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Abstract: (1) Background: The diphtheria toxoid antigen is a major component in pediatric and 

booster combination vaccines and is known to raise a protective humoral immune response upon 

vaccination. Although antibodies are considered critical for diphtheria protection, little is known 

about the antigenic determinants that maintain humoral immunity. (2) Methods: One hundred 

twelve 15-mer peptides covering the entire sequence of DTx protein were prepared by Spot-synthe-

sis. Membrane-bound peptides immunoreactivity with sera from mice immunized with triple DTP 

vaccine allowed mapping of continuous B-cell epitopes, topological studies, MAPs synthesis, and 

ELISA development. (3) Results: Twenty epitopes were identified, being 2 in the signal peptide, 5 

in the CD, 7 in the HBFT domain, and 5 in the RBD. Two 17-mer (CB/Tx-2/12 and CB/DTx-4-13) 

derived bi-epitope peptides linked by a Gly-Gly spacer were chemically synthesized. The peptides 

were used as antigens to coat ELISA plates and assayed with human (huVS) and mice vaccined sera 

(miVS) for in vitro diagnosis of diphtheria. The assay proved to be highly sensitive (99.96%) and 

specific (100%) either for huVS and miVS and when compared with a commercial ELISA test, 

demonstrate high performance. (4) Conclusions: Our work displayed the complete picture of the 

linear B cell IgG response epitope of the DTx responsible for the protective effect and demonstrated 

the specificity and eligibility to enter phase IIB studies of some epitopes to develop new and fast 

diagnostic assays. 

Keywords: Diphtheria toxin; B epitopes; epitope mapping; bi-specific peptides; ELISA; diagnostic 

performance 

 

1. Introduction 

Diphtheria is once again a growing concern, vaccine-preventable, bacterial disease 

caused by toxin-producing strains of C. diphtheria. Is endemic in Asia (India, Indonesia, 

Iran, Nepal, Pakistan, etc.), Africa (Ghana), and some countries of South America [1-3] but 

well-controlled in countries with high vaccination coverage. However, in the last few 

years is has been re-emergent in part of Europe [4], Venezuela [5], and imported cases in 

other countries of Europe [6-9], the United States of America [10], and Brazil [5]. 

Not only C. diphtheriae, but also C. ulcerans and C. pseudotuberculosis have the poten-

tial to produce diphtheria toxin (DTx) and hence can cause classic respiratory diphtheria 

(spread by droplets) as well as cutaneous diphtheria (direct contact) [11].  

Due to the potential local or systemic spread of DTx, classical diphtheria may give 

rise to severe life-threatening respiratory symptoms characterized by the development of 

an adherent pseudomembrane in the upper respiratory tract as well as myocarditis and 

polyneuritis with a fatality rate between 5 to 30% [6]. In contrast, cutaneous diphtheria 

has typically characterized by well-demarcated ulcers that might have a membrane. The 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 March 2021                   doi:10.20944/preprints202103.0328.v1

©  2021 by the author(s). Distributed under a Creative Commons CC BY license.

mailto:dsimone@cdts.fiocruz.br
mailto:pegopn@gmail.com
mailto:jlspina21@gmail.com
https://doi.org/10.20944/preprints202103.0328.v1
http://creativecommons.org/licenses/by/4.0/


 

 

lesions are slow healing and might act as a reservoir from which bacteria can be transmit-

ted to susceptible contacts, potentially resulting in cutaneous or respiratory disease [12]. 

Disease severity is mediated by successful bacterial secretion of the potent DTx that 

inhibits protein synthesis, in eukaryotic cells, by disrupting elongation factor 2 (EF2) func-

tion causing cell death [13]. DTx consists of a single protein with a disulfide bond linking 

two fragments processed by trypsin [14,15]. A fragment A contains the catalytic domain 

(aa 1-188) [15], and fragment B with the translocation (PFMT, aa 200-378) and receptor-

binding domain (RBD, aa 387-535) [16].  

Vaccination with diphtheria toxoid-containing vaccine might not prevent cutaneous 

colonization or infection with C. diphtheriae [2,12]. Non-toxin-producing strains of C. diph-

theriae can also cause disease that is generally less severe, although invasive associated 

with non-toxin-producing strains has been reported [17]. As the mortality of infections 

caused by the three corynebacteria species mentioned above is almost entirely due to DTx 

[17, 18-28], the availability of rapid methods for the identification of the species as well as 

for the detection of DTx or the DT tox gene is of primary importance.  

DTxs produced by the different corynebacteria are structurally very similar [29-32] 

and the identification and characterization of corynebacteria are conducted by phenotypic 

methods [11,33,34], polymerase chain reaction (PCR) [35-37], and mass spectrometry 

(MALDI-TOFF) [38]. The immunological tests developed for the disease diagnostic were 

the microcell culture [39], fluorescence immunoassay [40], and duple antigen [41] or sand-

wich-ELISA [42]. 

The diphtheria toxoid antigen is a major component in pediatric and booster combi-

nation vaccines is known to raise a protective humoral immune response upon vaccina-

tion. However, a structurally resolved analysis of TxD epitopes with underlying molecu-

lar mechanisms of antibody neutralization is scarce or has not yet been revealed.  

Two neutralizing anti-DTx monoclonal antibodies (mAbs) recognizing conforma-

tional epitopes blocking the heparin-binding epidermal grow factor (HBEGF) binding site 

have been identified by mass spectrometry/interferometry and used to develop an ELISA 

[43]. Another approaches used for identifying epitopes/blocking antibodies was the phage 

display assay [44,45], targeting of the specific domain [46], and human mAbs isolated 

from vaccined volunteers [47], however, in most of the epitopes were not identified or 

longer peptides sequences have been proposed. A recent study, using dynamic simulation 

and temperature variation also predicted some conformation B-cell epitopes in DTX [48]. 

In this work, using a more refined methodology of epitope synthesis, we report the 

mapping of B-cell continuous epitopes of DTx, the topological characterization of the 

epitopes, and the production by chemical synthesis of DTx-bi-epitope and its use as anti-

gen for diphtheria diagnosis. The printable Spot-synthesis is an accessible and very 

stretchy technique for microarray production of peptides on membrane supports. Fur-

thermore, it allows rapid and low-cost access to a large number of peptides for systematic 

epitope analysis [49]. The bi-epitope MAP4 used as coating antigen in ELISA accurately 

distinguishes high sensitivity and specificity sera of immunized mice and humans, from 

healthy animals and individuals. 

2. Materials and Methods  

2.1 Materials and antibodies 

Amino acids, reagents for peptide synthesis, casein, goat anti-human IgG-biotin, rab-

bit anti-mouse IgG-biotin, peroxidase labeled-neutravidin and TMB (3,3´,5, 5´tetramethyl 

benzidine) were from Sigma-Merck (St Louis, EUA). Cellulose membranes of the ester 

type were from Intavis (Koeln, Germany). Alkaline phosphatase labeled sheep anti-mouse 

IgG (H+L) was obtained from KPL (CA, USA). HRP labeled neutravidin, and SuperSignal 

West Pico chemiluminescent substrate was from Thermo (IL, USA). Immulon 2HB flat-

bottom 96-well microtiter plates were from Corning. All other reagents were of analytical 

grade. The triple DTP-vaccine used during the vaccination of children/infants containing 
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inactivated whole-cell bacterium of B. pertussis combined with formaldehyde-inactivated 

diphtheria and tetanus toxoid was produced by Bio-Manguinhos (FIOCRUZ, RJ, Brazil). 

