partially unapproachable for a full
PAB036 recognition. This is supported by a strong binding in
the case of a free accessible PSP94 (data not shown).
Based on the result of this binding assay, we selected
PAB036, PAB046, and PAB050 variants as the most
promising candidates for further characterization. The amino
acid sequences between residues 20 and 46 of these three
variants are as follows: PAB036: WYKNGINPAHRVRWVK-
GRIDAILARLP; PAB046: RYKNAINRAPAVWWVKRLIDAI-
LAALP; PAB050: LYKNHINTAWRVAAVKRAIDLILASLP, all
presented with the indicated positions of the 11 randomized
residues. Parental non-randomized WT-ABD full-length
sequence (46 amino acids of the full ABD scaffold) is
LAEAKVLANRELDKYGVSDYYKNLINNAKTVEGVKALIDE
ILAALP with the marked mutable positions.

To verify whether recombinant bacterial human PSP94
competes with cell-bound PSP94, we performed cell-surface
competition binding assay in which PAB036, PAB046, and
PAB050 variants were mixed with an increasing concentra-
tion of the recombinant PSP94 protein and were left bound to
LNCaP cells for 30 min. The results of repeated experiments
shown in the Fig. 2C indicate that increasing concentrations
of the PSP94 protein inhibited binding of the PAB046 and
PAB050 variants to the cells. While the concentration 20 µg/mL
decreased binding of both these PAB proteins only by
5%–10%, concentration of 100 µg/mL inhibited this binding
substantially by 35% for PAB046 and by 74% for PAB050.
Contrary that, PAB036 variant did not exhibit any inhibitory
effect. Statistical evaluation by ANOVA was performed and
indicated by asterisks.

As an important proof of specificity of PAB binders, we
performed cell-surface competition binding assay using
LNCaP cells. We first tested whether monoclonal antibody
YPSP-1 inhibits binding of PAB variants to LNCaP cells by
flow cytometry. Our data demonstrated that this monoclonal
antibody did not compete with PAB036, PAB046, and
PAB050 variants for binding to LNCaP cells (data not
shown), suggesting that an interacting epitope differs from
those recognized by the particular PAB binders. We also
tested the ability of polyclonal antibody sc-68920 to inhibit
binding of PAB variants to the same cells and found that this
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antibody is able to suppress the PAB binding. We used it,
therefore, in cell-surface competition binding assay to
demonstrate the specificity of used PAB binders for cell-
bound PSP94 recognition on LNCaP cells. As shown in
Fig. 2D, a dose of 4 micrograms of sc-68920 suppressed the
binding of PAB046 and PAB050 by 30% compared to the
control non-inhibited PAB variants (100%) and this decrease
is statistically significant as verified by ANOVA (indicated by

asterisks). On the other hand, inhibition of PAB036 binding
was only about 15%. ABD-WT-TolA protein was used as a
non-inhibiting ABD control in this flow cytometry test. To
investigate what is the impact of ABD scaffold randomization
on PAB binder’s stability, we measured thermal stability of
PAB036, PAB046, and PAB050 variants using thermal shift
assay (TSA). Temperature melting points (Tm) measured in
300 mmol/L NaCl, 50 mmol/L Tris buffer, pH 8, are 59.6°C for
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PAB036, 48.5°C for PAB046, and 46.0°C for PAB050
(Fig. 2E and 2F). Tm value for parental non-randomized wild-
type ABD is 58.0°C. These data indicate that particular
mutations in each of variants can strongly affect the protein
stability. While in the case of PAB036 variant the amino acid
alterations slightly improved the original scaffold stability,
thermal stability of PAB046 as well as PAB050 was signifi-
cantly decreased.

Collectively, we present the generation and characteri-
zation of unique protein binders of human prostate cancer
oncomarker that can be useful as alternatives to monoclonal
antibodies for detection of MSMB in studies of fertilization
and, with possible modifications using gene-fusion or affinity
maturation approaches, they could serve as novel capture
proteins for improved prostate cancer diagnostics.
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Abstract
Infections with shiga toxin-producing bacteria, like enterohemorrhagic Escherichia coli and
Shigella dysenteriae, represent a serious medical problem. No specific and effective treat-

ment is available for patients with these infections, creating a need for the development of

new therapies. Recombinant lactic acid bacterium Lactococcus lactis was engineered to

bind Shiga toxin by displaying novel designed albumin binding domains (ABD) against

Shiga toxin 1 B subunit (Stx1B) on their surface. Functional recombinant Stx1B was pro-

duced in Escherichia coli and used as a target for selection of 17 different ABD variants

(named S1B) from the ABD scaffold-derived high-complex combinatorial library in combina-

tion with a five-round ribosome display. Two most promising S1Bs (S1B22 and S1B26)

were characterized into more details by ELISA, surface plasmon resonance and microscale

thermophoresis. Addition of S1Bs changed the subcellular distribution of Stx1B, completely

eliminating it from Golgi apparatus most likely by interfering with its retrograde transport. All

ABD variants were successfully displayed on the surface of L. lactis by fusing to the Usp45

secretion signal and to the peptidoglycan-binding C terminus of AcmA. Binding of Stx1B by

engineered lactococcal cells was confirmed using flow cytometry and whole cell ELISA.

Lactic acid bacteria prepared in this study are potentially useful for the removal of Shiga

toxin from human intestine.

Introduction
Infections with Shiga toxin (Stx)-producing bacteria, such as Stx-producing Escherichia coli
(STEC) and Shigella dysenteriae, cause diarrhea and hemorrhagic colitis in human, and may
further develop into a life-threatening hemolytic uremic syndrome (HUS), characterized by
microangiopathic hemolytic anemia, thrombocytopenia, and acute renal failure [1, 2]. Shiga
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toxin, the major virulence factor of STEC, can be produced as Stx1 variants (Stx1 and Stx1c),
Stx2 variants (Stx2, Stx2c, Stx2d, Stx2e, Stx2f) or both variants in different combinations [3].
Stx produced by S. dysenteriae is almost identical to Stx1 produced by E. coli. All members of
Stx family are composed of monomeric enzymatically active A subunit (StxA), which is non-
covalently attached to pentameric B subunit (StxB). The latter is responsible for binding to glo-
botriaosylceramide receptor (Gb3) on the cell surface, or to globotetraosylceramide (Gb4)
receptor in the case of Stx2e [3].

Human infection with STEC is mainly associated with ingestion of contaminated food, and
can quickly spread among humans causing massive outbreaks of STEC diseases. After ingestion,
STEC pass through gastrointestinal (GI) tract, where they colonize the lower GI tract and release
Stx into the gut lumen [1]. Stx is absorbed by the intestinal epithelium into the blood circulation
and targets tissues expressing Gb3 receptor [4]. Once bound, the toxin is very effectively inter-
nalized into the cells by endocytosis and transported through the retrograde pathway, whereby
active A subunit is cleaved by furin and translocated to cytosol, where it functions as a highly
specific N-glycosidase, inhibiting protein synthesis and causing cell death [5, 6].

Currently, there is no specific treatment for patients with developed HUS. Recommended
management relies on supportive therapy that includes fluid and electrolyte balance, nutri-
tional support, management of hypertension and renal transplantation [4]. Because the con-
ventional antibiotic treatment of STEC infections increases the risk of developing HUS by
induction of Stx expression and toxin release into the gut, there is a need for the development
of new therapies. Various potential therapeutic strategies are currently under development,
and include compounds directed against STEC, Stx receptor analogues, receptor synthesis
inhibitors, antitoxin antibodies, inhibitors of toxin transport, processing and function, natural
products and also novel antimicrobial therapies (reviewed in [7, 8]). Monoclonal antibodies
against Stx1 and Stx2 are currently furthest in development [7].

As an alternative to conventional monoclonal antibodies, more than 20 different types of
small single-domain non-immunoglobulin (non-Ig) scaffolds are being used to produce bind-
ing proteins against more than a hundred different targets [9]. Compared to antibodies, engi-
neered non-Ig scaffolds are stable, robust and soluble monomeric proteins, that lack disulfide
bonds, are easily and inexpensively produced in large amounts in bacteria, exhibit effective tis-
sue penetration, rapid distribution and elimination, can be easily modified by conjugation or
gene fusion technology and can exert multivalency or multispecificity [9, 10]. Among them, a
highly complex combinatorial library, derived from the three-helix bundle of the albumin-
binding domain (ABD) scaffold of streptococcal protein G has been used successfully for the
selection of human interferon gamma binders [11], interleukin (IL)-23 receptor antagonist
[12] and binders of human prostate secretory protein 94 (PSP94) [13]. In this work we applied
the ABD scaffold library for the selection of unique binders of Stx1B.

Probiotics, including E. coli Nissle 1917 [14], E. coli 1307 [15], and several Lactobacillus
strains [16] were reported as effective inhibitors of growth of STEC. Lactic acid bacteria (LAB)
are often used as probiotics and are, because of their safety, also considered for genetic engi-
neering and delivery of therapeutic proteins to the human intestine. We have previously dem-
onstrated effective display of two non-Ig scaffolds, Affibodies [17] and DARPins [18], on the
surface of recombinant or nonrecombinant lactic acid bacteria (LAB), by using the C terminal
part of the lactococcal AcmA protein (cA) containing the lysine motif (LysM) domain as the
cell wall anchor [19–22]. Engineered probiotic LAB with surface displayed Stx-binding protein
could be a promising candidate for treating infections caused by STEC or S. dysenteriae. A sim-
ilar approach has already been used in the development of recombinant E. coli bacteria with an
engineered oligosaccharide biosynthesis pathway that resulted in the production of Stx recep-
tor mimic on the bacterial surface [23, 24].
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The goal of the present study was to engineer recombinant LAB Lactococcus lactis capable
of binding Stx1B, by displaying binding proteins against Stx1B on the surface of L. lactis. We
chose StxB as a target for selecting binding proteins against Stx, because it is capable of binding
to the receptor and is not toxic by itself. We have expressed, purified and characterized recom-
binant Stx1B, and used it for the development of ABD-derived binding proteins S1Bs against
Stx1B. S1Bs were biochemically, biophysically and functionally characterized, displayed on the
surface of L. lactis and their ability to bind Stx1B was confirmed.

Materials and Methods

Bacterial strains, media and culture conditions
The bacterial strains used in this study are listed in Table 1. E. coli strains DH5α, BL21 (DE3)
and BL21 (DE3) BirA were grown at 37°C, unless otherwise stated, with aeration in lysogeny

Table 1. Strains, plasmids, gene and primers used in this study.

Strain, plasmid, gene or
primer

Relevant features or sequence (5’– 3’) Reference

Strains

E. coli

DH5α endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR F-Φ80dlacZΔM15 Δ(lacZYA-argF)U169, hsdR17(rK- mK+),
λ–

Invitrogen

BL21 (DE3) F–ompT gal dcm lon hsdSB (rB- mB-) λ(DE3) Novagen

BL21 (DE3) BirA BL21 (DE3) with biotin ligase gene Novagen

L. lactis NZ9000 MG1363 nisRK ΔpepN [28–31]

Plasmids

pET28b(+) Kanr, E. coli expression vector Novagen

pNZ8148 pSH71 derivative, PnisA, Cmr, nisin-controlled expression [28–31]

pSDLBA3b pNZ8148 containing gene fusion of spUsp-LEIS, b-dom and cA [17]

pET28-Stx1B pET28b containing Stx1B gene This work

pET28- H6-TolA-Avi pET28b containing tolA gene with AviTag on C-terminus [12]

pET28-H6-S1Bx-TolA-Avi pET28b containing gene fusion of different variants of S1B clones with TolA and AviTag This work

pET28-H6-ABDwt-TolA-Avi pET28b containing gene fusion of ABDwt with TolA and AviTag

pSD-S1B22 pNZ8148 containing gene fusion of Usp45 signal peptide, S1B22 and cA This work

pSD-S1B26 pNZ8148 containing gene fusion of Usp45 signal peptide, S1B26 and cA This work

pSD-ABDwt pNZ8148 containing gene fusion of Usp45 signal peptide, ABDwt and cA This work

pSD-H6-ABDwt pNZ8148 containing gene fusion of Usp45 signal peptide, H6 tag, ABDwt and cA This work

Gene

Stx1B CCATGGCAAAAAAAACATTATTAATAGCTGCATCGCTTTCATTTTTTTCAGCAAGTGCGCTGGCGACGCCTGAT
TGTGTAACTGGAAAGGTGGAGTATACAAAATATAATGATGACGATACCTTTACAGTTAAAGTGGGTGATAAAGA
ATTATTTACCAACAGATGGAATCTTCAGTCTCTTCTTCTCAGTGCGCAAATTACGGGGATGACTGTAACCATTA
AAACTAATGCCTGTCATAATGGAGGGGGATTCAGCGAAGTTATTTTTCGTCTCGAG

This work

Primer

setB-rev ACCGCGGATCCAGGTAA [11, 12]

EWT5-ABDforN1 TTCCTCCATGGGTATGAGAGGATCGCATCACCATCACCATCACCTGGCGGAAGCTAAAGTCTTAGCTAAC [13]

EWT5-ABDforN2 TTCCTCCATGGGCAGCAGCCATCACCATCACCATCACCTGGCGGAAGCTAAAGTCTTAGCTAAC [13]

ABD-F GGATCCCTGGCGGAAGCTAAAGTC This work

S1B22-R GAATTCAGGTAAACGAGCTAAAATAGCATCTATC This work

S1B26-R GAATTCAGGTAACGCAGCTAAAATCCAATC This work

ABDwt-R GAATTCAGGTAATGCAGCTAAAATTTCATCTATC This work

ABDH6-F AGGATCCCATCACCATCACCATCAC This work

doi:10.1371/journal.pone.0162625.t001
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broth (LB) medium supplemented with 50 μg/mL kanamycin. L. lactis NZ9000 was grown in
M-17 medium (Merck) supplemented with 0.5% glucose (GM-17) and 10 μg/mL of chloram-
phenicol at 30°C without aeration.

Preparation of recombinant Stx1B subunit
A gene for Stx1B was designed (Table 1), synthesized de novo by ATG Biosynthetics (Merzhau-
sen, Germany) and cloned to plasmid pET28b using NcoI/XhoI restriction sites, yielding
pET28-Stx1B. Overnight culture of E. coli BL21 (DE3) harboring plasmid pET28-Stx1B was
diluted (1:100) in 1 L of fresh LB medium and grown to optical density A600 = 3.5–4.0. Expres-
sion of fusion protein Stx1B with hexa-histidine (H6) tag was induced by addition of 1 mM iso-
propyl β-D-1-thiogalactopyranoside (IPTG) for 3 h at 28°C. The culture was centrifuged at
5000 × g for 15 min and the pellet resuspended in 30 mL of equilibration/wash (Eq/W) buffer
(50 mM NaH2PO4, 300 mMNaCl, pH 7.0). The cells were lysed with a cycle of freezing and
thawing, and with 3 fold 5 min sonication with a UPS200S sonifier (Hielscher, Teltow, Ger-
many). After cell lysis, the suspension was centrifuged at 15000 × g for 20 min and the superna-
tant stored. Inclusion bodies were dissolved in Eq/W buffers with increasing concentrations of
guanidinium HCl (1M, 3M and 6M) for 6 h or overnight at 4°C, followed at each step by centri-
fugation and supernatant removal. Stx1B-H6 soluble in Eq/W with 6 M guanidinium HCl was
isolated with BD Talon metal affinity resin (BD Biosciences) according to the manufacturer’s
instructions, using batch/gravity-flow column purification and imidazole elution (elution
buffer: 45 mM NaH2PO4, 270 mMNaCl, 5.4 M guanidinium HCl, 150 mM imidazole, pH 7.0).
Fractions containing pure Stx1B were pooled and stored. We screened different refolding con-
ditions according to [25–27]. Recombinant Stx1B was refolded by 100-fold rapid dilution in
solubilization buffer (50 mM Tris-HCl with 0.5 M arginine and 0.01% Brij-35, pH 7.5).

Determination of molecular weight of Stx1B subunit
The molecular weight and oligomerization status of Stx1B were determined using analytical gel
filtration chromatography (1.2 × 60 cm, 7 mL/h flow rate with 15 min fraction collection time)
on a polyacrylamide gel Bio-Gel P-100 (Bio Rad, Hercules, USA), due to Stx1B cross-reactivity
with a Superdex column (GE Healthcare), for size exclusion chromatography. Six proteins of
14.4–97 kDa (Amersham Low molecular weight Calibration Kit, GE Healthcare) were used as
standards.

In vitro binding of Stx1B to globotriaosylceramide (Gb3) receptor
Binding of Stx1B to its natural receptor Gb3 was determined by enzyme-linked immunosor-
bent assay (Gb3 ELISA) as described [32]. Receptor Gb3 was purchased from Matreya LLC
(PA, USA) and dissolved in chloroform/methanol (2:1). 100 μL of Gb3 solution with concen-
tration 10 μg/mL was used to coat Nunc PolySorp Strips (Thermo Fisher Scientific) overnight
in laminar flow to evaporate chloroform/methanol. After washing with phosphate buffer saline
with 0.05% Tween 20 (PBST) and blocking with 2% bovine serum albumin (BSA) in PBST,
100 μL of serial twofold dilutions of recombinant Stx1B in triplicate (starting with 1 μg/mL in
0.2% BSA in PBST) were added to the wells and incubated for 1 h. Bound Stx1B-H6 was
detected with primary THE™His tag Antibody (GenScript, NJ, USA) (dilution 1:2000 in 0.2%
BSA in PBST) and with horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG sec-
ondary antibody (Merck Millipore, Darmstadt, Germany) (dilution 1:5000 in 0.2% BSA in
PBST). The color was developed by the addition of 100 μL substrate buffer (150 mM
Na2HPO4, 50 mM citric acid, pH 6.0) and 100 μL 3,3',5,5'-tetramethylbenzidine (TMB) sub-
strate (Sigma-Aldrich, MO, USA) for 15 min at room temperature. The reaction was
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terminated by the addition of 50 μL 2 M H2SO4 and absorbances were read at 450 nm using
Infinite M1000 (Tecan, Salzburg, Austria). No Stx1B was added to 0.2% BSA in PBST in con-
trol wells (zero concentration), while all the other steps were performed as described above. All
samples were measured in triplicates.

Internalization of recombinant Stx1B by HeLa cells
HeLa cells (American Type Culture Collection) were grown in Dulbecco's Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% GlutaMAX and pen-
strep in 24-wells plates on coverslips. Fluorescein isothiocyanate (FITC)-labelled Stx1B (10 μg/
mL in 300 μL of fresh medium) was added to the cells and incubated for 1 h on 37°C. The cells
were then washed with PBS, fixed with 4% paraformaldehyde (PFA) in PBS for 15 min and
permeabilized with 0.1% triton X-100 in PBS for 10 min. Non-specific staining was blocked
with 3% BSA in PBS for 1 h. Golgi apparatus (GA) was labelled with mouse monoclonal anti-
human Golgin-97 primary antibody (0.4 μg/ml in 3% BSA for 1 h, Life Technologies, CA,
USA) and with Alexa Fluor 555-conjugated donkey anti-mouse secondary antibody (1:1000 in
3% BSA for 1 h, A-31570, Life technologies). Coverslips were mounted with ProlongGold Anti-
fade reagent with 4',6-diamidino-2-phenylindole (DAPI; Invitrogen). Immunostained cells
were visualized with LSM-710 confocal microscope (Carl Zeiss, Germany), and images were
acquired and processed using ZEN 2010 B SP1 software (Carl Zeiss).

Selection of Stx1B binders by ribosome display
The combinatorial DNA library of ABD protein was generated as described [11, 12], in vitro
transcribed and the resulting mRNA was translated using E. coli extract (EasyXpress Protein
Synthesis Mini Kit, QIAGEN, Germany). The translated products were used for the selection
of Stx1B binders by ribosome display. Preselection of BSA binders was performed in wells
coated with 3% BSA before the first round of the selection. The five rounds of ribosome display
selections were performed in Maxisorp (NUNC, Denmark) microtiter plates coated with
decreasing concentrations of recombinant Stx1B (round 1 and 2: 25 μg/mL, round 3: 10 μg/
mL, round 4: 4 μg/mL, round 5: 1 μg/mL) and blocked with 3% BSA. All incubation and wash-
ing steps were performed as described [12] and after each round, mRNA was eluted from the
bound ribosome complex with elution buffer (50 mM Tris-acetate, pH 7.5, 150 mMNaCl, 50
mM EDTA) containing 50 μg/mL of Sacharomyces cerevisiae RNA. Purified RNA was tran-
scribed into cDNA using reverse transcription with setB-rev primer (Table 1). Double-
stranded DNA was produced by PCR using EWT5–ABDforN1 and setB-rev primers (Table 1)
and fused with T7 promoter, RBS and truncated tolA sequences for the next round of in vitro
translation. After the last round of the selection the final PCR product was amplified with
EWT5–ABDforN2 (Table 1) primer instead of the EWT5–ABDforN1 primer, and cloned to
pET28-H6-TolA-Avi plasmid (Table 1) via NcoI/BamHI sites, yielding pET28-H6-S1B-To-
lA-Avi. The resulting plasmid mixture was transformed into E. coli DH5α, and plasmid DNA
from randomly picked colonies was sequenced.

Sequence analysis and clustering of selected S1B binders
DNA sequencing of S1B variants was carried out by the Centre for DNA Sequencing of the
Institute of Microbiology of the ASCR, v.v.i. (Prague, Czech Republic) or GATC Biotech (Con-
stance, Germany). Amino acid sequences of selected clones were aligned and a similarity tree
was constructed using Molecular Evolutionary Genetics Analysis tool (MEGA), version 6.0.6
(http://www.megasoftware.net/). Randomized sequences between residues 20 and 46 were
compared, as the N-terminal amino acid positions 1–19 were non-randomized.
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ELISA screening of Stx1B binders
S1B clones with unique (previously unreported) sequences were transformed into E. coli BL21
(DE3) BirA (Table 1) and expressed for 4 h in 2.5 mL cultures with the addition of 1 mM IPTG
and 50 μMD-biotin. Bacteria were pelleted at 15000 × g for 5 min and resuspended in 0.01%
PBST with 200 μg/mL lysozyme. Cells were lysed with three cycles of freezing at -80°C and
thawing at 37°C for 30 min. Cell lysate was centrifuged for 15 min and 50 μL of supernatant
was loaded to a PolySorp microtiter plate (Nunc), previously coated with 10 μg/mL of recombi-
nant Stx1B and blocked with 1% BSA (Carl Roth GmbH, Karlsruhe, Germany). After 1 h incu-
bation at RT, the plate was washed five times with PBST, and ABD-binders were detected with
HRP-conjugated streptavidin (1:5000 in 1% BSA/PBST). The color was developed with the
addition of 0.5 mg/mL o-phenylenediamine (OPD, Sigma-Aldrich, St. Louis, USA) and 0.01%
H2O2 in 0.1 M citrate buffer (pH 5.0) for 5 min. The reaction was stopped with the addition of
2 M H2SO4 and absorbance read at 492 nm. Lysate containing the wild-type albumin binding
domain (ABDwt) in fusion with TolA protein was loaded to wells coated with 10 μg/mL of
human serum albumin (Abcam, Cambridge, UK) to serve as a positive control. Negative back-
ground was recorded in wells loaded with 1% BSA/ PBST without S1B-TolA lysate. All samples
were measured in triplicates.

Expression and purification of selected H6-S1B-TolA-Avi variants
Selected H6-S1B-TolA-Avi variants were expressed in 200 mL cultures as described above.
Cells were harvested by centrifugation at 5000 × g for 20 min, resuspended in 10 mL binding
buffer (20 mM Na-phosphate, 500 mMNaCl, 10 mM imidazole, pH 7.4) and lysed by sonica-
tion for 3 min. Lysates were centrifuged at 10000 × g for 20 min and supernatants were kept.
Fusion proteins were purified by fast protein liquid chromatography (Äkta Purifier, GE
Healthcare) on 1 mL HisTrap HP columns (GE Healthcare) or BD Talon metal affinity resin
(BD Biosciences, Palo Alto, USA) using batch/gravity-flow column purification and imidazole
elution according to the manufacturer instructions. Eluted fractions were analyzed by
SDS-PAGE, pooled and concentrated by ultrafiltration using Amicon Ultra (Merck Millipore;
Darmstadt, Germany). Purified H6-S1B-TolA-Avi fusion proteins were dialyzed against PBS
and used for ELISA tests, surface plasmon resonance analysis and microscale thermophoresis.

Assessment of binding of S1B variants to Stx1B by ELISA
The microtiter plate was coated overnight at 4°C with 10 μg/mL of recombinant Stx1B in coat-
ing buffer (100 mMNa-bicarbonate/carbonate, pH 9.6). Wells were washed with PBST and
blocked with 1% BSA in PBST for 2 h at RT. Serially diluted H6-S1B-TolA-Avi fusion proteins
or ABDwt control in 1% BSA/PBST were loaded for 1 h. Following washing, bound S1B clones
were detected with the addition of HRP-conjugated streptavidin (dilution 1:5000 in 1% BSA/
PBST). The color was developed with 0.5 mg/mL OPD and 0.01% H2O2 in 0.1 M citrate buffer
(pH 5.0) for 5 min. The reaction was stopped by the addition of 2 M H2SO4 and absorbance
read at 492 nm. All samples were measured in triplicates.

Assessment of binding of S1B variants to Stx1B by surface plasmon
resonance (SPR)
SPR measurements were performed with Biacore T100 (GE Healthcare) at 25°C. In the first
setup we tested the binding of S1B variants prepared in fusion with TolA spacer protein and
AviTag to Stx1B captured on a Series S sensor chip CM5 (Biacore, GE Healthcare). CM5 sensor
chip was activated using Amine coupling Kit (GE Healthcare) according to the manufacturer’s
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instructions. For immobilization of Stx1B standard PBS buffer (137 mMNaCl, 2.7 mM KCl, 10
mMNa2HPO4, 1.8 mM KH2PO4, pH 7.4) was used as running buffer. Stx1B was diluted into 10
mM sodium acetate buffer, pH 5.0, to a final concentration of 20 μg/mL, and injected over the
second flow cell. The final immobilization level was approximately 890 response units (RU).
The first flow cell was empty and served as a reference cell to control the level of non-specific
binding. All experiments were performed with running buffer PBS with 300 mMNaCl (300
mMNaCl, 2.7 mM KCl, 10 mMNa2HPO4, 1.8 mM KH2PO4, pH 7.4, 0.005% P20). Each com-
pound was injected for 2 min at a flow-rate of 20 μL/min, and dissociation was monitored for 3
min. Regeneration of the sensor surface was achieved with two 30 s pulses of 50 mMNaOH.
The following concentrations were used for titration: 0, 15.625, 31.25, 62.5, 125, 250, 500, 1000,
2000 nM; concentration 62.5 nM was repeated at the end of the concentration series.

In the reverse setup H6-S1B22-TolA-Avi or H6-S1B26-TolA-Avi variants were immobilized
on a sensor chip CM5. CM5 sensor chip activation and immobilization of H6-S1B-TolA-Avi
variants was performed as described above, except that two injections were needed to reach the
final immobilization level of approximately 1100 RU. All experiments were performed with
running buffer PBS with 300 mMNaCl (300 mMNaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8
mM KH2PO4, pH 7.4, 0.005% P20). Each compound was injected for 1 min at a flow-rate of
10 μL/min, and dissociation was monitored for 60 s. Regeneration of the sensor surface was
achieved with 25 mMNaOH for 6 s at a flow-rate of 20 μL/min. The following concentrations
were used for titration: 62.5, 125, 250, 500, 1000, 2000, 4000 nM and the concentration of 500
nM was repeated at the end of the concentration series. Each titration was performed in tripli-
cate. The obtained data was evaluated using Biacore T100 Evaluation software. The sensor-
grams were reference and blank subtracted and the Steady State Affinity model was applied to
calculate the affinity constant (Kd). The average of three repeated experiments was used for
final Kd determination.

