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Abstract

Objective: There is no licensed vaccine available to prevent the severe tick-borne disease
Crimean-Congo hemorrhagic fever (CCHF), caused by the CCHF virus (CCHFV). This study
sought to show that a combination of computational methods and data from published literature
can inform the design of a multi-epitope antigen for CCHFV that has the potential to be
immunogenic.

Methods: Cytotoxic and helper T-cell epitopes were evaluated on the CCHFV GPC using
bioinformatic servers, and this data was combined with work from previous studies to
identify potentially immunodominant regions of the GPC. Regions of the GPC were selected
for generation of a model multi-epitope antigen /n silico, and the percent residue identity
and similarity of each region was compared across sequences representing the widespread
geographical and ecological distribution of CCHFV.

Results: Eleven multi-epitope regions were joined together with flexible linkers /n silico to
generate a model multi-epitope antigen, termed £P/C, which included 812 (75.7%) of all predicted
epitopes. £PIC was predicted to be antigenic by two independent bioinformatic servers, suggesting
that multi-epitope antigens should be explored further for CCHFV vaccine development.

Conclusion: The results presented within this manuscript provide information for potential
targets within the CCHFV GPC for guiding future vaccine development.
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INTRODUCTION

Crimean-Congo hemorrhagic fever virus (CCHFV) has the most extensive geographic range
of medically significant tick-borne viruses, being endemic to 30 countries in Western Asia,
Southeast Europe, the Middle East, and Africal. An estimated three billion people are at
risk of CCHFV infection?. Human cases of Crimean-Congo hemorrhagic fever (CCHF) can
result in severe disease, including hemorrhaging, multi-organ failure, shock, and death, with
associated case fatality rates of up to 30%134. Consequently, CCHFV poses a high risk to
public health and has been classified as a priority pathogen for research and development
by the World Health Organization (WHO), and as a Biodefense Category A pathogen by the
United States National Institutes of Health (N1H)®. Despite decades of vaccine development
research for CCHFV, no approved vaccine is widely available for human use. The only
vaccine available for human use is not licensed by the FDA and is only used in Bulgaria, as
there are safety concerns associated with this inactivated mouse brain preparation?.

CCHFV contains a tri-segmented, negative sense, and single-stranded RNA genome, and
is classified within the family Nairoviridae, genus Orthonairovirus®. The three segments,
known as the small (S), medium (M), and large (L) segments, encode the nucleoprotein
(NP), glycoprotein precursor (GPC), and RNA-dependent RNA polymerase (RARp),
respectively. Vaccine development for CCHFV has primarily focused on the use of the
GPC or the NP in various platform technologies, with the majority of vaccine candidates
demonstrating protection from challenge when encoding the glycoproteins. CCHFV is the
most genetically diverse arbovirus, and the M segment demonstrates the largest nucleotide
diversity of the three virus segments at 31%?. Despite the significant divergence of this
segment, the M segment has been the most explored for antibody and T-cell epitope
mapping, epitope predictions, and vaccine development for CCHFV since it encodes the
structural glycoproteins present on the surface of the virion that induce both cellular and
humoral immune responses. The CCHFV GPC undergoes the most extensive cleavage and
processing of viruses in the order Bunyaviralesto form the two structural glycoproteins Gy
and G, and the three nonstructural glycoproteins, the mucin-like domain (MLD), GP38,
and NSp;’. The complex processing of the GPC includes N-linked glycosylation, many
cysteine residues that may form disulfide bonds, and numerous O-linked glycosylations®.
The complicated processing of the GPC, which requires the nonstructural proteins for the
proper maturation of the structural glycoproteins, has led to the use of the whole GPC as a
common vaccine antigen.

Correlates of protection for CCHFV have yet to be defined®. However, it is known that

T cells play an important role in CCHFV immunity and are necessary for survival of
CCHFV infection19.11 Depletion of CD4+ and/or CD8+ T-cells exacerbates morbidity and
mortality during acute CCHFV infection, vaccination using the whole GPC can robustly
activate T-cells, and human survivors of CCHF have long-lived CD8+ T-cell responses10-16,
T-cell immunogenicity is not evenly distributed across the GPC, as certain regions generate
stronger recall responses than others. These recall responses have also been shown to vary
depending on the CCHFV strain of the stimulating peptide pool, where peptides from a
strain heterologous to the immunizing strain show significantly reduced recall responses®.
This pattern is also seen with antibody binding assays using GPC peptides!’. This suggests
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that specific humoral or cellular responses could be induced from vaccination with specific
GPC regions.

The size, complex processing, and uneven distribution of immunogenicity across the
CCHFV GPC make it a strong candidate for vaccine development utilizing a multi-epitope
antigen rather than the whole GPC18-21, Previous research has demonstrated the feasibility
of a multi-epitope vaccine development strategy for other members of Bunyavirales with
complex glycoprotein processing; a multi-epitope DNA vaccine generated with conserved
epitopes selected from an alignment of the Hantaan virus (HTNV), Seoul virus (SEOV),
and Puumala virus (PUUV) glycoproteins induced both humoral and cellular immunity
against all three viruses in mice?2. Ideally, this strategy for the development of a CCHFV
multi-epitope antigen would allow for protection from diverse CCHF viruses, which has
been a shortcoming of previous CCHFV vaccine candidates.