2.2. Human, horse, and mice sera 

Ninety children, aged 6-16 years (median age 7.5 years) vaccinated with the whole 

DTP with no evidence of acute infection or known history of whooping cough and diph-

theria were enrolled in this study. One hundred sera samples from healthy blood bank 

donators (HEMORIO) were included in the study. 

To obtain mice sera, thirty-eight NIH Swiss mice (12–16 g) were immunized as de-

scribed previously [50] with wDTP vaccine reconstituted with saline and 2 IU (defined by 

the Brazilian National Immunization Program) administered in 0.5 ml with an interval of 

21 days. Sera were collected one week after the last inoculation and stored at -20 ◦C.  

The commercial horse therapeutic (hoThe) sera was obtained from Butantan Insti-

tute, São Paulo, SP, Brazil.  

2.3. Synthesis of the cellulose-membrane-bound peptide array  

The entire sequence of the DTx (Q6NK15, strain ATCC 700971/NCTC 13129/Biotype 

gravis, 560 aa) was covered with the synthesis of 15-residues-long peptides with overlap-

ping of 10 residues, automatically prepared on cellulose membranes according to stand-

ard SPOT synthesis protocol using an Auto-Spot Robot ASP-222 (Intavis Bioanalytical In-

struments AG, Köln, Germany).  

The GSGSG sequence was used as a spacer at the beginning (spot A1) and end (spot 

E16) of the protein sequence and the programming was done with the Multipep software 

(Intavis). Negative [QEVRKYFCV, Vaccinia virus spot F9 and F17] and positive [KEV-

PALTAVETGATN (Poliovirus, spots F3 and F11)/ GYPKDGNAFNNDRI (Clostridium 

tetani, spot F5 and F13)/ YDYDVPDYAGYP YDV (H. influenza virus hemagglutinin, spot 

F7, and F15)] controls were included. The entire library contained 112 peptides plus 6 pos-

itive and 2 negative control peptides. 

The coupling reactions were followed by acetylation with acetic anhydride (4%, v/v) 

in N, N-dimethylformamide to render the peptides N-reactive during subsequent steps. 

After acetylation, the F-moc protecting groups were removed by the addition of piperi-

dine to make the nascent peptides reactive. The remaining amino acids were added by 

this same coupling, blocking, and deprotection process until the desired peptide was gen-

erated. After the addition of the last amino acid, the side chains of the amino acids were 

deprotected using a solution of dichloromethane-trifluoracetic acid-triisopropyl silane (1: 

1: 0.05, v/v/v) and washed with ethanol as described previously [51]. Membranes contain-

ing the synthetic peptides were probed immediately.  

2.4. Screening of SPOT membranes 

SPOT membranes were washed for 10 min with TBS-T (50 mM Tris,136 mM NaCl, 2 

mM KCl and 0.05 Tween, pH 7.4) and then blocked with TBS-T (containing 1.5% BSA) for 

90 min at 8oC under agitation. After extensive washing with TBS-T, membranes were in-

cubated for 12h with a pool (n=30) mice vaccined sera diluted (1:150 for IgG detection) in 

TBS-T+0.75% BSA and then washed again with TBS-T. After that, membranes were incu-

bated with sheep anti-mouse IgG alkaline phosphatase labeled (diluted 1:5000), prepared 

in TBS-T+0.75% BSA for 1h, and then washed with TBS-T and CBS (50 mM citrate-buffer 

saline). The chemiluminescent substrate Nitro-Block II was added to complete the reac-

tion. 

2.5. Scanning and quantification of spot signal intensities 

Chemiluminescent signals were detected on an Odyssey FC (LI-COR Bioscience) us-

ing the same conditions described previously [50] with minor modifications. Briefly, a 

digital image file was generated at a resolution of 5 MP and the signal intensities quanti-

fied using the TotalLab TL100 (v 2009, Nonlinear Dynamics, USA) software. This program 
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has an automatic grid search for 384 spots but does not offer the automatic identification 

of possible epitope sequences. Due to this, obtained data were analyzed with the aid of a 

Microsoft Excel program, and to be considered an epitope the sequences of two or more 

positive contiguous spots should present signal intensity (SI) greater than or equal to 30% 

of the highest value obtained from the set of spots on the respective membrane. The signal 

intensity (SI) used as a background was a set of negative control spotted in each mem-

brane. 

2.6. Preparation of the bi-specific-antigen peptides 

The single peptide epitope CB/Tx2 (GSFVMENFSS) and CB/Tx12 (VDIGF) and the 

peptides CB/Tx4 (KGFYSTDNKY) and CB/Tx13 (SPGHK) were synthesized in tandem 

containing GG interpeptides as a spacer (Top-Peptide Bio Co., Pudong, Shanghai, China). 

The peptides were purified by HPLC and their identity was checked by MS (MALDI-TOF 

or electrospray).  

For preparation of the dendrimeric multi antigen peptide (MAP), a standard solid 

phase synthesis protocol was followed using the tetrameric Fmoc4-Lys2-Lys1-В-Ala 

Wang resin and the sequence of the bi-epitope described above. The construct was pre-

pared in an automated peptide synthesizer (PSS8-model, Shimadzu, Kyoto, Japan) as de-

scribed previously [52]. 

2.7 Enzyme-linked immunosorbent assay (ELISA) 

The in house-ELISA was realized as described previously with minor modifications 

[51]. Briefly, the plates of ELISA were coated with 100 µl (25 µg/ml) of each MAP4 

(CB/Tx2-12 and CB/Tx4-13) prepared on coating buffer (Na2CO3–NaHCO3, pH 9.6) over-

night at 4oC. After each incubation step, the plates were washed three times using PBS-T 

washing buffer (PBS with 0.1% Tween 20 adjusted to pH 7.2) and blocked (200 µl) with 

2% defatted milk (2 h at 37oC). Either the huVS as the miVS were dilutes (1:100) in coating 

buffer and 100 µl were applied onto Immulon 2HB flat-bottom 96-well microtiter plates 

and incubated for 2 h at 37oC. Following several washes with PBS-T, the plates were incu-

bated with 100 µl of goat IgG anti-human IgG (1: 5000) or rabbit IgG anti-mice IgG conju-

gated to biotin (1:2000) for 2 h followed by HRP labeled neutravidin (1:8000 for human 

sera and 1: 5.000 for mice sera). The plates were developed with TMB (3,3´,5, 5´tetramethyl 

benzidine) as substrate. The absorbance values at 405 nm were read using an ELX800 Mi-

croplate Reader (Bio-Tek Instruments Inc) and the immune response was defined as ele-

vated significantly when the reactivity index (RI; O.D.450 value of Target - O.D.450 values 

of cut-off)) was more than 0.05m. 