Assessment of binding of S1B variants to Stx1B by microscale
thermophoresis (MST)
Purified Stx1B in PBS buffer (pH 7.4) was fluorescently labelled according to the manufactur-
er’s instructions (L001™Monolith NT.115 Protein Labelling Kit RED-NHS, NanoTemper
Technologies GmbH, Germany). The stock solution of labelled Stx1B was diluted in PBS buffer
with 300 mMNaCl and 0.1% Tween 20 to a final concentration of 10 nM. Sixteen serial dilu-
tions of purified non-labelled S1B22 and S1B26 were prepared in standard PBS buffer, starting
with concentrations of 35 μM and 45 μM, respectively. Serial dilutions of S1B variants were
mixed 1:1 with a solution of 10 nM labelled Stx1B to a final volume of 20 μL per dilution. Pre-
pared mixtures were incubated for 5 min at room temperature and centrifuged for 5 min at
15,000 g to remove any aggregates. The samples were filled into the Premium coated capillaries
(NanoTemper Technologies GmbH, Germany). Measurements were carried out with the
Monolith NT.115 instrument (NanoTemper Technologies GmbH) at 25°C using 90% LED
power and 20%MST power. Data analysis was completed with NanoTemper analysis software
using fluorescence change for Kd determination. The SDS-denaturation test was performed to
confirm that the fluorescence change is the consequence of specific binding of ligand to the tar-
get and not due to loss of fluorescence caused by ligand-induced surface absorption or aggrega-
tion. The average of three repeated experiments was considered for final Kd calculation.

Fluorescence-based thermal shift assay (TSA)
The thermal stability of S1B proteins was tested in PBS and 50 mM Tris, 300 mM NaCl, pH 8.0
(T50N300) buffers with the addition of 5× Sypro Orange dye (Sigma-Aldrich, St. Luis, USA) to
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the 25 μL total volume. TSA was performed with the real-time PCR Detection System CFX
touch (BIO-Rad Laboratories, Hercules, USA) according to [12]. The data were analyzed with
CFXManager Software and the melting temperatures (Tm) determined using the first deriva-
tive spectra.

Influence of S1B binders on internalization of Stx1B into HeLa cells
S1B22, S1B26 and ABDwt (final concentration 100 μg/ml) were preincubated with Alexa Fluor
488-labelled recombinant Stx1B (Alexa Fluor 4881 Protein Labeling Kit, Thermo Fisher Scien-
tific, Massachusetts, USA—final concentration 5 μg/ml) for 1 h in complete DMEMmedium
at 37°C. Stx1B, ABDwt, S1B22 or S1B26 were used alone as corresponding controls. After-
wards, the mixtures of protein and Alexa Fluor 488-Stx1B were added to HeLa cells grown in
24 well plates (flow cytometry) or on coverslips (fluorescence microscopy) and incubated for 1
h at 37°C. After incubation, the media were discarded and cells were washed with PBS and pre-
pared for further analysis.

For flow cytometric analysis cells were detached by mild trypsinization (TripleSelect, Life
Technologies) washed three times with PBS and measurements were performed on a BD FACS
Calibur instrument (Beckton Dickinson, Franklin Lakes, NJ) as described in [18] using BD
CellQuest Pro software for data acquisition and analysis (Beckton Dickinson).

For fluorescence microscopy the coverslips-grown cells were either labeled with PKH26 dye
for general cell membrane labeling or stained with antibodies for GA labelling. Membrane
labelling was performed with Red Fluorescent Cell Linker Kit containing PKH26 dye (Sigma-
Aldrich, St. Louis, USA) following manufacturer’s instructions. Afterwards, the cells were fixed
with 2% PFA and washed with PBS. For labeling with antibodies cells were first fixed in 2%
PFA, permeabilized with 0.1% Triton X-100 and incubated for 1 h in 3% BSA in PBS for block-
ing of non-specific staining. For labeling of GA primary mouse monoclonal anti-Golgin-97
(CDFX) antibody (1:100 in 3% BSA in PBS, Santa Cruz Biotechnology, Dallas, USA, sc-59820)
and polyclonal Goat anti-Mouse Secondary Antibody conjugated with Alexa Fluor 633 (1:1000
in 1% BSA in PBS, Thermo Fisher Scientific, A-21052) were used. Cells were washed three
times with PBS after every of the above mentioned steps. After the last washing step cells were
stained with DAPI (Sigma-Aldrich, St. Louis, USA) and mounted with Prolong Gold Antifade
Reagent (Life technologies). Immunostained cells were visualized with LSM-710 confocal
microscope equipped with ZEN 2010 B SP1 software (Carl Zeiss).

Molecular cloning and expression of S1B-cA variants in L. lactis
Genes of S1B variants without TolA spacer were amplified with Phusion polymerase (New
England Biolabs, Beverly, MA) using pET28-H6-S1Bx-TolA-Avi template and ABD-F primer
and the corresponding S1B-R primer (Table 1). The gene for ABDwt was amplified using
pET28-H6-ABDwt-TolA-Avi template and ABD-F/ABDwt-R (Table 1) primer pair, while H6
tag was added with ABDH6-F/ABDwt-R primer. All PCR fragments were ligated to pJET 1.2
cloning vector and cloned into plasmid pSDLBA3b, using BamHI and EcoRI restriction
enzymes (New England Biolabs). Plasmid DNA was isolated with NucleoSpin Plasmid kit
(Macherey and Nagel, Düren, Germany), with an additional lysozyme treatment for L. lactis.
Lactococci were transformed by electroporation using a Gene Pulser II apparatus (Bio-Rad,
Hercules, CA) according to MoBiTec GmbH instructions (Goettingen, Germany). Plasmids
constructed in the study are listed in Table 1. S1B-cA variants were expressed in L. lactis
NZ9000 in 10 mL cultures. Bacterial suspensions were grown to an A600 of 0.8, followed by
induction with 25 ng/mL nisin (Fluka) for 3 h [17, 18, 33, 34]. Resulting suspensions were
stored at 4°C for flow cytometric analysis or whole cell ELISA test.
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Flow cytometry and whole cell ELISA
For flow cytometric analyses, 10 μL of L. lactis suspensions were added to Tris-buffered saline
(TBS) and centrifuged. Cells were resuspended in TBS with Alexa 488-labelled recombinant
Stx1B (20 μg/mL) and incubated at RT with constant shaking at 100 rpm. All washings, centri-
fugation steps and measurements were performed as described [18, 35].

The whole cell ELISA was carried out according to [36] with a few modifications. L. lactis
suspension with surface-displayed S1B variant or ABDwt was centrifuged and resuspended in
PBS to an A600 of 1.0. 750 μL of the suspensions were washed twice in PBS and incubated with
500 μL of recombinant Stx1B (20 μg/mL in PBS) for 2 h, followed by additional washing with
PBS. Bound toxin subunit was detected with the addition of 200 μL of Anti-Verotoxin I/SLT 1b
(antiStx1B) primary antibody (diluted 1:20 in PBS, Abcam, Cambridge, UK) for 1 h, followed
by washing and incubation with 200 μL of (HRP)-conjugated Goat anti-mouse IgG secondary
antibody (diluted 1:500 in PBS, Merck Millipore, Darmstadt, Germany). All incubations were
performed at RT in a tube rotator. After incubation with secondary antibody, cells were
washed, first with PBS and then with substrate buffer (150 mMNa2HPO4, 50 mM citric acid,
pH 6.0). Cells were finally resuspended in 1 mL of substrate buffer, and 100 μL of suspensions,
or 1:5 dilutions in substrate buffer, were loaded on a microtiter plate. The color was developed
with the addition of 100 μL TMB substrate and the reaction stopped after 15 min by the addi-
tion of 50 μL of 2 M sulphuric acid. Absorbances were read at 450 nm.

Statistical analyses
Statistical analyses were performed with GraphPad Prism 5.0 software. Student’s t test was
used to compare the significance of differences between samples and control.

Results and Discussion

Production of recombinant Stx1B
Recombinant Shiga toxin 1B subunit (Stx1B) fusion protein with hexa histidine (H6) tag was
produced in E. coli as a target for the selection of high affinity binders derived from ABD scaf-
fold by using a novel procedure for its recombinant expression. The gene for Stx1B was synthe-
sized and cloned to pET28b vector. Various expression conditions (growth at 37°C, 30°C and
25°C, induction at optical densities (A600) 0.5, 1, 2 and 3.5–4.0) were tested. The highest total
amount of Stx1B-H6 expression was achieved by growing the bacteria at 37°C to A600 = 3.5–
4.0, followed by induction with 1 mM IPTG for 3 h at 28°C. The majority of the fusion protein
was produced in the form of inclusion bodies, which were dissolved in 6 M guanidinium HCl
and efficiently purified with immobilized metal affinity chromatography (IMAC). We screened
different refolding conditions and Stx1B-H6 was effectively solubilized by the rapid dilution
method using 0.5 M arginine and 0.01% Brij-35-containing 50 mM Tris buffer, conditions sim-
ilar to those reported by Oneda and Inouye [27] for another protein. The solubilized product
was stored in Tris or PBS buffer for characterization.

Characterization of recombinant Stx1B
The molecular weight of recombinant Stx1B-H6 was determined by analytical gel filtration
chromatography. It was eluted from calibrated column as one sharp symmetrical peak, with a
molecular weight corresponding to the pentameric form of recombinant Stx1B.

The functionality of recombinant Stx1B was tested by its ability to bind to immobilized glo-
botriosyl ceramide (Gb3) receptor in vitro, and by its internalization into HeLa cells, which nat-
urally contain Gb3 on the surface. Strong, specific and concentration depended binding of
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recombinant Stx1B to immobilized Gb3 receptor was demonstrated with ELISA (Fig 1A).
Stx1B was internalized into the HeLa cells 1 h after co-incubation and was transferred to GA
where it co-localized with the GA marker Golgin-97 (Fig 1B), which is in accordance with a
previous study [37]. These results showed that recombinant Stx1B was fully functional and
suitable as a target for selection of novel high affinity binders.

Ribosome display selection of Stx1B binders
Smaller antibody variants, i.e. single chain variable fragments (ScFv), against Stx1B were previ-
ously selected by screening a phage display library constructed from a naïve human repertoire
[38]. However, it was previously observed that, similar to antibodies themselves, ScFvs are not
suitable for surface display on lactococcal cells (unpublished data), especially in comparison to
non-Ig scaffolds, such as DARPins and Affibodies, possibly due to their larger size and more
complex folding. To obtain novel protein binders of Shiga toxin, a highly complex combinato-
rial library derived from streptococcal albumin-binding domain scaffold was therefore applied.

Fig 1. Ability of recombinant Stx1B to bind to Gb3 receptor in vitro. (A) Binding of serially diluted Stx1B to Gb3 as determined by
ELISA using THE™ His tag antibody. A450: Absorbance at 450 nm. Error bars denote standard deviations. (B) Internalization of
FITC-labelled Stx1B into HeLa cells. Golgi apparatus was detected with mouse anti-human Golgin-97 primary antibody and Alexa
Fluor 555-conjugated donkey anti-mouse secondary antibody (red). DAPI staining was used to label nuclei (blue). Bars = 10 μm.

doi:10.1371/journal.pone.0162625.g001
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This has been used successfully for selecting high-affinity binders of IFN-γ [11], for develop-
ment of IL-23 receptor antagonists [12] and for generation of unique binders of human pros-
tate cancer oncomarker [13].

To select unique binders of Stx1B we used the highly-complex combinatorial ABD library
[11], [12], [13] and ribosome display. Ribosome display enables the selection of binding pro-
teins by associating ribosome-translated proteins with their parent mRNA in a complex. The
mRNA-protein hybrids are selected against an immobilized ligand in multiple selection steps.
The mRNA is then reverse transcribed to cDNA and its sequence amplified via PCR [39]. In
the present work five cycles of ribosome display selection were performed, yielding a collection
of 17 unique Stx1B-binders designated as S1B binders (Fig 2A). The identified S1B binders
were produced in E. coli as fusion proteins with TolA spacer containing AviTag on the C-ter-
minus and a H6 tag on the N-terminus (H6-S1B-TolA-Avi), as reported previously [11–13].
The expression level of the corresponding fusion protein was tested by SDS PAGE and the
binding capacity verified by ELISA (Fig 2B). Binders S1B9, S1B22 and S1B26 with TolA-Avi
and H6 fusion were selected for further analysis. The S1B28 variant showed a lower level of
expression, possibly due to an unintended mutation in a non-randomized part of sequence,
while S1B23 bound BSA and was therefore not Stx1B-specific. Both variants were excluded
from further characterization.

Production and characterization of selected S1B binders
Selected binders in fusion with TolA-Avi and H6 were produced in E. coli on a large scale, puri-
fied with IMAC or HisTrap FPLC and verified on SDS-PAGE electrophoresis, where low level
of expression and some proteolytic degradation of S1B9 variant were observed (Fig 3A). Stx1B
was immobilized and incubated with serial dilutions of selected S1B binders, detected with
HRP-streptavidin. Gradual increase of the ELISA signal confirmed binding of S1B binders to
recombinant Stx1B (Fig 3B). Variant S1B26 showed the strongest binding, while binding of
S1B9 variant was the weakest, which may be the consequence of degradation noted above.
Sequence similarity comparison of selected binders S1B9, S1B22 and S1B26 with parental non-
mutated ABDwt is presented in Fig 3C.

Based on ELISA tests and SDS PAGE analysis clones S1B22 and S1B26 were selected for fur-
ther characterization of binding with surface plasmon resonance (SPR) and microscale ther-
mophoresis (MST), and of stability with thermal shift assay (TSA).

Characterization of binding affinity of the selected S1B binders
The first setup of SPR affinity measurements included immobilization of Stx1B on the sensor
chip surface and injecting S1B proteins over the surface. Binding was confirmed with different
dilutions of both binders, S1B22 and S1B26. Nevertheless, we could not determine the binding
constant (Kd) for tested interactions with any of the available binding models in Biacore T100
Evaluation software. This was probably due to a complex interaction between S1B variants and
Stx1B, which is in pentameric form, and probably binds more than one S1B molecule. The
binding mode between Stx1B and S1B binders could be investigated by structural analysis,
such as molecular docking or by solving the structure of the complex. Fig 4 shows a representa-
tive response after S1B22, S1B26 and ABDwt, all in fusion with TolA-Avi and H6, were injected
at 1 μM concentration over the immobilized Stx1B. A much higher sensor response was
observed with S1B22 and S1B26 than with ABDwt.

In contrast, by reversing the SPR setup, S1B22 and S1B26 in fusion with TolA-Avi and H6
were attached to the sensor chip surface and two-fold dilutions of recombinant Stx1B, starting
with 4 μM concentration, were injected over the chip surface (Fig 5A). Affinity constants were
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calculated by applying the Steady State Affinity model (Fig 5B) and the average of three experi-
ments was considered. The binding affinity of recombinant Stx1B to S1B22 was 0.70 ± 0.03 μM
and, to S1B26, 1.00 ± 0.09 μM.

The binding affinity of S1B22 and S1B26 to fluorescently-labelled recombinant Stx1B in
solution was confirmed by MST. The binding curves obtained from three repeat measurements
for S1B22 and S1B26 are shown in Fig 5C. The commercial analysis software was used to plot
and fit the change in initial fluorescence to yield Kd values in the micromolar range of
0.4 ± 0.05 μM for S1B22 and 0.6 ± 0.05 μM for S1B26.

Fig 2. Sequence similarity analysis (A) and binding affinity (B) of 17 S1B binders selected after five rounds of ribosome display. A: The
sequence of the parental ABD wild-type domain was used as a root of the tree and is highlighted as a square, while S1B variants selected for more
detailed analysis are highlighted as circles. B: S1B binders-containing cell lysates were incubated with immobilized Stx1B (grey bars) or BSA (white
bars) and detected with HRP-conjugated streptavidin. Error bars denote standard deviations.

doi:10.1371/journal.pone.0162625.g002
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Calculated affinities are lower than those reported for ScFvs against Stx1B [38]. However,
the affinity of ABDs could be further improved by affinity maturation approach, in which a
new combinatorial library would be constructed from the best binder sequence using error
prone PCR and where the new library would be subjected to a second selection against the
same target under conditions of increasing stringency [40].

Characterization of the stability of selected S1B binders
The thermal stabilities of binders S1B22 and S1B26 in fusion with TolA-Avi and H6 were
investigated by the fluorescence-based thermal shift assay. The denaturation temperature (Tm)
determined for binder S1B26 was 53°C in PBS buffer and 54°C in Tris-NaCl buffer. Tm for
binder S1B22 could not be determined in any of the tested buffers, probably due to the pres-
ence of two tryptophanes and three prolines in the randomized part of S1B22, which are
known to destabilize helical structure of proteins. The Tm value for parental wild-type ABD
has been reported to be 58°C [12, 13].

Redirection of Stx1B transport in HeLa cells by selected S1B binders
S1B22 and S1B26 in fusion with TolA-Avi and H6 were tested for their ability to prevent
binding of Stx1B to HeLa cells, or to interfere with retrograde transport of Stx1B to GA in
HeLa cells. When fluorescently labelled Stx1B (Stx1B-Alexa Fluor 488) was mixed with S1B
binders prior to incubation with HeLa cells, no decrease in mean fluorescence intensity

Fig 3. (A) SDS PAGE analysis of selected binders S1B9, S1B22 and S1B26 after purification from E. coli cell lysates, stained with
Coomassie brilliant blue. (B) ELISA-determined binding of serially diluted biotinylated binders selected against immobilized
recombinant Stx1B. The binding was detected by HRP-conjugated streptavidin. (C) Sequence similarity comparison of selected
binders with parental non-mutated ABDwt. Randomized sequences between residues 20 and 46 were compared. Randomized
positions are indicated in grey.

doi:10.1371/journal.pone.0162625.g003
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(MFI) compared to the control (incubated with Stx1B-Alexa Fluor 488 alone) was observed
with flow cytometry that would be consistent with inhibition of binding to HeLa cells. On
the contrary, higher MFI was observed in cells incubated with mixtures of S1Bs and
Stx1B-Alexa Fluor 488 (Fig 6A and 6B), indicating higher amount of bound Stx1B-Alexa
Fluor 488 or different cell distribution of internalized toxin. ABDwt in fusion with TolA-Avi
and H6 had no effect on internalization of Stx1B-Alexa Fluor 488 into HeLa cells (Fig 6A
and 6B).

To investigate the effect of S1Bs into more details we performed fluorescence microscopy
using membrane labelling marker PKH26 (Fig 6C) and marker for GA (Fig 6D). In cells incu-
bated with Stx1B-Alexa Fluor 488 alone, or mixture of Stx1B-Alexa Fluor 488 and ABDwt, the
majority of Stx1B-Alexa Fluor 488 was co-localized with the marker of GA 1 h after addition to
HeLa cells (Fig 6D), as shown before with FITC-conjugated Stx1B (Fig 1B). When Stx1B-Alexa
Fluor 488 was pre-incubated with S1B22 or S1B26 the distribution of Stx1B in HeLa cells was
completely altered. Stx1B-Alexa Fluor 488 was partially co-localized with membrane dye, indi-
cating localization at the cell membrane or in membrane bound vesicles, while the co-localiza-
tion with the GA marker was completely lacking, indicating its absence from GA. S1B22 and
S1B26 interfered with conventional internalization route of Stx1B into the HeLa cells, suggest-
ing a possible inhibitory function of S1B variants on Stx1B retrograde transport. However,
more analyses need to be performed to prove the exact mechanism of S1Bs on Stx1B
trafficking.

Fig 4. SPR analysis of binding of S1B22, S1B26 and ABDwt in fusion with TolA-Avi and H6 at 1 μM concentration
to immobilized recombinant Stx1B.

doi:10.1371/journal.pone.0162625.g004
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Expression and surface display of selected S1B binders on L. lactis
NZ9000
Genes for S1B22, S1B26, ABDwt and H6-ABDwt without tolA spacer or tags were amplified
with PCR and cloned into the plasmid pSDLBA3b [17], which had been designed for the

Fig 5. Determination of binding affinity of selected S1B variants to recombinant Stx1B by SPR analysis (A, B) and MST (C). (A) Recombinant
Stx1B at seven different concentrations was injected over the chip surface with immobilized H6-S1B22-TolA-Avi or H6-S1B26-TolA-Avi. (B) Steady
state response (obtained in (A)) was plotted against Stx1B concentration and Steady State Affinity model was applied to calculate the affinity
constant. (C) Sixteen serial dilution concentrations of H6-S1B22-TolA-Avi or H6-S1B26-TolA-Avi were mixed with fluorescently labelled Stx1B at 5
nM final concentration. Fluorescence change Kd fit in NanoTemper software was used to calculate Kd. Error bars denote standard deviations.

doi:10.1371/journal.pone.0162625.g005
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Fig 6. Influence of S1B binders on Stx1B transport into HeLa cells. A, B: Flow cytometric analysis of HeLa cells demonstrating shift in
fluorescence intensity (A) and mean fluorescence intensity (MFI; B) upon 1h incubation of HeLa cells with mixtures of S1B22, S1B26 or ABDwt (all
in fusion with TolA-Avi and H6) and Alexa Fluor 488-labeled Stx1B. Cont: unstained HeLa cells. Stx1B: HeLa cells incubated with Stx1B-Alexa Fluor
488 alone. C, D: Fluorescence microscopy images of HeLa cells incubated with Alexa Fluor 488 labelled Stx1B (green) with or without pre-
incubation with S1B22 and S1B26. DAPI staining (blue) was used to label nuclei. Cells were stained either with PKH26 membrane labeling dye (red;
C) and Golgi apparatus was detected with mouse monoclonal Golgin-97 antibody and secondary polyclonal goat anti-mouse antibody conjugated
with Alexa Fluor 633 (purple; D). Bars = 10 μm.

doi:10.1371/journal.pone.0162625.g006
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surface display of target proteins in fusion with Usp45 secretion signal [41] and the surface
anchoring C-terminal domain of AcmA (cA), as reported [17, 18, 20–22, 33]. Fusion proteins
were expressed in L. lactis by induction with nisin and visualized in the cell lysates by SDS
PAGE and Coomassie brilliant blue staining (Fig 7A).

Surface display of ABDs was confirmed for ABDwt and H6-ABDwt using flow cytometry.
L. lactis cells expressing ABDwt on their surface bound FITC-conjugated HSA (Fig 7B), which
also indicates the functionality of the displayed binder.

Evaluation of binding of Stx1B by recombinant L. lactis with surface
displayed S1B binders
Binding of Stx1B by recombinant L. lactis with surface displayed S1B binders was evaluated by
flow cytometry (Fig 8A) and whole cell ELISA (Fig 8B). With flow cytometry, we observed sta-
tistically significant binding of fluorescence-labelled Stx1B by L. lactis cells displaying S1B26
on their surface in comparison with control L. lactis cells expressing ABDwt. With whole cell
ELISA binding of Stx1B by L. lactis cells displaying both S1B22 and S1B26 was confirmed, the
strongest being with S1B26. On the basis of these results, S1B26 was selected as the most prom-
ising Stx1B binder for the display on the surface of L. lactis, even though S1B22 exhibited lower
binding constants in SPR and MST, possibly due to the fusion with TolA-Avi and H6 in iso-
lated S1Bs.

Conclusion
Shiga toxin receptor analogues are an attractive option for treating infections with Shiga toxin-
producing bacteria [8]. They place no stress on bacteria and do not induce Shiga toxin release.
They bind the toxin in situ in the gastrointestinal tract, thereby preventing its activity. Engi-
neered bacteria, such as recombinant E. coli producing a modified lipopolysaccharide mimick-
ing the Shiga toxin receptor [23, 24], could substitute the polymer analogs. Probiotic food-

Fig 7. (A) SDS PAGE analysis of lysates of L. lactis cells expressing S1B22, S1B26, ABDwt and H6-ABDwt
(ABDwtH), all in fusion with Usp45 secretion signal and the LysM-containing cA domain, and stained with
Coomassie brilliant blue. ABD fusion proteins are high-lighted with arrows. (B) Flow cytometric analysis of
ABD surface display, detection with FITC-conjugated human serum albumin. The MFI value of ABDwt was
compared with that of the control using Student’s t test. *** p<0.001. Cont.: control containing empty plasmid
pNZ8148.

doi:10.1371/journal.pone.0162625.g007
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grade LAB were previously shown to be able to inhibit Shiga toxin-producing bacteria by the
production of lactic acid [16] and this could be exploited in creating a synergistic therapeutic
effect.

In the present study we demonstrated for the first time functional display of ABD proteins
on the surface of LAB L. lactis. This represents an additional class of alternative binding pro-
teins successfully displayed on the surface of L. lactis, next to Affibodies [17] and DARPins
[18]. LAB L. lactis capable of binding Stx1B by displaying on its surface ABD-derived Stx1B
binding proteins were engineered and could be used for neutralization of Shiga toxin in the
human intestine in the early stages of infections with Shiga toxin producing bacteria. Addition-
ally, novel Stx1B binders on the basis of ABD scaffold can be used for basic research as a small
non-immunoglobulin alternative to antibodies and with further modification could be devel-
oped for diagnostics.
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A B S T R A C T

Recent developments in molecular evolution technologies have led to novel types of high-affinity recombinant
protein binders (PB) able to substitute antibodies in many diagnostic and therapeutic applications. Despite al-
most a decade of research, they have so far only been sporadically used for biosensor construction. Here, we
present a proof-of-principle comparative study focused on the application of three types of PB recognizing
human serum albumin (HSA) in the fabrication of diagnostic optical microchips detecting clinically relevant HSA
levels in urine. The PB tested were: (i) biotinylated anti-HSA Affibody (AF) (IgG binding domain of protein A,
Staphylococcus aureus); (ii) biotinylated protein construct based on albumin-binding domain (ABD) of protein G
(Streptococcus G148) fused with long TolA spacer (6xHis-WT-ABD-TolA-AviTag) and (iii) WT-ABD-Trp leader-
streptavidin tetrameric fusion protein (SA-ABD-WT). Open glass microchips with 24 independent microwells
(volume 8 μL) and micropatterned detection zones were prepared and used for oriented binding of proteins
through the biotin/streptavidin chemistry. The analytical performance of the optical microchips was tested by
performing direct specific detection of fluorescently labelled HSA in various environments. Results show that the
length of peptide spacer present between the binding protein domain and sensor surface is a key factor influ-
encing biosensor performance. The biosensor based on SA-ABD-WT reached the limit of detection (LOD) for HSA
in urine (LOD=0.65 μg/ml) sufficient to identify the chronic kidney disease caused by high blood pressure or
diabetes. Furthermore, it offers the highest signal intensity, low noise and significant simplification of microchip
preparation due to a simple one-step immobilization procedure. Our results may be further exploited in de-
velopment of diagnostic microchips dedicated to the detection of a wide range of molecular targets recognized
by specific ABD protein binders.

1. Introduction

Design of the affinity binder molecules and their surface im-
mobilization is still the crucial issue of successful introduction of new
sensors into diagnostic medicine [1]. The field has been dominated by
monoclonal antibodies (mAb), which are the most common bior-
ecognizing component of the immunosensors. Despite their usefulness
and widespread applicability, mAbs suffer from several drawbacks,
including high molecular weight, instability and high production cost
[2]. Other kinds of proteins have been tested as backbones for affinity
molecules by converting them to a library of PB following randomiza-
tion of amino acids at the binding surface. From this complex library of
PB, a specific binder can be selected using phage, bacterial, ribosome,
yeast display or other similar approaches [3]. Such novel strategies

have been shown to be effective for production of various PBs with
affinities comparable or even better than mAbs. High affinity binders
such as ABD, Adnectin, Affibody and Preonectin are based on simple
low MW structures and share favourable structural and biochemical
properties that support their use in a vast range of applications [1].
Affibodies, PBs derived from the IgG binding domain of protein A
(Staphylococcus aureus), being also commercially available, have at-
tracted increased attention in diagnostic and therapeutic fields during
the past few years [4].

ABD is a small, three-helix bundle domain (46 amino-acid residues)
which is a part of protein G (Streptococcus G148, PDB ID: 1GJT, residues
20–65). It naturally binds HSA with nM affinity [5]. To date, more than
100 engineered variants with altered specificity, improved affinity or
stability and even new binding specificities have been reported [6].
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Their application has been demonstrated in peptide pharmacology [7],
nanoparticle labelling [8] and even biosensing [9].