Previous studies attempting to develop multi-epitope vaccines for CCHFV have been limited
to a “string of beads” approach, that links a few individual epitopes from the NP, structural
glycoproteins, or RdRp, that are recognized only by specific major histocompatibility
complex (MHC) alleles. In contrast, we sought to show that immunoinformatic analyses

to predict cytotoxic T-lymphocyte (CTL) and helper T-lymphocyte (HTL) epitopes in

the CCHFV GPC can be combined with regions that generate T-cell recall responses in

the literature to generate a multi-epitope antigen that is composed of large GPC regions

that include numerous predicted epitopes recognized by a variety of MHC alleles. It is
hypothesized that generation of this type of multi-epitope antigen may generate robust

T- and B-cell responses in future studies that are required for protection from lethal

CCHFV challengel012.14-16.23 Regions of the GPC with multiple predicted epitopes were
selected for generation of a model multi-epitope antigen, and the residue homology of

each region was compared to the homology of whole GPC proteins from M segment
sequences representing the widespread geographical and ecological distribution of the virus.
Finally, a multi-epitope antigen was constructed /n sifico, and subcellular localization and
antigenicity of the protein was predicted using bioinformatic servers. This work provides
new information for potential targets during CCHFV vaccine development.

METHODS
Evaluation of CCHFV GPC Residue Diversity Across Clades

The amino acid sequence of the CCHFV GPC from strain Turkey200406546, designated
throughout this work as Turkey2004 (Accession # KY362519) was used as a reference
sequence for alignments, calculations of percent identity and percent similarity, and for
prediction of CTL and HTL epitopes. This strain of CCHFV has not previously been
used for /n silico analysis of epitope prediction, despite the high annual incidence of
CCHFV cases in Turkey?. Fifty GPC sequences were selected as representative sequences
for the widespread geographical and ecological distribution of the virus, with sequences
from each CCHFV clade, and from ticks, animals, and clinical cases. A phylogenetic tree
was constructed using Geneious Tree Builder with default parameters, and clades were
assigned based on previous publications!-24. Each full-length GPC sequence was aligned
to the Turkey2004 sequence, and individual alignments were made for each GPC protein
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(MLD, GP38, Gy, NSy, and G¢) using Geneious Prime software (version 2021.1.1).

The percent identity and percent similarity of each selected sequence to the Turkey2004
sequence was determined using William Pearson’s /align program run through the Swiss
Institute of Bioinformatics ExPASy Bioinformatics Resource Portal (now available through
the European Molecular Biology Laboratory’s European Bioinformatics Institute (EMBL-
EBI) https://www.ebi.ac.uk/Tools/psa/lalign/), where sequence identity considers only the
residues that match strictly between two sequences, and sequence similarity considers
residues that match exactly, and of the residues that differ, how similar the physicochemical
properties of the residues are.

CTL Epitope Prediction

The translation of the GPC of CCHFV strain Turkey2004 was used for bioinformatic server
predictions to identify epitopes likely to be presented by human MHC class | molecules to
CD8+ cytotoxic T-lymphocytes. CTL epitopes were predicted using the NetCTL 1.2 Server
(https://services.healthtech.dtu.dk/service.php?NetCTL-1.2) powered by the Department of
Bio and Health Informatics at the Technical University of Denmark. The NetCTL 1.2
Server was used to predict binding of 9-mer CTL peptides to 12 MHC class | supertypes
(AL, A2, A3, A24, A26, B7, B8, B27, B39, B44, B58, and B62) using neural networks.
Predicted peptides were selected based on an inclusion criterion of a combined score of
>1.0 given from prediction of MHC class | binding, proteasomal C-terminal cleavage, and
TAP transport efficiency. A combined score of >1.0 yields 70% sensitivity and 98.5%
specificity of CTL ligand prediction accuracy. Peptides were excluded if they fell across
known cleavage sites on the GPC polyprotein.

Helper T-lymphocyte (HTL) Epitope Prediction

The translation of the GPC of CCHFV strain Turkey2004 was used for bioinformatic server
predictions to identify epitopes likely to be presented by human MHC class Il molecules to
CDA4+ helper T-lymphocytes. HTL epitopes were predicted using the NetMHCII 2.3 Server
(https://services.healthtech.dtu.dk/service.php?NetMHCII-2.3) powered by the Department
of Bio and Health Informatics at the Technical University of Denmark. The NetMHCII 2.3
Server was used to predict binding of 15-mer HTL peptides to 25 HLA-DR, 20 HLA-DQ),
and 9 HLA-DP alleles using artificial neural networks. Predicted peptides were selected if
they met both inclusion criteria of (1) a strong binder threshold of <2.00%-rank to a set of
1,000,000 random natural peptides and (2) a predicted IC50 value <50 nM. Peptides were
excluded if they fell across known cleavage sites on the GPC polyprotein.

