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Abstract

Introduction: Cancer remainssa major global health challenge, with high morbidity and
mortality rates. Traditional cancer therapies often cause adverse side effects due to their non-
specific function, which has led to the'exploration of targeted therapies, such as immunotoxins.
Despite theirrhigh potential, these therapies face hurdles, including immunogenicity, side
effectsand low effectiveness. This research aims to explore a novel immunotoxin with reduced
immunaogenicity, improved safety and efficacy.

Materials ‘and, Methods: Through a comprehensive bioinformatics analysis, this study
primarily evaluates the immunogenicity and docking interactions of a novel recombinant
immunotoxin. The designed immunotoxin is created by combining the shortest truncated form
of diphtheria toxin (consisting of 380 amino acids) with a single-chain variable fragment
monoclonal antibody synthesized in an E. coli expression system for specific targeting of the
human CD19 antigen.

Results: In silico analyses show that the newly designed immunotoxin has acceptable

immunogenicity and an improved docking profile compared to existing versions of
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immunotherapeutics. This suggests the potential of DT380-CD19 as a more effective and safer
option for targeted therapy of CD19+ B-cell malignancies.

Conclusion: The findings declare DT380-CD19 immunotoxin potential as a more effective
and safer option for B-cell malignancy targeted therapy than former therapeutics. Future
research must underscore the necessity of integrating both computational and experimental
approaches to refine immunogenicity without compromising the effectiveness of immunotoxin
therapy, ultimately striving to improve patient outcomes in cancer treatment.

Key words: CD19+ B-cell malignancy; immunogenicity; immunotoxin; targeted therapy

Introduction:

Cancer, with 20 million deaths per year, remains a leading global cause of.death. CD19" B-cell
malignancies are significant health concerns worldwidegaccounting for about 30% of all blood
cancers according to the World Health Organization. In the United States, approximately
200,000 new cases are reported each year [1]. Conventional cancer treatments such as surgery,
chemotherapy, radiotherapy, and stem gell transplantation often come with nonspecific
toxicities and severe side effects, harming healthy cells along with cancerous ones [2].
These challenges have promptedithe “development of targeted therapies that
offer improved outcomes by distinguishing betweenyhealthy and cancerous cells [3].
Targeting CD19+ B-cell lineage antigens Is advantageous because this antigen remains present
on malignant cells in/many B-cell malignancies, enabling selective killing. The use of naked
anti-CD19 antibody targeted, therapy has shown promising results and revolutionized the
treatment, of CD19+ B-cell"malignancies. However, it did not meet all the requirements.
Consequently;, Blinatumomab, an FDA-approved bi-specific T cell engager (BIiTE) antibody
targeting CD19 and"CD3, was developed to enhance efficacy in treating relapsed or refractory
B-cell malignanCies and autoimmune diseases [4,5].

Targeted therapy has garnered considerable attention in recent decades, particularly with the
development of immunotoxins (ITs) that merge the targeting capabilities of monoclonal
antibodies with the cytotoxic effects of toxins to boost specificity and potency while
minimizing size. The initial FDA-approved DTx-based ITs, DT389-IL2 (OntakTM) and
DT388-1L3 (Elzonris), consist of truncated diphtheria toxin (DTx) fused with human
interleukin 2 and 3 [6].
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In addition to efficacy, the immunogenicity of anticancer drugs is a significant concern [7].
The aim of this study was to develop a novel IT to enhance the treatment efficacy for B-cell

malignancies by minimizing immunogenicity and off-target binding.

2. Materials and Methods:

2.1. Sequence Designing

Fragments of DT380 and the human anti-CD19 antibody were used in the development of
fusion IT. The sequence for DT380 was obtained from the native DTx (UniPrat ID: P00588),
Ontak (DrugBank accession no. DB00004), and Elzonris (DrugBank accession'no:, DB14731)
ITs [8-10]. The native DTx sequence consists of a signal peptide (aminoacids 1-32), fragment
A (C domain, amino acids 33-225), and fragment B (T and B domains, amine acids 226-567),
totaling 567 amino acids. In the new fusion IT, the R binding domain was replaced with the
human anti-CD19 scFv (VH & VL) antibody (Blincyto, DrugBank accession no. 09052) as the
binding domain at the C-terminal end of the IT [11].,Tio maintain‘thestructural and functional
properties of the novel IT, the variable heavy (VH)and. light (VL) chains of the anti-CD19
scFv antibody were connected to each otherand to,DTx using (G4S)3 and G4S hydrophobic
flexible linkers, respectively.

Cleavage sites in the pET-28a(+) plasmid expression vector (Novagen) were utilized to insert
Ncol-Xhol restriction enzyme sites at the 5’ and 3’ ends of the DT380-CD19 sequences. To
improve cloning efficiency, and€nsure high-level expression of the chimeric IT, the E. coli
BL21 (DE3) Rosettastrain (Novagen) was used as the host. [12]. Chloramphenicol and
kanamycinswere utilized as selectable antibiotics for the Rosetta strain and the pET28a(+)
expression vector, respectively [13]. The constructs were chemically synthesized by Shine-
Gene of Molecular Biotech Co. (Shanghai, China) and then inserted into the pET28a(+)
expression vector.