The immobilization of proteins on the surface of solid materials is a
key step in the production of protein arrays, biosensors and microfluidic
devices. For these applications, it is necessary to arrange the orientation
of immobilized proteins as well as their density and surface distribution
so that their function will be maintained [10]. Proteins may be im-
mobilized by physical adsorption [11], covalent coupling [10], as a self-
assembled monolayer (SAM) [12] or through affinity interactions (e.g.,
avidin/biotin [10], Ni-NTA (nickel-nitrilotriacetic acid)/His-tagged
protein [13–15]). For practical use, the immobilization should be based
on the minimized number of steps to enable the scale-up of the device
production and to decrease the complexity of sensor surface prepara-
tion.

Despite their large application potential, there are only few ex-
amples of Affibody use in biosensor fabrication [16,17] and even less in
the case of ABD proteins [9]. The question of an effective way of protein
binder immobilization with the respect to signal intensity, sensitivity
and limit of detection has not been studied in more details. In this
study, we target such issues by comparison of the analytical perfor-
mances of the optical microchips, based on three different recombinant
PBs, all recognizing HSA as the target analyte: (i) commercially avail-
able anti-HSA Affibody; (ii) 6xHis-WT-ABD-TolA-AviTag construct and
(iii) WT-ABD fusion protein with streptavidin (SA-ABD-WT).

2. Materials and methods

2.1. Chemicals and reagents

Chemical reagents obtained from commercial suppliers were used
without further purification. More details about the chemicals used are
available in SI.

2.2. Design and production of HSA protein binders

Anti-HSA Affibody® Molecule (Biotin) (ab31898) was purchased
from Abcam (UK). The in vivo biotinylated ABD protein was designed
according to Refs. [18,19], produced in the E. Coli BL21 (DE3) BirA
strain and purified from cell extracts on Ni-NTA agarose columns ac-
cording to Ref. [20]. The process of designing and construction of the
SA-ABDwt protein has been described recently[8]. Detailed description
of production of those proteins is available in Supplementary in-
formation (SI).

2.3. Fabrication of microchips

The microchip for assay (open glass microchip) was propounded as
follows: microchips should contain 6×4 microwells (volume 8 μL)
with detection zones for biosensing located on their bottom, each zone
should consist of 4×4 squares, 150×150 μm wide with 150 μm dis-
tance between the squares. For detailed description of the whole fab-
rication process, please see SI.

2.4. Fluorescence-based direct assay of labelled HSA

High-affinity PBs based on biotinylated molecules (6xHis-WT-ABD-
TolA-AviTag and AF) were attached to the microchip surface via
streptavidin − biotin interaction. Streptavidin-fusion based variants
(SA-ABD-WT) were attached directly to the biotinylated surface of the
microchip via the same chemistry. Based on previous knowledge from
optimization experiments, the concentration of proteins immobilized to
the microchip surface was 10 μg/ml for streptavidin and SA-ABD-WT
and 40 μg/ml for biotinylated proteins (6xHis-WT-ABD-TolA-AviTag
and AF); incubation time was one hour at 4 °C. After incubation, the
microchips were rinsed several times with water. Then, fluorescently
labelled HSA analyte (0–30 μg/ml) in different media (B-PBS or F-PBS

buffer) was loaded into the microwells and incubated for one hour at
4 °C. Microchips were then rinsed with water and used for fluorescence
measurements (please see SI for more details).

2.5. Competition assay for estimation of HSA concentration

For the competition assay, the immobilization of PBs (AF, 6xHis-
WT-ABD-TolA-AviTag, SA-ABD-WT) was performed in the same way as
in the previous case. For all PBs, the concentration of fluorescently
labelled HSA was initially set to be 10 μg/ml to reach the saturation of
the surface; for SA-ABD-WT, the concentration was then decreased to
2 μg/ml. The concentration range of unlabelled HSA was kept the same
as in the direct assay (i.e. 0–30 μg/ml). Evaluation of the data was
performed in a similar manner as in the previous case.

2.6. Data analysis and statistics

Data are presented as the mean value ± standard deviation (error
bars, S.D.). Each experiment was conducted in at least three in-
dependent runs. The statistical and data analysis was performed with
GraphPad Prism 7 (GraphPad Software, Inc, USA) software. The ex-
perimental data from dose-response curves were background subtracted
and normalized before non-linear regression fitting. A one-site total
binding model with linear component characterizing non-specific
binding was used for data fitting:

Y=Bmax*X/(Kd+X)+NS*X+Background (1)

where X= log of analyte concentration, Y=normalized signal re-
sponse, Kd= equilibrium binding constant, NS is the slope of non-
specific binding in Y units divided by X units and Background is the
amount of nonspecific binding with no added analyte.

For more details about the calculation of sensitivity, limit of de-
tection (LOD) and limit of quantitation (LOQ) used in this work, please
see SI.

3. Results and discussion

3.1. Design and production of protein binders

To develop an affinity assay for HSA detection, specific PB should be
immobilized on the detection platform. Here, three different PBs −
anti-HSA Affibody (AF), 6xHis-WT-ABD-TolA-AviTag and SA-ABD-WT
− were used in biosensor construction and their analytical performance
was compared. Fig. 1 illustrates a schematic molecular design of each
PB, tested in our experiments. In general, AF comprises one recognition
part with a zero-length peptide spacer based on the IgG-binding domain
of protein A (58 amino acids); the molecular weight is 14 kDa. On the C-
terminus, the AF is chemically biotinylated through the sulfhydryl
group present on the terminal cystein. The albumin-binding domain of
streptococcal protein G (wild-type G148-GA3, pdb id 1gjt), lacking
disulfide bridges and naturally recognizing HSA with high affinity
(KD= 1.2 nM)[5]), was used in the form of an N-terminally poly-
histidinylated tag (12 amino acids) fused with the ABD (46 amino
acids), a helper TolA helical protein spacer (305 amino acid residues)
and C-terminal AVItag sequence consensus (15 amino acids), forming a
fusion protein of 378 amino acids. This 38 kD ABD protein has recently
been characterized for its stability (melting temperature Tm=58 °C)
and binding specificity [7,18–20].

The third protein (SA-ABDwt) contains a natural core of streptavidin
(amino acid residues 13–139 [21]. Its C-terminal part is genetically
attached to the ABD via a short linker (Trp leader; Fig. 1B) [8]. The SA-
ABDwt protein was produced and isolated as a denatured monomeric
form (22 kDa) and the functional tetrameric form (88 kDa), which en-
ables high-affinity binding to biotin. The tetramer formation and its
stability were verified by SDS PAGE electrophoresis.
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3.2. Design and fabrication of open glass microchip

Precise control of immobilization conditions as well as of low
amount of proteins and solutions used during the assay were crucial for
obtaining a sensitive response and reproducible results. Therefore, we
have designed a concept of open glass microchips, comprising an array
of microwells (volume 8 μL) and the micropatterned protein binding
zones at the bottom of each microwell. Several steps which combined
the UV-photolithography and microabrasive approaches were used for
the microchip fabrication (Figs. SI1 and 2A and B ). Each detection zone
at the bottom of the microwell contained 4×4 silanized squares se-
parated by a chromium layer, so both the signal from the modified glass
and the background were acquired simultaneously (Fig. 2C, D).

3.3. Immobilization of binding proteins on glass microchip

The glass microchips were first optimized to deposit biotinylated
surfaces in active detection zones with low non-specific protein
binding. The silylation of zones with APTES followed by coupling
biotin-PEG11-COOH to modified surface were used (Fig. SI1B). Further
on, the optimization of streptavidin-binding layers was performed with
fluorescently labelled Atto488-streptavidin to achieve a protein surface
saturation (results not shown).

The immobilization strategy of the PBs is depicted in Fig. 3. The
two-step approach was followed in the case of AF and 6xHis-WT-ABD-
TolA-AviTag (Fig. 3A, B). Both HSA binding proteins are decorated on
their C-terminus part with a single biotin molecule on a zero-length

(AF) or long (6xHis-WT-ABD-TolA-AviTag) peptide spacer. Those two
proteins were immobilized on streptavidin binding layers. The one-step
immobilization approach was performed in the case of SA-ABD-WT.
Four units of ABD-WT domains separated from the streptavidin part by
the TRP leader were therefore immobilized simultaneously in one
binding event. As in the case of streptavidin, binding proteins’ con-
centrations necessary to achieve a fully saturated surface on strepta-
vidin surfaces (AF, 6xHis-WT-ABD-TolA-AviTag) or directly on biotin
layers (SA-ABD-WT) were also optimized. The detection of HSA from
different solutions was then performed on such optimized binding
surfaces.

3.4. Direct HSA detection with glass microchip biosensors

The analytical performances of the biosensors were tested by per-
forming direct specific detection of fluorescently labelled HSA (HSA_FL)
in a 0–30 μg/ml concentration range. This was made in two different
environments. First, in 1% BSA solution, an environment that is com-
monly used for minimizing the nonspecific binding. Second, in 6% FBS,
an environment that mimics the conditions of blood plasma.
Normalized dose-response curves are shown in Fig. 4.; kinetic para-
meters derived from the fitting model are summarized in Table 1. All
biosensors show a clear concentration-dependent signal response, but
differ in analytical parameters, such as Kd, LOD, level of non-specific
binding at higher analyte concentration and signal intensities achieved
(Fig. 5). Analytical parameters measured in 6% FBS were in most cases
improved as compared to the 1% BSA environment, with lower

Fig. 1. Schematic drawing of the molecular design of PBs used in experiments. (A) Affibody − zero length peptide spacer; (B) SA-ABD-WT – 19 residues long
spacer (Trp leader); (C) 6xHis-WT-ABD-TolA-AviTag − 305 residue long spacer (Tol A).

Fig. 2. Open glass microchip with microwells and micropatterned detection zones. A – fully assembled 24-well glass microchip; B – detail of the two microwells
with active detection zones; C − schematic description of signal validation: signal from modified glass sensing areas (red) is corrected for the background (yellow); D
– example of cropped fluorescence images of measuring zones after incubation with increasing concentration of fluorescently labelled analyte (from left to right). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

A. Semeradtova et al. Sensors & Actuators: B. Chemical 272 (2018) 441–447

443



standard deviations and increased reproducibility of measurements (see
increased R2 of the fit in all exp. variants performed in 6% FBS– Fig. 4;
increase of overall fluorescence signal intensity in 6% FBS – Fig. 6). This
suggests a more complex interaction of FBS components with the sensor
surface, which may help to support the proper orientation of binding
domains.

Both AF and SA-ABD-WT showed non-specific binding visible
mainly at relatively high HSA_FL concentrations (c > 10 μg/ml
HSA_FL), which resulted in non-saturation binding kinetics. Therefore,
the one-site total binding model with linear component characterizing
non-specific binding was used for data fitting. The 6xHis-WT-ABD-
TolA-AviTag followed sigmoidal saturation kinetics without the visible
non-specific binding at higher HSA_FL concentrations. The curve fitting

was performed with the same model, showing a negligible non-specific
binding kinetic component. We may hypothesize that the low non-
specific binding observed in the case of 6xHis-WT-ABD-TolA-AviTag, as
compared to the other two protein binders, could be connected to the
existence of its long TolA peptide spacer. This spacer may increase the
flexibility of the ABD-WT domain and may also function as a steric
barrier which protects the interaction of HSA_FL with the underlaying
streptavidin/glass surface. On the other hand, since the clinically re-
levant concentration values of HSA in urine as well as of other types of
potential diagnostic markers in body fluids are much less than 10 μg/
ml, such a level of non-specific binding should not have a significant
influence on the final applicability of biosensors.

Table 1 shows significant differences in affinities (Kd values)

Fig. 3. Immobilization strategies of PBs. Two-step (A, B) and one-step (C) immobilization strategies of PBs were followed. The biotinylated patterned glass surface
was modified with streptavidin and further with biotinylated Affibody (A) or 6xHis-WT-ABD-TolA-AviTag (B) molecules or incubated directly with streptavidin-ABD-
WT fusion protein (SA-ABD-WT) (C).

Fig. 4. Dose-response calibration curves of biosensors with fluorescently labelled HSA (HSA_FL). Background subtracted and normalized experimental data
were fitted with a one-site total binding model with linear component characterizing non-specific binding (as described in Chapter 2.6). Data are presented as a mean
value ± SD. 95% confidence intervals are depicted as dotted lines.
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between AF (131.7 nM in 6% FBS) and both ABD-WT protein variants
(8.2 nM for 6xHis-WT-ABD-TolA-AviTag and 25.8 nM for SA-ABD-WT
in 6% FBS). In fact, the affinity of ABD-WT binding domain for HSA
reported elsewhere lies in the 1–50 nM range [5,22,23]. Therefore, the
calculated Kd values in our experiments fit well within this range, with
slightly higher values in the case of SA-ABD-WT as compared to the
TolA variant. The reported affinity of affibody for HSA is approximately

10 nM [24]. In our measurements, the Kd values in 6% FBS are sig-
nificantly higher (Kd= 131.7 nM). We suggest that the binding of the
affibody through a zero-length peptide spacer to streptavidin could
negatively influence the properties of binding domain and limits its
binding ability as compared to relatively sterically free ABDwt domains
exposed on longer TolA and Trp leaders. This assumption is in good
agreement with the results described for ABDwt domains coupled
covalently on the surface plasmon resonance (SPR) sensor [9]. We
conclude that the HSA binding domains exposed on the longer peptide
spacer offer better conditions for ligand binding.

Fig. 5 shows the fluorescence intensity of biosensors under condi-
tions where the non-specific binding is still negligible (10 μg/ml
HSA_FL). As apparent, the lowest sensitivity (see also Table 1) under
both experimental conditions (1% BSA, 6% FBS) shows the 6xHis-WT-
ABD-TolA-AviTag biosensor, followed by the AF biosensor. The SA-
ABD-WT biosensor offered unprecedently highest signals which were
2–3 fold higher than AF (based on type of the solution) and more than
4–5 fold higher than 6xHis-WT-ABD-TolA-AviTag. This disproportion
between experimental variants could be theoretically ascribed to a
combination of two factors: (i) the different density of immobilized HSA
binders achieved on the surface and (ii) the availability of proteins for
binding with HSA (proper orientation, flexibility). As for the ABD-WT
proteins, it does not seem that case (ii) is important since the affinity for
HSA is not dramatically changed in both binders. Instead, we hy-
pothesize that the long TolA spacer sterically prevents high surface
density immobilization of the 6xHis-WT-ABD-TolA-AviTag binder. In
contrast, a compact SA-ABD-WT immobilizes four ABD domains in one
single immobilization event and thus would enable to reach sig-
nificantly higher density of binding domains on the sensor surface.

The LOD and LOQ for HSA in all experimental variants are pre-
sented in Table 1. From these results, it is apparent that the lowest LOD
in all variants was obtained with the SA-ABD-WT binder (0.07 μg/ml in
6% FBS), followed by 6xHis-WT-ABD-TolA-AviTag (0.24 μg/ml in 6%
FBS) and AF (0.63 μg/ml in 6% FBS). Under the experimental condi-
tions used, both immobilized ABD-WT variants exhibit lower LOD than
commercially available affibodies, with SA-ABD-WT showing the most
favourable properties for further biosensor development.

3.5. Competitive assay for HSA estimation in urine

In order to demonstrate the application of presented biosensors in
detection of clinically relevant concentrations of HSA in urine, we
performed an additional set of experiments, focused on competitive
assays between the fluorescently labelled HSA_FL and HSA in solution
(1% BSA, urine). Only results with SA-ABD-WT biosensors are pre-
sented (Fig. 6). Two constant concentrations of HSA_FL in 1% BSA so-
lution were tested (10 μg/ml and 2 μg/ml) in competitive format and
their influence on dose-response calibration curves and kinetic para-
meters evaluated (Fig. 6A, B). Both experimental variants resulted in a

Table 1
Main kinetic parameters of capture protein – HSA_FL binding derived from
calibration curves.

Conditions 1% BSA 6% FBS

Capture
protein

Affibody 6xHis-
WT-ABD-
TolA-
AviTag

SA-
ABD-
WT

Affibody 6xHis-
WT-ABD-
TolA-
AviTag

SA-
ABD-
WT

Kd [nM] 49.8 10.9 24.9 131.7 8.2 25.8
LOD (HSA)

[μg/ml]
0.44 0.20 0.12 0.63 0.24 0.07

LOQ (HSA)
[μg/ml]

3.10 0.72 0.96 3.55 0.65 0.72

Sensitivity
(AU/μg)

0.0016 0.0008 0.0105 0.0088 0.0054 0.0138

Fig. 5. Fluorescence signal intensities of biosensors. Data were collected
from calibration curves at a concentration of HSA_FL 10 μg/ml in the presence
of B-PBS buffer (PBS with 1% BSA) and F-BPS (PBS buffer with 6% FBS). Mean
values and SD are presented.

Fig. 6. Calibration curves of HSA competitive assay with SA-ABD-WT as capture protein. Data were background subtracted and expressed as percentual ratio of
bound HSA_FL molecules (B) to initial conditions (B0=maximal amount of bound HSA_FL molecules at c(HSA)=0 μg/ml). Experimental data were fitted with a
one-site total binding model with linear component characterizing non-specific binding (as described in Chapter 2.6). Data are presented as mean values ± SD. 95%
confidence intervals are depicted as dotted lines.
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fluorescence signal decrease which was proportional to the concentra-
tion increase of unlabelled HSA in solution. In the case of 10 μg/ml
HSA_FL, the sensitivity of the competitive assay was lower
(LOQ=5.5 μg/ml HSA) as compared to the exp. variant with 2 μg/ml
HSA_FL (LOQ=2.0 μg/ml). Apparently, lower (non-saturating) con-
centration of HSA_FL increased the analytical performance of the bio-
sensor. Based on the results of such initial analysis, we also performed a
similar assay in urine samples (with addition of 2 μg/ml HSA_FL).
Morning urine was used without any pretreatment; the sample was just
gently shaken to disperse sedimented parts. For the competition assay,
an exact amount of unlabelled and labelled HSA was added. The con-
centration range was kept the same as in previous cases. As apparent
from Fig. 6C, the resulting measurements were again well reproducible
(similarly to 6% FBS as discussed in Chapter 3.4.) with lower SD values
(R2= 0.96) as compared to the model 1% BSA solution (R2=0.91)
(see Fig. 6B, C). Again, the LOQ of the assay was estimated to be 2.0 μg/
ml HSA. LOD was calculated to be 0.65 μg/ml HSA. The 2 μg/ml HSA
concentration is a critical value which could indicate kidney problems
when it is repeatedly exceeded [25]. In fact, the published works on
biosensors for HSA detection in urine usually do not aspire to reach
better sensitivity [26,27]. A comparison of optical methods published
elsewhere and reached LOD is presented in Table 2. However, we are
aware that not every presented method aspires to reach the lowest LOD,
but rather meets clinical requirements for a given country.

4. Conclusions

In this paper, we present a proof-of-principle comparative study
focused on the application of three types of high-affinity recombinant
protein binders (anti-HSA Affibody; 6xHis-WT-ABD-TolA-AviTag con-
struct; WT-ABD fusion protein with streptavidin (SA-ABD-WT)) in the
fabrication of diagnostic optical microchips detecting clinically relevant
HSA levels in urine. These recombinant proteins varied in the type and
source of binding domains (part of protein A/G from Staphylococcus
aureus/Streptococcus sp.), the length of peptide spacer used for con-
necting the binding domain to the surface of the chip and the number of
necessary steps to immobilize the proteins on the biosensor surface. The
open glass microchip biosensor platform, suitable for sensitive optical
detection of analytes in an 8 μL sample volume was fabricated. Proteins
were then immobilized on the microarrayed detection zones located at
the bottom of each microwell present on the biosensor (24-microwell
format). The analytical performances in detection of fluorescently la-
belled HSA in fully assembled biosensors were compared. The main
conclusions are: (i) the length of peptide spacer significantly influences
the kinetic parameters of HSA binding (measured affinity) − longer
spacers preserve the ability to bind the analyte with high affinity and
helps to minimize the non-specific binding of analyte to the sensor
surface; (ii) higher signal response as well as lower LODs for the analyte
can be achieved by immobilization of genetically fused protein binding
domains with streptavidin (SA-ABD-WT). The biosensor based on SA-
ABD-WT reached the LOD for HSA in urine (LOD=0.65 μg/ml) suffi-
cient to identify the chronic kidney disease caused by high blood
pressure or diabetes. The results of this study can be exploited in

development of other types of biosensors/microarrays focused on dif-
ferent molecular targets, where ABDs will be used as active capture
components of the biosensor.
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* Correspondence: petr.maly@ibt.cas.cz; Tel.: +420-325-873-763

Received: 17 May 2018; Accepted: 29 June 2018; Published: 1 July 2018
����������
�������

Abstract: IL-23-mediated Th-17 cell activation and stimulation of IL-17-driven pro-inflammatory
axis has been associated with autoimmunity disorders such as Inflammatory Bowel Disease (IBD)
or Crohn’s Disease (CD). Recently we developed a unique class of IL-23-specific protein blockers,
called ILP binding proteins that inhibit binding of IL-23 to its cognate cell-surface receptor (IL-23R)
and exhibit immunosuppressive effect on human primary blood leukocytes ex vivo. In this
study, we aimed to generate a recombinant Lactococcus lactis strain which could serve as in vivo
producer/secretor of IL-23 protein blockers into the gut. To achieve this goal, we introduced ILP030,
ILP317 and ILP323 cDNA sequences into expression plasmid vector containing USP45 secretion signal,
FLAG sequence consensus and LysM-containing cA surface anchor (AcmA) ensuring cell-surface
peptidoglycan anchoring. We demonstrate that all ILP variants are expressed in L. lactis cells,
efficiently transported and secreted from the cell and displayed on the bacterial surface. The binding
function of AcmA-immobilized ILP proteins is documented by interaction with a recombinant p19
protein, alpha subunit of human IL-23, which was assembled in the form of a fusion with Thioredoxin
A. ILP317 variant exhibits the best binding to the human IL-23 cytokine, as demonstrated for particular
L.lactis-ILP recombinant variants by Enzyme-Linked ImmunoSorbent Assay (ELISA). We conclude
that novel recombinant ILP-secreting L. lactis strains were developed that might be useful for further
in vivo studies of IL-23-mediated inflammation on animal model of experimentally-induced colitis.

Keywords: lactococcus; binding protein; albumin-binding domain; cytokine; IL-23; surface display

1. Introduction

IL-23/Th17 pro-inflammatory axis plays a central role in pathogenesis of several autoimmune
diseases such as psoriasis, psoriatic arthritis and rheumatoid arthritis [1,2] but it is also closely
related to development of inflammatory bowel disease and Crohn’s disease [3–5]. Human IL-23
cytokine, heterodimer of p19 and p40 proteins, stimulates differentiation of naive Th cells into Th17
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cell population by activation of IL-23 receptor-mediated signaling, leading to secretion of a cocktail
of inflammatory mediators including IL-17, IL-22 and chemokines [6,7]. Therefore, blocking of IL-23
signaling represents a crucial step in therapeutic intervention and treatment of autoimmune diseases.
Recently it has been demonstrated that neutralizing antibodies targeting IL-23 such as Ustekinumab
(Stelara) or IL-17A such as Secukinumab (Cosentyx) exhibit a substantial effect in the treatment of
severe forms of psoriasis [8,9].

Alternatively, several laboratories develop non-immunoglobulin blockers of IL-23 or IL-23R
using directed evolution based on selection of high-affinity binding proteins from highly complex
combinatorial libraries derived from small protein domain scaffolds. Among them, anti-IL-23
Nanobody demonstrate anti-inflammatory effect in mouse model of contact hypersensitivity [10],
anti-IL-23 Adnectin exhibit high-affinity IL-23 binding [11], anti-IL-23 Alphabody binder prevents
topical inflammation in mice [12] and albumin-binding domain (ABD)-derived antagonists of IL-23
receptor (REX ligands) suppress IL-23-stimulated expansion of primary human peripheral blood
mononuclear cells in vitro [13]. Recently we developed a novel collection of ABD-derived proteins
called ILP binders targeting alpha subunit of IL-23, p19 protein. These proteins were shown to suppress
production of primary human Th17 cells ex vivo upon stimulation with IL-23 and IL-2 [14].

Local delivery and neutralization of pro-inflammatory mediators in situ, in gastrointestinal tract,
was shown to be beneficial in animal models of inflammatory bowel disease [15]. Oral administration
of protein therapeutics is not feasible due to extensive protein degradation in stomach and duodenum,
high dosage requirements and high price. Advanced oral protein delivery systems are therefore
required [16]. Better protein stability and cost-efficiency could be achieved by using recombinant
bacteria that would serve as protein producers and delivery systems, at the same time. Administration
of live bacteria is associated with concerns for safety; the latter should therefore be, beside effective
protein delivery, of prime importance in selection of appropriate bacterial species [17]. The bacteria
should have no or minimal pathogenic potential, should produce no toxins or immune response
triggers (such as lipopolysaccharide), and should preferably be of food origin.

Lactic acid bacteria (LAB) have a long history of safe usage as part of human food. LAB are
Gram-positive bacteria from genera Lactococcus, Lactobacillus, Leuconostoc, Pediococcus and Streptococcus
that produce lactic acid as an end product of carbohydrate metabolism [18]. Several of them are part of
human intestinal and vaginal microbiota. Some LAB are used as probiotics that are defined as “live
microorganisms that when administered in adequate quantity confer health benefit on host” [19].

Lactococcus lactis is a model lactic acid bacterium with well-developed tools for genetic engineering.
It has been widely used in the food industry as a starter for the production of cheese. Apart from its
industrial importance [20], L. lactis has also been recognized in recent years as a potential probiotic
with beneficial effects in experimental colitis [21,22], which supports its role as a delivery vehicle
in IBD treatment. L. lactis can survive passage through the intestinal tract but does not colonize
it [23]. Intrinsic probiotic efficacy of L. lactis can be further strengthened by genetic engineering,
and several proof-of-principle applications have already been developed [24–26]. Delivery of
anti-TNFα Nanobody [27], anti-TNFα Affibody [28], trefoil factors [29] and elafin [30], by recombinant
L. lactis, have demonstrated effectiveness in DSS-induced colitis animal model of IBD. Delivery of
anti-inflammatory cytokine IL-10 has been tested in human clinical trial [17,31].

Therapeutic proteins can be either secreted [27,31] or displayed on the bacterial surface [32,33].
Display of binders enables removal of the targeted mediators, together with bacteria, following
bacterial passage through the intestine and their excretion. Surface display can be achieved by different
molecular means [34]. A well-established approach consists of fusing the protein binder with Usp45
secretion signal [35] and C-terminal part of lactococcal AcmA protein containing 3 LysM repeats that
serve as surface anchor [36,37]. In our recent work we verified the function of IL-23-binding Adnectin
on lactic acid bacteria [38] and we extended this study in the current work by displaying three-helix
bundle ABD scaffold-derived IL-23 binders.
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2. Results

2.1. Molecular Assembly of Recombinant p19 Protein

Previous studies demonstrated that p19 protein, alpha subunit of IL-23, can be produced as
a recombinant protein produced in bacterial host cells and that it retains folding recognized by IL-23
receptor on THP-1 cells or by IL-23R-IgG chimera in Enzyme-Linked ImmunoSorbent Assay (ELISA).
Therefore, as a molecular probe for ILP protein binder detection, we generated a p19 fusion protein
using bacterial plasmid carrying sequences coding for human p19 protein (alpha subunit of IL-23),
assembled in the form of a fusion with Thioredoxin A (TRX). For the construction of this protein,
we used the same plasmid vector as it was used before for the generation of p19 fusion protein with
maltose-binding protein (p19-MBP) [14]. The corresponding purified p19-TRX protein, produced with
a double His6-tag at the N-terminus, was refolded from urea extracts and tested in ELISA for specific
recognition of ILP proteins (Figure 1). This 40 kDa protein was then used as a detection tool for the
surface display of ILP binders on L. lactis.
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Figure 1. Binding of p19-TRX fusion protein to immobilized ILP317 variant in ELISA. Left: Recombinant
p19 protein, alpha subunit of human IL-23, was produced as a fusion protein with Thioredoxin A.
Protein was expressed in E. coli BL21(λDE3), purified from inclusion bodies and refolded from 8 M urea
extracts. Final product of calculated molecular weight 40 kDa is shown as a stained band after SDS
polyacrylamide gel electrophoresis. Right: 96-well Polysorp ELISA plate was coated with the ILP317
protein variant in the form of a fusion with TolA-Avitag protein. p19-TRX was used as an analyte,
detected by anti-IL-23 (p19) polyclonal antibody and anti-mouse IgG-HRP conjugate. The result
represents three individual measurements and the error bars indicate standard deviations.