Alignment of Peptides to the CCHFV GPC and Selection of Multi-Epitope Regions

All predicted CTL and HTL peptides that met the above inclusion criteria were aligned

to the Turkey2004 GPC sequence using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/
clustalo/). Groups of peptides were assigned numerical values for the number of peptides
that overlapped a given residue in the GPC alignment, and peptides were graphed in
GraphPad Prism (Version 8) using these assigned values. The only two specific T-cell
epitopes that have been experimentally demonstrated from convalescent CCHF cases!3 were
included in a different graphing panel for evaluation. Regions with the highest number of
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overlapping predicted peptides and regions including the two human T-cell epitopes were
selected as multi-epitope regions.

Evaluation of Conservation of Selected Multi-Epitope Regions Across CCHFV Clades

Sequence conservation was assessed at the residue level for both percent identity and
percent similarity. Each of the 11 selected Turkey2004 multi-epitope epitope sequences
were compared individually to the same region of 50 representative CCHFV sequences, as
mentioned previously, using William Pearson’s /align program. The average percent identity
and percent similarity of each multi-epitope region across the 50 sequences was compared to
the average percent identity of the GPC protein where the multi-epitope region originated.

Construction of the Multi-Epitope Antigen and Antigenicity Prediction

The 11 multi-epitope regions were joined together in silico using a flexible linker of
-glycine-glycine-glycine-serine- (-GGGS-). A start codon was placed at the N-terminus,
and a six residue polyhistidine tag (6XHis) was added before a stop codon at the C-
terminus. A signal peptide was not included at the N-terminus of the antigen to prevent
localization for processing through the secretory pathway, as is the case for the GPC.

The final model multi-epitope antigen, termed EPltope Construct (£P/C), with linkers

and tag was 853 residues in length and will be referred to as £P/C throughout this
manuscript. Subcellular localization and the residues important for localization of EP/C
were predicted using the DeepLoc-1.0 server run through the Department of Bio and Health
Informatics at the Technical University of Denmark (https://services.healthtech.dtu.dk/
service.php?DeepLoc-1.0). Antigenicity of £P/C and individual GPC proteins was predicted
with two independent servers, ANTIGENpro (http://scratch.proteomics.ics.uci.edu/) and
VaxiJen (http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html).

RESULTS
Evaluation of CCHFV GPC Protein Diversity Across Clades

Fifty GPC sequences from ticks, animals, and clinical cases were selected for evaluation
with representative sequences from each clade of CCHFV and spanning the widespread
geographical distribution of the virus (Figure 1). The percent identity and similarity of
each CCHFV GPC protein, MLD, GP38, Gy, NSy, and G, from each sequence to

the Turkey2004 sequence was calculated using William Pearson’s /align program. The
Turkey2004 sequence aligns with clade V-Europe 1, and unsurprisingly, the representative
sequences from this clade have the greatest homology to the Turkey2004 sequence.
Sequences from clades I-1V and VI displayed greater differences in percent identity and
similarity to the Turkey2004 sequence. There is a gradient in the homology of the GPC,
with the N-terminus displaying a low level of homology, with increasing homology at the
C-terminus of the GPC. The structural glycoproteins Gy and G¢ display the greatest average
percent identity and similarity across the six clades. The N-terminal nonstructural proteins
MLD and GP38 display the lowest average percent identity and similarity across the six
clades.
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CTL and HTL Epitope Prediction and Epitope Alignment to the GPC

The NetCTL 1.2 Server predicted 256 CTL peptides that met the initial inclusion criteria,
and the NetMHCII 2.3 Server predicted 837 HTL peptides that met the initial inclusion
criteria (Table 1). These 1093 predicted epitopes were aligned to the full-length GPC using
Clustal Omega. After alignment, 4 CTL ligands and 17 HTL ligands were excluded for their
location across known GPC cleavage sites, leaving 252 CTL ligands and 820 HTL ligands
for consideration (Table 1). It was expected that the number of peptides that aligned to

the individual proteins would be relative to the proportion of the GPC that the individual
proteins comprise. The individual GPC proteins, MLD (249 residues), GP38 (272 residues),
G (288 residues), NSy, (233 residues), and G¢ (647 residues), comprise 14.7%, 16.1%,
17.1%, 13.8%, and 38.3% of the polyprotein, respectively. The number of peptides that
aligned to the individual proteins resulted in similar proportions of 19.1%, 16.2%, 13.1%,
14.9%, and 34.8% for MLD, GP38, Gy, NSy, and G, respectively (Table 1). Interestingly,
the peptides predicted for the nonstructural proteins MLD, GP38, and NSM resulted in
peptide prediction proportions higher than the proportion of the polyprotein the proteins
comprise. At the same time, there were a lower proportion of peptides predicted for the
structural glycoproteins Gy and G¢. The pattern of the predicted epitopes aligned to the
GPC follows closely with graphs of antibody reactivity data and T-cell recall responses
across the CCHFV GPC15:17 giving confidence in this prediction method for identifying
potentially immunogenic regions of the GPC.