Analysis using the commercial diphtheria IgG-ELISA Kit was conducted as de-

scribed by the manufacturer (Serion, Brazil) 

2.8. Bioinformatics tools 

The data bank search for DTx from C. diphtheriae (Q6NK15), C. ulcer-

ans (A0A1Y0HBB0), and C. pseudotuberculosis (WP_014654963.1) were carried in the data-

base UniProtKB [http://www. uniprot. org/] and NCBI. The alignment of the sequences 

was performed using the T-Coffee server (HTTP:// tcoffee.vital-it.ch/cgi-bin/Tcoffee/tcof-

feecgi/index.cgi).  

The prediction of the secondary structure of the protein was performed by the PSI-

PRED servers [http://bioinf.cs.ucl.ac.uk/psipred/] and CDM 

[http://gor.bb.iastate.edu/cdm/]. Some physicochemi cal parameters related to the pep-

tides used in this study (molecular weight, theoretical pI, and hydrophobicity) were cal-

culated with the ProtParam tool (http://web.expasy.org/ program/). The prediction of 

transmembrane domains was obtained using TopCons (https://topcons.net/pred).  

2.9. Structural localization of the IgG epitopes 
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The orientation of epitopes in the protein crystallographic structure of DTx protein 

(PDB:1xdt) was performed using PyMOL, Molecular Graphics System, Version 2.0 Schrö-

dinger, LLC. For the amino acid sequence of epitopes and transmembrane topology visu-

alization, the platform Protter was used (http://wlab.ethz.ch/protter/). 

2.10. Statistical analysis 

Statistical analysis was performed using Graph Pad Prism version 5.0. The statistical 

difference using a t-test was considered if p-value _ 0.05. 

3. Results 

3.1.  Identification of the immunodominant IgG epitopes in diphtheria toxin  

The epitopes in the DTx (560 aa) were identified based on recognition of peptides in 

a synthesized library by mice antibodies immunized with DTx (see Materials and Meth-

ods). Figure 1, panels A and B present the position of each peptide and the measured 

intensity, respectively, from the chemiluminescent detection of mice IgG antibodies in 

sera pooled from mice vaccinated. The intensities were normalized using 100% as defined 

by the positive control (data not shown). The list of the synthetic peptides and their posi-

tions on the membranes is presented in a supplementary Table S1. 

The pattern of reactivity for the antibodies generated in mice immunized with DTx 

demonstrated that a greater number of peptides were recognized (Fig. 1). An analysis of 

the sequences constituting the peptides synthesized in reactive regions defined 20 IgG 

epitopes generated by the DTx vaccine (Table 1).  

 

Figure 1. B-cell linear epitopes mapping along the primary sequence (560aa, 112 peptides) of the 

diphtheria toxin (DTx, Q6NK15) protein in the SPOT synthesis array (15 residues with overlap-

ping of 10) with the sera (n=15) of DTP vaccined mice. IgG-reactive peptides (A); signal intensity 

(SI) (B). The peptides (listed in Table S2, supplementary) represented the coding region of DTx 

protein. Each peptide was identified by the Spot-synthesis membrane position numbering. Spot 

intensities below 20% were considered as background. 

Table 1. List of the identified CB/TxD IgG epitopes. 
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Name of 

epitope 
Squence 

Name of 

epitope 
Sequence 

CB/DTX-1 16GIGAPPSAHA25 CB/DTx-11 280LEHPEL285 

CB/DTx-2 31VDSSK35 CB/DTx-12 301ANYAAW306 

CB/DTx-3 46HGTKPGY52 CB/DTx-13 315DSETAD320 

CB/DTx-4 76KGFYSTDNKY85 CB/DTx-14 342ADGAVHHNT350 

CB/DTx-5 91SVDNENPLSGKAGGV105 CB/DTx-15 376VDIGF380 

CB/DTx-6 132GLSL135 CB/DTx-16 406SPGHKTQPFLHDGY419 

CB/DTx-7 153GDGASR158 CB/DTX-17 434GFQGESGHDIKI445 

CB/DTx-8 163LPFAEGSSS171 CB/DTx-18 477VNGRKIR483 

CB/DTx-9 196GKRGQ200 CB/DTx-19 490DGDVTFCRPKS500 

CB/DTx-10 247EHGPIKNKMSESPN260 CB/DTx-20 526 SNEISSDS533 

3.2. Identification of the IgG epitopes in SF23 peptide sequence  

The SF23 peptide sequence (aa533-555) corresponds to the receptor bind fragment of 

DTx and forms a beta harping structure [53], which bind to the cellular receptor HBGF. 

DTx hoThe antibodies are capable to block the infection [54,55]. Thus, in this assay a li-

brary of 24 peptides covering all the sequence (SIGVLGYQKTVDHTKVNSKLSLF) of 

the SF23 was produced (Fig 2) and probed with sera huVS, miVS, and hoTS. The results 

are presented in the Figure 2 and shown that this segment display the antigenic sequence 

SIGVLGYQ (aa533-540) recognized by either huVS (Fig 2A), miVS (Fig 2B) or hoTS (Fig 

2C). The identified sequence is only part of the CB/Tx-20/miG epitope (Table 1). 

 

Figure 2. Reanalysis of the DTx sequence (aa 511-525) by Spot-synthesis (15 aa with overlapping of 14 residues) using 

huVS (A, 1:150), miVS (B, 1:150) and hoTS (C, 1:200). I, Spot membrane; II, measurement of the signal intensity; III, 
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overlapping of positive spots, in red. Spots, 17,19,21 positive controls respectively [KEVPAL TAVETGATN (Poliovirus), 

GYPKDGNAFNNDRI (Clostridium tetani) and YDYDVPDYAGYP YDV (H. influenza virus hemagglutinin). 

3.3. Cross-immune IgG epitopes 

To investigate the cross-immunity conferred by the DTx protein, the C. diphtheria 

(Q6NK15), C. ulcerans (AQA1Y0HBB0, 97.5% similarity) and C. pseudotuberculosis 

(WP_014654963.1, 93.93% similarity) deposited in NCBI data bank were aligned to com-

pare the epitope sequences. The results shown that 100% of the epitopes were common 

indicating that the immunity is genera specific (Table S1). In other analysis, the epitopes 

of the DTx protein were compared to the putative toxins sequences of C. botulinum and C, 

tetani but in this case no cross reactivity was detected (data not shown). 

3.4. Epitope reactivity by ELISA 

The serological cross-reactivity of bacterial proteins is well known. The impetus for 

identifying the linear B-cell epitopes in DTx was to improve on their use as antigens for 

diagnostic ELISA assays. To prove their utility, two bi-epitope peptides were synthesized 

from sequences derived from the potential CB/DTx-2/miG (SFVMENFSSY) and 

CB/DTx-12/miG (VDIGF) epitopes and CB/DTx-4/miG (KGFYSTDNKY) and CB/DTx-

13/miG (SPGHK) (Table 1), from the major antigenic regions in DTx by solid phase syn-

thesis using the F-moc strategy. The two 17 mer peptides were synthesized either as single 

peptides as 4 branch MAP (DTx2/12-MAP4 and DTx4/13-MAP4) contain the dipeptide 

GG inter peptides purified by HPLC-gel filtration and analysed by MASS-spectometry.  