2.2. Expression of ILP-Fusion Proteins in L. lactis

To verify whether IL-23-specific ILP protein binders can be produced in L. lactis host cells,
DNA sequences coding for ILP proteins (ILP030, ILP317 and ILP323 variants) were genetically
fused to Usp45 secretion signal and C-terminal domain of AcmA protein (cA) containing LysM
repeats (LysM) for peptidoglycan anchoring. Fusion genes were under the control of inducible
nisin promoter. To simplify detection of particular ILP proteins, FLAG-tag sequence consensus was
added between secretion signal and ILP coding sequences. Previously reported construct for the
display of IL-23-binding Adnectin variant ADN23 [38] was also modified by inserting FLAG-tag.
All three ILP fusion proteins, as well as the Adnectin fusion protein, were detected in bacterial cell
lysates after nisin-stimulated induction using anti-FLAG antibodies (Figure 2A). No signal could be
detected in empty plasmid pNZ8148-containing control cells. Also, the fusion proteins could not be
observed in Coomassie Brilliant Blue stained gel (Figure 2B). However, visualization of protein lysates
demonstrates their uniform concentration. The acquired data documents that all ILP proteins are
expressed. Among them, ILP317-containing fusion protein was expressed at the lowest level.
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Figure 2. Analysis of protein expression by Western blot (A) and Coomassie Brilliant Blue-stained SDS
PAGE gel (B) of lysates of L. lactis cells expressing ILP binding proteins and ADN23. All proteins are in
fusion with Usp45 secretion signal, FLAG tag and LysM-containing cA surface anchor.

2.3. Display of ILP-Fusion Proteins on the Surface of L. lactis

To investigate a secretion efficacy of the particular ILP variants produced in lactococcal cells,
cell-surface display of AcmA-anchored ILP proteins and ADN23 was used. The bound proteins were
detected with anti-FLAG antibodies using flow cytometry. The data confirm that all ILP proteins as
well as ADN23 Adnectin were effectively secreted and displayed in comparison to the used negative
control (Figure 3A,B). However, they were displayed in different amounts. The results document that
all three ILP binding proteins were displayed in higher amounts than ADN23. The best cell-surface
display was achieved with ILP317 variant, followed by ILP030 and ILP323.
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Figure 3. Flow cytometry of L. lactis cells displaying ILP proteins, or ADN23, detected with Anti-FLAG
tag antibodies demonstrating mean fluorescence intensity (MFI; A) or a shift in fluorescence intensity
(B). Vertical bars denote standard error. Significant differences (p < 0.05) are marked with an asterisk.

2.4. Binding of Recombinant p19 by ILP-Displaying L. lactis

The ability of ILP-displaying L. lactis to bind the p19 protein was tested by flow cytometry.
To achieve this goal, a recombinant p19-TRX fusion protein was used as a useful molecular probe.
The bound p19 was detected by a specific anti-human IL-23 p19 antibody. The highest binding of p19
was observed with ILP317, followed by ADN23 (without FLAG tag). Lower binding was demonstrated
with ILP030 and ILP323 (Figure 4A, B). The presence of FLAG tag had a little effect on the ability of
ILP proteins to bind p19. However, the binding of p19 was severely hindered when FLAG tag was
attached to the ADN23 (Figure 4C, D).
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Figure 4. Flow cytometry of L. lactis cells displaying ILP proteins, or ADN23, without FLAG tag
(A,B) or with FLAG tag (C,D) detected with recombinant p19-TRX protein. Mean fluorescence intensity
(MFI; A,C) or a shift in fluorescence intensity (B,D) are depicted. Vertical bars denote standard error.
Significant differences (p < 0.05) are marked with an asterisk.

2.5. Removal of IL-23 by ILP-Displaying L. lactis

To verify that ILP variants attached to L. lactis bacteria recognize not only recombinant p19-TRX
fusion protein, but also secreted IL-23 cytokine, we performed cell-surface binding test. The binding
and removal of IL-23 from the solution by 1 × 1010 ILP-displaying L. lactis was evaluated by ELISA
and compared to ADN23-displaying L. lactis. The removal of IL-23 was the most effective with
ADN23-displaying bacteria (Figure 5). Removal of IL-23 was more effective with ILP317-displaying
bacteria than with ILP323-displaying bacteria. No significant removal of IL-23 could be observed with
ILP030-displaying bacteria.
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3. Discussion

In the present work, we have developed a set of new recombinant bacteria of food origin with
the ability to bind p19 protein, an alpha-subunit of the pro-inflammatory cytokine IL-23. IL-23/Th17
pro-inflammatory axis plays an important role in the pathogenesis of inflammatory bowel disease.
It has been demonstrated that the mucosal delivery of anti-inflammatory cytokines or engineered
protein blockers of pro-inflammatory cytokines can effectively decrease inflammation in the mouse
models of disease, and that mucosal delivery can be achieved by recombinant bacteria, preferably of
confirmed safety and of food origin. We have previously used lactic acid bacterium Lactococcus lactis to
deliver binders of TNFα, IL-17A, IL-23 and chemokines [32,33,38]. In the present work we displayed
our recently developed ILP binders of p19 subunit of IL-23 [14] on the surface of L. lactis and confirmed
their ability to bind the p19 subunit that was isolated from E. coli in the form of thioredoxin fusion,
as well as their ability to bind and remove IL-23 in vitro.

ILP binders were originally selected from a highly complex combinatorial library derived
from albumin-binding domain (ABD) scaffold using ribosome display where the target p19 protein
was produced as a bacterial fusion product of maltose-binding protein (p19-MBP) [14]. However,
this soluble protein is not suitable for cell-surface competition binding assays performed with IL-23
receptor-expressing human and mouse cell lines as MBP interacts with glycans of plasma membrane
receptors. As double-His6-p19 protein expression is rather poor and this protein is not sufficiently
stable, we produced another type of p19 fusion protein using thioredoxin A. This p19-TRX was well
produced in E. coli as insoluble protein and after refolding, it was recognized by anti-p19 antibody
in ELISA. Stability of this product was increased further by a carrier protein added into solutions.
We used, therefore, p19-TRX protein as a molecular probe for detection of ILP variants presented on
the surface of L. lactis.

Previously developed IL-23-binding L. lactis, displaying Adnectin against IL-23 (ADN23) [38]
was complemented with the display of three additional binders, directed against p19 subunit of IL-23,
ILP030, ILP317 and ILP323. All three ILP binders were effectively displayed on the surface of L. lactis
in the form of FLAG-tag fusion. The amount of surface display of ILP binders was higher than that of
ADN23. All three ILP binders, as well as ADN23, were able to bind recombinant p19 subunit of IL-23.
However, the binding depended on the presence of FLAG tag. After its removal, the binding ability
of displayed ADN23 increased, probably due to the elimination of steric hindrances, as it is known
that the N-terminus of ADN23 is important in the interaction with p19 [11]. Lower binding of p19 by
ADN23 can also be explained by the fact that ADN23 interacts with both subunits of IL-23, p19 and
p40 [11].

ILP317 emerged as the most effective binder of p19 subunit in the L. lactis host system. Although its
expression level was lower than that of ILP030 or ILP323, it demonstrated the highest level of surface
display (established by anti-FLAG antibody), as well as the highest ability to bind recombinant
p19 subunit among the tested binders. The FLAG tag had a little effect on binding of p19 with
ILP317-displaying lactococci. ILP317 was also the most effective ILP binder of IL-23, when displayed on
the surface of lactococci. Its binding efficacy was compared to that of ADN23 (being only slightly lower).
ADN23 used in this study was identified as a high-affinity human IL-23 binder which binds to the
interface between p19 and p40 subunits with 2 nM Kd ([11]. This binding region is, however, far from
that one essential for IL-23 recognition by a distal IgG-like domain of the IL-23 receptor (based on 5MZV
crystal structure by [39]) and, therefore, is not expected to suppress IL23/IL23R interaction. In our
study, ADN23 was intended as a suitable IL-23-binding probe useful for L. lactis-secreting ILP strains
characterization. On the other hand, our results suggest that ILP317 would be a suitable candidate for
future testing of the in vivo mucosal neutralization of IL-23, and possible anti-inflammatory activity in
an animal model of IBD. However, relatively low amount of the in vitro removed IL-23 may require
further optimization of the binder affinity or of the bacterial concentration.

ILP binding proteins were originally targeted to human p19 protein. In our previous study we
identified probable binding modes for the all ILP proteins by docking to our homology model of the
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human IL-23/IL-23R complex [14]. We built a homology model for IL-23R using the IL-6 receptor
as a template and performed docking of p19 as well as the IL-23 cytokine with IL-23R. The results
of docking suggested the most probable binding site located at the extracellular Ig-like domain and
distal domain of the fibronectin-type III of IL-23R. This agrees with the recently deposited crystal
structure of the human IL-23/IL-23R complex (PDB ID 5MZV [39]) shown in Figure 6A. However,
the structure of mouse IL-23/IL-23R complex is still not available. We, therefore, generated a homology
model of the mouse p19 and relaxed its structure using short molecular dynamics simulation.
To investigate the most probable binding regions for the all ILP binding proteins, we performed
docking of ILP030, ILP317, and ILP323 to the mouse p19 model. The docking revealed two principal
binding regions (Figure 6B–D). While the first one overlaps with p19/p40 interaction interface in the
human IL-23/IL-23R complex (Figure 6A blue/red) and is, therefore, inaccessible in IL-23 due to a steric
hindrance by p40, the second one corresponds to p19/IL-23R interface (Figure 6A blue/magenta) and
is exposed for binding of ILP blockers.
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Figure 6. Modeling of p19/ILP interactions. (A) Comparison of homology model of mouse p19
protein (green) to crystal structure of human IL-23/IL-23R complex (PDB ID 5MZV [39]), with p19
(blue), p40 (red) and IL-23R (magenta). Representative binding modes from docking of ILP variants
ILP030 (B), ILP317 (C) and ILP323 (D) to the homology model of the mouse p19 protein (green)
are shown. Yellow and orange colors indicate common binding areas predicted on the mouse p19.
The residues involved in the interaction with the orange binder overlap with p19/p40 interaction
interface (Figure 6A blue/red) while the yellow binding mode corresponds to p19/IL-23R interface
(Figure 6A blue/magenta).

As our intention is to verify an inhibitory potential of ILP proteins in vivo using mouse model
of experimentally induced colitis, there is a question about the efficacy of ILP blockers on the mouse
IL-23. Sequence comparison of human p19 (UniProt Q9NPF7) and mouse p19 (Q9EQ14) revealed
overall protein sequence identity 71.9% and the similarity 90.4%. Based on our previously described
p19-ILP complexes [14] we generated a homology model of mouse p19 complexes. This allowed us
to identify 28 amino acid residues forming a “common interface” between p19 and particular ILP
variants. In this amino acid stretch, only seven amino acids differ between human and mouse p19
proteins. However, six of them do not change the charge: 49-51PLV to 49-51APA, D55 to N55, S114 to
A115, 159L to 160P, and 163F to 164S. The analysis of human p19-ILP complexes demonstrated that
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most of the contacts between p19 and ILP proteins are mediated by charged amino acid residues.
Therefore, we do not expect major changes in the binding affinity/neutralization efficacy of the
used ILP protein blockers in the mouse model. Modeling of the mouse p19 suggests that sequence
differences between mouse and human p19 protein cause only minor structural differences (Figure 6A,
blue/green). These results support an expectation that ILP variants secreted by modified L. lactis cells
can serve as anti-inflammatory blockers during stimulated intestinal inflammation in mouse. However,
this has yet to be verified.

4. Materials and Methods

4.1. Bacterial Strains, Media and Growth Conditions

The bacterial strains used in this study are shown in Table 1. Lactococcus lactis NZ9000 was grown
at 30 ◦C in M17 medium (Merck, Darmstadt, Germany) supplemented with 0.5% glucose (GM-17)
without agitation or in the same medium solidified with 1.5% agar. Electroporation of L. lactis was
performed according to [40], using Gene Pulser II apparatus (Bio-Rad, Hercules, CA, USA). To maintain
selection pressure on transformation, 10 µg/mL chloramphenicol was added to the growth medium.
E. coli strain DH5α was grown at 37 ◦C with agitation in lysogeny broth (LB) medium supplemented
with 100 µg/mL ampicillin. For bacterial strains, plasmids and oligonucleotide primers used in the
study see Table 1.

Table 1. Bacterial strains, plasmids and primers used in the study.

Strain, Plasmid,
or Gene Relevant Features or Sequence (5′–3′) Reference or Source

Strain

E. coli

DH5α endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR F- Φ80dlacZ∆M15
∆(lacZYA-argF)U169, hsdR17(rK- mK+), λ– Invitrogen

TOP10 F– mcrA ∆(mrr-hsdRMS-mcrBC) Φ80lacZ∆M15 ∆lacX74 recA1 araD139 ∆(ara
leu) 7697 galU galK rpsL (StrR) endA1 nupG Life technologies

BL21 λ(D3) E. coli B F – dcm ompT hsdS (rB– mB–) gal λ(DE3) [41]
L. lactis
NZ9000 MG1363 nisRK ∆pepN [42]

Plasmid

pNZ8148 pSH71 derivative, PnisA, CmR, nisin-controlled expression [42]
pSDLBA3b pNZ8148 containing gene fusion of Usp45 signal peptide, B domain and cA [32]
pET-ILP030 pET28b containing a fusion gene of ILP030, tolA protein and AviTag consensus [14]
pET-ILP317 pET28b containing a fusion gene of ILP317, tolA protein and AviTag consensus [14]
pET-ILP323 pET28b containing a fusion gene of ILP323, tolA protein and AviTag consensus [14]
pSD-ILP030 pNZ8148 containing gene fusion of Usp45 signal peptide, ILP030 and cA This work
pSD-ILP317 pNZ8148 containing gene fusion of Usp45 signal peptide, ILP317 and cA This work
pSD-ILP323 pNZ8148 containing gene fusion of Usp45 signal peptide, ILP323 and cA This work
pSD-ADN23 pNZ8148 containing gene fusion of Usp45 signal peptide, ADN23 and cA [38]
pSD-ILP030-FLAG pNZ8148 containing gene fusion of Usp45 signal peptide, ILP030 and cA This work
pSD-ILP317-FLAG pNZ8148 containing gene fusion of Usp45 signal peptide, ILP317 and cA This work
pSD-ILP323-FLAG pNZ8148 containing gene fusion of Usp45 signal peptide, ILP323 and cA This work
pSD-ADN23-FLAG pNZ8148 containing gene fusion of Usp45 signal peptide, ADN23 and cA This work
pET-DH-TRX-p19 pET28b containing a fusion gene of double-His-tag, Thioredoxin and p19 protein This work

Primer

ILP030-F TGGATCCTTAGCTGAAGCTAAAGTC This work
ILP030-R AGAATTCAGGTAAATTAGCTAAAATACG This work
ILP317-R AGAATTCAGGTAAAGGAGCTAAAATACTATC This work
ILP323-R AGAATTCAGGTAAACGAGCTAAAATAACATC This work
Usp1-NcoI ATAACCATGGCTAAAAAAAAGATTATCTCAGCTATTTTAATG [32]
FLAG_Bam_R GGATCCTTTATCATCGTCGTCTTTATAATCAGCGTAAACACCTGACAACG This work
19-F-NheI GGGCTAGCTAGCAGAGCTGTGCCTGGGGGC This work
p19-R-XhoI GCGCCTCGAGGGGACTCAGGGTTGCTGCTC This work

4.2. DNA Manipulation and Plasmid Construction

Restriction enzymes and T4 DNA ligase were purchased from Fermentas or New England
Biolabs. PCR amplifications were performed with Taq polymerase (Fermentas, Waltham, MA,



Int. J. Mol. Sci. 2018, 19, 1933 9 of 14

USA) or Phusion Hot Start polymerase (Thermo Fisher Scientific, Waltham, MA, USA) according
to the manufacturer´s protocols. PCR products were routinely introduced into pGEM-T Easy
(Promega, Madison, WI, USA) or pJET1.2 (CloneJET PCR Cloning Kit, Fermentas, Waltham, MA,
USA) for sequencing and further cloning. Plasmid DNA was isolated with NucleoSpin Plasmid
(Macherey-Nagel, Duren, Germany), with an additional lysozyme treatment step in the case of
L. lactis. Nucleotide sequencing was performed by GATC. Primers (IDT) and plasmids are listed in
Table 1. The ilp030, ilp317 and ilp323 genes were amplified by PCR from original plasmids carrying
sequences of ILP030, ILP317 and ILP323 proteins [14] using ILP030-F/ILP030-R, ILP030-F/ILP317-R
and ILP030-F/ILP323-R primer pairs, respectively. All amplicons were cloned to pSDLBA3b [32]
via BamHI/EcoRI restriction sites. To insert FLAG tag nucleotide sequence between usp45 signal
sequence and ilp sequences in pSD-ILP plasmids, the usp45 sequence was amplified from pSDLBA3b
using primers Usp1-NcoI/FLAG_Bam_R. The amplicon was digested with NcoI/BamHI and cloned
into equally treated plasmids pSD-ILP030, pSD-ILP317, pSD-ILP323 and pSD-ADN23, thereby
yielding plasmids pSD-ILP030-FLAG, pSD-ILP317-FLAG, pSD-ILP323-FLAG and pSD-ADN23-FLAG,
respectively. The DNA sequence encoding p19 was inserted into an assembled pET28b-derived
vector, carrying sequence coding for 2xHis6-TRX-TEV-MCS-TEV-His6, using primers p19-F-NheI and
p19-R-XhoI. E. coli TOP10 (Life Technologies, Carlsbad, CA, USA) host cells were transformed with
the p19-cloned vector and plated on LB-agar supplemented with 60 µg/mL kanamycin. The resulting
plasmid construct contains sequences coding for the final 360 amino acids p19-TRX fusion product
as follows:

MVPHHHHHHSRAWRHPQFGGHHHHHHARHMMSDKIIHLTDDSFDTDVLKADGAI
LVDFWAEWCGPCKMIAPILDEIADEYQGKLTVAKLNIDQNPGTAPKYGIRGIPTLLLFKNG
EVAATKVGALSKGQLKEFLDANLALQENLYFQGASRAVPGGSSPAWTQCQQLSQKLCTLA
WSAHPLVGHMDLREEGDEETTNDVPHIQCGDGCDPQGLRDNSQFCLQRIHQGLIFYEKLL
GSDIFTGEPSLLPDSPVGQLHASLLGLSQLLQPEGHHWETQQIPSLSPSQPWQRLLLRFKILR
SLQAFVAVAARVFAHGAATLSPLEKKTCTSRASSTTTTTTEIRLLTKPERKF.

4.3. Production of p19-TRX Fusion Protein

p19 protein was produced from an engineered plasmid construct pET-DH-TRX-p19 in the form
of a fusion protein with Thioredoxin A (TRX) and a double His6-tag at the N-terminus (calculated
Mw 40 kDa). The p19-TRX fusion protein was produced in E. coli BL21(λDE3) host cells in 100 mL
LB medium containing 60 µg/mL kanamycin at 37 ◦C and shaken at 250 RPM until the culture
reached OD600 = 0.6. Subsequently, the protein production was induced with 1 mM IPTG and the
culture was let to grow for 4 h at 37 ◦C. Cells were harvested by centrifugation (6000× g, 20 min),
washed with TN buffer (50 mM Tris-HCl and 150 mM NaCl, pH = 8) and centrifuged again (5000× g,
10 min). For protein extraction and purification, cell pellets were re-suspended in 10 mL TN buffer and
disrupted by MISONIX 3000 sonicator. The lysates were centrifuged at 40,000× g for 20 min and the
insoluble p19 protein was extracted with 10 mL of 8 M urea in TN buffer. The urea extract was left
shaking for half an hour at room temperature and centrifuged at 40,000× g for 30 min. The supernatant
was applied on 1 mL Ni-NTA agarose column equilibrated with TN buffer. The washing steps were
performed with 10 mL of TN buffer with 8 M urea and, subsequently, with TN buffer containing 8 M
urea and 20 mM imidazole. The p19 protein was then eluted with TN buffer containing 8 M urea
and 250 mM imidazole. To remove imidazole, urea and Ni-ion traces, eluted samples were dialyzed
in PBS buffer or stabilized by adding (1:1) SuperBlock solution (SuperBlock® Blocking Buffer, 37515,
Pierce Biotechnology, Rockford, IL, USA).

4.4. p19 Binding Assay

p19-TRX fusion protein was dialyzed into PBS or SuperBlock solution (1:1) and its binding
activity was examined by ELISA. Wells of Polysorp plate (NUNC, Denmark) were coated with
10 µg/mL ILP317-TolA-Avitag protein diluted in 100 mM bicarbonate/carbonate coating buffer,
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pH = 9.6, and incubated at 7 ◦C overnight. The following day, the plate was washed with PBS buffer
containing 0.05% Tween (PBST) and blocked with 1% BSA resolved in the same solution (PBSTB).
Series of diluted p19-TRX samples in PBSTB were prepared and p19 binding to the immobilized
ILP317-TolA-Avitag protein was detected using mouse anti-human IL-23 polyclonal antibody (clone
HLT2736, BioLegend, San Diego, CA, USA) diluted in PBSTB (1:2000) followed by goat anti-mouse IgG
horseradish peroxidase (HRP) conjugate (BioLegend, San Diego, CA, USA) (1:1000). The enzymatic
reaction of HRP with OPD substrate (Sigma-Aldrich, St. Louis, MO, USA) in citrate buffer (3.31%
Sodium citrate tribasic dihydrate, phosphoric acid until pH = 5.0) was visualized after 5 min staining,
then the reaction was stopped by 2M sulfuric acid and the absorbance was measured at 492 nm.

4.5. Expression of Cytokine Binding Fusion Proteins in L. lactis

Overnight cultures of L. lactis NZ9000 transformed with the appropriate plasmid (pSD-ILP030,
pSD-ILP317, pSD-ILP323, pSD-ADN23, pSD-ILP030-FLAG, pSD-ILP317-FLAG, pSD-ILP323-FLAG,
pSD-ADN23-FLAG or pNZ8148–empty plasmid control) were diluted (1:100) in 10 mL of fresh GM-17
medium and grown to optical density A600 = 0.80. Fusion protein expression was induced with
25 ng/mL nisin (Fluka Chemie AG, Buchs, Switzerland). After three hours of incubation, 1 mL of
culture was stored at 4 ◦C for flow cytometry, and the remaining cell culture was centrifuged at 5000× g
for 10 min. The cell pellet was resuspended in 400 µL of phosphate-buffered saline (PBS, pH 7.4) and
stored at −20 ◦C for SDS PAGE analysis or resuspended at to optical A600 = 10.0 and stored at 4 ◦C for
enzyme-linked immunosorbent assay (ELISA).

4.6. SDS PAGE and Western Blot

SDS PAGE was performed with a Mini-Protean II apparatus (Bio-Rad, Hercules, USA). Samples
were thawed in an ice bath, briefly sonicated with UPS200S sonicator (Hielscher Ultrasonics, Teltow,
Germany), mixed with 2× Laemmli sample buffer and dithiothreitol, and denatured by heating at
100 ◦C before loading. Page Ruler Plus pre-stained standard (Fermentas, Waltham, MA, USA) was
used for molecular weight comparison. Proteins were transferred to nitrocellulose membrane (GE
Healthcare Life Sciences, Marlborough, MA, USA) using wet transfer at 100 V for 90 min. Membranes
were blocked in 5% non-fat dried milk in TBS with 0.05% Tween-20 (TBST; 50 mM Tris-HCl, 150 mM
NaCl, 0.05% Tween 20, pH 7.5) and incubated overnight at 4 ◦C with mouse anti-FLAG IgG (Proteintech
Group, Chicago, IL, USA; 1:1000) in 5% non-fat dried milk in TBST. Following three washes with
TBST, membranes were incubated for 2 h with peroxidase conjugated secondary goat anti-mouse IgG
(Jackson ImmunoResearch, West Grove, PA, USA; 1:5000) in 5% non-fat dried milk in TBST. After three
further washes with TBST, membranes were incubated with Lumi-Light chemiluminescent reagent
(Roche, Basel, Switzerland). Images were acquired using a ChemiDoc MP Imaging System (Bio-Rad,
Hercules, CA, USA).

4.7. Flow Cytometry

For flow cytometry, 20 µL of a cell culture in the stationary phase was added to 500 µL of
Tris-buffered saline (TBS; 50 mM Tris-HCl, 150 mM NaCl, pH 7.5) and centrifuged for 5 min at 5000× g
and 4 ◦C. The pellet was resuspended in 200 µl of dialyzed Ni-NTA purified p19-trx (50 µg/mL in PBS
buffer with carrier protein SuperBlock). After 2 h of incubation at RT with constant shaking at 100 rpm,
cells were washed three times with 200 µL 0.1% TBS-Tween (TBST) and resuspended in 200 µL of TBS
with mouse anti-human IL-23 p19 IgG (BioLegend, San Diego, CA, USA; diluted 1:500). After 2 h
of incubation at RT with constant shaking at 100 rpm, cells were washed three times with 200 µL
0.1% TBS-Tween (TBST) and resuspended in 200 µL of TBS with Alexa Fluor 488-conjugated goat
anti-mouse IgG (Invitrogen, Carlsbad, CA, USA; diluted 1:500). 2 h incubation at RT was repeated and
cells were washed again three times with 200 µL TBST and finally resuspended in 500 µL TBS. Samples
were analyzed with a FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) using
excitation at 488 nm and emission at 530 nm in the FL1 channel. The results are presented as mean
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fluorescence intensity (MFI) values of at least 20,000 lactococcal cells. The result was expressed as
the average of at least three independent experiments. Similar protocol was applied for the detection
of FLAG-tagged ILP fusion proteins. Rabbit anti-FLAG IgG (Proteintech Group, Chicago, IL, USA;
diluted 1:500) was used as primary antibody and Alexa Fluor 488-conjugated donkey anti-rabbit IgG
(Invitrogen, Carlsbad, CA, USA; diluted 1:500) was used as a secondary antibody. All the experiments
were performed in three biological replicates.

4.8. IL-23 Binding Assay

The concentration of IL-23 was determined with Human IL-23 ELISA development kit (HRP)
from Mabtech. Different numbers of L. lactis cells expressing ILP fusion proteins were centrifuged
(5000× g, 5 min, 4 ◦C) and resuspended in 200 µL of incubation buffer (PBS with 0.05% Tween and 0.1%
BSA) containing various concentrations of IL-23 standard and incubated for 2 h at room temperature
(RT) with gentle shaking. Cells were then removed by centrifugation (5000× g, 5 min, 4 ◦C) and the
concentrations of the remaining cytokines in the supernatant were determined according to the ELISA
manufacturer’s instructions. Briefly, Nunc Maxisorp 96-well plates were coated with recommended
concentrations of IL-23-binding antibodies overnight at 4 ◦C. 100 µL of samples were then added and
incubated for 2 h at RT. Wells were washed five times with 200 µL of PBS containing 0.05% Tween
(PBST). 100 µL per well of recommended concentration of biotinylated monoclonal antibodies against
IL-23 were added and incubated at RT for 1 h. Wells were washed again for five times with 200 µL
of PBST. 100 µL of streptavidin-HRP diluted 1:1000 was added to the plate and incubated for 1 h at
RT. The plate was washed again for five times with PBST and 100 µL of 3,3′,5,5′-tetramethylbenzidine
(TMB) substrate (Sigma-Aldrich, St. Louis, MO, USA) was added. The reaction was stopped after
15 min by the addition of 50 µL of 2 M sulfuric acid. Absorbances were read at 450 nm using an Infinite
M1000 microplate-reader (Tecan, Mannedorf, Switzerland).