Identification of Multi-Epitope Regions

The 1072 CTL and HTL ligands that met the inclusion criteria were quantified and graphed
by assigning numerical values for the number of predicted peptides that overlapped a

given residue in the GPC sequence. This graphing method allowed for comparison to
experimentally demonstrated CD8+ T-cell epitopes (Figure 2A)13, and for identification

of regions with the most predicted epitopes (Figure 2B). There were 11 regions of the
GPC, referred to as GPC-01 through GPC-11, chosen for further evaluation, which had

the greatest number of overlapping predicted epitopes and included the two experimentally
shown human T-cell epitopes (Figure 2C). The location of the 11 multi-epitope regions

are as follows, using the residue numbers of the Turkey2004 GPC sequence: residues 96—
172 (GPC-01), residues 205-244 (GPC-02), residues 253-283 (GPC-03), residues 303-399
(GPC-04), residues 643-742 (GPC-05), residues 923-1007 (GPC-06), residues 1043-1105
(GPC-07), residues 1270-1325 (GPC-08), residues 1335-1435 (GPC-09), residues 1472—
1529 (GPC-10), and residues 1572-1663 (GPC-11). These 11 regions include 812 (75.7%)
of all predicted CTL and HTL ligands and include 805 residues (47.7%) of the GPC
sequence with regions selected from all five proteins of the GPC (Table 2).

Evaluation of Conservation of Selected Multi-Epitope Regions Across CCHFV Clades

Multiple studies have demonstrated variability of immune responses to homologous

or heterologous CCHFV strains1>17:25-30 Thys, it was essential to assess the residue
conservation of the selected GPC regions between various CCHFV sequences. Each
selected multi-epitope region was evaluated for residue identity across 50 different CCHFV
sequences (Figure 3). As expected from the evaluation of identity across the whole CCHFV
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proteins, the multi-epitope regions originating from the MLD had the lowest average percent
identity, while multi-epitope regions originating from the G¢ had the highest average percent
identity. The average percent identity of each region was compared to its originating

GPC protein, and 5/11 regions (GPC-04, GPC-05, GPC-06, GPC-10, and GPC-11) were

less conserved than their respective whole proteins, and 6/11 regions (GPC-01, GPC-02,
GPC-03, GPC-07, GPC-08, and GPC-09) had equal to, or greater, conservation than their
respective whole proteins.

Constuction of EPIC and Antigenicity Prediction

For the exercise of constructing a model multi-epitope antigen for CCHFV, EP/C was
generated /n silico using all 11 selected GPC regions. These regions included three
transmembrane domains in GPC-05, GPC-06, and GPC-11, originating from Gy, NSy,

and Gg, respectively. It was hypothesized that the lack of signal peptide in the protein,

and the inclusion of the transmembrane domain from the structural glycoprotein G¢, would
localize EP/Cto the cell membrane, rather than signaling £P/Cto be processed through the
secretory pathway in a manner similar to the full-length GPC. Localization prediction by the
DeeplLoc 1.0 server predicted that £P/C was likely to localize to the cell membrane, with

a 78.7% likelihood (Figure 4A). The residues most important for the predicted subcellular
localization of £P/C (Figure 4B) correspond to the three transmembrane domains included
in the construct (Figure 4C). These results suggest that the inclusion of the transmembrane
domains, but not signal peptide, from the GPC can result in a different predicted subcellular
localization than the GPC, and the localization of future multi-epitope antigens can be
modified by inclusion of different GPC regions.

The antigenicity of £P/C and the GPC proteins was predicted using two independent
bioinformatic servers. ANTIGENpro predicted that £P/Cwas more likely to be antigenic
than any of the GPC proteins alone with a predicted value of 0.94 out of 1 (MLD: 0.91;
GP38: 0.56; Gp: 0.73; NSp: 0.25; G¢: 0.87). The VaxiJen server uses a threshold of 0.4

for indicating protein antigenicity. The VaxiJen server predicted that £P/C (0.49) would be
less antigenic than the MLD (0.50), NSp4 (0.58) and G¢ (0.57) proteins, but more antigenic
than GP38 (0.42) and Gy (0.45). These results suggest that £P/C has antigenic potential, and
further suggest that multi-epitope antigens such as £P/C should be evaluated /n vitroand in
vivo in future studies.

DISCUSSION

CCHF is a widespread and medically important tick-borne viral disease, yet, no vaccine

is widely available for human use3. Vaccine development strategies for CCHFV have
evaluated numerous platform and antigen combinations, and current CCHFV DNA vaccines
being explored primarily encode the full-length GPC, or other whole protein-encoding
sections from the GPC, including GP38, Gy, and G¢, due to the complex processing of

the glycoproteins!4-16.31.32 |t has been suggested that the size and complex processing

of the CCHFV GPC may hinder the GPC as a vaccine antigen and that the use of

a multi-epitope antigen would be an improvement from current CCHFV DNA vaccine
candidates®-2, Bioinformatic analyses towards generation of a CCHFV multi-epitope
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vaccine have previously evaluated the NP, GPC, or RdRp, for prediction of T- and B-cell
epitopes, but these studies have been limited to evaluation of a single strain of CCHFV.
The results presented herein are the first to provide bioinformatic epitope prediction using
the Turkey2004 strain of the CCHFV GPC, evaluation of multi-epitope region homology
between sequences from all CCHFV clades, and provide information for potential targets
within the GPC for vaccine development.