To verify the diagnostic performance of the peptides, sera from ninety-two individ-

ual DTP vaccined were tested on an ELISA-peptide based assay. All 90 DTP-positive hu-

man sera and 32 mice sera reacted with the highly conserved DTx2-12 and DTx4-13 pep-

tides but did not react with the peptides EP7 [56] from T. cruzi (PPGEDMHTRDGPRE) 

considered by a scale value as a good test. Both CB/DTx2-12 and CB/DTx4-13 antigens 

demonstrated 100% and 99.96% sensitivity, respectively and 100% specificity (Figure 3 C 

and D). Similar results were obtained using either single or MAP4. 
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Figure 3. Reactivity of huVS (A, n= 90), and miVS (B, n=38) with synthetic bi-specific spanning epitopes MAP4 in an ELISA 

compared with a commercial Kit (A, n=90). The y-axis shows the mean reactivity (positive/mean negative) of sera from 

vaccined patients and mice. The ROC analysis (C and D) using huVS showed that the sensitivity of the in-house ELISA-

peptide was 100% for DTx-2-12 and 99.96% for DTx4-13 in a range similar to the commercial kit and specificity of 100%. 

3.5. The spatial location of the enterotoxins A, B, and P IgG reactive epitopes 

To analyze the localization of epitopes in DTx, the crystallographic structure availa-

ble in PDB (PDB: 1xdt) was used (Figure 4), it displays the spatial location of the 20 reac-

tive epitopes identified by the SPOT-synthesis array experiments (Table 1). Most of the 

identified epitopes were in loop/coil structures, which were present on the protein surface 

and accessible to the solvent (data not shown).  

In the Figure 5 is presented a linear model showing the single transmembrane do-

mains of the protein and the distribution intra and extracellular of the epitopes. 
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Figure 4. Three-dimensional structure of DTx (Q6NK15) with the signal peptide and position of the epitopes identified by 

Spot-synthesis. Molecular model overlay of neutralizing epitopes within the DTx protein. Image constructed using crystal 

structure of toxin (PDB:1xdt), showing catalytic (cyan), translocation (green) and receptor binding (yellow) domain. Iden-

tified epitope sequences were highlighted in magenta. Image was created using PyMOL. 
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Figure 5. Modeling of DTx of C. diphtheria as a single-pass transmembrane protein. The model is based on the predictive 

results obtained using TopCons (https://topcons.net/pred), and layout was generated using Protter 

(http://wlab.ethz.ch/protter/). The model with the TM in the pore-forming membrane domain (PFMT), reveals all 20 iden-

tified epitopes. 1-38 signal peptide; aa39-aa188, C domain; aa200-aa378, PFMT domain and aa-387-aa535 RBD. 

4. Discussion 

The high-throughput immune-profiling peptide array formed directly onto cellulose 

membranes allowed the identification of the major antigenic determinants of the DTx rec-

ognized by sera of mice orally vaccinated with a single dose of the DTP. Twenty epitopes 

covering the full extent of the bacterial protein were identified (Table 1). This toxin is se-

creted by Corynebacterium and causes disease in humans by inhibiting protein synthesis. 

It possesses a molecular weight of 62 kDa and can exist as a monomer (when secreted) or 

dimer, with two sub-unities linked by SH bridges. Three well-defined domains were iden-

tified based on trypsin hydrolysis [16,17]. Two epitopes (CB/DTx-1-2) were positioned in 

the signal peptide (aa 1-aa38), seven epitopes (CB/DTx2-8) in the catalytic domain (CD, aa 

39-188), six in the pore-forming membrane-translocation (PFMT) domain (CB/DTx-10-15, 

aa200-378), and five in the receptor bind domain (RDB, aa 387-535) (CB/DTx-16-20).  

The spatial folding of proteins plays a decisive role in determining their antigenic 

specificity, and it has been useful to distinguish between sequential and conformational 

determinants. The current production process for DTx vaccines is largely based on the 

traditional methods first used to detoxify DTx [57].  Recently Metzel et al., [58] reveled 

the chemical modification of the DTx induced by formaldehyde treatment. The detoxifi-

cation used for vaccine preparation typically resulted in a combination of intramolecular 

cross-links and formaldehyde-glycine attachments. In this process, both the NADþ-bind-

ing cavity and the receptor-binding site of diphtheria toxin are chemically modified. 
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Functionally the process affected to some extension CD4þ T-cell epitopes but universal 

CD4þ Tcell epitope remained almost completely unaltered [58]. In our study, we can con-

clude that apparently the detoxification process does not interfere in the recognition of 

linear B epitopes, since antibodies present in the sera of mice immunized recognized al-

most of all linear epitopes of the DTx.  

In a synthetic model, we have shown that all the twenty B-linear epitopes identified 

are positioned on the surface of the molecule, thus exposed to the immune system. Thus, 

based on the function of the three-domain either apparently, the entire 20 identified 

epitopes can present important functions as the blocking of the enzymatic activity of the 

DTx (CB/DTx2-8), or the intracellular translocation (CB/DTx-10-15, aa200-378) and steri-

cally impairment of DTx receptor bind (CB/Tx-16-20). To our knowledge, there are only a 

few studies concerning the identification of DTx key epitopes responsible for vaccine pro-

tection. Studies conducted by others produced antibodies in guinea pigs against a syn-

thetic peptide covering the sequence, aa186-201 [53]. This epitope corresponds to the 

epitope CB/DTx-9 (aa 196GKRGQ200). Another study established a humAb that binds to 

the RDB domain and physically blocks the toxin from binding to the putative receptor, 

heparin-binding epidermal growth factor-like growth factor [52].  

Another important motif of the DTx studied is the RDB. A beta-hairpin synthetic 

peptide (SF23, aa 526-548; SIGVLGYQRTVDHTKVNSKLSLF) has been considered as a 

promising candidate for the development of a synthetic vaccine [52]. This peptide binds 

to antibodies from the sera of persons infected by toxigenic C. diphtheria, those immunized 

by diphtheria toxoid, hoThe sera and block the interactions with HBEGF cellular receptor 

[52]. This beta-hairpin sequence encompasses only part of the CB/DTx-20 epitope (aa526-

540) identified by us using mice and children immunized sera (Table 1). Due to the bio-

logical importance of this peptide sequence, a new round of Spot-Synthesis analysis was 

performed (Fig. 3). Now a small library containing mutated amino acids was synthesized 

and reacted with both human and mice vaccine sera and hoThe sera. This study demon-

strated that a central peptide amino acid sequence is recognized by sera from miVc, hu-

Vac, and hoThe, but small N and C terminus aa variation recognition occurred depending 

on the vaccinated species (Fig. 1B).  