4.9. Statistics

Data were analyzed with GraphPad Prism 5.0 software. Mean fluorescence intensitites (MFIs),
obtained by flow cytometry, were compared by ANOVA followed by post-hoc Bonferroni multiple pair
comparison. Relevant pairs with significant differences (p < 0.05) were highlighted. Concentrations
of IL-23, obtained by ELISA, were compared to control using t-test. Significant differences (p < 0.05)
were highlighted.

4.10. Modeling of ILP-p19 and Interactions

The homology model of the mouse p19 was prepared using the MODELLER 9v14 suite of
programs [43] based on the homologous structure of human p19 (PDB ID 3duh [44], protein sequence
identity 71.9% and the similarity 90.4%), where the missing residues from the p19 loop regions were
added using the loopmodel function of MODELLER. The homology model was relaxed using an
implicit solvation parm96 molecular dynamics simulation. The MD parameters were assigned in
Zephyr graphical interface [45] and 20 ns simulation was performed using GPU accelerated version
of gromacs package [46]. The structure of studied ABD variants (ILP030, ILP317, and ILP323) was
modeled based on the ABDwt structure (PDB ID 1gjt [47]). All the necessary sequence alignments were
performed employing Muscle program [48]. Resulting three-dimensional structures were subjected to
the flexible side chain docking performed using a local copy of the ClusPro server [49,50].

5. Conclusions

Collectively, this work contributes to development of new types of recombinant
bacteria of food origin capable of displaying and secreting engineered binding proteins as
non-immunoglobulin-blocking alternatives. The generated and characterized recombinant bacteria
strains represent novel tools for in vivo testing of IL-23 anti-inflammatory agents that might be useful
for treatment of intestinal inflammation.
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manuscript preparation and J.Č. performed in silico modeling and docking. P.M. and A.B. wrote the paper.
All authors read and approved the manuscript.

Funding: This work was supported by the Czech Academy of Sciences (CAS) and Slovenian Academy of Sciences
and Arts (SAZU) (No. SAZU-16-01), by Czech Health Research Council, Ministry of Health of the Czech Republic
(No. 16-27676A), by the Institutional Research Concept (RVO: 86652036), by European Regional Development
Fund [BIOCEV CZ.1.05/1.1.00/02.0109] and by Slovenian Research Agency (ARRS; No. P4-0127).

Acknowledgments: The authors thank Michal Malý and Petra Kadlčáková for excellent experimental assistance.
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Abstract: Interleukin 17 (IL-17) and its cognate receptor A (IL-17RA) play a crucial role in Th17
cells-mediated pro-inflammatory pathway and pathogenesis of several autoimmune disorders
including psoriasis. IL-17 is mainly produced by activated Th-17 helper cells upon stimulation
by IL-23 and, via binding to its receptors, mediates IL-17-driven cell signaling in keratinocytes.
Hyper-proliferation of keratinocytes belongs to major clinical manifestations in psoriasis. To modulate
IL-17-mediated inflammatory cascade, we generated a unique collection of IL-17RA-targeting protein
binders that prevent from binding of human IL-17A cytokine to its cell-surface receptor. To this
goal, we used a highly complex combinatorial library derived from scaffold of albumin-binding
domain (ABD) of streptococcal protein G, and ribosome display selection, to yield a collection of
ABD-derived high-affinity ligands of human IL-17RA, called ARS binders. From 67 analyzed ABD
variants, 7 different sequence families were identified. Representatives of these groups competed with
human IL-17A for binding to recombinant IL-17RA receptor as well as to IL-17RA-Immunoglobulin
G chimera, as tested in enzyme-linked immunosorbent assay (ELISA). Five ARS variants bound to
IL-17RA-expressing THP-1 cells and blocked binding of human IL-17 cytokine to the cell surface,
as tested by flow cytometry. Three variants exhibited high-affinity binding with a nanomolar
Kd value to human keratinocyte HaCaT cells, as measured using Ligand Tracer Green Line.
Upon IL-17-stimulated activation, ARS variants inhibited secretion of Gro-α (CXCL1) by normal
human skin fibroblasts in vitro. Thus, we identified a novel class of inhibitory ligands that might
serve as immunosuppressive IL-17RA-targeted non-IgG protein antagonists.

Keywords: binding protein; albumin-binding domain; cytokine; IL-17 receptor; combinatorial library

1. Introduction

Interleukin 23/Interleukin 17 (IL-23/IL-17) pro-inflammatory axis plays a pivotal role in the
pathogenesis of several chronic autoimmune diseases [1–3]. Heterodimer of a unique p19 subunit
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and a common p40 protein, both known as α- and β-subunits of IL-23 cytokine [4], is secreted by
activated dendritic cells and macrophages, and stimulates the differentiation of naive Th cells into
Th17 cell population. This action is mediated via interactions with its cognate receptor complex,
formed by IL-23R and IL-12Rβ1 receptor units. Synergistic tethering of the IL-23 heterodimer to both
receptor units leads to a receptor heterodimerization followed by a quaternary complex formation
and triggering of Jak/Stat signaling cascade, involving Jak2, Tyk2, Stat1, Stat3, Stat 4, and Stat5 [5].
The activation pathway of Th17 cell stimulates transcription of several inflammatory genes, resulting
in the secretion of inflammatory mediators including IL-17A/F cytokine [6,7].

IL-17 cytokine gene family consists of six members known as IL-17A, B, C, D, E, and F [8].
Among them, IL-17A and IL-17F have been described to closely associate with development of
autoimmune diseases via interactions with a receptor complex formed by IL-17 receptor A and C [9].
After binding of IL-17A or IL-17F homodimers, or IL-17A/F heterodimer, to the IL-17 receptor complex
composed of a heterodimer of IL-17RA and IL-17RC, Act1 associates with IL-17RA/RC through SEFIR
domains and, via TRAF-6, promotes MAPK, NF-κB and C/EBP signaling [10]. IL-17A and F are mostly
secreted by activated Th17 cells and γδT cells, but can be produced also by NKT cells or iLCs [11,12].

To target IL-23/Th17 pro-inflammatory cascade, several strategies have been developed.
An attention has mostly been paid to blocking of an early step of the cascade by suppression of
IL-23-mediated signaling in Th cells, thus suppressing the secretion of a cocktail of IL-17A, IL-22,
and several chemokines by Th17 cells [13]. For psoriasis treatment, blocking of IL-17A cytokine
or its receptor function on keratinocytes or skin fibroblasts is a valuable alternative. Originally,
fully human monoclonal antibodies recognizing p40 subunit of the IL-23 cytokine were generated.
While ustekinumab (Stelara) [14,15], a product of Janssen Biotech Inc., has been proved to be safe
and already reached the market, another one, Briakinumab, was withdrawn due to an increased
risk of cardiovascular side effects [16,17]. The strategy for modulation of IL-23/Th17 axis has been
changed by focusing on p19 protein with aim to increase the specificity and safety of the drugs.
Currently, there are several fully human or humanized monoclonal antibodies targeting the p19 in the
development. Those include Guselkumab [18,19], Tildrakizumab (MK-3222) [20,21], and Risankizumab
(B1655066) [22].

Alternatively, several neutralizers of downstream pathways of the IL-23/Th17 inflammatory
cascade have been developed. Among them, fully human monoclonal antibody secukinumab
(Cosentyx), a product of Novartis International AG, targeting human IL-17A cytokine, is available for
treatment of psoriasis, ankylosing spondylitis, and psoriatic arthritis [23–25]. Fully human monoclonal
antibody ixekizumab (Taltz) by Eli Lilly and Co., blocking IL-17A-mediated signaling, is approved for
treatment of moderate-to-severe forms of plaque psoriasis and psoriatic arthritis [26]. Brodalumab
(Siliq, Kyntheum), a human monoclonal antibody-based antagonist of IL-17 receptor A developed by
Astra Zeneca, demonstrated an excellent efficacy in treatment of moderate-to-severe forms of plaque
psoriasis [27,28]. In addition to that, soluble mutants of human IL-17A receptor were also developed
and they exhibited a promising therapeutic effect in mouse model of psoriasis [29].

While monoclonal antibody-based biologics still represent a major line in drug development,
non-immunoglobulin binding proteins derived from small protein domain scaffolds, generated by a
directed evolution approach, attract attention as next generation therapeutics [30,31]. Small binding
proteins selected from highly complex combinatorial libraries to any chosen target can be further
engineered for desired specificity and binding affinity by in silico approaches. In contrast to antibodies,
they lack disulfide bridges, can be produced in vitro and easily modified by molecular and gene-fusion
approaches. Due to a small size, they exhibit an excellent tissue penetration and, in combination with
transdermal delivery systems, they can be useful for development of topically-administrated drugs.
Albumin-binding domain (ABD) of streptococcal protein G belongs to the smallest protein domain
scaffolds that have been successfully verified for the generation of highly complex combinatorial
libraries. This scaffold of 46 amino acids is formed by a three-helix bundle (pdb id 1GJT, residues
20–65) which provides three surfaces amenable to randomization [32–34]. As the parental non-mutated
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wild-type ABD scaffold does not contain cysteine residues, it can be easily refolded into a functional
state, supporting its binding specificity. As the critical residues for a high-affinity binding to human
serum albumin (HSA) are located on the second and third helices, we selected this surface for the
randomization of 11 residues, thus disrupting the original HSA binding sites and providing a library
of a theoretical complexity 2 × 1014 protein variants. The validity of the library concept has already
been demonstrated by the generation of ABD-derived binders targeting human interferon-γ with a
sub-nanomolar affinity [32], by immunosuppressive protein blockers of human IL-23 receptor [35], by
development of ABD-derived binders of human prostate specific protein 94 (PSP94, MSMB) [36] and
by Shiga toxin 1B subunit-specific binders [37], and recently by immunomodulatory binders of human
IL-23 cytokine [38].

In this work we used the ABD-derived highly complex combinatorial library to generate a
unique collection of high-affinity binding proteins targeting the human IL-17 receptor A. We selected
7 representatives of the found sequence families and demonstrated that 5 of them interact with
a soluble IL-17RA-IgG chimera and bind to IL-17RA-expressing THP-1 cells. In correlation to a
predicted blocking function by in-silico docking, these variants inhibited binding of IL-17A cytokine to
the recombinant IL-17RA and exhibited an immunosuppressive potential demonstrated on normal
human skin fibroblast in vitro. We, therefore, contribute to the development of novel non-IgG
immunomodulatory agents that can be useful in targeting of IL-23/Th-17 pro-inflammatory axis
as unique IL-17RA antagonists.

2. Results

2.1. Molecular Assembly and Production of Recombinant IL-17RA

In our previous work [35] we demonstrated that the extracellular moiety of the human IL-23
receptor gene can be successfully produced as a refolded bacterial protein, which can serve as a target
for the selection of protein binders from a highly complex combinatorial library. Therefore, we used a
similar approach here and cloned the cDNA sequence coding for an extracellular part of the human
IL-17RA (IL-17RAex), consisting of two fibronectin-type III domains (amino acid residues 33–320), into
the bacterial expression vector pET-28b. This recombinant plasmid was used for IL-17RAex production
in the E. coli SHuffle strain upon the optimization of the induction at 18 ◦C. Under these conditions, the
major amount of the IL-17RAex protein was produced in an insoluble fraction from which the protein
was purified by affinity chromatography on a Ni-NTA-agarose column under denaturing conditions.
This urea-containing solution was diluted in a coating buffer, followed by refolding on Polysorp plate
using several washing steps with PBS buffer. The significant amount of IL-17RAex was also present
in a soluble fraction from which the protein was purified by Ni-NTA chromatography under native
conditions. The identity of the purified IL-17RAex variants was verified on SDS-PAGE, as seen in
Figure S1A, and by Western blot using anti-IL-17RA polyclonal antibody. Refolded IL-17RAex product,
similarly to the soluble product, bound human IL-17A cytokine in enzyme-linked immunosorbent
assay (ELISA) as seen in Figure S1B. We, therefore, used the soluble IL-17RAex as well as the refolded
product as target proteins for the selection of IL-17RA-targeted protein binders.

2.2. Selection of ABD-Derived Variants Producing IL-17RA-Targeted Proteins

In our previous studies [32,35,36], we used only one recombinant product as a target for the
selection of high-affinity binders. In this study, we decided to independently select ligands against
the IL-17RAex protein purified either from the soluble fraction or from the insoluble fraction, and to
investigate whether ribosome display will generate collections of IL-17RA binding proteins of the same
sequence identity. After 5-round ribosome display with the protein purified from the soluble fraction,
we generated a plasmid library carrying ABD-derived sequences encoding IL-17RAex-targeted protein
variants that were called ARS ligands. Similarly, using the IL-17RAex protein purified from the
insoluble fraction, we generated a plasmid library encoding a collection of protein binders, called
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ARU binders. Both libraries were screened for the identification of the best binding candidates using
ELISA. For this screening, ARS and ARU variants were produced in the form of in vivo biotinylated
His6-ARS/ARU-TolA-AVI fusion proteins, biotinylated through the C-terminal AviTag sequence
(GLNDIFEAQKIEWHE) in BirA-positive E. coli host cells. An example of the screening of the ARS
and ARU variants is presented in Figure 1. Production of 40 kDa ARS/ARU proteins of the selected
candidates was verified by Western blot using an anti-His-tag antibody.
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Figure 1. Screening of the interleukin 17 cognate receptor A (IL-17RA)-binding variants in
enzyme-linked immunosorbent assay (ELISA). Bacterial cell lysates of individual ARS and ARU
clones were screened for binding to the immobilized recombinant IL-17RA receptor. The binding
proteins were produced in the form of in vivo biotinylated ARS/ARU-TolA-AVI fusion proteins and
their binding to IL-17RA was visualized by streptavidin-HRP conjugate.

Following the experimental approach used previously for IL-23 receptor-targeted REX and IL-23
cytokine-targeted ILP binder selections [35,38], we identified 67 clones of ARS/ARU-producing
variants that resulted from screening of both types of plasmid libraries. Plasmid DNA coding for
all these clones was analyzed by sequencing, providing a final collection of all DNA sequences.
Comparison of sequence similarity among all 67 tested clones and the parental non-randomized ABD
was performed and this result is shown as a phylogenetic tree of 51 clones in Figure 2 (16 missing
members are only sequentially redundant clones of ARS001). We found that representatives of ARU
variants matched well to variants of the ARS collection, represented by the sequence identity or a high
level of similarity. Contrary that, some of the ARS variants were unique (ARS002, ARS019, ARS021) or
did not overlap with ARU sequences at a high similarity level (ARS043). As the ARS library represents
a more complex collection, we selected ARS variants as representatives for 7 identified sequence
families as seen in Figure 2. Those are ARS004 and ARS012 with many redundant clones, ARS014
with a limited sequence variability, and ARS002, ARS019, ARS021, and ARS043, each identified by one
unique representative. These 7 ARS variants were selected as major candidates for further analysis.
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Figure 2. Comparison of a sequence similarity of the selected ARS and ARU clones. Similarity tree of
polypeptide sequences of 51 analyzed ARS and ARU variants that were targeted to the recombinant
extracellular IL-17RA receptor and selected by ribosome display. Sequence analysis of the ARS/ARU
binders revealed 17 unique sequence variants that were clustered into 7 sequence families. For a
similarity analysis, only the sequences between residues 20 and 46 were compared, as the N-terminal
amino acid positions 1–19 were non-randomized.
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2.3. Characterization of Binding Properties of the Selected ARS Variants

Representatives of the ARS sequencing families were produced in the form of fusion proteins
containing a polyhistidinyl tag at the N-terminus and a 305 residues long helical TolA spacer
protein and an Avitag consensus sequence as a target for in vivo biotinylation at the C-terminus
(His6-ARS-TolA-AVI). The fusion proteins were purified using affinity chromatography on a Ni-NTA
agarose column and tested for binding to the IL-17 receptor. As all identified ARS and ARU clones
were originally selected via targeting to the recombinant IL-17RAex protein expressed in E. coli, we
investigated whether the selected ARS binding proteins can recognize a soluble glycosylated product
of the human IL-17RA produced in the form of IL-17RA-IgG chimera. As shown in Figure 3, the
ARS004, ARS012, ARS014, ARS019 and ARS043 variants in the form of His6-ARS-TolA-AVI fusion
proteins bound to the IL-17RA-IgG chimera, while no binding was observed with the ARS002 and
ARS021 variants, similarly as the parental non-randomized ABD wild-type protein. These binding
variants were, therefore, identified as major candidates for further studies.
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Figure 3. Binding of the selected representatives of ARS sequence families to the immobilized
human IL-17RA-IgG chimera in ELISA. Purified binding proteins were produced in the form of
in vivo biotinylated His6-ARS-TolA-AVI fusion proteins. Binding to IL-17RA-IgG was visualized by
streptavidin-HRP conjugate. Each point represents the mean value ± standard deviation (SD).

To verify this fact, we performed the same competition ELISA experiment using the soluble
IL-17RA-IgG chimera as a target. We tested all the selected ARS variants that were identified as binders
of the IL-17RA-IgG chimera as seen in Figure 3. As presented in Figure 4 and Figure S2B, ARS004,
ARS012, ARS014, ARS019, and ARS043 suppressed binding of IL-17A to the chimera, suggesting a
blocking potential of these variants.
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Figure 4. ARS ligands compete with IL-17A cytokine for binding to the human IL-17RA-IgG receptor
chimera. The IL-17RA-IgG chimera was immobilized on an ELISA plate and serially diluted inhibitory
His6-ARS-TolA-AVI ligands were used to compete for binding with 10 nM IL-17A. Bound IL-17A was
detected with anti-IL-17A polyclonal antibody in combination with secondary anti-IgG-HRP conjugate.
His6-ABDwt-TolA-AVI served as a negative control. Error bars represent standard deviations (SDs).

Protein sequences of the five ARS protein variants that bound to the soluble IL-17 receptor chimera
and exhibited a blocking potential are presented in Table 1.

Table 1. Sequence comparison of the ARS binders. The non-mutated ABDwt was aligned with
the randomized part of the ARS binders selected by ribosome display. Grey boxes indicate the 11
positions at which the residues of albumin-binding domain (ABD) (aa 20–46) were randomized. The
non-randomized N-terminal part of ABD (aa 1–19) contain sequence LAEAKVLANRELDKYGVSD.

Protein 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46
ABDwt Y Y K N L I N N A K T V E G V K A L I D E I L A A L P
ARS004 V Y K - L I N Y A C P V T W V K W V I D P I L A M L P
ARS012 V Y K - L I N M A L Y V T G V K P W I D V I L A V L P
ARS014 V Y K N L I N Y A W L V M W V - - P I D A I L A L L P
ARS019 M Y K N V I N I A W W V S I V K Y P I D C I L A L L P
ARS043 L Y K N M I N M A L W V T G V K W L I D P I L A T L P

In our previous studies we demonstrated that the 305 residues long helical TolA protein served
as a solubility- and stability-supporting moiety of the 40 kDa fusion protein, which did not interfere
with the binding specificity of the tested ligands [32,36,38]. To demonstrate this fact in this study,
we constructed short forms of selected ARS variants lacking the TolA protein sequence. These short
variants of 8.3 kDa were produced as soluble His6-ARS-AviTag in vivo biotinylated proteins, as seen
in Figure S3A, and their binding to IL-17RA was confirmed by ELISA, shown in Figure S3B. We further
used these short ARS protein forms to verify an inhibitory function of the long TolA-containing ARS
forms as it has been demonstrated in Figure S2 and Figure 4. Therefore, we performed a competition
ELISA experiment in which the purified short ARS variants competed with IL-17A cytokine for binding
to IL-17RA. As presented in Figure S4, the short ARS variants, presented as examples of ARS012s,
ARS014s and ARS043s, inhibited binding of human IL-17A, thus supporting previous conclusions
done using the long His6-ARS-TolA-AVI variants. In contrast to this, a short ARS002s protein did not
exhibit an inhibitory potential shown in Figure S2 for the long His6-ARS-TolA-AVI fusion protein.
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2.4. Binding of the ARS Variants to Human Cells

Human uninduced THP-1 myelomonocytic cells are known to express the IL-17 receptor [39].
This was confirmed by flow cytometry upon staining of THP-1 cells with anti-human IL-17RA
antibody as seen in Figure 5A. Thus, this cell line was used to determine, which of the seven selected
representatives of the ARS sequence families bind to the IL-17RA. As shown in Figure 5B, the variants
ARS002 and ARS021 exhibited only a negligible binding to THP-1 cells, which is in a good agreement
with the ELISA results, where these two proteins did not significantly bind the coated IL-17RA-IgG
chimera, shown in Figure 3. In contrast to that, all ARS variants found to be binders of the IL-17RA-IgG
chimera, as seen in Figure 3, substantially bound to IL-17RA-expressing THP-1 cells as shown in
Figure 5B.
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Figure 5. Binding of the ARS variants to human THP-1 cells. (A) The expression of IL-17RA
on the surface of THP-1 cells was confirmed by anti-IL-17RA antibody. (B) For binding assay,
2.5 × 105 THP-1 cells were incubated with in vivo biotinylated His6-ARS-TolA-AVI proteins or
His6-ABDwt-TolA-AVI negative control (10 µg/mL) for 30 min at 4 ◦C. The cell-bound proteins
were stained with streptavidin-PE for 30 min at 4 ◦C and analyzed by flow cytometry. Each bar
represents the mean value ± SD of three independent experiments.

The ARS variants confirmed to bind to THP-1 cells were used for a cell-surface competition
experiment in which the ARS ligands competed with the human IL-17A cytokine for binding to
IL-17RA-expressing cells. As shown in Figure S5, all five ARS variants substantially reduced binding
of IL-17A to the surface of THP-1 cells.

2.5. Determination of Binding Kinetics and Affinities of the ARS Variants Using Human Cells

To investigate binding parameters of the five ARS variants that bound to human THP-1 cells,
as seen in Figure 5, we used adherent IL-17RA-expressing human keratinocyte HaCaT cells [40].
Determination of binding affinities and rate-off kinetics in a real-time fluorescent mode was done
using Ligand Tracer Green Line system upon detection of the bound ARS proteins to the cell surface
by secondary Streptavidin-APC conjugate. To get binding curves, we used three concentrations of
each ARS protein (3 nM, 30 nM, and 90 nM) and rate-off kinetics were evaluated after a saturation
by measuring in medium lacking the ARS binders. As shown in Figure 6, a very slow release of the
ARS014 and ARS019 variants from the cell surface was observed. This indicates high-affinity binding
and corresponds to values calculated by Trace Drawer software as Kd = 2 nM for ARS014 and 0.7
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nM for ARS019, respectively. Using this approach, we also estimated Kd value for ARS004 (1.2 nM),
ARS012 (35 nM) and ARS043 (32 nM), respectively.
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Figure 6. Binding of ARS014 (panel (A)) and ARS019 (panel (B)) to HaCaT cells tested by LigandTracer
Green Line system. For binding assay, 106 cells were plated overnight on Petri dish and the next day,
in vivo biotinylated His6-ARS-TolA-AVI proteins were added into medium and incubated gradually
at three different concentrations. Cell-bound proteins were stained with streptavidin-APC conjugate
and the measured binding curve (red line) was analyzed using the TraceDrawer software (fitted curve,
green line). Analysis of the binding affinities and rate-off kinetics indicated Kd values for ARS014 and
ARS019 to be 2 nM and 0.7 nM, respectively.

2.6. Thermal Stability of the ARS Binding Proteins

For the analysis of thermal stability of the most promising ARS variants, we used the
fluorescently-based thermal-shift assay using His6-ARS-TolA-AVI fusion proteins. Melting temperatures
(Tm) found for the ARS012, ARS014 and ARS043 variants are presented in the Figure 7. Thermal
stability of the ARS019 and ARS 004 binding proteins was not determined, as the used experimental
approach failed for these particular protein variants. In our previous studies [32,35,38] we measured
the thermal stability of the parental ABD-wild type protein using the same approach and provided
the Tm value 58 ◦C. Thus, our results suggest that the randomization of mutable residues of the ABD
domain significantly affected the basic stability of the scaffold structure in the case of ARS012, ARS014,
and ARS043.
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Figure 7. Analysis of thermal stability of the selected ARS binders. (A) Normalized thermal melting
fluorescence curves of the His6-ARS-TolA-AVI binders. (B) First derivative of fluorescence versus
temperature of curves shown in the panel A. The melting point is given as the lowest point of the curve.
All measurements were done in duplicate and averaged. Identified temperature melting (Tm) points
are as follows: ARS012 Tm 45.5 ◦C; ARS014 Tm 48 ◦C; ARS043 Tm 44.5 ◦C.

2.7. Modeling of ARS-IL17RA Interactions

To gain a structural insight of the ARS-IL-17RA interactions, we performed modeling of the
IL-17RA receptor in a complex with particular ARS variants. Therefore, we prepared homology models
of the ARS binding proteins based on a three-helix bundle structure of the ABD. Then, we identified
probable binding modes of the ARS binders found on the IL-17RA receptor by docking. For the
ARS004, ARS012, ARS019, and ARS043 variants, binding modes are shown in Figure 8. In the case
of the ARS004 variant, the most probable binding mode predicted by docking was located in the
distal IL-17RA receptor domain, which is crucial for recognition by IL-17A cytokine, as shown by
the crystal structure of the IL-17A/IL-17RA complex. This is well documented in Figure 8A where
ARS004 binding protein clearly overlaps with IL-17A cytokine domains. For the variants ARS012 and
ARS019, the same binding area on the IL-17RA domain as that found for ARS004 was predicted as the
second most probable binding mode, as seen in Figure 8B,C. The same binding area on the receptor
was identified by docking of the ARS043 binder as the 4th most probable binding mode, as shown
in Figure 8D. These results correspond to data of competition ELISA tests where inhibitory effects of
these ARS variants were demonstrated as seen in Figure 4, Figures S2 and S4.

Interestingly, docking of the ARS014 variant did not predict any binding into the identified
common binding area of the receptor among 10 the most probable binding modes. However, this
finding does not correspond to a demonstrated inhibitory effect of this ARS variant found in the
competition ELISA tests, as seen in Figure 4, Figures S2 and S4. The ARS014 variant differs from other
analyzed ARS proteins by a double deletion in positions 35–36 of the ABD sequence as shown in
Table 1. This could lead to an increased probability that the used homology model does not reflect



Int. J. Mol. Sci. 2018, 19, 3089 11 of 21

the equilibrium structure of the binding protein. Therefore, we performed further modeling using
molecular dynamics simulations looking for structural consequences of the specific combinations of
amino acid alterations. Molecular dynamics simulation of the ARS004 indicates that the structure of
this variant remains similar to that of an initial homology model keeping the three-helix bundle
conformation of the parental ABD template. This structure we used for molecular docking to
the IL-17RA. This analysis predicted the same binding mode as found for the initial unrelaxed
homology model. To validate the docking prediction, we studied a possible rearrangement of the
ARS004/IL-17RA complex by means of molecular dynamics. Our results supported stability of the
binding mode, which was predicted by docking as seen in Figure 9A. Following this approach, we
performed the molecular dynamics of the ARS014 binding protein and identified a significant structural
change of the C-terminal helix resulting in a perpendicular orientation of the helix in contrast to the
initial parallel orientation found in other analyzed ARS variants. This structure was used for docking
to the IL-17RA. This modeling approach led to the identification of the third most probable binding
mode occupying the common binding area of the IL-17RA, as seen in Figure 9B. Molecular dynamics
simulation of the ARS014/IL-17RA complex revealed that both interacting interfaces undergo a mutual
structural rearrangement, shown in Figure 9C, leading to a larger interacting area resulting in an
increased binding affinity (Kd 2 nM) as measured experimentally and presented in Figure 6A.
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Figure 8. Modeling of ARS/IL-17RA interactions by docking. Summary of the first three poses of the
ARS004 (A), ARS012 (B), ARS019 (C), and four poses of the ARS043 (D) binding to the complex of
IL-17RA (brown) and dimer of human IL-17A (green/cyan), in decreasing predicted order of probability
demonstrated in red (the most probable), orange, yellow and magenta, respectively.
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To study an immunomodulatory potential of the particular ARS protein variants, we used 
normal human skin fibroblast cell line CCD-1070Sk, which has been previously described to be 
suitable for testing of the immunosuppressive potential of soluble IL-17 receptor mutants [29]. As a 
first step, we measured secretion of Gro-α (CXCL-1) released by CCD-1070Sk cells upon the 
activation by IL-17 cytokine using ELISA. This chemokine was significantly present in the cell 
medium supernatants after 6 h of activation by IL-17A, but the most suitable time period was found 
to be between 15 and 30 h after the activation, where levels of the secreted protein reached maximum 
values as seen in Figure S6. Therefore, we activated CCD-1070Sk cells by IL-17A for 24 h in the 
presence or absence of the five selected ARS protein variants and measured levels of secretion of the 
Gro-α in cell supernatants. Results of these experiments summarized in Figure 10 suggested the 
immunosuppressive potential for ARS004, ARS014, ARS019, and ARS043, where the inhibition of 
secretion of the chemokine was demonstrated. Contrary that, ARS012 protein binder did not exhibit 
any inhibitory function. 