The DT390-CD19 sequence includes DT390 and FMC63 (anti-CD19 scFv), Zynlonta (anti-
CD19 mAb drug conjugate), Tafasitamab (anti-CD19 mAb), 6AL5 (protein-protein complex
of B43Fab antibody with CD19 (N138Q mutant) antigen), SJ25C1 (Fab antibody complex with
CD19 antigen), and human CD19 antigen (UniProt P15391). These components were utilized
in the study and can be found in the supplementary information section [14-19].

2.2. Messenger RNA Secondary Structure Prediction
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The Vienna RNAfold web server, version 2.0, was employed to predict the secondary structure
of messenger RNA (mMRNA) and analyze RNA sequences. (http://rna.tbi.univie.ac.at/cqgi-
bin/RNAWebSuite/RNAfold.cgi) [20].

2.3. Primary Protein Structure Estimation

The physicochemical properties of the protein were determined using the EXPASyY ProtParam

web server (http://us.expasy.org/tools/protparam.html) [21].

2.4. Secondary Protein Structure Evaluation

The PROTEUS Structure Prediction Server 2.0 web server (http://wwww.proteus2.ca/proteus2/)

was used to evaluate the secondary protein structure [22].
2.5.Tertiary Protein Structure Analysis

The 3D structure models were analyzed using Swisssthomology and I-TASSER non-homology
de novo models on online servers (https://swissmodel.expasy.org/interactive) and
(https://zhanggroup.org/I-TASSER/) [23,24]. The \quality of the protein 3D models was
verified using the UCLA-DOE LAB-SAVES v6.0 online server, (https://saves.mbi.ucla.edu/)
[25].

2.6. Solubility Assessment

The protein's solubility avas assessed.using the’”Protein-Sol online server (https://protein-

sol.manchester.ac.uk/) [26].

2.7. Toxicity Determination

Toxicity was evaluated by identifying toxic structural regions using the ToxinPred web server.
(https://webs.iiitd.edu.in/raghava/toxinpred2/) [27].

2.8. Antigenicity &Allergenicity Prevision

Antigenic sites were predicted using the Vaxilen 2.0 web server (https://www.ddg-

pharmfac.net/vaxijen/VaxiJen/VaxiJen.html), and their allergenicity was assessed by
comparing them to known IgE epitopes wusing the Algpred web server
(https://webs.iiitd.edu.in/raghava/algpred/submission.html) [28,29].

2.9. B & T- lymphocyte Epitopes Determination
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Linear (continuous) and conformational (discontinuous) antigenic epitopes were identified
using the SVMTriP (http://sysbio.unl.edu/SVMTTiP/) and IEBD-Ellipro
(http://tools.iedb.org/ellipro/) web servers [30,31].

The T-cell epitopes were determined by analyzing the major histocompatibility complex (MHC)

I and I binding regions using the ProPred-I
(https://webs.iiitd.edu.in/raghava/propred1/index.html) and IEDB-MHCII
(http://tools.iedb.org/mhcii/) web servers, respectively [32,33].

2.10. Ligand-receptor Docking

To investigate the positioning and interactions of ligands with the‘human, CD19 receptor,
protein docking and binding affinity analyses were performed using "HawKDocK
(http://cadd.zju.edu.cn/hawkdock/), HADDOCK 2.4 (https://rascar.science.uu.nl/haddock?.4/),
PRODIGY (https://rascar.science.uu.nl/prodigys), and PPA-Pred?2
(https://www.iitm.ac.in/bioinfo/PPA_Pred/) web servers, respectively [34-37].

3. Results:

3.1. Sequence Designing

The schematic diagram of the chimeric 1T comprising C, T, and scFv anti-CD19 domains is

depicted in Figure 1.

L Cn

G4S VH (G4S)3 VL

Fig. 1. Schematic representation of DT380-CD19

3.2. Codon optimization

Over 200 factors influence gene expression, and they need to be carefully screened and
optimized to enhance the likelihood of obtaining a functional and active protein.

3.2.1. Guanine-cytosine content % (GC)

The GC content of DT380-CD19 was adjusted from 56.78% to 53.58%, bringing it closer to
the E. coli genome range of 50.4-50.8%. This adjustment resulted in higher expression levels
[38].
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3.2.2. Codon adaptation index (CAl)

The CAI measures the similarity between a gene's codon usage and the preferred codon usage
of the target organism. The values range from 0 to 1, with higher scores indicating better
adaptation to codon usage and increased expression levels [16]. DT380-CD19 achieved a CAl
of 1[38].

3.2.3. Transfer RNA Adaptation Index (tAl)

The Translational Activity Index (TAI) assesses translational efficiency based on tRNA levels
and the effectiveness of codon-anticodon interactions. DT380-CD19 was assigned a-T Al score
of 0.24 [38].