Previous studies have discussed the diversity of the CCHFV M segment. However, this is the
first study to compare the Turkey2004 GPC sequence to other CCHFV isolates spanning the
widespread geographical distribution of CCHFV (Figure 1). Unsurprisingly, the Turkey2004
GPC displays high levels of similarity and identity to other isolates within Clade V-Europe
1, but greater diversity from other clades. The Turkey2004 GPC sequence displays greater
homology to isolates from Asia and East Africa, than strains from West Africa, Central
Africa, and the Mediterranean. This may be explained by migratory bird patterns, which
play a role in the spread of Hyalommaticks, the primary vector and reservoir of CCHFV1:33,
These results highlight the importance of choosing specific regions of the GPC for vaccine
development, with certain regions of the GPC demonstrating greater cross-clade homology
than others.

The bioinformatic analyses in this manuscript predicted CTL and HTL epitopes using

the amino acid sequence of the GPC from strain Turkey2004, followed by the evaluation

of residue conservation of selected GPC regions across CCHFV clades. A total of

1093 T-cell epitopes were predicted across the Turkey2004 GPC sequence (Table 1).
Alignment of these predicted epitopes to the GPC revealed 21 predicted epitopes that were
located across experimentally demonstrated GPC cleavage sites, and were excluded from
consideration (Table 1). All included epitopes were quantified and graphed to identify
multi-epitope regions (Figure 2). Previous studies have shown that immunogenicity is

not evenly distributed across the GPC, and certain regions of the GPC generate stronger
antibody binding and T-cell recall responses than others!2.15-17 Results of antibody epitope
mapping of pooled Turkish or South African CCHFV convalescent sera to linear peptide
pools generated from the Turkey-Kelkit06 strain of the CCHFV GPC demonstrated that
the greatest reactivity was seen within the nonstructural glycoproteins, specifically, the C-
terminus of MLD, N-terminus of Gy, and middle of NSy17. Reactivity was also seen at the
C-terminus of the structural glycoprotein Gcl7. Similarly, peptides generated from the MLD
and NSy glycoproteins generate robust T-cell recall responses in GPC DNA vaccined mice
and Cynomologous macaques->18. Conversely, the N-terminus of G¢ generates stronger
T-cell recall responses than the C-terminus in animals, however, the two specific human T-
cell epitopes identified using PBMCs from convalescent patients are found in the middle of
Gc13. Herein, the /n silico analyses of CTL and HTL epitopes within the Turkey2004 GPC
demonstrate an uneven distribution across the GPC, with certain regions displaying more
predicted epitopes than others. These results confirm the published results of splenocyte
stimulation with peptide pools spanning the GPC, where splenocytes are not uniformly
stimulated across the GPC. Additionally, the graphing pattern of the predicted T-cell
epitopes was similar to the results of linear antibody epitope mapping of pooled Turkish
sera to peptides generated against the CCHFV strain Turkey-Kelkit0617. Together, results
from the reactivity of T-cells1®16, antibody binding®’, and prediction of epitopes across
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the CCHFV GPC (this manuscript)18:20:21 provides information on the regions of the GPC
which are predicted to be the most immunogenic, and can act as potential targets for vaccine
development: the nonstructural glycoproteins and Gc.

To generate a model multi-epitope antigen /n sifico, 11 regions of the GPC that contained the
greatest number of overlapping epitopes, or included previously published T-cell epitopes?3,
were selected for further evaluation (Table 2). Multi-epitope regions were selected from each
of the GPC proteins and contained 812 (75.7%) of all predicted CTL and HTL ligands and
included 805 residues (47.7%) of the GPC sequence (Table 2). Interestingly, more epitopes
were predicted in the nonstructural proteins than the structural glycoproteins, relative to
protein size. This finding is similar to data showing that splenocyte stimulation with peptides
homologous to the vaccine strain generates greater recall responses to nonstructural proteins
than the structural glycoproteins, but not with heterologous peptides!®. It was hypothesized
that multi-epitope regions would demonstrate greater cross-clade homology than their

whole originating GPC proteins, theoretically eliminating issues with reduced T-cell recall
responses from heterologous strains. However, only 6/11 regions had equal to, or greater,
conservation than their respective whole proteins (Figure 3). The MLD is the most diverse
protein of the GPC (Figure 1), and this was the only GPC protein where both multi-epitope
regions demonstrated greater than or equal levels of residue identity and similarity across

50 CCHFV sequences than the whole protein (Figure 3). These results suggest that a
multi-epitope antigen derived strictly from regions of the most predicted epitopes may not
be able to overcome the significant diversity of CCHFV between strains. In combination
with published data showing variability in immune reactivity between strains'>17, these data
suggest that given the widespread distribution of CCHFV, future work should focus on GPC
regions with the most significant residue conservation to generate a vaccine candidate that
produces heterologous protection across CCHFV clades. Alternatively, the development of
regionally strain-specific vaccines is worth consideration.