Figure 9. Structural effect of amino acid alterations in the ABD scaffold. (A) The most probable pose
of the ARS004/IL-17RA interaction obtained by flexible side chain docking (red, see also Figure 7A)
compared to the structure relaxed by 100 ns molecular dynamics simulation (blue). (B) Modeling of
the ARS014/IL-17RA interaction by docking. The initial geometry of ARS014 was obtained from a 1 µs
molecular dynamics simulation. Summary of the first three poses of ARS014 binding to the IL-17RA
(brown) is shown in decreasing predicted order of probability demonstrated in red (the most probable),
orange, and yellow, respectively. (C) The third most probable pose (yellow) of the ARS014/IL-17RA
interaction compared to the structure relaxed by 100 ns molecular dynamics simulation (blue).

2.8. Immunomodulatory Potential of the ARS Binding Proteins

To study an immunomodulatory potential of the particular ARS protein variants, we used normal
human skin fibroblast cell line CCD-1070Sk, which has been previously described to be suitable for
testing of the immunosuppressive potential of soluble IL-17 receptor mutants [29]. As a first step, we
measured secretion of Gro-α (CXCL-1) released by CCD-1070Sk cells upon the activation by IL-17
cytokine using ELISA. This chemokine was significantly present in the cell medium supernatants after
6 h of activation by IL-17A, but the most suitable time period was found to be between 15 and 30 h
after the activation, where levels of the secreted protein reached maximum values as seen in Figure
S6. Therefore, we activated CCD-1070Sk cells by IL-17A for 24 h in the presence or absence of the
five selected ARS protein variants and measured levels of secretion of the Gro-α in cell supernatants.
Results of these experiments summarized in Figure 10 suggested the immunosuppressive potential
for ARS004, ARS014, ARS019, and ARS043, where the inhibition of secretion of the chemokine was
demonstrated. Contrary that, ARS012 protein binder did not exhibit any inhibitory function.
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Figure 10. Test of immunomodulatory effect of the ARS ligands. The His6-ARS-TolA-AVI fusion
proteins were added in different concentrations to medium containing IL-17A cytokine. As a control,
medium with cytokine but without the ARS proteins was used (IL17 only). After 24 h, levels of Gro-α
(CXCL1) secreted by CCD-1070Sk cells were measured by ELISA. Each bar represents the mean value
± SD of four (ARS019 and ARS043) or two (ARS004 and ARS014) independent experiments. Significant
differences between mean values of the control (IL17 only) and the samples are shown (*, p < 0.05;
**, p < 0.01; analysis of variance (ANOVA)).

3. Discussion

To interfere with IL-17-driven immunomodulation via IL-17RA-mediated cell signaling, we used
a non-immunoglobulin approach. Recently we demonstrated that albumin-binding domain-derived
library was successfully used for the generation of immunosuppressive binding proteins targeted
to IL-23 cytokine [38] and for the development of IL-23R-targeted antagonists [35]. In these studies,
we used our own concept of the highly complex ABD-derived library in which randomization of 11
residues of helix 2 and helix 3 of the ABD scaffold disrupts a parental high-affinity binding to human
serum albumin [32] but also eliminates a set of crucial residues of the known human T- and B-cell
epitopes carried by the parental non-mutated ABD wild-type protein [38,41].

To target the IL-17RA, soluble as well as refolded bacterial products of the extracellular receptor
domains were used as capture proteins for ribosome display selection. We demonstrate that both
protein variants can be used for the selection of high-affinity binders. Interestingly, the ARU collection
of binders of the refolded IL-17 receptor provided variants identical, or of a high sequence similarity
(1–2 amino acid alteration), to those found in the ARS protein library generated with the soluble
IL-17RA. Yet the ARS library of selected variants seems to be more complex by the presence of several
unique clones absent in the ARU collection. A high correlation between both libraries is rather
surprising and underlines the high efficiency of ribosome display selection. Such comparison of
independent selections of non-IgG binding proteins targeted to different forms of the same protein
target has not been described for other known protein scaffold libraries.

Among 7 sequentially unrelated families identified by alignment and clustering, five of them
are of a high interest as those represent blockers of cell-surface IL-17RA. Among them, ARS014
group is important as this family of 7 variants is formed by 5 different protein forms. As ARS014
representative belongs to the best blocking candidates, each member of this group should be analyzed
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for its immunosuppressive potential. Contrary that, family of ARS004 of 18 representatives contains
only 4 sequence variants, as the majority of clones is redundant. Even higher redundancy was found
in the ARS012 sequence group, while families of ARS019 and ARS043 are formed by a single variant.
Interestingly, only these two family representatives lack deletions in the ABD sequence, as the ARS004
and ARS012 miss the residue 23N and ARS014 is characterized by a double 35/36 deletion gap followed
by the residue 37P. This unique combination alters the parental ABD three-helix bundle scaffold to a
structurally more variable moiety that complicates modeling by docking. Paradoxically, this relaxed
conformation may well accommodate to its receptor counterpart, providing an increased ligand
stability, supported also by the highest thermal stability among the five ARS blocking candidates, and
by a high binding affinity. However, ARS ligands stability is, in a broader context, significantly lower
in comparison to ILP or REX immunosuppressive binders [35,38]. This might be due to the presence of
proline residues found in the randomized positions of all five blocking ARS variants, thus changing
the local conformation of the protein backbone or breaking the optimal three-helical structure.

Prediction of binding areas on the IL-17RA surface by docking ascribed a probable blocking
potential to all five ARS ligands, yet for the ARS014 variant only upon the relaxation of its structure.
The ARS004 protein was predicted as the most promising inhibitor of the cytokine IL-17A binding to
its cognate receptor. This correlates with competition ELISA data but it is also strongly supported by
cell-surface competition binding test on THP-1 cells and by the strong binding affinity estimated by
LigandTracer on HaCaT keratinocytes. Slow dissociation of the ARS004 from the cell-surface receptor
significantly contributes to the observed immunosuppressive effect on normal human IL-17A-activated
skin fibroblasts. These cells were very efficiently suppressed in secretion of Gro-α by the presence of
ARS014 and ARS019 variants in cell medium. This fact correlates very well with a slow dissociation of
both proteins blockers from the HaCaT cell surface. In addition, an inhibitory function for both these
variants was predicted by docking as highly probable, i.e., as the second (ARS019) and third (ARS014)
most probable binding areas overlapping with the region known to be recognized by IL-17A [42].
Interestingly, ARS012 competed with IL-17A in vitro as shown by ELISA, as seen in Figure 4, and
THP-1 cell-surface competition binding assay, shown in Figure S5, while its immunosuppressive
potential has not been demonstrated in normal human skin fibroblasts. As ARS012 inhibitory potential
on activated CCD-1071Sk cells is not conclusive and ARS043 exerts only a mild suppressing potential,
variants ARS004, ARS014 and ARS019 are the best candidates for further development of IL-17R
antagonists. However, their anti-inflammatory potential needs to be yet verified in vivo.

Although the IL-23/Th17 pro-inflammatory axis is closely linked to development of psoriasis,
psoriatic arthritis and rheumatoid arthritis, a substantial role for IL-17A/F cytokine and IL-17RA
in intestinal inflammation such as inflammatory bowel disease and Crohn´s disease has been
documented [43,44]. Recently, we described the generation of unique strains of Lactococcus lactis
that can produce and secrete ABD-derived ILP proteins, blocking the function of human IL-23
cytokine [45]. The ILP-producing L. lactis cells can be used as in vivo tolerable probiotic bioreactors for
the production and delivery of anti-inflammatory agents during the intestinal inflammation. In this
context, a novel class of anti-IL-17RA-targeted ABD-derived blockers can be used for the development
of ARS-producing L. lactis strains useful for in vivo suppression of experimentally induced colitis.

Anti-IL-17A inhibitors play a substantial role in development of anti-cancer drugs for colorectal
cancer. Elevated levels of IL-23, IL-17, and IL-6 in early stages of colorectal cancer have been associated
with adverse prognosis and more aggressive disease [46]. IL-17A is also associated with development
of skin cancer via STAT3-mediating signaling in tumor and stromal cells, thus stimulating the
penetration of myeloid cells into tumor environment [47,48]. Generation of non-IgG protein blockers
of IL-17A-mediated signaling is, therefore, a valuable alternative in anti-cancer drug development.
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4. Materials and Methods

4.1. Antibodies, Recombinant Proteins and Detection Agents

Anti-human IL-17R rabbit polyclonal antibody (H-168 clone) was purchased from Santa Cruz
Biotechnology Inc., Dallas, TX, USA. Goat anti-rabbit IgG-HRP conjugate was obtained from Abcam
plc., Cambridge, UK. The monoclonal anti-poly-histidine-HRP antibody produced in mouse was
obtained from Sigma-Aldrich, St. Louis, MO, USA. Rabbit polyclonal to human IL17A was obtained
from Abcam plc., Cambridge, UK. Cy5-conjugated goat anti-rabbit IgG F(ab´)2 fragment was obtained
from Jackson ImmunoResearch Laboratories, West Grove, PA, USA.

Recombinant human IL-17 RA/IL-17 R Fc Chimera was obtained from R&D Systems, Minneapolis,
MN, USA. Human IL-17A was purchased from Cell Signaling Technology, Danvers, MA, USA.
Streptavidin-phycoerythrin was purchased from eBioscience, San Diego, CA, USA. Streptavidin-HRP
conjugate was obtained from Thermo Scientific, Rockford, IL, USA.

4.2. Cell Lines and Growth Conditions

Cell lines used in the study were human acute monocytic leukemia cell line THP-1 (ATCC®

TIB-202), normal human skin fibroblast CCD-1070Sk (ATCC® CRL-2091, ATCC, Manassas, VA, USA.),
and a spontaneously transformed aneuploid immortal keratinocyte cell line from adult human skin
HaCaT (330493, CLS Cell Lines Service GmbH, Eppelheim, Germany). All cell lines were grown in
DMEM medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% fetal calf serum (FCS)
(GIBCO, Grand Island, NY, USA) and antibiotic antimycotic solution (ATB) (Sigma-Aldrich, St. Louis,
MO, USA).

4.3. Molecular Assembly and Production of Recombinant IL-17RA

For IL-17A receptor (accession #: BC011624) cloning, plasmid DNA (Source BioScience,
4053746) was used. DNA sequence coding for extracellular part of IL-17R (IL-17RAex cDNA,
Leu33–Trp320, 287 amino acids) was amplified by PCR using forward primer IL17RAex-F-Nco-his
ATTACCATGGGCAGCAGCCACCATCATCATCATCACAGCAGCGGCCTGCGACTCCTGGACCA
CC and reverse primer IL17RAex-R-Bam ATATGGATCCTCACCACAGGGGCATGTAGTCCG.
The resulted PCR product was cloned in vector pET-28b using restriction sites NcoI and BamHI.
Protein was produced in E. coli SHuffle strain (SHuffle® T7 Express Competent E. coli, New England
Biolabs, Ipswich, MA, USA). Bacterial cells were grown in LB broth with kanamycin (60 µg/L) at
30 ◦C, protein production was induced by adding 1 mM IPTG after the culture reached the density
OD600 = 0.6. Cells were cultivated for 4 h at 30 ◦C or overnight at 18 ◦C. Cultures were collected by
centrifugation, sonicated in TN buffer (50 mM Tris, 150 mM NaCl, pH = 8.0), and the disrupted cells
were spun down at 40,000× g for 20 min. Supernatant representing the cytosolic extract was used
for purification of soluble protein using Ni-NTA. The pelleted inclusion bodies were dissolved in
TN buffer containing 8 M urea (50 mM Tris, 150 mM NaCl, 8 M urea, pH = 8.0), purified on Ni-NTA
agarose and eluted in EB buffer containing 4 M urea (50 mM Tris, 150 mM NaCl, 250 mM imidazol,
4 M urea, pH = 8.0). Soluble as well as refolded IL-17RA forms were tested in ELISA and used for
ribosome display selection.

4.4. ABD Library Construction and Ribosome Display Selection

ABD-derived DNA library was generated as described previously [32]. The library was used for
the selection of binders by ribosome display [35]. Pre-selection was performed in wells of Polysorp
plate (NUNC, Roskilde, Denmark) coated with His6-TolA-AVI (∆ ABD clone) followed by blocking
with 3% BSA. Unbound ribosomal complexes were used for further selection steps. For the selection,
wells of Polysorp plate were coated with bacterial recombinant soluble human IL-17RA receptor or
with the receptor refolded from 4 M urea solution in coating buffer, followed by blocking with 3% BSA.
After five-round ribosome display selection, transcribed DNA was inserted into pET-28b-TolA-AVI
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vector by digestion with restriction endonucleases NcoI and XhoI [38] and a resulted plasmid library
was used to transform E. coli TOP10 host cells.

4.5. Production of In Vivo Biotinylated Protein Binders

ARS binders were prepared in the form His6-ARS/ARU-TolA-AVI fusion biotinylated proteins
produced in E. coli BL21 (DE3) BirA strain. Bacterial cells were cultivated in LB medium containing
kanamycin (60 µg/mL) and chloramphenicol (30 µg/mL) and for protein biotinylation, 50 µM d-biotin
was added, prepared as 5 mM solution in 10 mM bicine buffer pH = 8.3. Protein production was
induced by 1.5 mM IPTG after reaching the cell density OD600 = 0.6. Culture was harvested 4 h after the
induction, then sonicated in TN buffer, centrifuged and subsequently purified on a Ni-NTA-agarose
column, finally eluted with 250 mM imidazole.

4.6. Screening of IL-17RA-Targeted Binders in ELISA

Polysorp plate (NUNC, Roskilde, Denmark) was coated by IL-17RA recombinant protein
(10 µg/mL, produced in E. coli SHuffle strain) or 5 µg/mL human IL-17RA-IgG chimera (Recombinant
Human IL-17 RA/IL-17 R Fc Chimera Protein, R&D Systems, Minneapolis, MN, USA) in coating
buffer (100 mM bicarbonate/carbonate solution, pH = 9.6) at 7 ◦C overnight. The next day, the
plate was washed by PBST (PBS buffer containing 0.05% Tween, pH = 7.4) and blocked by PBSTB
(1% BSA in PBST). The samples of bacterial lysates in PBSTB or purified proteins were applied as
a series of different dilutions in PBSTB and bound biotinylated ARS proteins were detected using
streptavidin-HRP conjugate diluted in the same buffer 1:10,000 (Pierce, Rockford, IL, USA). Results
were visualized by enzymatic reaction of HRP with OPD substrate (Sigma-Aldrich, St. Luis, MO, USA)
in citrate buffer (3.31% sodium citrate tribasic dihydrate, phosphoric acid until pH = 5.0), reaction was
stopped by 2 M sulfuric acid and absorbance at 492 nm was measured.

4.7. Sequence Analysis and Clustering of Selected ARS and ARU Variants

DNA constructs of all selected clones expressing full-length His6-ARS-TolA-AVI proteins were
sequenced. Multiple alignments of amino acid sequences of the ARS variants and the construction of
the UPGMA-based similarity tree were performed using the MEGA5 software (Molecular Evolutionary
Genetics Analysis, available online: https://www.megasoftware.net).

4.8. Modeling of ARS-IL17RA Interactions

The structure of studied ABD variants (ARS004, ARS012, ARS014, ARS019, and ARS043)
was modeled using the MODELLER 9v14 suite of programs [49] based on the ABDwt structure
(pdb id 1gjt [50]). Amino acid sequences of the ABD variants were aligned with the Clustal Omega
program [51]. The structure of IL-17R was obtained from the available crystal structure of the
IL-17/IL-17R complex (pdb id 4hsa [42]). The flexible side chain protein-protein docking was
performed using a local copy of the ClusPro server [52,53]. The GBSA implicit solvation molecular
dynamics simulations were prepared using the OpenMM Zephyr graphical interface [54] with the
Amber96 force field, 2 fs time step, temperature 295 K, and water collisional interval of 0.01099 ps.
The calculations were performed using the GPU accelerated version of gromacs program [55] collecting
geometry every 10 ps.

4.9. Competition ELISA

Polysorp plate (NUNC, Roskilde, Denmark) was coated with recombinant IL-17RA (5 µg/mL,
recombinant protein produced in E. coli SHuffle strain) or IL-17RA-IgG (Recombinant Human IL-17
RA/IL-17 R Fc Chimera Protein, R&D Systems, Minneapolis, MN, USA) in coating buffer at 7 ◦C
overnight and the washed plates were blocked by PBSTB. Human interleukin IL-17A cytokine
(Cell Signaling Technology, Danvers, MA, USA) at the constant concentration (10 nM) presented in

https://www.megasoftware.net
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serially diluted ARS variants in PBSTB as competitors were added. Binding of IL-17A to IL-17RA was
detected by a primary polyclonal rabbit anti-human IL-17 antibody (1:1000, Abcam plc., Cambridge,
UK) and the secondary anti-rabbit antibody conjugated with HPR (1:2000, Abcam plc., Cambridge,
UK).

4.10. Fluorescence-Based Thermal-Shift Assay

Protein samples (0.1 mg/mL) in PBS and 5 × Sypro Orange dye (Sigma-Aldrich, St. Luis, MO,
USA) were mixed in total volume of 25 µL. Using the real-time PCR Detection System CFX96 Touch
(Bio-Rad Laboratories, Hercules, CA, USA), the proteins were incubated in a thermal gradient from 25
to 80 ◦C with increments of 0.5 ◦C and with 30 s-hold intervals. The degree of protein unfolding was
monitored by the FRET (fluorescence resonance energy transfer) channel that captured the spectral
properties of Sypro Orange unfolded protein complexes (excitation wavelength ~470 nm and emission
wavelength ~570 nm). The data were analyzed by the CFX Manager software and the melting
temperatures were determined using the first derivative spectra.

4.11. Flow Cytometry

All binding assays were performed in HEPES buffered salt solution (HBSS buffer; 10 mM
HEPES, pH 7.4, 140 mM NaCl, 5 mM KCl) complemented with 2 mM CaCl2, 2 mM MgCl2, 1%
(w/v) glucose and 1% (v/v) FCS (cHBSS) in 96-well culture plates (TPP Techno Plastic Products AG,
Trasadingen, Switzerland). For ARS binding assay, 2.5 × 105 cells were incubated in 50 mL of cHBSS
with or without His6-ARS-TolA-AVI clones or His6-ABDwt-TolA-AVI negative control (10 mg/mL)
for 30 min at 4 ◦C. The cells were washed with cHBSS and the cell-bound proteins were stained with
streptavidin–phycoerythrin (1:400 dilution) for 30 min at 4 ◦C. Cells were washed, resuspended in
100 mL of HBSS and analyzed by flow cytometry in a BD LSR II instrument (BD Biosciences, San Jose,
CA, USA) in the presence of 1 µg/mL of Hoechst 33258. Data were analyzed by FlowJo software
(Tree Star, Ashland, OR, USA) and appropriate gatings were used to exclude cell aggregates and dead
cells. Binding data were deduced from the mean fluorescence intensities (MFI).

4.12. Binding of ARS Proteins to Human Cells Analyzed by LigandTracer Green Line System

HaCaT cells were seeded in a distinct area of the cell dish and were allowed to attach firmly to the
surface for at least 24 h. In vivo biotinylated His6-ARS-TolA-AVI clones were labeled with Alexa Fluor
488 for 30 min. The cell dish with 3 mL cell culture medium or PBS (for ARS043) was placed into the
LigandTracer Green Line (Ridgeview Instruments AB, Uppsala, Sweden) and the difference between
the fluorescence intensity of the target cell area and the area opposite to the target cells (background
signal) was measured every 70 s by rotating the dish with a detection delay 5 s. After a baseline
measurement (30 min), the ARS protein was added gradually in the three (ARS012, ARS014, ARS019,
ARS043) or four (ARS043) increasing concentration (3, 10, 90 nM or 3, 10, 30, 70 nM). Each concentration
was incubated until the saturation was obtained. Then, the dissociation of the ligand was recorded
after replacing the incubation solution with 3 ml fresh medium or PBS. Binding curves were analyzed
using the TraceDrawer 1.7.1. evaluation software. All ligand-receptor interactions were analyzed using
the “one-to-one” model. For ARS043, signal levels were normalized to 0% at baseline level.

4.13. Testing of the Immunomodulatory Potential of ARS Ligands

For the assay, CCD-1070Sk cells (104) were seeded to 24 well plate. After 24 h, 20 ng/mL IL-17A
cytokine alone or in the presence of His6-ARS-TolA-AVI clones in different concentrations (100, 50, 5,
0.5 ng/mL) were added. After 6, 15, 24, 30, and 48 h, supernatants were collected and levels of Gro-α
and IL-6 were measured by Human CXCL1/GRO α DuoSet (R&D Systems, Minneapolis, MN, USA).
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4.14. Statistical Analysis

Results were expressed as the arithmetic mean ± standard deviation (SD) of the mean. Statistical
analysis was performed by one-way ANOVA followed by Dunnett’s post-test, comparing all the
samples with the control, using GraphPad Prism 6.0 (GraphPad Software, San Diego, CA, USA).
Significant differences are indicated by asterisks (*, p < 0.05; **, p < 0.01).

5. Conclusions

Collectively, this work describes the generation of a collection of unique ABD-derived proteins
called ARS ligands that recognize human IL-17RA receptor with a high-binding affinity. These
ARS proteins inhibit binding of human IL-17A cytokine to its cognate cell membrane receptor
in vitro and exhibit an immunosuppressive potential demonstrated by suppression of Gro-α secretion
from IL-17A-activated CCD-1070Sk skin fibroblasts. These ligands can be used as high-affinity
non-IgG probes and can be useful in development of anti-IL-17RA-targeted antagonists with a
therapeutic potential.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/10/
3089/s1.
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1.     Introduction 

 
The validation was performed according to the directive EMEA - CVMP / VICH / 590/98 and CVMP / 

VICH / 591/98. The ELISA assay was validated for detection of antibodies against recombinant adhesins and 

heat-labile toxin from Escherichia coli and toxins from Clostridium perfringens and Clostridium difficile. 

 

2.     Measuring range 

 
The validation of the method confirms that the method is suitable for verifying the efficacy of the product 

containing inactivated components - adhesins and recombinant heat-labile toxin of Escherichia coli and 

toxins of Clostridium perfringens and Clostridium difficile. 

 

The scope of the validation is given by internal regulations documents, based on the instructions of state 

authorities and the European Medicines Agency EMA. Within this validation following parameters will be 

tested - the precision and accuracy of presented methodology, repeatability, reproducibility, linearity, range 

and selectivity. 
 

3.     List of abbreviations and definitions 
 

Abbreviations Definitions 

RD Recording Documentation 

QA Quality Assurance 

SOP Standard Operating Procedure 

GMP Good Manufacturing Practice 

ELISA Enzyme-Linked ImmunoSorbent Assay 

LTB Beta subunit of heat-labile toxin E. coli 

TS Tested serum 

PS Positive serum 

NS Negative serum 

CV Variation Coefficient 

SD Standard Deviation 

ANOVA Analysis of Variance 

CPA recombinant part of the toxin Alfa 

CPB recombinant toxin Beta 

CPB2 recombinant toxin Beta 2 

ETX recombinant toxin Epsilon 

TcdA recombinant part of the toxin A 

 

4.     Working team 

 

QA:    

Head:  RNDr. Petr Malý, CSc. 

Members:  Ing. Hana Petroková, PhD., Mgr. Lucie Marečková 

 

 

5.     Process description 

 

The measurements were carried out in the Laboratory of ligand engineering at the Institute of 

Biotechnology AS CR. 
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6.     Methodology, tools and equipment 

 

The procedures were performed according to approved regulatory documentation: 

RMSOP103SDX2120 – Preparation of reagents for ELISA, 

RMSOP015SDX207x - Processing of the samples for serological tests. 
 

 

Equipment: 

Cooling device with a temperature range of 5 ± 3 ° C 

Freezing device with a temperature below - 20 ° C 

Spectrophotometer for measuring in microtiter plates ClarioStar 

Microplate washer (Hydroflex- Schëller) 

Shaker of microplates 

Vortex 

Laboratory with the room temperature of 20 ± 5 ° C (referred to room temperature) 

 

Materials: 

96 well microtiter plates with a flat bottom 

Caps or protective adhesive film on microtiter plate 

One channel and multichannel pipettes with adjustable volume 

Tips 

Vials of 0.5 and 1.5 ml 

Stands for the vials and test tubes 

Glass bottle including its sealing 

A vessel for ice 

Wood pulp 

Stopwatch 

Working protective equipment 
 

 

Antigens for ELISA: 

- recombinant adhesin K88 E. coli, 2,5 µg/ml 

- recombinant adhesin K99 E. coli, 10 µg/ml 

- recombinant adhesin 987P E. coli, 5 µg/ml 

- recombinant adhesin F41 E. coli, 5 µg/ml 

- recombinant part of the heat-labile toxin (LTB) E. coli, 5 µg/ml 

- recombinant part of the toxin Alfa (CPA) C. perfringens, 4 µg/ml 

- recombinant toxin Beta (CPB) C. perfringens, 5 µg/ml 

- recombinant toxin Beta 2 (CPB2) C. perfringens, 2 µg/ml 

- recombinant toxin Epsilon (ETX) C. perfringens, 3 µg/ml 

- recombinant part of the toxin A (TcdA) C. difficile, 5 µg/ml 

 

 

Negative standard mouse serum without specific antibodies against above mentioned antigens  

(Dyntec spol. s r. o.)  

 

Positive standard mouse serum with specific antibodies against above mentioned antigens (Dyntec 

spol. s r. o.) 

 

Secondary goat anti-mouse antibody conjugated to horseradish peroxidase 

 
Substrate solution containing tetramethylbenzidine (TMB) 
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Listed ingredients (PS, NS, conjugate, adhesins and toxins) were aliquoted into microtubes and 

stored in a freezer at - 20 ° C. During dilution and handling, these ingredients were kept on ice. 

 

Solutions:  

Binding buffer, pH 9.6 

Washing solution containing 0.05% Tween 20 

Dilution and blocking solution containing 0.05% Tween 20 and 1% BSA 

Substrate solution was stored at 5 ± 3 ° C 

Sulfuric acid solution with a molar concentration of 2 mol / l 

 

Evaluation software:  

Software for the evaluation of spectrophotometric data - MARS 

Software for the evaluation of biological tests Combistats 

Software for the evaluation of validation - Excel 2016 

 

 

7.     Description of the ELISA assay 

 

Vaccine efficacy is declared by the determination of antibodies against different recombinant 

adhesins and toxins. Before starting, all treated wells on the microplate are labelled.  

 

Immobilization of the antigen on the microtiter plate 

The antigen is diluted in the binding solution (pH 9.6) to the above mentioned concentration. Each 

treated well of the microtiter plate is filled with 75 μl of the diluted antigen. 

The microtiter plate with the antigen is covered with a lid and incubated overnight (about 17-20 

hours) at a temperature of 5 ± 3 ° C.  

 

Removal of unbound material 

After the incubation period, the unbound antigen is removed from the wells. All wells are washed 3 

times with washing solution using the washing device HYDROFLEX. 

 

Blocking 

Blocking is performed using blocking solution. The incubation time for blocking is 2 hours at RT. 
 

Removal of blocking solution 

The blocking solution is removed from the wells using the washing device HYDROFLEX. In total 

3 times. 
 