In all clinical cases, the primary therapeutic option is still treated with equine hy-

perimmune sera anti-DTx. However, the production of therapeutic antibodies in horses 

raises ethical issues surrounding the use of animals, especially by substandard housing 

and veterinary care of the horses. Besides, the hoThe is of limited supply and often una-

vailable to patients due to interrupted production in several countries [59]. Hence is ur-

gent to find alternatives to replace the equine sera anti-DTx.  

One of these approaches has been the use of phage display to obtain neutralizing 

recombinant human antibodies [45]. However, the success of this methodology seems 

low, since repetitive epitopes with different sizes and longer sequences, encompassing at 

least six of our identified epitopes have been recently described [45]. On the other hand, a 

potent toxin neutralization would require blockage of several points or domains of the 

molecular surface, which could not be covered by a single antibody. Therefore, our 

epitope mapping on the planar surface provides superior information describing with 

greater coverage the set of IgG epitopes responsible for the neutralization of the DTx.  

The epitopes identified in this study can serve as a basis for the construction of a 

recombinant polyprotein that can replace the DTx in vaccine preparations since were 

identified for antibodies from human, mice, and hoThe sera. The improvement of the vac-

cine would allow avoiding the detoxification stage, a fact that causes side effects, besides 

introducing in the process cost reduction with greater efficiency [57]. 

Another interesting finding in our study was the identification of 2 epitopes (CB/DTx 

1-2) present in the signal peptide using serum from mice vaccinated with the DTP vaccine. 

The presence of human antibodies to one of these epitopes was also hardly detected by 

ELISA using sera from vaccinated infants (Fig 4). This fact means that a reasonable 

amount of diphtheria toxoid used in vaccination processes contains the signal peptide 

since it was able to stimulate the immune system. Although this fact is important in terms 
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of quality control of the production of immunizers, in terms of vaccination it should not 

represent any counterpoint or impediment. However, it should be noted that a significant 

amount of proteins did not mature during cell processing of vaccine manufacture. 

Diphtheria is caused by toxin-producing Corynebacteria. Not only C. diphtheriae, but 

also C. ulcerans and C. pseudotuberculosis have the potential to produce DTx and hence can 

cause classic respiratory diphtheria as well as cutaneous diphtheria [11]. It is noteworthy 

that, in recent years, C. ulcerans infections recrudescence have been reported worldwide 

and fatal infections have occurred [25,28]. C. diphtheriae strains, whether toxigenic or 

nontoxigenic, have been found to cause severe and often fatal systemic infections also in 

immunized subjects [25-27,60,61]. DTx produced by the different corynebacteria (C. diph-

theriae, C. ulcerans, and C. pseudotuberculosis) differ at the nucleotide and amino acid levels 

but are immunologically identical as shown in this work (Figure S1). Other similar toxins 

from C. tetani and C, botulinum were also analyzed and although some cross-reactivity 

against the SF23 peptide has been described [52], in our study no common epitope with 

those described for DTx was identified (data not shown). 

Concerning the diagnosis, the ELISA results using the MAP4 bi-epitope peptides re-

vealed that all epitopes appropriately discriminated between negative and positive sam-

ples (p<0.0001). No cross-reactivity was observed as anticipated from the BLAST analysis 

criteria. In comparison to the commercial kit, the use of the bi-epitope improved the per-

formance of our in-house ELISA by generating a higher signal that showed a greater dif-

ference between positive and negative samples. From the ROC analysis, the sensitivity of 

the in-house ELISA-peptides was 99.96-100% similar to the commercial kit. This increase 

in signal most likely reflects the performance of the selected epitopes. Another benefit of 

the bi-epitope protein design was to increase the specific activity of the molecule to bind 

antibodies. 

Phase IIA comprises studies designed to estimate the accuracy (sensitivity and spec-

ificity) of the index test in discriminating between diseased and non-diseased people in a 

clinically relevant population [62]. For diphtheria, the scope of the likelihood score of the 

ROC analysis was obtained since a much larger and diverse panel of negative controls 

was available to support our conclusion that the MAPs have 100% specificity. The perfor-

mance of selected epitopes strongly supports continued using these epitopes now in a 

chimeric multi-epitope protein [63] as a target in more sensitive and fast diagnostic tests 

and suggest that the antigen may be eligible to enter phase IIB studies [60]. 

5. Conclusions 

In this work, we have provided new insights describing with greater coverage the set 

of IgG linear B epitopes responsible for the neutralization of DTx and demonstrated the 

specificity and eligibility to enter phase IIB studies of some epitopes to develop new and 

fast diagnostic assays. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1: 

List of DTx peptide sequences (supplementary) A1-C24. (F3,F4,F5, F11,F12,F13 positive controls and 

F9,F17 negative controls. Figure S1: Alignment of the primary structure of DTx [(1-C. diphtheria 

(Q6NK15), 2-C. ulcerans (AQA1Y0 HBB0) and 3-C. pseudotuberculosis (WP_014654963.1)] showing in 

grey the epitopes (CB/DTx1-20) identified by Spot-synthesis. 

Author Contributions: Conceptualization and Investigation: SGS, FRS; Methodology: LRG, PNP, 

GCL, FRS; Computational analysis (GCL, JSP); Statistic analysis (LRG); Writing original draft, re-

view and Editing: SGS. 

Funding: This research was funded by FIOCRUZ–INOVA (#VPPCB-007FIO-18-2-27 21, #VPPIS-

005FIO-20-2-51, #VPPC-004FIO-18-52 to SGS and DWPJr) 

Acknowledgments: PNP: LRG and GCL, were Post-doc fellow from CAPES/FIOCRUZ 

(#380.623/2019-6), FAPERJ (# 202.272/2019, Bolsista nota 10), and FAPERJ-INCT (#E-

26/201.848/2020), respectively. 

Conflicts of Interest: The authors declare no conflict of interest. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 March 2021                   doi:10.20944/preprints202103.0328.v1

https://doi.org/10.20944/preprints202103.0328.v1


 

 

References 

1. Sing, A.; Bierschenk, S.; Heesemann, J. Classical diphtheria caused by Corynebacterium ulcerans in Germany: amino acid sequence differences 
between diphtheria toxins from Corynebacterium diphtheriae and C. ulcerans. Clin. Infect. Dis. 2005; 40: 325-6. 

2. Grundy, J.; Biggs, B.A. The impact of conflict on immunisation coverage in 16 countries. Int. J. Health Policy Manag. 2019; 8: 211-21. 
3. Clarke, K.E.N.; MacNeil, A.; Hadler, S.; Scott, C.; Tiwari, T.S.P.; Cherian, T. Global epidemiology of diphtheria, 2000-2017(1). Emerg. Infect. Dis. 

2019; 2 :1834-42 
4. Meinel, D.M.; Kuehl, R.; Zbinden, R.; Boskova, V.; Garzoni, C.; Fadini, D.; et al. Outbreak investigation for toxigenic Corynebacterium diphtheriae 

wound infections in refugees from Northeast Africa and Syria in Switzerland and Germany by whole genome sequencing. Clin. Microbiol. Infect. 
2016; 22: 1003.e1-1003.e8. 