3.2.4. Effective number of codon pairs (ENCP)

The ENCP assigns a numerical value to indicate bias in codonpair usage, ranging from 20 to
62. A higher value suggests uniform usage of all synanymous ¢odons without bias. DT380-
CD19 had an ENCP value of 20 [38].

3.3. Messenger RNA Secondary Structurerediction

Predicting the secondary structure of mRNA is essential for understanding structure-function

relationships, enhancing stability, and optimizing translation efficiency [20].
3.3.1. Minimum free energy (MFE)

The MFE represents the free energy value of the most stable RNA structure in Kcal/mol, with
a more negative value indicating a more stable structure. Lower values indicate more stable
structuressThe MFE value of the DT380-CD19 RNA was - 623.10 Kcal/mol [20].
3.3.20Free energy of thermodynamic ensemble (FET)

The free energy of the structure (FET) is calculated using the partition function algorithm to
generate a dot-plotymatrix that shows base-pair probabilities. Lower FET values indicate more
stable structures. The FET value for the DT380-CD19 RNA was -654.93 [20].

3.3.3. Centroid minimum free energy (CMFE)

The CMFE predicts RNA secondary structures by considering the minimum base-pair distance
to all other structures in the Boltzmann ensemble. Lower values indicate greater stability. The
CMFE value for the DT380-antiCD19 RNA was - 498.85 [20].

3.4. Primary Protein Structure Estimation
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The physicochemical properties of DT380-CD19 can provide insights into its behavior. These
properties include a molecular weight of 68.14 kD, an isoelectric point of 5.09, a negative
surface charge/positive surface charge ratio of 72/54, a half-life of 30 hours in mammalian
reticulocytes, >20 hours in yeast, and >10 hours in E. coli, an instability index of 39.51, an
aliphatic index of 73.38, and a GRAVY score of -0.368. Additional data can be found in Table

1 of the supplementary information [21].
3.5. Secondary Protein structure evaluation

The secondary structure analysis of DT380-CD19 revealed 26% alpha helix (164 residues), 27%
beta sheet (172 residues), 47% turn or random coil (298 residues), and 0% transmembrane or
signal peptide (O residues) [22].

3.6. Protein Tertiary Structure Analysis

The SWISS and I-TASSER online modeling servers were utilized to create’3D models of IT,
anti-CD19, and CD19 fragments. The I-TASSER modgling predictions were selected for their
superior sequence matching. The results can be found in Table 2, and the top 3D SWISS model
results are presented in Table 3 of the supplementary information [23,24].

3.6.1. Confidence score

The C-score, which measures model accuraey and guality, typically ranges from -5 to 2. A
higher score indicates better quality. The DT380-CD19 C-score was -1.63 [24].

3.6.2. TM-alignment score

The TM value is a measure of similarity between a predicted model and a known structure in
the PDB library, with a range from 0 to 1. Higher TM values indicate better model quality. The
TM value for DT380-CD19 was 0.52 + 0.15 [24].

3.6.3. Root mean square atomic deviations

The RMSD isametric that measures the average distance between residue pairs in the predicted
model and the npative structure. A lower RMSD value indicates a better alignment. The RMSD
score of DT380-CD19 was 11.8 + 4.5 A [24].

Figure 2 shows the most optimal 3D images of DT380-CD19 and its corresponding fragments.
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Fig. 2. Top 3D images

3.7. 3D structure verification

The verification results of the top 3D models are presented in Table 4 of the supplementary
information.

3.7.1. VERIFY3D

The 3D verification tool assesses the alignment between a 3D atomic model and its
corresponding amino acid sequences (1D). A pass is considered successful if at least 80% of
the amino acids have a score of > 0.1 in th¢ 3D/1D profile The VERIFY3D score for DT380-
CD19 was 81.39% [25].

3.7.2. ERRAT

The ERRAT tool evaluates the guality of crystallegraphic model building and refinement. A
higher ERRAT value indicates better structural quality. The ERRAT score for DT380-CD19
was 7.237 [25].

3.7.3.PROCHECK

PROCHECKanalyzes the stereo chemical quality of protein structures by examining residue-
by-residue and overall structure geometry. The PROCHECK scores for DT380-CD19 were
70.7 % (Favored), 25.2% (Allowed), and 4.1 % (Disallowed) [25].

3.8. Solubility assessment

The average solubility score of proteins in E. coli is 0.450. Scores above this threshold indicate
solubility. The predicted solubility scores for DT380-CD19 and DT390-CD19 were 0.415 and
0.381, respectively [26].

3.9. Toxicity determination
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The toxicity of fusion IT fragments was evaluated using a threshold of 0.6, with a higher score
indicating increased toxicity for CD19+ B-lymphocytes. The results are summarized in Table
1[27].