The model multi-epitope antigen, £P/C, was constructed 7 silico by connecting each
selected multi-epitope region with flexible linkers. The final multi-epitope antigen was
predicted to localize to the cell membrane in mammalian cells, with the included
transmembrane domains being important for localization prediction (Figure 4), and the
protein was predicted to be antigenic by two different prediction servers. These results
suggest that a multi-epitope antigen for CCHFV can be designed /n silico, with favorable
antigenic properties. This information can be used in downstream studies to modify the
subcellular localization, and therefore processing and immunogenicity of multi-epitope
antigens by inclusion of various domains of the GPC. Since a multi-epitope vaccine for
HTNYV, SEQV, and PUUYV, was able to induce both cellular and humoral immunity to each
virus in mice?2, future /n vitroand in vivo experiments utilizing £P/C or other CCHFV
multi-epitope antigens should be undertaken to evaluate the immunogenicity and efficacy of
this type of vaccine development strategy

The bioinformatic servers used within this manuscript predict epitopes based on linear
amino acid sequences for protein cleavage and binding of peptides to MHC complexes.
The in silico analysis is designed to provide information about epitopes that may bind
to MHC complexes; however, the complex nature of this biological process is difficult
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to predict, so, likely, at least some or many of the predicted epitopes included within

EPIC are not immunogenic. Sequence variability can affect the prediction of epitopes,
leading to vastly different prediction results. These results from epitope prediction using

the Turkey2004 strain of the CCHFV GPC can be combined with epitope prediction using
other CCHFV strains to provide a broader understanding of how CCHFV sequence diversity
may impact immunogenicity. Given the wide range of sequence variability within some

of the GPC proteins, epitope predictions may be improved by completing the analyses

with multiple CCHFV GPC sequences from diverse strains, then choosing regions based

on homologously predicted peptides, rather than assessing conservation after regions were
chosen from epitope predictions from a single sequence of GPC.

In conclusion, the results presented in this paper demonstrate that a model multi-epitope
antigen using the Turkey2004 strain of the CCHFV GPC can be designed /7 silico by
combining bioinformatic epitope predictions and T-cell immunogenicity data from the
literature. The predicted antigenicity of £P/C suggests that a multi-epitope antigen based
vaccine for CCHFV should be evaluated as a future vaccine development strategy for
CCHFV.
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MLD GP38 Gy NSy, Ge | Clade
Identity | Similarity | Identity | Similarity | Identity | Similarity | Identity | Similarity | Identity | Similarity
AB069670 566 735 926 844 969 811 9438 876 .
AB069673 566 732 923 840 963 807 944 873 ] I-Africa 1
AY900143 546 710 893 851 972 798 953 88.1 -
DQ019222 546 710 893 851 972 7938 953 881 .
4'1 DQ211637 546 710 893 851 972 798 953 881 II-Africa 2
DQ094832 548 710 893 851 9.9 811 948 864 075 | _
DQ211625 567 721 912 872 969 734 936 87.8
— MG516212 629 717 915 368 972 738 93.1 1 J VI-Europe 2
AY675511 90.0 945 96.5 97.7 =
EU037902 896 945 969
MH483985 819 892 945 96.9
DQ211630 79.5 88.0 95.2 976 975
KY982866 791 888 952 976 974
DQ206448 896 952 9.7
DQ211631 396 956 971 V-Europe 1
KY362519
MF511224
DQ211636 904 96.0 97.6
GQ337054 89.6 94.5 975
GU477490 892 945 955 974 969 -
AB069669 700 838 949 920 834 933 -
KC344856 453 | 680 831 963 934 834 929
AB069674 : 696 360 956 927 910 932
AB069675 696 86.0 956 924 %6 930
AF467769 | 688 86.0 96.0 924 89.7 < 933 IV-Asia 2
r DQ211632 ] 711 86.0 945 920 %6 937
L KY362518 | 699 864 949 920 910 937
— DQ211633 456 676 86.0 952 920 914 935
— KCS67273 : 705 853 956 920 876 974 940 .
DQ211635 68.9 868 95.6 913 | 976 | 910 93.0 -
H AY900142 709 827 934 920 854 935
DQ211634 713 838 9338 917 367 932
DQI57175 697 838 941 927 %6 933 .
HQ378184 684 835 941 920 901 943 lll-Africa 3
HQ378185 684 835 941 920 901 943
HQ378187 684 846 945 924 897 940
MH483938 689 838 945 920 888 9338 -
MF547416 68.0 831 9338 927 880 940 -
AB069671 732 849 949 951 | 893 927
AB069672 744 849 945 927 830 979 926
AJ538197 736 831 938 924 897 935
AY179962 712 838 945 924 884 926
AY223476 696 842 941 934 393 933
IN572085 693 857 952 927 87.1 938 IV-Asia 1
JIN572086 693 857 952 927 363 937
MH461098 713 857 956 920 884 974 944
AJ538199 713 849 956 917 850 944 944
HM452306 713 849 956 913 884 943
DQ446216 713 86.0 956 917 884 941
. MF289415 709 857 956 917 884 944 -
Average %
0.02 HentitSiaitarits I 732 854 952 925 896 938

Figure 1: The percent identity and similarity of each GPC protein from 50 CCHFV GPC
sequences compared to the Turkey2004 sequence.