5. Paniz-Mondolfi, A.E.; Tami, A.; Grillet, M.E.; Márquez, M.; Hernández-Villena, J.; Escalona-Rodríguez, M.A.; et al. Resurgence of vaccine-pre-
ventable diseases in Venezuela as a regional public health threat in the Americas. Emerg. Infect. Dis. 2019; 25: 625-32.  

6. di-Giovine, P.; Kafatos, G.; Nardone ,A.; Andrews, N.; Ölander, R.M.; Alfarone, G.; et al. Comparative seroepidemiology of diphtheria in six 

European countries and Israel. Epidemiol. Infect. 2013; 141: 132-42. 
7. Sane, J.; Sorvari, T.; Widerström, M.; Kauma, H.; Kaukoniemi, U.; Tarkka, E.; et al. Respiratory diphtheria in an asylum seeker from Afghanistan 

arriving to Finland via Sweden, december 2015. Euro Surveill 2016; 21: 2. 
8. European Centre for Disease Prevention Control. Cutaneous diphtheria among recently arrived refugees and asylum seekers in the EU 30 July 

2015. Stockholm: European Centre for Disease Prevention and Control 2015 [Accessed on September 21, 2019] http://ecdc.europa.eu/en/publica 
tions/Publications/Diph theria-cutaneous-EU-July-2015.pdf. 

9. Scheifer, C.; Rolland-Debord, C.; Badell, E.; Reibel, F.; Aubry, A.; Perignon, A.; et al. Re-emergence of Corynebacterium diphtheria. Med. Mal. Infect. 
2018, pii: S0399-077X(17)30962-9. 

10. Griffit, J.; Bozio, C.H.; Poel, A.J.; Fitzpatrick, K.; DeBolt, C.A.; Cassiday, P.; et al. Imported toxin-producing cutaneous diphtheria-Minnesota, 

Washington, and New Mexico, 2015-2018. MM WR Morb. Mortal Wkly. Rep. 2019; 68: 281-4. 
11. Efstratiou, A.; George, R.C. Laboratory guidelines for the diagnosis of infections caused by Corynebacterium diphtheriae and C. ulcerans. World 

Health Organization Commun. Dis. Public. Health 1999; 2: 250–7. 
12. Sharma, N.C.; Efstratiou, A.; Mokrousov, I.; Mutreja, A.; Das, B.; Ramamurthy, T. Diphtheria. Nat. Rev. Dis. Primers. 2019; 5: 81. 

13. Rodnin, M.V.; Kashipathy, M.M.; Kyrychenko, A.; Battaile, K.P.; Lovell, S.; Ladokhin, A.S. Structure of the diphtheria toxin at acidic pH: Impli-
cations for the conformational switching of the translocation domain. Toxins 2020; 12: 704. 

14. Collier, R.; Cole, H.A. Diphtheria toxin subunit active in vitro. Science 1969, 164, 1179–81. 
15. Choe, S.; Bennett, M.J.; Fujii, G.; Curmi, P.M.; Kantardjieff, K.A.; Collier, R.J.; Eisenberg, D. The crystal structure of diphtheria toxin. Nature 

1992; 357: 216–22. 

16. Bell, C.E.; Eisenberg, D. Crystal structure of nucleotide-free diphtheria toxin. Biochemistry 1997; 36: 481-8. 
17. Gubler, J.; Huber-Schneider, C.; Gruner, E.; Altwegg, M. An outbreak of non-toxigenic Corynebacterium diphtheriae infection: single bacterial 

clone causing invasive infection among Swiss drug users. Clin. Infect. Dis. 1998; 27: 1295-8. 
18. Patey, O.; Bimet, F.; Riegel, P.; Halioua, B.; Emond, J.P.; Estrangin, E.; et al. Clinical and molecular study of Corynebacterium diphtheriae systemic 

infections in France. J. Clin. Microbiol. 1997; 35: 441-5. 
19. Funke, G.; Altwegg, M.; Frommel, L.; von Graevenitz, A.A. Emergence of related nontoxigenic Corynebacterium diphtheriae biotype mitis strains 

in Western Europe Emerg. Infect. Dis. 1999; 5: 477-80. 
20. von Hunolstein, C.; Alfarone, G.; Mascioli, M.; Franchi, F.; Errera, G.; Crostato, I. A diphtheria case due to Corynebacterium ulcerans. G. Ital. Mal. 

Infect. 1999; 5: 299-300. 

21. Reacher, M.; Romsay, M.; White, J.; De Zoysa, A.; Efstratiou, A.; Mann, G.; et al. Nontoxigenic Corynebacterium diphtheriae: an emerging pathogen 
in England and Wales? Emerg. Infect. Dis. 2000; 6: 477-80. 

22. von Hunolstein, C.; Alfarone, G.; Scopetti, F.; Pataracchia, M.; La Valle, R.; Franchi, F.; et al. Molecular epidemiology and characteristics of 
Corynebacterium diphtheriae and Corynebacterium ulcerans strains isolated in Italy during the 1990s. J. Med. Microbiol. 2003; 52: 181–8. 

23. De Winter, L.M.; Bernard, K.A.; Romney, M.G. Human clinical isolates of Corynebacterium diphtheriae and Corynebacterium ulcerans col-
lected in Canada from 1999 to 2003 but not fitting reporting criteria for cases of diphtheria. J. Clin. Microbiol. 2005; 43:3447–9. 

24. Puliti, M.; von Hunolstein, C.; Marangi, M.; Bistoni, F.; Tissi, L. Experimental model of infection with non-toxigenic strains of Corynebacterium 
diphtheriae and development of septic arthritis. J. Med. Microbiol. 2006; 55: 229–35. 

25. Romney, M.G.; Roscoe, D.L.; Bernard, K.; Lai, S.; Efstratiou, A.; Clarke, A.M. Emergence of an invasive clone of non-toxigenic Corynebacterium 

diphtheriae in the urban poor population of Vancouver, Canada. J. Clin. Microbiol. 2006; 44: 1625–1629. 
26. Elden, S.; Coole, L.; Efstratiou, A.; Doshi, N. Laboratory-confirmed case of toxigenic Corynebacterium ulcerans. Euro. Surveill. 2007; 29:12. 

27. Tiwari, T.S.; Golaz, A.; Yu, D.T.; Ehresmann, K.R.; Jones, T.F.; Hill, H.E.; et al. Investigations of 2 cases of diphtheria-like illness due to toxigenic 
Corynebacterium ulcerans. Clin. Infect. Dis. 2008; 46: 395–401 

28. Bonmarin, I.; Guiso, N.; Le Flèche-Matéos, A.; Patey, O.; Patrick, A.D.; Levy-Bruhl, D. Diphtheria: a zoonotic disease in France? Vaccine 2009; 
27: 4196–200. 