Table 1. Toxicity results

Blincyto FMC63
DT380 ) DT380-CD19 DT390 ) DT390-CD19
anti-CD19 anti-CD19
Score 0.82 0.27 0.87 0.91 0.27 0.92
Toxicity T NT T T NT T

3.10. Antigenicity & Allergenicity prevision

3.10.1. Antigenicity

Models were developed using bacterial, and tumor pratein datasets to predict the antigenicity

of complete proteins. The antigenicity scores of fusion ITs are shown in Table 2 [28].

Table 2. Antigenicity results

Threshold DT380-CD19 DT390-CD19
Bacteria 0.4 0./667 0.6622
Tumor 0.5 0.6634 0.6199

3.10.2. Allergenicity

The allergenicity of proteins can be predicted by analyzing their amino acid and dipeptide
composition,using methods such as support vector machine (SVM), Multiple Expectation-
maximization for Motif Elicitation, motif alignment search tool, allergen representative
proteins, IgE epitope mapping, or a combination of these techniques. The allergenicity

outcomes of chimeric ITs are presented in Table 3 [29].

Table 3. Allergenicity results

DT380-CD19 DT390-CD19
. SVM/ IgE SVM/ IgE
P:ﬁggﬁ'ggn amino MAST epitope amino MAST epitope
acid mapping acid mapping
Threshold 04 e e -04 e e
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No hits No hits
Score 0.5031 found T 0.2045 found T
.. Potential Non Non Potential Non Non
Allergenicity allergen allergen allergen allergen allergen allergen

3.11. B lymphocyte epitopes determination

3.11.1. Linear B-cell epitopes

The linear B-cell epitopes are assigned values ranging from 0 to 1, with higher scores indicating
stronger epitopes. Values >0.8 are considered dominant. Two dominant epitopes were
identified for DT380-CD19, and four for DT390-CD19. The corresponding data can be found
in Tables 5 and 6 of the supplementary information [30].

3.11.2. Conformational B-cell Epitopes

Conformational B-cell epitopes were predicted using a structure-basedrtool for antibody
epitope prediction. Each predicted epitope is assigned‘a value between 0 and 1, with higher
scores indicating stronger conformational epitopes. [31]. DT380-CD19 had 7 surface
conformational epitope scores ranging from 0:.574 to 0.836, while DT390-CD19 had 4 scores
ranging from 0.619 to 0.752. Additional data is provided in‘Tables 7 and 8 of the supplementary

information.
3.12. T- lymphocyte epitopes determination

3.12.1. MHC Class-I binding regions

The HLA-A/B/C epitopes of Blincyto-antiCD19 and FMC63-antiCD19 receptor domains were
found to be21.5% and 54%; respectively [32].

3.122, MHC class-11 binding region

The predicted output is in IC50 nM units, with lower values indicating higher affinity. Peptides
with 1C50 values <50 nM are considered high affinity, <500 nM intermediate affinity, and
<5000 nM low’ affinity. Most known epitopes exhibit high or intermediate affinity. HLA-
DP/DQ/DR epitopes of DT380-CD19 (Blincyto) and DT390-CD19 (FMC63) receptor
domains with intermediate/high affinity were 25.00/10.00% and 70.00/23.00%, respectively
[33].

3.13. Ligand-receptor Docking

Interactions between DT380-CD19, DT390-CD19, anti-CD19 scFv antibodies, anti-CD19 Fab
antibodies, and anti-CD19 mAb with the two extracellular immunoglobulin-like domains of

10



274 the human CD19 antigen were evaluated. The predicted docking images of ITs are illustrated

275 in Fig. 3 (A, B), and the corresponding data is provided in Table 4.

276 Additional analysis results can be found in Tables 9 and 10 in the supplementary information.

DT380-CD19

277

DT390-CD19

278 Figure 3. HawKDocK predicted ligand-receptordecking images (A, B).

279 Table 4. Ligand-receptor docking results

Medicines Scores’ Free energy (kcal/mol)  Affinity (AG) Affinity (Kd)
DT380-CD19 - 6624.37 710.15 -16.19 1.34x10 12
Blincyto anti-CD19 / =5730.38 739.53 -14.23 3.6x10 1
DT390-CD19 - 5280.67 819.10 -16.32 1.07x10 12
FMC6e3 anti-€D19  -4673.80 6748.32 -11.72 2.53x10
Zynlonta-mAb - 5600.97 564.14 -16.66 6.09x10 13
Tafasitamab-mAb - 5554.96 3195.46 -10.33 2.65x10 8
6AL5-Fab - e -11.70 5x10 °
SJ25Cl-Fab - e -10.00 4.3x10 8
bT390-CcD1O . . 47.42x10°°
(monovalent)
DT390-CcD19 4.59%10°
(bivalent)

11



280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

pr3e0-cbws 11.22x107°
(foldback diabody)

3.13.1. HawKDocK score

The HawKDocK score evaluates the quality and stability of binding poses using energy terms
like van der Waals, electrostatic, and desolvation potentials. Lower scores indicate superior
binding poses [34].