Fifty GPC sequences from ticks, animals, and clinical cases were selected with
representative sequences from each clade of CCHFV and spanning the widespread
geographical distribution of the virus. A phylogenic tree of the 50 sequences was generated
using Geneious Tree Builder, and clades were assigned based on previous publications!:24,
Percent identity and similarity was calculated using William Pearson’s /align program run
through the Swiss Institute of Bioinformatics EXPASy Bioinformatics Resource Portal (now
available through the European Molecular Biology Laboratory’s European Bioinformatics
Institute (EMBL-EBI) https://www.ebi.ac.uk/Tools/psa/lalign/). A color gradient was applied
to the percent identity and similarity, with red highlighting areas with the lowest homology,
and blue highlighting areas with the greatest homology to the Turkey2004 sequence.
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Figure 2: Alignment of predicted epitopesto the GPC.

(A) Location of two experimentally demonstrated T cell epitopes aligned to the GPC13. (B)
Alignment of all predicted epitopes to the GPC, excluding the 21 epitopes predicted across
known GPC cleavage sites, for a total of 1072 aligned epitopes. (C) Schematic diagram of
the five GPC proteins and 11 regions of the GPC chosen for generation of the multi-epitope

antigen (black bars).
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GPC Protein: MLD GP3s Gy NSy Ce Clade
Epitope Region:| GPC-01 | GPC-02 | GPC-03 | GPC-04 | GPC-05 | GPC-06 | GPC-07 | GPC-08 | GPC-09 | GPC-10 | GPC-11
| AB069670 393 80.0 680 85.0 824 92.1 875 92.1 23 712 :
L AB069673 393 77.1 68.0 85.0 824 92.1 85.7 921 23 772 ] |-Africa 1
AY900143 77.1 639 88.0 765 9.5 911 92.1 23 772 | =
DQo19222 77.1 639 88.0 765 905 911 921 8238 712 .
—|:| DQ211637 771 639 88.0 765 %05 911 921 8238 772 II-Africa 2
DQ094832 388 80.0 66.0 88.0 776 %03 732 931 810 783 | _
DQ211625 | 357 914 639 89.0 706 873 875 950 862 783
— MG516212 350 | ss6 639 5.0 729 373 893 94.1 828 772 :] VI-Europe 2
AY675511 76.6 82.5 972 | 948 93.0 935 =
EU037902 805 825 L | o948 96.0 96.6
MH483985 80.5 30.0 972 | 948 96.0 96.6
DQ211630 76.6 79.5 948 97.0 953 96.8 96.4 948 967
KY982866 763 75.0 959 97.0 965 943 924
DQ206448 909 90.0 | 959 97.0 96.6 967
DQ211631 90.9 90.0 969 | 970 968 9.6 V-Europe 1
KY362510
MF511224
DQ211636 31.8 90.0 972 | 959 96.0 96.8 96.6 96.7
GQ337054 818 90.0 94.4 948 968 96.6 96.7
GU4774%0 727 825 972 | 938 93.0 96.5 93.7 93.1 %67 | J
AB069669 519 55.0 86.1 814 90.0 812 | 968 91.1 914 880 | =
KC344856 442 550 889 814 910 835 952 946 96.0 914 870
AB069674 455 515 944 804 89.0 871 952 929 97.0 914 870
AB069675 455 600 944 804 88.0 859 937 92.9 97.0 914 870
AF467769 46.7 500 944 814 89.0 87.1 937 92.9 950 914 89.1 IV-Asia 2
r DQ211632 480 55.0 86.1 845 9.0 847 96.8 929 95.0 914 89.1
L KY362518 480 525 86.1 856 90.0 847 952 929 96.0 914 891
— DQ211633 494 533 889 814 89.0 906 952 946 97.0 879 830
— DQ211635 46.8 575 91.7 814 88.0 906 96.8 929 970 | 819 891 |
AY000142 442 457 944 732 90.0 859 96.8 946 950 931 880 | =
4 DQ211634 434 48.6 972 | 153 89.0 871 952 929 96.0 93.1 870
DQ157175 48.1 395 917 763 9.0 882 96.8 946 97.0 931 870
HQ378184 48.1 395 917 742 90.0 882 | 968 94.6 97.0 948 87.0 .
HQ378185 48.1 39.5 91.7 742 90.0 882 96.8 94.6 97.0 948 870 lll-Africa 3
HQ378187 494 474 944 753 90.0 871 952 946 97.0 93.1 830
MH483988 455 474 88.9 753 9.0 847 937 946 970 | 931 830
MF547416 455 47 944 742 91.0 859 952 946 970 | 931 902 | -
AB069671 48.1 45.0 86.1 794 91.0 894 937 946 96.0 931 891 | =
AB069672 48.1 45.0 86.1 794 91.0 871 937 94.6 96.0 931 902
AJ538107 494 45.0 86.1 784 91.0 894 952 946 96.0 931 891
AY170962 455 415 86.1 784 89.0 882 952 94.6 96.0 93.1 859
AY223476 442 50.0 833 304 910 894 952 946 97.0 93.1 830
JIN572085 493 25 944 794 90.0 882 952 94.6 97.0 931 880
JN572086 493 25 944 794 90.0 859 952 94.6 97.0 914 880 IV-Asia 1
MH461098 532 450 944 814 90.0 871 952 96.4 931 880
AJ538100 545 45.0 944 814 89.0 775 952 96.4 931 830
HM452306 545 45.0 94.4 814 88.0 87.1 952 96.4 93.1 880
KC867273 519 05 917 814 89.0 859 937 96.4 931 870
DQ446216 545 45.0 972 814 89.0 871 952 96.4 97.0 93.1 880
. MF280415 532 45.0 94.4 314 89.0 87.1 952 96.4 931 330 |
0.02 Average % 549 541 912 811 91.0 879 95.0 943 96.8 919 885
dentity
CG":C‘”;‘::;:‘ Greater | Equal | Greater | Lower | Lower | Lower | Greater | Greater | Greater | Lower | Lower