29. Nakao, H.; Mazurova, I.K.; Glushkevich, T.; Popovic, T. Analysis of heterogeneity of Corynebacterium diphtheriae toxin gene, tox, and its regula-
tory element, dtxR, by direct sequencing. Res. Microbiol. 1997; 148: 45–54. 

30. Sing, A.; Hogardt, M.; Bierschenk, S.; Heesemann, J. Detection of differences in the nucleotide and amino acid sequences of diphtheria toxin 

from Corynebacterium diphtheriae and Corynebacterium ulcerans causing extrapharyngeal infections. J. Clin. Microbiol. 2003; 41: 4848–51. 
31. Sing, A.; Berger, A.; Schneider-Brachert, W.; Holzmann, T.; Reischl, A. Rapid detection and molecular differentiation of toxigenic Corynebacte-

rium diphtheriae and Corynebacterium m ulcerans strains by LightCycler PCR. J. Clin. Microbiol. 2011; 49: 2485-9. 
32. Schuhegger, R.; Kugler, R.; Sing, A. Pitfalls with toxigenic Corynebacterium ulcerans causing diphtheria-like illness. Clin. Infect. Dis. 2008; 47: 288. 

33. Engler, K.H.; Glushkevich, T.; Mazurova, I.; George, R.; Efstratiou, A. A modified Elek test for detection of toxigenic corynebacteria in the 
diagnostic laboratory. J. Clin. Microbiol. 1997; 35: 495–8. 

34. Neal, S.; Efstratiou, A. On behalf of DIPNET and International Diphtheria Reference Laboratories. International external quality assurance for 
laboratory diagnosis of diphtheria. J. Clin. Microbiol. 2009; 47: 4037-42. 

35. Pacheco, L.G.; Pena, R.R.; Castro, T.L.; Dorella, F.A.; Bahia, R.C.; Carminati, R.; et al. Multiplex PCR assay for identification of Corynebacterium 

pseudotuberculosis from pure cultures and for rapid detection of this pathogen in clinical samples. J. Med. Microbiol. 2007; 56: 480-6. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 March 2021                   doi:10.20944/preprints202103.0328.v1

https://pubmed.ncbi.nlm.nih.gov/31050966/
https://pubmed.ncbi.nlm.nih.gov/31538559/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Meinel%20DM%5BAuthor%5D&cauthor=true&cauthor_uid=27585943
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kuehl%20R%5BAuthor%5D&cauthor=true&cauthor_uid=27585943
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zbinden%20R%5BAuthor%5D&cauthor=true&cauthor_uid=27585943
https://www.ncbi.nlm.nih.gov/pubmed/?term=Boskova%20V%5BAuthor%5D&cauthor=true&cauthor_uid=27585943
https://www.ncbi.nlm.nih.gov/pubmed/?term=Garzoni%20C%5BAuthor%5D&cauthor=true&cauthor_uid=27585943
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fadini%20D%5BAuthor%5D&cauthor=true&cauthor_uid=27585943
https://www.ncbi.nlm.nih.gov/pubmed/27585943
http://ecdc.europa.eu/en/publica%20tions/Publications/Diph%20theria-cutaneous-EU-July-2015.pdf
http://ecdc.europa.eu/en/publica%20tions/Publications/Diph%20theria-cutaneous-EU-July-2015.pdf
https://www.ncbi.nlm.nih.gov/pubmed/?term=Griffith%20J%5BAuthor%5D&cauthor=true&cauthor_uid=30921303
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bozio%20CH%5BAuthor%5D&cauthor=true&cauthor_uid=30921303
https://www.ncbi.nlm.nih.gov/pubmed/?term=Poel%20AJ%5BAuthor%5D&cauthor=true&cauthor_uid=30921303
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fitzpatrick%20K%5BAuthor%5D&cauthor=true&cauthor_uid=30921303
https://www.ncbi.nlm.nih.gov/pubmed/?term=DeBolt%20CA%5BAuthor%5D&cauthor=true&cauthor_uid=30921303
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cassiday%20P%5BAuthor%5D&cauthor=true&cauthor_uid=30921303
https://www.ncbi.nlm.nih.gov/pubmed/30921303
https://doi.org/10.20944/preprints202103.0328.v1


 

 

36. Cassiday, P.K.; Pawloski, L.C.; Tiwari, T.; Sanden, G.N.; Wilkins, P.P. Analysis of toxigenic Corynebacterium ulcerans strains revealing the po-

tential for false negative real-time PCR results. J. Clin. Microbiol. 2008; 46: 331-3. 
37. Pimenta, F.P.; Matias, G.A.M.; Pereira, G.A.; Camello, T.C.F.; Alves, G.B.; Rosa, A.C.P.; et al. A PCR for dtxR gene: application to diagnosis of 

non-toxigenic and toxigenic Corynebacterium diphtheriae. Mol. Cell. Probes 2008; 22:189–92. 
38. Konrad, R.; Berger, A.; Huber, I.; Boschert, V.; Hörmansdorfer, S.; Busch, U.; et al. Matrixassisted laser desorption/ionisation time-of-flight 

(MALDI-TOF) mass spectrometry as a tool for rapid diagnosis of potentially toxigenic Corynebacterium species in the laboratory management 

of diphtheria-associated bacteria. Euro. Surveill. 2010; 15:196–9. 
39. Miyamura, K.; Nishio, S.; Ito, A.; Murata, R.; Kono, R. Micro cell culture method for the determination of diphtheria toxin and antitoxin titre 

using VERO cells DI. Studies of factors affecting the toxin and antitoxin titration. J. Biol. Stand. 1974; 2: 189-201. 
40. Aggerbeck, H.; Norgaard-Pedersen, B.; Heron, I. Simultaneous quantization of diphtheria and tetanus antibodies by double antigen, time-

resolved fluorescence immunoassay. J. Immunol. Meth. 1996; 190: 171–83. 
41. Kristiansen, M.; Aggerbeck, H.; Heron, I. Improved ELISA for determination of anti-diphtheria and/or anti-tetanus antitoxin antibodies in sera. 

APMIS 1997; 105: 843-53.  
42. Kim, D.; Yoon, H.; Kim, S.; Wi, J.; Chae, H.; Jo, G.; et al. Generation of a human monoclonal antibody to cross-reactive material 197 (CR M197) 

and development of a sandwich ELISA for CRM conjugate vaccines. J. Microbiol. Biotechnol. 2018; 28: 2113-20. 

43. Zhu, S.; Liuni, P.; Ettorre, L.; Chen, T.; Szeto, J.; Carpick, B.; et al. Hydrogen-deuterium exchange epitope mapping reveals distinct neutralizing 
mechanisms for two monoclonal antibodies against diphtheria toxin. Biochemistry 2019; 58: 646-56. 

44. Lakzaei, M.; Rasaee, M.J.; Fazaeli, A.A.; Aminian, M. A comparison of three strategies for biopanning of phage-scFv library against diphthe-
ria toxin. J. Cell Physiol. 2019; 234: 9486-94. 