3.13.2. Binding free energy

A lower binding free energy typically indicates a more stable and favorable interaction between

the ligand and receptor proteins [34].
3.13.3. Binding affinity (delta G-binding free energy)

The AG value is a thermodynamic measure that indicates'theisspontaneity and stability of a
binding interaction. A negative AG value indicates (a favorable and spontaneous binding

process, with a more negative value indicating a stronger binding affinity [34].
3.13.4. Binding affinity (Kd-dissociation constant)

The Kd value represents the equilibrium dissociation constant, indicating the concentration of
ligand required to occupy half of the binding sites on the protein. A lower Kd value indicates
higher binding affinity [37].

4. Discussion:

In silico studies are a cost-effective and increasingly preferred method for researchers to gain
computational insights into drug evaluation and design. This study aims to focus on the latest
comparative findings regarding anti-CD19 immunotherapeutics, despite the limited number of
published papers.

The cytotoxic efficacy of peptide therapeutic candidates is a critical factor in clinical
applications [27]. The toxicity profiles of DTx-based FDA-approved ITs such as Ontak and
Elzonris are well-documented [9,10]. Our findings confirm that Blincyto, FMC63, Zynlonta,
and Tafasitamab antiCD19 antibodies do not exhibit toxicity. In contrast, DT380-CD19 and
DT390-CD19, which contain the DTx toxic domain, showed toxicity towards CD19+ B-
lymphocyte eukaryotic cells, indicating their potential efficacy in clinical applications [14,16].
The current study provides important insights into antigenicity and allergenicity, which are

crucial for predicting allergic reactions like rhinitis, asthma, eczema, and anaphylactic shock

12
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[28,29]. In this context, the order of decreasing antigenicity and allergenicity effects is
Blincyto > FMC63 > Zynlonta > Tafasitamab. Consequently, the production of anti-drug
antibodies is probable, necessitating the potential use of immunosuppressive drugs during
immunotherapy treatments.

Blincyto and FMC63 exhibited higher immunogenicity in both linear and conformational B-
cell epitopes compared to Zynlonta and Tafasitamab. The decreased antigenicity and
immunogenicity of Tafasitamab can be attributed to its humanization engineering. Ten linear
B-cell epitopes were identified for DT380-CD19, with 40% located on the antiCD19 region,
20% on the C domain (1 dominant epitope), and 40% on the T domain. Similarly, ten linear B-
cell epitopes were identified for DT390-CD19, with 40% on the anti-CD19 region, 20% on the
C domain (1 dominant epitope), and 40% on the T domain (3 dominant epitopes)x This suggests
that Blincyto's anti-CD19 has a higher linear B-cell epitope score with 1 deminant epitope
compared to FMC63's anti-CD19, which lacks a dominant epitope. Overally, DT390-CD19
has a higher number of dominant linear B-cell epitopes (4 versus 2) compared to DT380-CD19,
potentially leading to increased linear B cell-associated immunogenicity [30]. Regarding
conformational B-cell epitopes, 7 epitopes”havenbeen “identified for DT380-CD19, while
DT390-CD19 has 4 epitopes. In summary, DT380-CD19 shows a higher presence of
conformational B-cell epitopes compared to DT390-CD19 [31].

In general, immunogenicity varies among individuals due to differences in immunogenetics,
such as diverse MHC molecules‘influencing antigen presentation, variations in immune cell
receptors, and signaling pathways. Our study revealed that the MHC-I epitope presentation of
the DT380<«CD19, receptor, domain was significantly lower than that of the DT390-CD19
recepter domain, suggesting that the FMC63-antiCD19 has a greater immunogenic potential
compared to the Blincyto anti-CD19. Furthermore, the anti-CD19 regions of DT380-CD19
contain fewer high and intermediate affinity MHC-I1 epitopes for HLA DP/DQ/DR compared
to the DT390-CD19 receptor domain, indicating that DT380-CD19 has lower T cell-associated
immunogenicity compared to DT390-CD19 [32,33].

The current findings from docking simulations show that the HawKDock scores ranked
DT380-CD19 > Blincyto anti-CD19 > Zynlonta > Tafasitamab > DT390-CD19 > and FMC63
anti-CD19 in descending order. These results indicate that DT380-CD19 has the most favorable
energy score for binding to the human CD19 antigen among the FDA-approved medications
tested [34].
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In terms of binding free energy, the values were ranked as follows: Zynlonta > DT380-CD19
> Blincyto-antiCD19 > DT390-CD19 > Tafasitamab > FMC63-antiCD19, indicating that
DT380-CD19 and Blincyto-antiCD19 may have stronger affinity and stability compared to
DT390-CD19 and FMC63-antiCD19 in their interactions with the human CD19 antigen. The
ranking of AG binding affinity with the human CD19 antigen from high to low was: Zynlonta
> DT380-CD19 > DT390-CD19 > Blincyto-antiCD19 > FMC63-antiCD19 > SJ25C1-Fab >
6AL5-Fab > Tafasitamab-mAb. Furthermore, the ranking of Kd binding affinity in descending
order was: Zynlonta > DT390-CD19 > DT380-CD19 > Blincyto-antiCB19 > FMC63-
antiCD19 > 6AL5 > Tafasitamab > SJ25C1-Fab [34-37]. In conclusion, the current study's
findings validate the positive characteristics of the DT380-CD194such, as its favorable
spontaneity, stability, and robust interaction with lower concentration parameters.