Application of antibody 

On each microtiter plate with tested sera in addition to the tested sera (TS), positive serum (PS) and 

a negative serum (NS) must be added. All sera are diluted 1000x to 64000x in dilution solution.  

75 µl of the diluted sera is applied to each well of the microtiter plate. 

Mouse sera are used for testing. Mice were vaccinated with the studied vaccine. Sera are diluted 

1000 x - 64000 x. On each plate, diluted negative and positive standard serum control must be 

included. 

 

Control wells 

Control well A = without antigen, without serum, it is located in the remaining wells of the 

microtiter plate, the result is negative 

Control well B (BLANK) = with antigen, without serum, it is located in the remaining wells of the 

microtiter plate, the result is negative 
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Control well C = without conjugate, it is located in the wells with the lowest dilution of positive and 

negative serum, the result is negative 

 

The plate with the diluted sera is covered and incubated for 1 hour at RT. 

 

Removal of unbound material  

After the incubation period, the unbound serum is removed from the wells. All wells are washed 3 

times with washing solution using the washing device HYDROFLEX. 

 

Aplication of conjugate 

The conjugate is diluted in dilution solution (8 000 x). 75 µl of the diluted conjugate is applied to 

each well. The plate is covered and incubated for 1 hour at RT. 

 

Removal of unbound material  

After the incubation period, the unbound conjugate is removed from the wells. All wells are washed 

3 times with washing solution using the washing device HYDROFLEX. 

 

Preparation and dosing of the substrate solution 

75 µl of the substrate (TMB) is applied to each tested well.  

The plate is incubated for 5 minutes at RT. During this time, in the wells containing specific 

antibodies against coated antigens, the color of the solution turns into blue as a result of the 

enzymatic reaction. With increasing content of antibodies the intensity of the staining increases. 

 

Application of stop solution 

After 5 minutes the reaction is terminated by the addition of stop solution 2M H2SO4. To each 

reaction well 75 µl of stop solution is applied to terminate the enzymatic reaction. The color of the 

solution changes from blue to yellow. 

 

Evaluation of results 

The color intensity is measured using a spectrophotometer at a wavelength of 450 nm. 

Evaluation of the results is performed using software for processing the spectrophotometric data 

MARS.  
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8.     Tested parameters and criteria of acceptability 

 

Specificity 

Negative sample should be mouse serum, where the colour reaction is not expected by any dilution 

(absorbance under 0.12 – quantification limit). Two negative samples in 3 days at all dilutions were 

tested.  

Absorbance of samples without conjugate, samples without antigen and serum and samples without 

serum should not be higher than 0.12. 

 

Precision 

Precision describes agreement among samples and is expressed as variation coefficient. 

CV = (SD/mean) x 100 

 

Reproducibility  

Six positive samples in one day were tested. CV for reproducibility should be  15 % for samples 

with absorbance higher than 0.12. 

 

Intermediate precision 

Six or two positive samples in three days were tested. CV for reproducibility should be  15 % for 

samples with absorbance higher than 0.12.  

 

Range  

Range for the method was set from the first dilution to the last dilution, where the absorbance is 

higher than 0.1. Range for this validation is 1000x till 64000x or 1000x till 128000x. 

 

 

Linearity  

Linearity was approved by using linear regression for dependence of logarithm of absorbance on 

logarithm of dilution, which is usually used for ELISA method. Calcualtion was provided in 

software Combistat. Correlation coefficient should be higher than 0.95. Analysis of variance 

(ANOVA) was used for evaluation of regression significance and non-significance of parameter 

„non-linearity“. Linearity from three separate days confirmed paralelity.  
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9.     Evaluation of validation parameters 

 

Absorbance values were obtained by software XFLUR4. Tables and summary statistic was done in 

software Excel 2007. Linearity was evaluated in software QC.Expert 3.0. 

 

9.1 Specificity  

 

Table 1: Negative (without adhesin K88) standard serum on adhesin K88 

 

  Day 1 Day 2 Day 3 

Dilution 
Neg. serum 

sample 1 

Neg. serum 

sample 2 

Neg. serum 

sample 1 

Neg. serum 

sample 2 

Neg. serum 

sample 1 

Neg. serum 

sample 2 

  Absorbance  at 450nm 

1000x 0.069 0.085 0.094 0.091 0.105 0.103 

2000x 0.061 0.064 0.074 0.077 0.074 0.076 

4000x 0.053 0.053 0.063 0.067 0.068 0.067 

8000x 0.057 0.055 0.061 0.063 0.061 0.066 

16000x 0.056 0.051 0.059 0.056 0.056 0.054 

32000x 0.057 0.056 0.057 0.056 0.055 0.054 

64000x 0.058 0.056 0.055 0.056 0.054 0.056 

Table 2: Negative (without adhesin K99) standard serum on adhesin K99 

 

  Day 1 Day 2 Day 3 

Dilution 
Neg. serum 

sample 1 

Neg. serum 

sample 2 

Neg. serum 

sample 1 

Neg. serum 

sample 2 

Neg. serum 

sample 1 

Neg. serum 

sample 2 

 Absorbance  at 450nm 

1000x 0.068 0.066 0.075 0.074 0.083 0.080 

2000x 0.061 0.063 0.067 0.074 0.078 0.073 

4000x 0.055 0.058 0.060 0.062 0.064 0.065 

8000x 0.057 0.060 0.061 0.060 0.060 0.062 

16000x 0.057 0.058 0.059 0.060 0.058 0.058 

32000x 0.058 0.059 0.059 0.059 0.057 0.058 

64000x 0.058 0.059 0.058 0.060 0.057 0.060 
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Table 3: Negative (without adhesin 987P) standard serum on adhesin 987P 

 

  Day 1 Day 2 Day 3 

Dilution 
Neg. serum 

sample 1 

Neg. serum 

sample 2 

Neg. serum 

sample 1 

Neg. serum 

sample 2 

Neg. serum 

sample 1 

Neg. serum 

sample 2 

 Absorbance  at 450nm 

1000x 0.087 0.088 0.104 0.098 0.103 0.099 

2000x 0.072 0.074 0.083 0.082 0.083 0.076 

4000x 0.061 0.061 0.068 0.066 0.069 0.070 

8000x 0.069 0.059 0.066 0.065 0.067 0.064 

16000x 0.058 0.055 0.061 0.059 0.062 0.059 

32000x 0.062 0.056 0.061 0.061 0.061 0.057 

64000x 0.058 0.056 0.060 0.059 0.060 0.057 

 

Table 4: Negative (without adhesin F41) standard serum on adhesin F41 

 

  Day 1 Day 2 Day 3 

Dilution 
Neg. serum 

sample 1 

Neg. serum 

sample 2 

Neg. serum 

sample 1 

Neg. serum 

sample 2 

Neg. serum 

sample 1 

Neg. serum 

sample 2 

 Absorbance  at 450nm 

1000x 0.081 0.086 0.085 0.09 0.094 0.094 

2000x 0.064 0.068 0.071 0.073 0.074 0.073 

4000x 0.057 0.061 0.061 0.063 0.063 0.063 

8000x 0.056 0.058 0.058 0.061 0.06 0.061 

16000x 0.054 0.055 0.056 0.056 0.056 0.057 

32000x 0.055 0.055 0.056 0.058 0.057 0.058 

64000x 0.054 0.054 0.058 0.058 0.057 0.059 

 

Table 5: Negative (without toxin LTB) standard serum on toxin LTB 

 

  Day 1 Day 2 Day 3 

Dilution 
Neg. serum 

sample 1 

Neg. serum 

sample 2 

Neg. serum 

sample 1 

Neg. serum 

sample 2 

Neg. serum 

sample 1 

Neg. serum 

sample 2 

 Absorbance  at 450nm 

1000x 0.081 0.086 0.098 0.102 0.104 0.102 

2000x 0.064 0.068 0.080 0.080 0.083 0.080 

4000x 0.057 0.061 0.065 0.068 0.071 0.066 

8000x 0.056 0.058 0.064 0.065 0.064 0.063 

16000x 0.054 0.055 0.059 0.061 0.059 0.059 

32000x 0.055 0.055 0.062 0.060 0.060 0.060 

64000x 0.054 0.054 0.059 0.060 0.060 0.060 
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Table 6: Negative (without toxin) standard serum on toxin CPA 

 

  Day 1 Day 2 Day 3 

Dilution 
Neg. serum 

sample 1 

Neg. serum 

sample 2 

Neg. serum 

sample 1 

Neg. serum 

sample 2 

Neg. serum 

sample 1 

Neg. serum 

sample 2 

 Absorbance  at 450nm 

1000x 0.085 0.083 0.09 0.092 0.092 0.093 

2000x 0.069 0.066 0.073 0.075 0.072 0.088 

4000x 0.058 0.059 0.066 0.064 0.062 0.066 

8000x 0.056 0.056 0.06 0.061 0.058 0.059 

16000x 0.055 0.055 0.058 0.062 0.056 0.058 

32000x 0.052 0.053 0.054 0.055 0.051 0.055 

64000x 0.052 0.054 0.053 0.056 0.053 0.058 

128000x 0.053 0.054 0.055 0.055 0.054 0.056 

 

Table 7: Negative (without toxin) standard serum on toxin CPB 

 

  Day 1 Day 2 Day 3 

Dilution 
Neg. serum 

sample 1 

Neg. serum 

sample 2 

Neg. serum 

sample 1 

Neg. serum 

sample 2 

Neg. serum 

sample 1 

Neg. serum 

sample 2 

 Absorbance  at 450nm 

1000x 0.095 0.083 0.093 0.097 0.088 0.087 

2000x 0.068 0.066 0.072 0.075 0.069 0.068 

4000x 0.057 0.058 0.061 0.062 0.06 0.061 

8000x 0.053 0.054 0.057 0.059 0.057 0.057 

16000x 0.051 0.052 0.054 0.057 0.054 0.055 

32000x 0.05 0.05 0.05 0.053 0.048 0.053 

64000x 0.05 0.052 0.051 0.053 0.051 0.054 

128000x 0.051 0.052 0.053 0.056 0.052 0.054 

 

Table 8: Negative (without toxin) standard serum on toxin CPB2 

 

  Day 1 Day 2 Day 3 

Dilution 
Neg. serum 

sample 1 

Neg. serum 

sample 2 

Neg. serum 

sample 1 

Neg. serum 

sample 2 

Neg. serum 

sample 1 

Neg. serum 

sample 2 

 Absorbance  at 450nm 

4000x 0.113 0.105 0.116 0.119 0.108 0.103 

8000x 0.083 0.078 0.082 0.084 0.081 0.077 

16000x 0.068 0.068 0.068 0.071 0.066 0.067 

32000x 0.057 0.057 0.056 0.061 0.057 0.058 

64000x 0.054 0.056 0.055 0.057 0.055 0.056 

128000x 0.054 0.055 0.054 0.055 0.053 0.055 

256000x 0.051 0.052 0.052 0.053 0.052 0.053 

512000x 0.052 0.053 0.052 0.058 0.053 0.054 
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Table 9: Negative (without toxin) standard serum on toxin ETX 

 

  Day 1 Day 2 Day 3 

Dilution 
Neg. serum 

sample 1 

Neg. serum 

sample 2 

Neg. serum 

sample 1 

Neg. serum 

sample 2 

Neg. serum 

sample 1 

Neg. serum 

sample 2 

 Absorbance  at 450nm 

1000x 0.116 0.104 0.11 0.113 0.11 0.106 

2000x 0.086 0.081 0.081 0.084 0.082 0.078 

4000x 0.068 0.068 0.065 0.068 0.071 0.066 

8000x 0.059 0.061 0.059 0.063 0.062 0.067 

16000x 0.057 0.058 0.056 0.058 0.059 0.059 

32000x 0.054 0.055 0.055 0.056 0.056 0.056 

64000x 0.054 0.055 0.053 0.054 0.056 0.056 

128000x 0.054 0.055 0.053 0.054 0.058 0.057 

 

Table 10: Negative (without toxin) standard serum on toxin TcdA 

 

  Day 1 Day 2 Day 3 

Dilution 
Neg. serum 

sample 1 

Neg. serum 

sample 2 

Neg. serum 

sample 1 

Neg. serum 

sample 2 

Neg. serum 

sample 1 

Neg. serum 

sample 2 

 Absorbance  at 450nm 

2000x 0.075 0.073 0.084 0.068 0.069 0.075 

4000x 0.067 0.063 0.07 0.056 0.059 0.062 

8000x 0.063 0.062 0.069 0.054 0.054 0.093 

16000x 0.052 0.049 0.059 0.051 0.046 0.048 

32000x 0.051 0.059 0.072 0.049 0.046 0.042 

64000x 0.053 0.051 0.065 0.058 0.048 0.048 

256000x 0.052 0.05 0.06 0.055 0.046 0.045 

512000x 0.049 0.053 0.055 0.056 0.042 0.042 

 

Colour reaction was not detected by any negative mouse sample on any dilution (absorbance value 

of any sample was not higher than 0.12). 

 

Conclusion:  

 

Method specificity was confirmed by negative samples, colour reaction was not detected by any 

negative mouse sample on any dilution (absorbance these samples was lower than 0.12).  
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9.2 Precision 

 

Table 11: Reproducibility of positive standard serum on adhesin K88 

 

 

Dilution (positive standard serum) 

Sample 1 000x 2 000x 4 000x 8 000x 16 000x 32 000x 64 000x 128000x 

1 1.011 0.78 0.513 0.305 0.192 0.122 0.087 0.071 

2 0.984 0.772 0.497 0.296 0.174 0.118 0.082 0.068 

3 0.963 0.667 0.389 0.223 0.144 0.100 0.087 0.064 

4 1.051 0.768 0.475 0.298 0.179 0.118 0.085 0.069 

5 0.931 0.694 0.417 0.258 0.154 0.105 0.082 0.067 

6 0.964 0.697 0.454 0.313 0.165 0.115 0.085 0.067 

Mean 0.984 0.730 0.458 0.282 0.168 0.113 0.085 0.068 

SD 0.038 0.045 0.043 0.032 0.016 0.008 0.002 0.002 

CV (%) 3.91 6.14 9.48 11.21 9.46 6.93 -* -* 

* CV and accuracy were not calculated for dilution, where absorbance for all samples were lower than 0.12 

 

Table 12: Accuracy and reproducibility of positive standard serum on adhesin K99 

 

 

Dilution (positive standard serum) 

Sample 1 000x 2 000x 4 000x 8 000x 16 000x 32 000x 64 000x 128000x 

1 1.608 1.262 1.059 0.721 0.419 0.27 0.18 0.118 

2 1.586 1.388 1.02 0.651 0.454 0.304 0.178 0.120 

3 1.512 1.265 0.966 0.602 0.388 0.237 0.147 0.102 

4 1.621 1.39 1.069 0.689 0.473 0.28 0.178 0.112 

5 1.498 1.19 0.929 0.549 0.367 0.222 0.157 0.099 

6 1.551 1.167 0.994 0.649 0.411 0.25 0.163 0.116 

Mean 1.563 1.277 1.006 0.644 0.419 0.261 0.167 0.111 

SD 0.046 0.087 0.049 0.056 0.036 0.027 0.012 0.008 

CV (%) 2.97 6.79 4.91 8.70 8.65 10.52 7.43 7.17 

 

Table 13: Accuracy and reproducibility of positive standard serum on adhesin 987P 

 

 

Dilution (positive standard serum) 

Sample 1 000x 2 000x 4 000x 8 000x 16 000x 32 000x 64 000x 128000x 

1 1.318 0.989 0.652 0.435 0.271 0.153 0.110 0.089 

2 1.284 0.935 0.62 0.389 0.252 0.155 0.105 0.084 

3 1.211 0.793 0.516 0.305 0.18 0.124 0.094 0.076 

4 1.318 0.953 0.613 0.379 0.223 0.134 0.097 0.081 

5 1.212 0.863 0.533 0.341 0.202 0.128 0.092 0.076 

6 1.364 0.959 0.601 0.398 0.224 0.137 0.100 0.08 

Mean 1.285 0.915 0.589 0.375 0.225 0.139 0.100 0.081 

SD 0.057 0.067 0.049 0.042 0.030 0.012 0.006 0.005 

CV (%) 4.41 7.31 8.23 11.11 13.32 8.47 6.26 -* 

* CV were not calculated for dilution, where absorbance for all samples were lower than 0.12 
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Table 14: Accuracy and reproducibility of positive standard serum on adhesin F41 

 

 

Dilution (positive standard serum) 

Sample 1 000x 2 000x 4 000x 8 000x 16 000x 32 000x 64 000x 128000x 

1 1.617 1.475 1.121 0.887 0.611 0.39 0.273 0.206 

2 1.695 1.471 1.156 0.853 0.589 0.383 0.276 0.197 

3 1.634 1.424 1.147 0.849 0.592 0.415 0.275 0.201 

4 1.668 1.411 1.143 0.873 0.604 0.439 0.292 0.215 

5 1.651 1.453 1.192 0.942 0.621 0.442 0.302 0.222 

6 1.597 1.392 1.145 0.886 0.592 0.397 0.299 0.218 

Mean 1.644 1.438 1.151 0.882 0.602 0.411 0.286 0.210 

SD 0.032 0.031 0.021 0.031 0.012 0.023 0.012 0.009 

CV (%) 1.97 2.15 1.85 3.48 1.94 5.60 4.16 4.35 

 

Table 15: Accuracy and reproducibility of positive standard serum on toxin LTB 

 

 

Dilution (positive standard serum) 

Sample 1 000x 2 000x 4 000x 8 000x 16 000x 32 000x 64 000x 128000x 

1 1.838 1.562 1.382 1.099 0.714 0.425 0.277 0.169 

2 1.748 1.634 1.41 1.087 0.737 0.472 0.267 0.173 

3 1.738 1.543 1.257 0.952 0.578 0.345 0.235 0.141 

4 1.809 1.654 1.393 1.094 0.739 0.471 0.287 0.172 

5 1.749 1.585 1.329 1.006 0.65 0.378 0.236 0.154 

6 1.834 1.645 1.377 1.093 0.725 0.438 0.281 0.166 

Mean 1.786 1.604 1.358 1.055 0.691 0.422 0.264 0.163 

SD 0.042 0.043 0.051 0.056 0.059 0.047 0.021 0.011 

CV (%) 2.36 2.66 3.79 5.32 8.48 11.06 7.92 7.06 

 

Table 16: Accuracy and reproducibility of positive standard serum on toxin CPA 

 

 

Dilution (positive standard serum) 

Sample 1 000x 2 000x 4 000x 8 000x 16 000x 32 000x 64 000x 128000x 

1 1.551 1.141 0.847 0.507 0.307 0.190 0.130 0.098 

2 1.459 1.096 0.747 0.466 0.289 0.181 0.121 0.091 

3 1.418 1.066 0.688 0.426 0.271 0.168 0.116 0.084 

4 1.504 1.097 0.740 0.474 0.283 0.179 0.120 0.089 

5 1.499 1.109 0.707 0.455 0.271 0.175 0.120 0.087 

6 1.326 0.984 0.606 0.403 0.236 0.16 0.108 0.082 

Mean 1.460 1.082 0.723 0.455 0.276 0.176 0.119 0.089 

SD 0.072 0.049 0.072 0.033 0.022 0.010 0.007 0.005 

CV (%) 4.961 4.541 10.014 7.358 7.862 5.453 -* -* 

* CV and accuracy were not calculated for dilution, where absorbance for all samples were lower than 0.12 
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Table 17: Accuracy and reproducibility of positive standard serum on toxin CPB 

 

 

Dilution (positive standard serum) 

Sample 1 000x 2 000x 4 000x 8 000x 16 000x 32 000x 64 000x 128000x 

1 0.403 0.245 0.172 0.115 0.086 0.071 0.068 0.066 

2 0.424 0.272 0.169 0.119 0.088 0.074 0.068 0.062 

3 0.382 0.268 0.166 0.118 0.089 0.076 0.074 0.066 

4 0.324 0.263 0.167 0.119 0.087 0.069 0.064 0.061 

5 0.379 0.239 0.150 0.106 0.081 0.069 0.065 0.060 

6 0.357 0.215 0.145 0.107 0.079 0.066 0.061 0.059 

Mean 0.378 0.250 0.162 0.114 0.085 0.071 0.067 0.062 

SD 0.032 0.020 0.010 0.005 0.004 0.003 0.004 0.003 

CV (%) 8.442 7.901 6.302 -* -* -* -* -* 

* CV and accuracy were not calculated for dilution, where absorbance for all samples were lower than 0.12 

 

Table 18: Accuracy and reproducibility of positive standard serum on toxin CPB2 

 

 

Dilution (positive standard serum) 

Sample 4 000x 8 000x 16 000x 32 000x 64 000x 128000x 256000x 512000x 

1 0.677 0.363 0.244 0.146 0.107 0.083 0.069 0.063 

2 0.746 0.461 0.267 0.168 0.120 0.088 0.075 0.067 

3 0.724 0.437 0.262 0.156 0.115 0.090 0.076 0.071 

4 0.642 0.426 0.269 0.168 0.112 0.092 0.080 0.074 

5 0.701 0.419 0.243 0.151 0.113 0.087 0.072 0.069 

6 0.578 0.358 0.209 0.139 0.096 0.084 0.067 0.066 

Mean 0.678 0.411 0.249 0.155 0.111 0.087 0.073 0.068 

SD 0.056 0.038 0.021 0.011 0.008 0.003 0.004 0.004 

CV (%) 8.205 9.207 8.286 6.940 -* -* -* -* 

* CV and accuracy were not calculated for dilution, where absorbance for all samples were lower than 0.12 

 

Table 19: Accuracy and reproducibility of positive standard serum on toxin ETX 

 

 

Dilution (positive standard serum) 

Sample 1 000x 2 000x 4 000x 8 000x 16 000x 32 000x 64 000x 128000x 

1 0.251 0.168 0.12 0.083 0.068 0.058 0.058 0.055 

2 0.289 0.255 0.128 0.095 0.075 0.063 0.06 0.058 

3 0.283 0.185 0.127 0.094 0.096 0.062 0.059 0.056 

4 0.282 0.179 0.125 0.093 0.073 0.062 0.061 0.058 

5 0.303 0.198 0.143 0.099 0.08 0.066 0.065 0.059 

6 0.316 0.209 0.134 0.097 0.081 0.068 0.064 0.063 

Mean 0.287 0.199 0.130 0.094 0.079 0.063 0.061 0.058 

SD 0.020 0.028 0.007 0.005 0.009 0.003 0.003 0.003 

CV (%) 7.014 14.204 5.653 -* -* -* -* -* 

* CV and accuracy were not calculated for dilution, where absorbance for all samples were lower than 0.12 
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Table 20: Accuracy and reproducibility of positive standard serum on toxin TcdA 

 

 

Dilution (positive standard serum) 

Sample 2 000x 4 000x 8 000x 16 000x 32 000x 64 000x 128000x 256000x 

1 0.594 0.38 0.229 0.14 0.1 0.076 0.066 0.056 

2 0.711 0.419 0.273 0.166 0.119 0.084 0.07 0.065 

3 0.674 0.424 0.29 0.185 0.112 0.085 0.066 0.066 

4 0.621 0.439 0.258 0.156 0.117 0.088 0.071 0.058 

5 0.67 0.445 0.283 0.18 0.111 0.077 0.072 0.065 

6 0.57 0.334 0.232 0.153 0.105 0.086 0.071 0.063 

Mean 0.640 0.407 0.261 0.163 0.111 0.083 0.069 0.062 

SD 0.049 0.039 0.024 0.016 0.007 0.005 0.002 0.004 

CV (%) 7.674 9.498 9.049 9.548 -* -* -* -* 

* CV and accuracy were not calculated for dilution, where absorbance for all samples were lower than 0.12 

 

Reproducibility was fulfilled criteria CV (%) is lower than 15 %. 

 

Table 21: Intermediate precision of positive standard serum on adhesin K88 

 

 

 

Dilution (positive standard serum) 

 Sample 1 000x 2 000x 4 000x 8 000x 16 000x 32 000x 64 000x 128000x 

Day 1 

1 1.011 0.78 0.513 0.305 0.192 0.122 0.087 0.071 

2 0.984 0.772 0.497 0.296 0.174 0.118 0.082 0.068 

3 0.963 0.667 0.389 0.223 0.144 0.1 0.087 0.064 

4 1.051 0.768 0.475 0.298 0.179 0.118 0.085 0.069 

5 0.931 0.694 0.417 0.258 0.154 0.105 0.082 0.067 

6 0.964 0.697 0.454 0.313 0.165 0.115 0.085 0.067 

Day 2 
1 1.026 0.856 0.568 0.36 0.221 0.137 0.101 0.082 

2 0.99 0.665 0.495 0.287 0.208 0.136 0.092 0.079 

Day 3 
1 0.94 0.634 0.404 0.27 0.151 0.109 0.08 0.068 

2 0.926 0.635 0.395 0.245 0.157 0.106 0.082 0.073 

 Mean 0.979 0.717 0.461 0.286 0.175 0.117 0.086 0.071 

 SD 0.040 0.070 0.056 0.037 0.024 0.012 0.006 0.005 

 CV (%) 4.05 9.73 12.20 12.87 13.93 10.18 6.84 7.63 
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Table 22: Intermediate precision of positive standard serum on adhesin K99 

 

 

 

Dilution (positive standard serum) 

 Sample 1 000x 2 000x 4 000x 8 000x 16 000x 32 000x 64 000x 128000x 

Day 1 

1 1.608 1.262 1.059 0.721 0.419 0.27 0.18 0.118 

2 1.586 1.388 1.02 0.651 0.454 0.304 0.178 0.120 

3 1.512 1.265 0.966 0.602 0.388 0.237 0.147 0.102 

4 1.621 1.39 1.069 0.689 0.473 0.28 0.178 0.112 

5 1.498 1.19 0.929 0.549 0.367 0.222 0.157 0.099 

6 1.551 1.167 0.994 0.649 0.411 0.25 0.163 0.116 

Day 2 
1 1.651 1.393 1.117 0.828 0.499 0.367 0.231 0.141 

2 1.569 1.278 1.105 0.773 0.469 0.322 0.208 0.141 

Day 3 
1 1.499 1.408 1.099 0.752 0.480 0.317 0.207 0.135 

2 1.403 1.331 1.078 0.769 0.500 0.305 0.200 0.130 

 Mean 1.550 1.307 1.044 0.698 0.446 0.287 0.185 0.121 

 SD 0.070 0.083 0.060 0.082 0.044 0.042 0.025 0.014 

 CV (%) 4.50 6.38 5.79 11.73 9.97 14.58 13.45 11.75 
 

Table 23: Intermediate precision of positive standard serum on adhesin 987P 

 

 

 

Dilution (positive standard serum) 

 Sample 1 000x 2 000x 4 000x 8 000x 16 000x 32 000x 64 000x 128000x 

Day 1 

1 1.318 0.989 0.652 0.435 0.271 0.153 0.110 0.089 

2 1.284 0.935 0.62 0.389 0.252 0.155 0.105 0.084 

3 1.211 0.793 0.516 0.305 0.18 0.124 0.094 0.076 

4 1.318 0.953 0.613 0.379 0.223 0.134 0.097 0.081 

5 1.212 0.863 0.533 0.341 0.202 0.128 0.092 0.076 

6 1.364 0.959 0.601 0.398 0.224 0.137 0.100 0.08 

Day 2 
1 1.239 0.853 0.653 0.429 0.257 0.164 0.116 0.090 

2 1.196 0.889 0.627 0.353 0.242 0.157 0.111 0.082 

Day 3 
1 1.229 0.914 0.541 0.341 0.25 0.149 0.098 0.082 

2 1.141 0.894 0.534 0.372 0.245 0.14 0.103 0.08 

 Mean 1.251 0.904 0.589 0.374 0.235 0.144 0.103 0.082 

 SD 0.065 0.055 0.050 0.039 0.026 0.013 0.007 0.004 

 CV (%) 5.16 6.12 8.49 10.33 11.13 8.82 7.27 -* 

* CV were not calculated for dilution, where absorbance for all samples were lower than 0.12 
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Table 24: Intermediate precision of positive standard serum on adhesin F41 

 

 

 

Dilution (positive standard serum) 