45. Wenzel, E.V.; Bosnak, M.; Tierney, R.; Schubert, M.; Brown, J.; Dübel, S.; et al., Human antibodies neutralizing diphtheria toxin in vitro and in 
vivo. Sci. Rep. 2020;10 :571. 

46. Sesardic, D.; Khan, V.; Corbel, M.J. Targeting of specific domains of diphtheria toxin by site-directed antibodies. J. Gen. Microbiol. 1992; 138: 
2197-203. 

47. Sevigny, L.M.; Booth, B.J.; Rowley, K.J.; Leav, B.A.; Cheslock, P.S.; Garrity, K.A.; et al. Identification of a human monoclonal antibody to replace 

equine diphtheria antitoxin for treatment of diphtheria intoxication. Infect. Immun. 2013; 81: 3992-00. 
48. Ghaderi, S.; Bozorgmehr, M.R.; Ahmadi, M.; Tarahomjoo, Sh. Identification of conformational B-cell epitopes in diphtheria toxin at varying 

temperatures using molecular dynamics simulations. Arch. Razi Inst. 2020; 75: 427-37. 
49. Winkler, D.F.H. SPOT Synthesis: The solid-phase peptide synthesis on planar surfaces. Methods Mol. Biol. 2020; 2103: 151-73. 

50. Silva, F.R.; Napoleão-Pego, P.; De-Simone, S.G. Identification of linear B epitopes of pertactin of Bordetella pertussis induced by immunization 
with whole and acellular vaccine. Vaccine 2014; 32: 6251-8. 

51. De-Simone, S.G.; Napoleão-Pêgo, P.; De-Simone, T.S. Spot synthesis: A healthy and sensitive peptide microarray assay to detect IgE antibodies. 
Methods Mol. Biol. 2016; 1352: 263-77. 

52. De-Simone, S.G.; Souza, A.L.A.; Melgarejo, A.R.; Aguiar, A.S.; Provance-Jr, D.W. Development of elisa assay to detect specific human IgE anti-

therapeutic horse sera. Toxicon 2017; 138: 37-42 
53. Khrustaleva, T.A.; Khrustalev, V.V.; Barkovsky, E.V.; Kolodkina, V.L.; Astapov, A.A. Structural and antigenic features of the synthetic SF23 

peptide corresponding to the receptor-binding fragment of diphtheria toxin. Mol. Immunol. 2015; 63: 235-44. 
54. Lobeck, K.; Drevet, P.; Léonetti, M.; Fromen-Romano, C.; Ducancel, F.; Lajeunesse, E.; et al. Towards a recombinant vaccine against diphtheria 

toxin. Infect. Immun. 1998; 66: 418-23. 
55. Nascimento, D.V.; Lemes, E.M.; Queiroz, J.L.; Silva Jr., J.G.; Nascimento, H.J.; Silva, E.D.; et al. Expression and purification of the immunogeni-

cally active fragment B of the Corynebacterium diphtheria strain toxin. Braz. J. Med. Biol. Res. 2010; 43: 460-6. 
56. Lechuga, G.C.; Bottino, C.C.G.; Pinho, R.T.; Souza, A.L.A.; Provance-Jr, D.W.; De-Simone, S.G. Trypanosoma cruzi presenilin-like transmembrane 

aspartyl protease: Characterization and cellular localization. Biomolecules 2020; 10: 1564-84. 

57. Alsarraf, H.; Dedic, E.; Bjerrum, M.J.; Østergaard, O.; Kristensen, M.P.; Jesper, W., et al., Biophysical comparison of diphtheria and tetanus toxins 
with the formaldehyde-detoxified toxoids, the main components of diphtheria and tetanus vaccines. Virulence 2017; 8: 1880-9. 

58. Metz, B.; Michiels, T.; Uittenbogaard, J.; Danial, M.; Tilstra, W.; Meiring, H,D.; et al. Identification of formaldehyde-induced modifications in 
diphtheria toxin. J. Pharm. Sci 2020; 109: 543-57 

59. Both, L.; White, J.; Mandal, S.; Efstratiou, A. Access to diphtheria antitoxin for therapy and diagnostics. Euro. Surveill. 2014; 19. 
60. Glenny, A.T.; Hopkins, B.E. Diphtheria toxoid as an immunizing agent. Br. J. Exp. Pathol. 1923; 4: 283. 

61. Elden, S.; Coole, L.; Efstratiou, A.; Doshi,, N. Laboratory-confirmed case of toxigenic Corynebacterium ulcerans. Euro. Surveill. 2007; 29: 12. 
62. Colli, A.; Fraquelli, M.; Casazza, G.; Conte, D.; Nikolova, D.; Duca, P.; et al. The Architecture of diagnostic research: from bench to bedside-

research guidelines using liver stiffness as an example. Hepatology 2014; 60: 408-18. 

63. Napoleão-Pêgo, P.; Carneiro, F.R.G.; Durans, A.M.; Morel, C.M.; Provance-Jr, D.W.; De-Simone, S.G. Performance assessment of a multi-epitope 
chimeric antigen for the serological diagnosis of acute Mayaro fever. Submitted 2021; 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 March 2021                   doi:10.20944/preprints202103.0328.v1

https://www.ncbi.nlm.nih.gov/pubmed/?term=Nishio%20S%5BAuthor%5D&cauthor=true&cauthor_uid=4214816
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ito%20A%5BAuthor%5D&cauthor=true&cauthor_uid=4214816
https://www.ncbi.nlm.nih.gov/pubmed/?term=Murata%20R%5BAuthor%5D&cauthor=true&cauthor_uid=4214816
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kono%20R%5BAuthor%5D&cauthor=true&cauthor_uid=4214816
https://www.ncbi.nlm.nih.gov/pubmed/?term=Journal+of+Biological+Standardization+1974%3B+2%3A+189%E2%80%93201.+19.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kristiansen+M%2C+Aggerbeck+H%2C+Heron+I.+Improved+ELISA+for+determination+of+anti-diphtheria+and%2For+anti-tetanus+antitoxin+antibodies+in+sera.+Acta+Pathologica%2C+Microbiologica
https://www.ncbi.nlm.nih.gov/pubmed/30380821
https://www.ncbi.nlm.nih.gov/pubmed/30380821
https://www.ncbi.nlm.nih.gov/pubmed/30560647
https://www.ncbi.nlm.nih.gov/pubmed/30560647
https://pubmed.ncbi.nlm.nih.gov/30417355/
https://pubmed.ncbi.nlm.nih.gov/30417355/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sesardic%20D%5BAuthor%5D&cauthor=true&cauthor_uid=1282534
https://www.ncbi.nlm.nih.gov/pubmed/?term=Khan%20V%5BAuthor%5D&cauthor=true&cauthor_uid=1282534
https://www.ncbi.nlm.nih.gov/pubmed/?term=Corbel%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=1282534
https://www.ncbi.nlm.nih.gov/pubmed/1282534
https://pubmed.ncbi.nlm.nih.gov/31879924/
https://www.ncbi.nlm.nih.gov/pubmed/25062832
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0035
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0035
https://doi.org/10.20944/preprints202103.0328.v1