Our results were consistent with a previous study that reported the binding affinities of DT390-
CD19 in various formats: bivalent, single-chain foldback diabody, and monovalent, as shown
in Table 4. Interestingly, the affinity of DT380-CD19/was found toibe higher than that of all
formats of DT390-CD19, suggesting greater specificity. and stronger binding to the human
CD19 receptor.

The DT380-CD19 immunotoxin (IT) showed a stronger binding affinity to CD19 compared to
anti-CD19 alone, as evidenced by lower AG and Kd values in Table 4. This suggests that the
conjugation of DT380 to anti-CD19 not only did not hinder binding but actually improved the
binding affinity of the IT. Additionally, DT380-CD19 displayed acceptable antigenicity,
allergenicity, and immunogenicity when compared to DT390-CD19. It also demonstrated
significant«docking ‘and binding affinity to human CD19 B-cells, which could potentially
reducesSide effects and enhance treatment effectiveness.

5. Conclusion:

In conclusion, DT380-CD19 shows great promise as an effective immunotherapeutic agent for
treating CD19+ B-cell malignancies. However, concerns about its safety and efficacy remain
significant [7]. Further research is necessary to confirm and build upon the current findings
regarding the properties of DT380-CD19. This includes investigating various designs for toxic
and targeting domains, enhancing the production process, and conducting preclinical and

clinical trials.

Acknowledgments:

14



373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389

390

391

1392
393
2394
395
396
3397
398
4399
400
5401
402
6403

404

The authors acknowledge the R&D staff of the Department of Pathobiology, Faculty of
Veterinary Medicine, Shiraz University, Shiraz, Iran, and the Razi Vaccine and Serum
Research Institute (RVSRI), Karaj, Iran, for their valuable support and suggestions. Author
Contributions:

Study concept and design: D.M., M.N., M.E. and M.T.; Acquisition of data: D.M., M.N. and
M.E.; Analysis and interpretation of data: D.M., M.N., M.E. and M.T; Drafting of the
manuscript: D.M., M.N., and M.E.; Critical revision of the manuscript for important
intellectual content: D.M., M.N., M.E., and A.Y.; Administrative, technical{" and material
support: M.N., M.E.; Study supervision: M.N., M.E., and M.T.

Ethics:

Not applicable

Conflicts of Interest:

The authors declare no conflicts of interest.

Funding:

This research received no external funding.

Data Availability:

All data and supplementary informatiomare available upon request from the corresponding

authors.

References:

World Health Organization. WHO"global survey on the inclusion of cancer care in health-benefit
packages, 2020=2021. Woaorld Health Organization; 2024 Feb 1. [link]

Zawrzykraj, M., et al., The effect.of chemotherapy and radiotherapy on stem cells and wound healing.
Current perspectives and challenges for cell-based therapies. Biomedicine & Pharmacotherapy, 2023.
168: p. 115781,[DOI:10.1016/j.biopha.2023.115781]

Min, H.-Y. and H:-Y. Lee, Molecular targeted therapy for anticancer treatment. Experimental &
Molecular Medicine, 2022. 54(10): p. 1670-1694. [DOI: 10.1038/s12276-022-00864-3]

Hammer, O. CD19 as an attractive target for antibody-based therapy. in MAbs. 2012. Taylor & Francis.
[PMID]

Yannakou, C.K., et al., CD19 negative relapse in B-ALL treated with blinatumomab therapy: avoiding
the trap. Blood, 2015. 126(23): p. 4983.[PMID]

Shafiee, F., M.G. Aucoin, and A. Jahanian-Najafabadi, Targeted diphtheria toxin-based therapy: a
review article. Frontiers in microbiology, 2019. 10: p. 2340. [PMID]

15


https://www.who.int/publications/i/item/9789240088504
https://www.sciencedirect.com/science/article/pii/S0753332223015792
https://europepmc.org/article/pmc/pmc9636149
https://pubmed.ncbi.nlm.nih.gov/22820352/
https://pubmed.ncbi.nlm.nih.gov/29259173/
https://pubmed.ncbi.nlm.nih.gov/31681205/

7405
406
8407
408
9409
410
1611
412
1413
414
1215
416
1317
418
1419
420
421
1822
423
1624
425
1226
427
183
429
190
431
2032
433
2134
435
2236
437