 Sample 1 000x 2 000x 4 000x 8 000x 16 000x 32 000x 64 000x 128000x 

Day 1 

1 1.617 1.475 1.121 0.887 0.611 0.39 0.273 0.206 

2 1.695 1.471 1.156 0.853 0.589 0.383 0.276 0.197 

3 1.634 1.424 1.147 0.849 0.592 0.415 0.275 0.201 

4 1.668 1.411 1.143 0.873 0.604 0.439 0.292 0.215 

5 1.651 1.453 1.192 0.942 0.621 0.442 0.302 0.222 

6 1.597 1.392 1.145 0.886 0.592 0.397 0.299 0.218 

Day 2 
1 1.656 1.448 1.238 0.952 0.674 0.43 0.294 0.206 

2 1.646 1.42 1.197 0.926 0.637 0.427 0.309 0.213 

Day 3 
1 1.534 1.385 1.103 0.8 0.542 0.358 0.237 0.175 

2 1.476 1.292 1.003 0.753 0.498 0.326 0.235 0.169 

 Mean 1.617 1.417 1.145 0.872 0.596 0.401 0.279 0.202 

 SD 0.063 0.051 0.060 0.059 0.046 0.036 0.024 0.017 

 CV (%) 3.89 3.59 5.26 6.77 7.74 8.92 8.76 8.31 
 

Table 25: Intermediate precision of positive standard serum on toxin LTB 

 

 

 

Dilution (positive standard serum) 

 Sample 1 000x 2 000x 4 000x 8 000x 16 000x 32 000x 64 000x 128000x 

Day 1 

1 1.838 1.562 1.382 1.099 0.714 0.425 0.277 0.169 

2 1.748 1.634 1.41 1.087 0.737 0.472 0.267 0.173 

3 1.738 1.543 1.257 0.952 0.578 0.345 0.235 0.141 

4 1.809 1.654 1.393 1.094 0.739 0.471 0.287 0.172 

5 1.749 1.585 1.329 1.006 0.65 0.378 0.236 0.154 

6 1.834 1.645 1.377 1.093 0.725 0.438 0.281 0.166 

Day 2 
1 1.73 1.696 1.507 1.216 0.864 0.55 0.355 0.197 

2 1.769 1.614 1.536 1.086 0.849 0.52 0.342 0.193 

Day 3 
1 1.849 1.702 1.483 1.19 0.85 0.521 0.323 0.186 

2 1.887 1.718 1.505 1.248 0.882 0.528 0.315 0.199 

 Mean 1.795 1.635 1.418 1.107 0.759 0.465 0.292 0.175 

 SD 0.052 0.057 0.084 0.086 0.096 0.065 0.039 0.018 

 CV (%) 2.92 3.48 5.95 7.78 12.59 13.90 13.42 10.27 
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Table 25: Intermediate precision of positive standard serum on toxin CPA 

 

 

 

Dilution (positive standard serum) 

 Sample 1 000x 2 000x 4 000x 8 000x 16 000x 32 000x 64 000x 128 000x 

Day 1 

1 1.551 1.141 0.847 0.507 0.307 0.190 0.130 0.098 

2 1.459 1.096 0.747 0.466 0.289 0.181 0.121 0.091 

3 1.418 1.066 0.688 0.426 0.271 0.168 0.116 0.084 

4 1.504 1.097 0.740 0.474 0.283 0.179 0.120 0.089 

5 1.499 1.109 0.707 0.455 0.271 0.175 0.120 0.087 

6 1.326 0.984 0.606 0.403 0.236 0.16 0.108 0.082 

Day 2 
1 1.258 0.86 0.634 0.351 0.22 0.139 0.100 0.078 

2 1.315 0.946 0.634 0.375 0.235 0.147 0.102 0.078 

Day 3 
1 1.349 0.967 0.646 0.386 0.254 0.155 0.111 0.086 

2 1.247 0.931 0.561 0.347 0.222 0.140 0.101 0.083 

 Mean 1.393 1.020 0.681 0.419 0.259 0.163 0.113 0.086 

 SD 0.103 0.089 0.079 0.052 0.028 0.017 0.010 0.006 

 CV (%) 7.377 8.743 11.542 12.496 10.989 10.441 -* -* 

* CV were not calculated for dilution, where absorbance for all samples were lower than 0.12 
 

Table 27: Intermediate precision of positive standard serum on toxin CPB 

 

 

 

Dilution (positive standard serum) 

 Sample 1 000x 2 000x 4 000x 8 000x 16 000x 32 000x 64 000x 128 000x 

Day 1 

1 0.403 0.245 0.172 0.115 0.086 0.071 0.068 0.066 

2 0.424 0.272 0.169 0.119 0.088 0.074 0.068 0.062 

3 0.382 0.268 0.166 0.118 0.089 0.076 0.074 0.066 

4 0.324 0.263 0.167 0.119 0.087 0.069 0.064 0.061 

5 0.379 0.239 0.15 0.106 0.081 0.069 0.065 0.06 

6 0.357 0.215 0.145 0.107 0.079 0.066 0.061 0.059 

Day 2 
1 0.357 0.22 0.139 0.100 0.078 0.066 0.062 0.06 

2 0.322 0.199 0.134 0.116 0.088 0.075 0.063 0.062 

Day 3 
1 0.317 0.195 0.122 0.094 0.076 0.063 0.06 0.06 

2 0.291 0.193 0.131 0.085 0.072 0.064 0.061 0.061 

 Mean 0.356 0.231 0.150 0.108 0.082 0.069 0.065 0.062 

 SD 0.040 0.029 0.017 0.011 0.006 0.004 0.004 0.002 

 CV (%) 11.236 12.608 11.458 -* -* -* -* -* 

* CV were not calculated for dilution, where absorbance for all samples were lower than 0.12 
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Table 28: Intermediate precision of positive standard serum on toxin CPB2 

 

 

 

Dilution (positive standard serum) 

 Sample 4 000x 8 000x 16 000x 32 000x 64 000x 128 000x 256 000x 512 000x 

Day 1 

1 0.677 0.363 0.244 0.146 0.107 0.083 0.069 0.063 

2 0.746 0.461 0.267 0.168 0.120 0.088 0.075 0.067 

3 0.724 0.437 0.262 0.156 0.115 0.090 0.076 0.071 

4 0.642 0.426 0.269 0.168 0.112 0.092 0.080 0.074 

5 0.701 0.419 0.243 0.151 0.113 0.087 0.072 0.069 

6 0.578 0.358 0.209 0.139 0.096 0.084 0.067 0.066 

Day 2 
1 0.581 0.363 0.201 0.132 0.098 0.077 0.066 0.061 

2 0.811 0.434 0.303 0.174 0.124 0.088 0.073 0.067 

Day 3 
1 0.788 0.473 0.262 0.159 0.12 0.085 0.072 0.067 

2 0.695 0.39 0.254 0.156 0.107 0.083 0.073 0.067 

 Mean 0.694 0.412 0.251 0.155 0.111 0.086 0.072 0.067 

 SD 0.074 0.040 0.028 0.013 0.009 0.004 0.004 0.003 

 CV (%) 10.720 9.601 11.188 8.163 -* -* -* -* 

* CV were not calculated for dilution, where absorbance for all samples were lower than 0.12 
 

Table 29: Intermediate precision of positive standard serum on toxin ETX 

 

 

 

Dilution (positive standard serum) 

 Sample 1 000x 2 000x 4 000x 8 000x 16 000x 32 000x 64 000x 128 000x 

Day 1 

1 0.251 0.168 0.12 0.083 0.068 0.058 0.058 0.055 

2 0.289 0.255 0.128 0.095 0.075 0.063 0.06 0.058 

3 0.283 0.185 0.127 0.094 0.096 0.062 0.059 0.056 

4 0.282 0.179 0.125 0.093 0.073 0.062 0.061 0.058 

5 0.303 0.198 0.143 0.099 0.08 0.066 0.065 0.059 

6 0.316 0.209 0.134 0.097 0.081 0.068 0.064 0.063 

Day 2 
1 0.239 0.167 0.121 0.087 0.076 0.067 0.064 0.064 

2 0.277 0.202 0.135 0.098 0.081 0.069 0.065 0.059 

Day 3 
1 0.266 0.168 0.122 0.081 0.075 0.059 0.059 0.053 

2 0.307 0.196 0.127 0.090 0.074 0.062 0.059 0.056 

 Mean 0.023 0.025 0.007 0.006 0.007 0.004 0.003 0.003 

 SD 0.281 0.193 0.128 0.092 0.078 0.064 0.061 0.058 

 CV (%) 8.229 13.128 5.345 -* -* -* -* -* 

* CV were not calculated for dilution, where absorbance for all samples were lower than 0.12 
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Table 30: Intermediate precision of positive standard serum on toxin TcdA 

 

 

 

Dilution (positive standard serum) 

 Sample 2 000x 4 000x 8 000x 16 000x 32 000x 64 000x 128000x 256000x 

Day 1 

1 0.594 0.38 0.229 0.14 0.1 0.076 0.066 0.056 

2 0.711 0.419 0.273 0.166 0.119 0.084 0.07 0.065 

3 0.674 0.424 0.29 0.185 0.112 0.085 0.066 0.066 

4 0.621 0.439 0.258 0.156 0.117 0.088 0.071 0.058 

5 0.67 0.445 0.283 0.18 0.111 0.077 0.072 0.065 

6 0.57 0.334 0.232 0.153 0.105 0.086 0.071 0.063 

Day 2 
1 0.656 0.384 0.256 0.198 0.108 0.093 0.074 0.06 

2 0.612 0.396 0.273 0.176 0.119 0.084 0.081 0.072 

Day 3 
1 0.579 0.500 0.274 0.172 0.125 0.086 0.063 0.052 

2 0.615 0.380 0.320 0.173 0.106 0.077 0.060 0.052 

 Mean 0.630 0.410 0.269 0.170 0.112 0.084 0.069 0.061 

 SD 0.043 0.043 0.026 0.016 0.007 0.005 0.006 0.006 

 CV (%) 6.898 10.598 9.524 9.415 -* -* -* -* 

* CV were not calculated for dilution, where absorbance for all samples were lower than 0.12 
 

 

Intermediate precision was fulfilled criteria CV (%) is lower than 15 %. 
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9.3 Linearity  
Linearity was confirmed by linear reggresion of logarithm of absorbance on logarithm of dilution. Results of 

linearity on adhesin K88 see tables 31 till 33 a figures 1 and 2. 

 

Table 31: Linearity on adhesin K88 - data 

 

 

Day 1 Day 2 Day 3 

Doses 1 2 3 4 5 6 1 2 1 2 

1 000x 1.011 0.984 0.963 1.051 0.931 0.964 1.026 0.990 0.940 0.926 

2 000x 0.780 0.772 0.667 0.768 0.694 0.697 0.856 0.665 0.634 0.635 

4 000x 0.513 0.497 0.389 0.475 0.417 0.454 0.568 0.495 0.404 0.395 

8 000x 0.305 0.296 0.223 0.298 0.258 0.313 0.360 0.287 0.270 0.245 

16 000x 0.192 0.174 0.144 0.179 0.154 0.165 0.221 0.208 0.151 0.157 

32 000x 0.122 0.118 0.100 0.118 0.105 0.115 0.137 0.136 0.109 0.106 

64 000x 0.087 0.082 0.087 0.085 0.082 0.085 0.101 0.092 0.080 0.082 

128000x 0.071 0.068 0.064 0.069 0.067 0.067 0.082 0.079 0.068 0.073 

 

Linearity was calculated from dilution 2 000x till 32 000x, absorbance absorbance for lower 

dilution was not linear and for higher dilution was lower than 0.11.  

 

Table 32: Linearity on adhesin K88 - model 

 

Model   paralell lines 

Design:  completly randomised 

Transformace: y’=log(y) 

Odchylka:  Observed residuals 

Nalezená směrnice: 0.288578 

Korelace R 0.991103 

Correlation coeficient is higher than 0.95. 

 

Table 33: Linearity on adhesin K88 - ANOVA 
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Figure 1: Linearity on adhesin K88 

 

 
 

Figure 2: Linearity on adhesin K88 – residuals 
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Results of linearity on adhesin K99 see tables 34 till 36 a figures 3 and 4. 

 

Table 34: Linearity on adhesin K99 - data 

 

 

Day 1 Day 2 Day 3 

Doses 1 2 3 4 5 6 1 2 1 2 

1 000x 1.608 1.586 1.512 1.621 1.498 1.551 1.651 1.569 1.499 1.403 

2 000x 1.262 1.388 1.265 1.390 1.190 1.167 1.393 1.278 1.408 1.331 

4 000x 1.059 1.020 0.966 1.069 0.929 0.994 1.117 1.105 1.099 1.078 

8 000x 0.721 0.651 0.602 0.689 0.549 0.649 0.828 0.773 0.752 0.769 

16 000x 0.419 0.454 0.388 0.473 0.367 0.411 0.499 0.469 0.480 0.500 

32 000x 0.270 0.304 0.237 0.280 0.222 0.250 0.367 0.322 0.317 0.305 

64 000x 0.180 0.178 0.147 0.178 0.157 0.163 0.231 0.208 0.207 0.200 

128000x 0.118 0.120 0.102 0.112 0.099 0.116 0.141 0.141 0.135 0.130 

 

Linearity was calculated from dilution 4 000x till 128 000x, absorbance for lower dilution was not 

linear.  

 

Table 35: Linearity on adhesin K99 - model 

 

Model   paralell lines 

Design:  completly randomised 

Transformace: y’=log(y) 

Odchylka:  Observed residuals 

Nalezená směrnice: 0.272470 

Korelace R 0.995380 

Correlation coeficient is higher than 0.95. 

 

Table 36: Linearity on adhesin K99 - ANOVA 
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Figure 3: Linearity on adhesin K99 

 

 
 

Figure 4: Linearity on adhesin K99 – residuals 
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Results of linearity on adhesin 987P see tables 37 till 39 a figures 5 and 6. 

 

Table 37: Linearity on adhesin 987P - data 

 

 

Day 1 Day 2 Day 3 

Doses 1 2 3 4 5 6 1 2 1 2 

1 000x 1.318 1.284 1.211 1.318 1.212 1.364 1.239 1.196 1.229 1.141 

2 000x 0.989 0.935 0.793 0.953 0.863 0.959 0.853 0.889 0.914 0.894 

4 000x 0.652 0.620 0.516 0.613 0.533 0.601 0.653 0.627 0.541 0.534 

8 000x 0.435 0.389 0.305 0.379 0.341 0.398 0.429 0.353 0.341 0.372 

16 000x 0.271 0.252 0.180 0.223 0.202 0.224 0.257 0.242 0.250 0.245 

32 000x 0.153 0.155 0.124 0.134 0.128 0.137 0.164 0.157 0.149 0.140 

64 000x 0.110 0.105 0.094 0.097 0.092 0.100 0.116 0.111 0.098 0.103 

128000x 0.089 0.084 0.076 0.081 0.076 0.080 0.090 0.082 0.082 0.080 

 

Linearity was calculated from dilution 2 000x till 64 000x, absorbance for lower dilution was not 

linear and absorbance for higher dilution was lower than 0.11.  

 

Table 38: Linearity on adhesin 987P - model 

 

Model   paralell lines 

Design:  completly randomised 

Transformace: y’=log(y) 

Odchylka:  Observed residuals 

Nalezená směrnice: 0.278858 

Korelace R 0.992959 

Correlation coeficient is higher than 0.95. 

 

Table 39: Linearity on adhesin 987P - ANOVA 
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Figure 5: Linearity on adhesin 987P 

 

 
 

Figure 6: Linearity on adhesin 987P – residuals 
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Results of linearity on adhesin F41 see tables 40 till 42 a figures 7 and 8. 

 

Table 40: Linearity on adhesin F41 - data 

 

 

Day 1 Day 2 Day 3 

Doses 1 2 3 4 5 6 1 2 1 2 

1 000x 1.617 1.695 1.634 1.668 1.651 1.597 1.656 1.646 1.534 1.476 

2 000x 1.475 1.471 1.424 1.411 1.453 1.392 1.448 1.420 1.385 1.292 

4 000x 1.121 1.156 1.147 1.143 1.192 1.145 1.238 1.197 1.103 1.003 

8 000x 0.887 0.853 0.849 0.873 0.942 0.886 0.952 0.926 0.800 0.753 

16 000x 0.611 0.589 0.592 0.604 0.621 0.592 0.674 0.637 0.542 0.498 

32 000x 0.390 0.383 0.415 0.439 0.442 0.397 0.430 0.427 0.358 0.326 

64 000x 0.273 0.276 0.275 0.292 0.302 0.299 0.294 0.309 0.237 0.235 

128000x 0.206 0.197 0.201 0.215 0.222 0.218 0.206 0.213 0.175 0.169 

 

Linearity was calculated from dilution 8 000x till 128 000x, absorbance for lower dilution was not 

linear.  

 

Table 41: Linearity on adhesin F41 - model 

 

Model   paralell lines 

Design:  completly randomised 

Transformace: y’=log(y) 

Odchylka:  Observed residuals 

Nalezená směrnice: 0.230936 

Korelace R 0.996593 

Correlation coeficient is higher than 0.95. 

 

Table 42: Linearity on adhesin F41 - ANOVA 
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Figure 7: Linearity on adhesin F41 

 

 
 

Figure 8: Linearity on adhesin F41 – residuals 
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Results of linearity on toxin LTB see tables 43 till 45 a figures 9 and 10. 

 

Table 43: Linearity on toxin LTB - data 

 

 

Day 1 Day 2 Day 3 

Doses 1 2 3 4 5 6 1 2 1 2 

1 000x 1.838 1.748 1.738 1.809 1.749 1.834 1.730 1.769 1.849 1.887 

2 000x 1.562 1.634 1.543 1.654 1.585 1.645 1.696 1.614 1.702 1.718 

4 000x 1.382 1.410 1.257 1.393 1.329 1.377 1.507 1.536 1.483 1.505 

8 000x 1.099 1.087 0.952 1.094 1.006 1.093 1.216 1.086 1.190 1.248 

16 000x 0.714 0.737 0.578 0.739 0.650 0.725 0.864 0.849 0.850 0.882 

32 000x 0.425 0.472 0.345 0.471 0.378 0.438 0.550 0.520 0.521 0.528 

64 000x 0.277 0.267 0.235 0.287 0.236 0.281 0.355 0.342 0.323 0.315 

128000x 0.169 0.173 0.141 0.172 0.154 0.166 0.197 0.193 0.186 0.199 

 

Linearity was calculated from dilution 8 000x till 128 000x, absorbance for lower dilution was not 

linear.  

 

Table 44: Linearity on toxin LTB - model 

 

Model   paralell lines 

Design:  completly randomised 

Transformace: y’=log(y) 

Odchylka:  Observed residuals 

Nalezená směrnice: 0.291393 

Korelace R 0.993027 

Correlation coeficient is higher than 0.95. 

 

Table 45: Linearity on toxin LTB - ANOVA 
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Figure 9: Linearity on toxin LTB 

 

 
 

Figure 10: Linearity on toxin LTB – residuals 
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Results of linearity on toxin CPA see tables 46 till 48 a figures 11 and 12. 

 

Table 46: Linearity on toxin CPA - data 

 

 

Day 1 Day 2 Day 3 

Doses 1 2 3 4 5 6 1 2 1 2 

1 000x 1.551 1.459 1.418 1.504 1.499 1.326 1.258 1.315 1.349 1.247 

2 000x 1.141 1.096 1.066 1.097 1.109 0.984 0.860 0.946 0.967 0.931 

4 000x 0.847 0.747 0.688 0.740 0.707 0.606 0.634 0.634 0.646 0.561 

8 000x 0.507 0.466 0.426 0.474 0.455 0.403 0.351 0.375 0.386 0.347 

16 000x 0.307 0.289 0.271 0.283 0.271 0.236 0.220 0.235 0.254 0.222 

32 000x 0.190 0.181 0.168 0.179 0.175 0.160 0.139 0.147 0.155 0.140 

64 000x 0.130 0.121 0.116 0.120 0.120 0.108 0.100 0.102 0.111 0.101 

128000x 0.098 0.091 0.084 0.089 0.087 0.082 0.078 0.078 0.086 0.083 

 

Linearity was calculated from dilution 2 000x till 64 000x, absorbance for lower dilution was not 

linear and absorbance for higher dilution was lower than 0.11.  

 

Table 47: Linearity on toxin CPA - model 

 

Model   paralell lines 

Design:  completly randomised 

Transformace: y’=log(y) 

Odchylka:  Observed residuals 

Nalezená směrnice: 0.282157 

Korelace R 0.995812 

Correlation coeficient is higher than 0.95. 

 

Table 48: Linearity on toxin CPA - ANOVA 
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Figure 11: Linearity on toxin CPA 

 

 
 

Figure 12: Linearity on toxin CPA – residuals 
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Results of linearity on toxin CPB see tables 49 till 51 a figures 13 and 14. 

 

Table 49: Linearity on toxin CPB - data 

 

 

Day 1 Day 2 Day 3 

Doses 1 2 3 4 5 6 1 2 1 2 

1 000x 0.403 0.424 0.382 0.324 0.379 0.357 0.357 0.322 0.317 0.291 

2 000x 0.245 0.272 0.268 0.263 0.239 0.215 0.220 0.199 0.195 0.193 

4 000x 0.172 0.169 0.166 0.167 0.150 0.145 0.139 0.134 0.122 0.131 

8 000x 0.115 0.119 0.118 0.119 0.106 0.107 0.100 0.116 0.094 0.085 

16 000x 0.086 0.088 0.089 0.087 0.081 0.079 0.078 0.088 0.076 0.072 

32 000x 0.071 0.074 0.076 0.069 0.069 0.066 0.066 0.075 0.063 0.064 

64 000x 0.068 0.068 0.074 0.064 0.065 0.061 0.062 0.063 0.060 0.061 

128000x 0.066 0.062 0.066 0.061 0.060 0.059 0.060 0.062 0.060 0.061 

 

Linearity was calculated from dilution 1 000x till 8 000x, absorbance for higher dilution was lower 

than 0.11.  

 

Table 50: Linearity on toxin CPB - model 

 

Model   paralell lines 

Design:  completly randomised 

Transformace: y’=log(y) 

Odchylka:  Observed residuals 

Nalezená směrnice: 0.251204 

Korelace R 0.987891 

Correlation coeficient is higher than 0.95. 

 
Table 51: Linearity on toxin CPB - ANOVA 
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Figure 13: Linearity on toxin CPB 

 

 
 

Figure 14: Linearity on toxin CPB– residuals 
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Results of linearity on toxin CPB2 see tables 52 till 54 a figures 15 and 16. 

 

Table 52: Linearity on toxin CPB2 - data 

 

 

Day 1 Day 2 Day 3 

Doses 1 2 3 4 5 6 1 2 1 2 

4 000x 0.677 0.746 0.724 0.642 0.701 0.578 0.581 0.811 0.788 0.695 

8 000x 0.363 0.461 0.437 0.426 0.419 0.358 0.363 0.434 0.473 0.390 

16 000x 0.244 0.267 0.262 0.269 0.243 0.209 0.201 0.303 0.262 0.254 

32 000x 0.146 0.168 0.156 0.168 0.151 0.139 0.132 0.174 0.159 0.156 

64 000x 0.107 0.120 0.115 0.112 0.113 0.096 0.098 0.124 0.120 0.107 

128 000x 0.083 0.088 0.090 0.092 0.087 0.084 0.077 0.088 0.085 0.083 

256 000x 0.069 0.075 0.076 0.080 0.072 0.067 0.066 0.073 0.072 0.073 

512 000x 0.063 0.067 0.071 0.074 0.069 0.066 0.061 0.067 0.067 0.067 

 

Linearity was calculated from dilution 4 000x till 64 000x, absorbance for higher dilution was lower 

than 0.11.  

 

Table 53: Linearity on toxin CPB2 - model 

 

Model   paralell lines 

Design:  completly randomised 

Transformace: y’=log(y) 

Odchylka:  Observed residuals 

Nalezená směrnice: 0.290458 

Korelace R 0.986558 

Correlation coeficient is higher than 0.95. 

 

Table 54: Linearity on toxin CPB2 - ANOVA 
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Figure 15: Linearity on toxin CPB2 

 

 
 

Figure 16: Linearity on toxin CPB2 – residuals 
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Results of linearity on toxin EXT see tables 55 till 57 a figures 17 and 18. 

 

Table 55: Linearity on toxin EXT - data 

 

 

Day 1 Day 2 Day 3 

Doses 1 2 3 4 5 6 1 2 1 2 

1 000x 0.251 0.289 0.283 0.282 0.303 0.316 0.239 0.277 0.266 0.307 

2 000x 0.168 0.255 0.185 0.179 0.198 0.209 0.167 0.202 0.168 0.196 

4 000x 0.120 0.128 0.127 0.125 0.143 0.134 0.121 0.135 0.122 0.127 

8 000x 0.083 0.095 0.094 0.093 0.099 0.097 0.087 0.098 0.081 0.090 

16 000x 0.068 0.075 0.096 0.073 0.080 0.081 0.076 0.081 0.075 0.074 

32 000x 0.058 0.063 0.062 0.062 0.066 0.068 0.067 0.069 0.059 0.062 

64 000x 0.058 0.060 0.059 0.061 0.065 0.064 0.064 0.065 0.059 0.059 

128000x 0.055 0.058 0.056 0.058 0.059 0.063 0.064 0.059 0.053 0.056 

 

Linearity was calculated from dilution 1 000x till 4 000x, absorbance for higher dilution was lower 

than 0.11.  

 

Table 56: Linearity on toxin EXT - model 

 

Model   paralell lines 

Design:  completly randomised 

Transformace: y’=log(y) 

Odchylka:  Observed residuals 

Nalezená směrnice: 0.235571 

Korelace R 0.980977 

Correlation coeficient is higher than 0.95. 

 

Table 57: Linearity on toxin EXT - ANOVA 
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Figure 17: Linearity on toxin EXT 

 

 
 

Figure 18: Linearity on toxin EXT – residuals 
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Results of linearity on toxin TcdA see tables 58 till 60 a figures 19 and 20. 

 

Table 58: Linearity on toxin TcdA - data 

 

 

Day 1 Day 2 Day 3 

Doses 1 2 3 4 5 6 1 2 1 2 

2 000x 0.594 0.711 0.674 0.621 0.670 0.570 0.656 0.612 0.579 0.615 

4 000x 0.380 0.419 0.424 0.439 0.445 0.334 0.384 0.396 0.500 0.380 

8 000x 0.229 0.273 0.290 0.258 0.283 0.232 0.256 0.273 0.274 0.320 

16 000x 0.140 0.166 0.185 0.156 0.180 0.153 0.198 0.176 0.172 0.173 

32 000x 0.100 0.119 0.112 0.117 0.111 0.105 0.108 0.119 0.125 0.106 

64 000x 0.076 0.084 0.085 0.088 0.077 0.086 0.093 0.084 0.086 0.077 

128 000x 0.066 0.070 0.066 0.071 0.072 0.071 0.074 0.081 0.063 0.060 

256 000x 0.056 0.065 0.066 0.058 0.065 0.063 0.060 0.072 0.052 0.052 

 

Linearity was calculated from dilution 2 000x till 32 000x, absorbance for higher dilution was lower 

than 0.11.  

 

Table 59: Linearity on toxin TcdA - model 

 

Model   paralell lines 

Design:  completly randomised 

Transformace: y’=log(y) 

Odchylka:  Observed residuals 

Nalezená směrnice: 0.271375 

Korelace R 0.990339 

Correlation coeficient is higher than 0.95. 

 

Table 60: Linearity on toxin TcdA - ANOVA 
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Figure 19: Linearity on toxin TcdA 

 

 
 

Figure 20: Linearity on toxin TcdA – residuals 
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11.     Evaluation of Validation 

 

Validation results were evaluated in software Excel 2016 and Combistat. All criteria were fulfilled. 

Validation was evaluated based on specificity, precision and linearity.  

 

ELISA method is suitable for detection of antibodies against the E. coli adhesins and heat-labile 

toxin and toxins from Clostridium perfringens and Clostridium difficile. 

 

 

12.     Revalidation 

 

Revalidation is necessary to done with each significant changes in ELISA test (e.g. ingrediences, 

materials or software). 
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