Figure 3: The percent identity of each multi-epitope region from 50 CCHFV GPC sequences
compared to the Turkey2004 sequence.

Each of the 11 CCHFV Turkey2004 multi-epitope region sequences were compared
individually to the same region in 50 selected sequences across all CCHFV clades using
William Pearson’s align program run through the Swiss Institute of Bioinformatics EXPASy
Bioinformatics Resource Portal (https://embnet.vital-it.ch/software/LALIGN_form.html).
The average percent identity of each region was compared to the average percent identity
of the GPC protein the region originated from. A color gradient was applied to the percent
identity and similarity, with red highlighting areas with the lowest homology, and blue
highlighting areas with the greatest homology to the Turkey2004 sequence.
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Figure 4: Subcellular localization prediction and residuesimportant for localization of EPIC.
Results of the submission of the multi-epitope antigen sequence (£P/C) to the DeepLoc

1.0 Server (https://services.healthtech.dtu.dk/service.php?DeepLoc-1.0) for prediction of
subcellular localization. (A) Hierarchical tree output showing the most likely localization

of the antigen with numbers representing percent likelihood. (B) Graph of the importance of
each residue for localization. (C) Location of the three transmembrane domains with EPIC,
as shown by the transmembrane prediction function of Geneious Prime software.
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Table 1:
Predicted epitopes by type per GPC region.

Total number of predicted CTL and HTL epitopes from using the NetCTL 1.2 and NetMHCII 2.3 servers.
Epitopes were aligned to the Turkey2004 GPC sequence to determine their corresponding GPC region.

Number of Predicted Epitopes
Type of Epitope
GPC Region Total
CTL | HLA-DR | HLA-DQ | HLA-DP
MLD 19 39 140 11 209 (19.1%)
* 0
MLD-GP38 0 0 0 0 (0%)
GP38 41 9% 17 25 177 (16.2%)
* 1
GP38-G y 1 0 0 0 (0.1%)
Gy 54 42 10 37 143 (13.1%)
* 12
Gn-NSy 2 5 5 0 (1.1%)
NSy 40 43 66 14 163 (14.9%)
* 8
NSy -Gc 1 3 4 0 (0.7%)
Gc 98 130 100 52 380 (34.8%)
1093
Total 256 356 342 139 (100%)

Epitopes located across known cleavage sites (indicated with *) were excluded from further consideration.
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Table 2:
Predicted epitopes by type per selected multi-epitope region.

Eleven multi-epitope regions were selected from alignment of the predicted epitopes to the GPC to generate
the multi-epitope antigen. The length in residues of each region, GPC protein the region originated from, and
the number and type of predicted epitopes included in each selected region are shown. A total of 812 epitopes
(75.7% of total predicted epitopes) were included within the selected regions.

Number of Predicted Epitopes
Type of Epitope
Epitope Region | Length (AA) | GPC Protein Total
CTL | HLA-DR | HLA-DQ | HLA-DP
GPC-01 7 MLD 6 11 62 0 79
GPC-02 40 MLD 4 15 63 0 82
GPC-03 36 GP38 9 19 0 7 35
GPC-04 97 GP38 17 52 14 18 101
GPC-05 100 Gn 32 9 7 35 83
GPC-06 85 NSy 15 36 45 10 106
GPC-07 63 G¢ 11 16 23 0 50
GPC-08 56 G¢ 8 2 10 0 20
GPC-09 101 G¢ 14 22 16 0 52
GPC-10 58 G¢ 11 39 44 0 94
GPC-11 92 Gc 21 43 0 46 110
Total 148 264 284 116 812
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