438

Pratt, K.P., Anti-drug antibodies: emerging approaches to predict, reduce or reverse biotherapeutic
immunogenicity. Antibodies, 2018. 7(2): p. 19. [DOI: 10.3390/antib7020019]
DTx (expasy accession no. P00588.DTx), Available online
https://www.uniprot.org/uniprotkb/P00588/entry.8 april 2024. [link]
Ontak (drug bank accession no DB00004), Available online: https://go.drugbank.com/drugs/DB00004.
9 april 2024]. [link]
Elzonris (drug bank accession no DB14731), Available online:
https://go.drugbank.com/drugs/DB14731. 12 april 2024. [link]
Blincyto(drugbank accession no DB09052), Available online:https://go.drugbank.com/drugs/DB09052.
22 april 2024. [link]
Tegel, H., etal., Increased levels of recombinant human proteins with the Escherichia coli strain Rosetta
(DEJ). Protein expression and purification, 2010. 69(2): p. 159-167. [PMID]
Shilling, P.J., et al., Improved designs for pET expression plasmids increase pretein production yield in
Escherichia coli. Communications biology, 2020. 3(1): p. 214. DOI: [10.1038/s42003-020-0939-8]
Zheng Q, Wang Z, Zhang H, Huang Q, Madsen JC, Sachs DH, Huang CA, Wang Z. Diphtheria toxin -
based anti - human CD 19 immunotoxin for targeting’human CD 19+ tumors. Molecular oncology.
2017 May;11(5):584-94. [PMID]
D11333 Loncastuximab (USAN), Available ‘online: “https://www.genome.jp/dbget-bin/www_bget.
D11333. 23 august 2025. [link]
D11601 Tafasitamab (USAN/INN); Available ‘online: https://www.kegg.jp/entry/D11601.15 august
2025. [link]
6AL5 | pdb_00006al5, COMPLEX BETWEEN CD19(N138Q MUTANT) AND B43 FAB , Available
online: https://www.rcsb.org/structure/6AL5 august 2025. [PDB DOI: 10.2210/pdb6AL5/pdb]
7TURX | 4pdb~00007urx, “SJ25C1 Fab in complex with soluble CD19 Available online:
https:/www.rcsb.org/structure/7URX august 2025. [PDB DOI: 10.2210/pdb7URX/pdb]
B-lymphaocyte~antigen CD19 (P15391) - Homo sapiens (Human) - UniProt, Available online:
http://www.unipret.org/uniprotkb/P15391/entry. [link]
Lorenz, R., et al., ViennaRNA Package 2.0. Algorithms for molecular biology, 2011. 6(1): p. 26. [DOI:
10.1186/1748-7188-6-26]
Gasteiger, E., et al., Protein identification and analysis tools on the EXPASYy server, in The proteomics
protocols handbook. 2005, Springer. p. 571-607. [DOI: 10.1385/1-59259-890-0:571]
Montgomerie, S., et al., PROTEUS2: a web server for comprehensive protein structure prediction and
structure-based annotation. Nucleic acids research, 2008. 36(suppl_2): p. W202-W209. [DOI:
10.1093/nar/gkn255/]

16


https://www.mdpi.com/2073-4468/7/2/19
https://www.uniprot.org/uniprotkb/P00588/entry
https://go.drugbank.com/drugs/DB00004
https://go.drugbank.com/drugs/DB00004
https://go.drugbank.com/drugs/DB14731
https://go.drugbank.com/drugs/DB14731
https://go.drugbank.com/drugs/DB09052
https://go.drugbank.com/drugs/DB09052
https://pubmed.ncbi.nlm.nih.gov/19733669/
https://www.nature.com/articles/s42003-020-0939-8
https://pubmed.ncbi.nlm.nih.gov/28306193/
https://www.genome.jp/dbget-bin/www_bget.%20D11333.
https://www.kegg.jp/entry/D11601
https://search.bertina.ir/api/click?dest=aHR0cHM6Ly93d3cucmNzYi5vcmcvc3RydWN0dXJlLzZBTDU&t=ai_answer&q=.++++++protein+complex+++6AL5&sid=1776246231779-seow9phoo&cid=1776246232072-w2o22u3
https://www.rcsb.org/structure/6al5
https://search.bertina.ir/api/click?dest=aHR0cHM6Ly93d3cucmNzYi5vcmcvc3RydWN0dXJlLzdVUlg&t=ai_answer&q=7URX+%7C+pdb_00007urx&sid=1776248601503-4hbupn0q2&cid=1776248601845-ny5m7vh
https://www.rcsb.org/structure/7URX
http://www.uniprot.org/uniprotkb/P15391/entry
https://link.springer.com/article/10.1186/1748-7188-6-26
https://link.springer.com/article/10.1186/1748-7188-6-26
https://www.expasy.org/tools/pi_tool-doc.html
https://academic.oup.com/nar/article/36/suppl_2/W202/2506231
https://academic.oup.com/nar/article/36/suppl_2/W202/2506231

289
440
2441
442
243
444
2645
446
2447
448
2849
450
2%1
452
3053
454
3455
456
3257
458
3&9
460
3de1
462
3863
464
3665
466
3167
468
389
470
471

472

Waterhouse, A., et al., SWISS-MODEL: homology modelling of protein structures and complexes.

Nucleic acids research, 2018. 46(W1): p. W296-W303. [DOI: 10.1093/nar/gky427]

Zheng, W., et al., Folding non-homologous proteins by coupling deep-learning contact maps with |-

TASSER assembly simulations. Cell reports methods, 2021. 1(3). [DOI: 10.1016/j.crmeth.2021.100014]

Colovos, C. and T.O. Yeates, Verification of protein structures: patterns of nonbonded atomic

interactions. Protein science, 1993. 2(9): p. 1511-1519. [DOI: 10.1002/pro0.5560020916]

Hebditch, M., et al., Protein—Sol: a web tool for predicting protein solubility from sequence.

Bioinformatics, 2017. 33(19): p. 3098-3100. [DOI: 10.1093/bioinformatics/btx345]

Sharma, N., et al., ToxinPred2: an improved method for predicting toxicity of proteins. Briefings in

bioinformatics, 2022. 23(5). [DOI: 10.1093/bib/bbac174]

Doytchinova, I.A. and D.R. Flower, VaxiJen: a server for prediction of protective antigens, tumour

antigens and subunit vaccines. BMC bioinformatics, 2007. 8(1): p. 4. [DOI: 10.1186/1471-2105-8-4]

Saha, S. and G.P.S. Raghava, AlgPred: prediction of allergenic proteins and mapping of IgE epitopes.

Nucleic acids research, 2006. 34(suppl_2): p. W202-W209. [DOI:10:1093/nar/gkl343]

Yao, B., et al., SVMTriP: a method to predict antigenic [epitopes using.support vector machine to

integrate tri-peptide similarity and propensity. 2012. [DOI: 20.1371/journal.pone.0045152]

Ponomarenko, J., etal., ElliPro: a new structure-based:tool fortheprediction of antibody epitopes. BMC

bioinformatics, 2008. 9(1): p. 514. [DOI: 10.1186/1471-2105-9-514]

Singh, H. and G. Raghava, ProPredl: /prediction of promiscuous MHC Class-1 binding sites.

Bioinformatics, 2003. 19(8): p. 1009-1014. [DOI: 10.1093/bioinformatics/btg108]

Wang, P., et al., Peptide binding predictions for HLA'DR, DP and DQ molecules. BMC bioinformatics,

2010. 11(1): p. 568. [DOI: 10:1186/1471-2105-11-568]

Zhang, X., et al., HawkDeock version2:"an updated web server to predict and analyze the structures of

protein—protein complexes. Nucleic Acids Research, 2025: p. gkaf379. [DOI: 10.1093/nar/gkaf379]

Honorato, R.V., et al., The HADDOCK2. 4 web server for integrative modeling of biomolecular

complexes. Nature protocols, 2024. 19(11): p. 3219-3241. [DOI: 10.1038/s41596-024-01011-0]

Xue, L.C., et al,, PRODIGY: a web server for predicting the binding affinity of protein—protein

complexes. Bioinformatics, 2016. 32(23): p. 3676-3678. [DOI: 10.1093/bioinformatics/btw514]

Yugandhar, K. and M.M. Gromiha, Protein—protein binding affinity prediction from amino acid

sequence. Bioinformatics, 2014. 30(24): p. 3583-3589. [DOI: 10.1093/bioinformatics/btu580]
Gen-Script on line tool, Available online: https://www.genscript.com/tools/gensmart-codon-optimization.

24 april 2024]. [link]

17


https://academic.oup.com/nar/article-abstract/46/W1/W296/5000024
https://www.sciencedirect.com/science/article/pii/S266723752100014X
https://www.researchgate.net/publication/14798544_Verification_of_protein_structures_Patterns_of_nonbonded_atomic_interactions
https://www.researchgate.net/publication/317227296_Protein-Sol_A_web_tool_for_predicting_protein_solubility_from_sequence
https://www.researchgate.net/publication/360778052_ToxinPred2_an_improved_method_for_predicting_toxicity_of_proteins
https://link.springer.com/article/10.1186/1471-2105-8-4
https://www.researchgate.net/publication/6940812_AlgPred_Prediction_of_allergenic_proteins_and_mapping_of_IgE_epitopes
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0045152
https://link.springer.com/article/10.1186/1471-2105-9-514
https://academic.oup.com/bioinformatics/article-pdf/19/8/1009/48904220/bioinformatics_19_8_1009.pdf
https://link.springer.com/article/10.1186/1471-2105-11-568
https://academic.oup.com/nar/article/53/W1/W306/8125618
https://experiments.springernature.com/articles/10.1038/s41596-024-01011-0
https://academic.oup.com/bioinformatics/article/32/23/3676/2525629
https://academic.oup.com/bioinformatics/article/30/24/3583/2422198
https://www.genscript.com/tools/gensmart-codon-optimization

