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ABSTRACT

The present study involves the identification of potential peptides containing
multiple epitopes from a tumor antigen named carcinoembryonic antigen
(CEA). This protein has been reported to be existing as raised levelsin different
tumor patients while in normal adults its existence is negligible. An
immunoinformatic drive was performed to recognize the possible epitopes. Six
immunoinformatic softwares were utilized to predict CD4" (HLA class 1) and
CD8" (HLA class II) T cell epitopes. Finally five peptide fragments from the
protein were obtained that comprised of overlapping T cell epitopes of both the
HLA molecules. Population coverage of these peptides was analysed to show
their potentia to elicit an immune response by a wide population of the world
and the result indicates that these peptides are expected to response in wide
populations. The binding affinity of the peptides with the HLA class | and 11
alleles were evaluated through peptide docking tool. Molecular docking results
show that the binding affinity of these peptides with different HLA moleculesis
within the range of natural peptides. One peptide fragment was synthesized and
analysed for its immunogenic property through PBMC proliferation assay in-
vitro. Thus the study contributes a few peptide targets in CEA which may be

considered as candidates for cancer vaccine design.
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Chapter 1: INTRODUCTION

The International Agency for Research on Cancer (IARC) accounted 8.2 million cancer
deaths and 14.1 million new cancer cases worldwide in 2012. They predicted 13 million
cancer deaths worldwide by 2030.Cancer includes about 200 forms of malady that share two
common characteristics viz. uncontrolled growth and the capability to breach tissues hence
damaging them (CRI, 2003). Cancer treatment has evolved over the years with the advent of
radiotherapy and chemotherapy which provided a solution but wasn’t satisfactory.
Researchers recognized the potential of the immune cells for therapeutic treatment against
cancer. They also established the fact that the immune system normally is unable to fight
against cancer because the tumors do not activate the immune system efficiently enough to
produce either humora or cell mediated response against them. Anti-tumor monoclonal
antibodies, adoptive T cell transfer by ex-vivo numeral expansion and vaccination are the
immunotherapeutic approaches that have paved a novel path in cancer treatment field
(Gajewski et a., 2012).

Anti-cancer vaccination has been the most impressive and effective ways of
treatment as it trains the immune system to specifically destroy the tumor cells. The only
FDA approved therapeutic vaccine is Sipuleucel-T (Provenge™), It is a dendritic cell vaccine
which is used against prostate cancer. In this approach, dendritic cells from patients are
collected and re-injected back after labelling with the prostate acidic protein thereby inducing
the T-cell response against cancer (Guo et al.,2013).The limitation to these kinds of vaccines
is that they are specific to a person and are not effective against a larger population.This
challenge is overcome with the utilisation of peptide vaccines which provide an opportunity
to target a wide range of population through one single vaccine formulation. The ease in
production, small size, chemical stability and biocompatility of the peptide certifies the
peptide vaccine to be counted amongst the most desired cancer therapies (Patronov and
Doytchinova,2012).With the discovery of Tumor associated antigens (TAAS), targeting
cancerous cells through vaccination has been made possible. TAAs are specific cancerous
cell markers which are recognized by the immune cells and induce them to kill the tumor.
Severa categories of tumor antigens have been described and a peptide database available at
cancer immunity web site has reported 403 well defined tumor antigenic peptides till 2013
(Vigneron et a., 2013). TAAs such as tyrosinase, gpl00, Carcinoembryonic antigen,

MART1/Melan-A, NY-ESO-1, p53 and HER2/neu proteins have been reported to contribute
11




cytotoxic T cell epitopes that would lead to the destruction of cancerous cells (Kobayashi et
a., 2002). Many of these peptides have been considered as potential targets for vaccine
formulation and are reported to be studied at different stages of clinical trials.
Carcinoembryonic antigen (CEA) protein has emerged as a potential target for vaccination
against cancer as links have been found between its rising levels with the increasing growth
of various tumors like colorectal cancer, head and neck cancer, non small cell lung
carcinomas, pancreatic carcinomas, breast cancer and gastrointestinal cancers (Campi et
al.,2003). The CEA is a glycolipid rich transmembrane protein of molecular weight 180kd
(Ojimaet a., 2006). The use of a recombinant vacciniaCEA vaccine in patients to generate
human cytotoxic T lymphocytes(CTLs)against the CEA  epitopes(Tsang et
al.,1995),b)autologous dendritic cells bearing CEA peptide in malignant patients to develop
CEA specific T cell response (Nair et a.,1999), c) anti idiotype antibody vaccine to generate
immune response against patients having raised CEA protein(Foon et al.,1995) and many
similar cases were reported over the years which validated the potential of CEA protein to
contribute immunogenic epitopes.
An immunoinformatic approach which included epitope prediction softwares was carried out
to identify promising peptide fragments from the whole CEA protein. These prediction
softwares determined epitopes based on the protein sequence and their 3D structure. Among
these in-silico determined peptides only the ones which were anticipated to promote both B
cell and T cell mediated response are the ones believed to be most efficient and acceptable as
candidate for vaccine design. Further in-vitro and in-vivo experimentation of these peptidesin
simulated environment and animal models would help it to proceed for clinical trials.
Considering CEA protein as afavourable vaccine target as reported by many research studies,
the present study focuses on finding of peptides containing multiple epitopes in this protein
based on immunoinformatics approach. With the help of different in-silico tools, peptide
candidates were perceived that bear the capability to activate immune responses. These
determined peptides were further validated by analysing their binding efficiency different
HLA class| and Il based on molecular docking approach.
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Chapter 2: REVIEW OF LITERATURE

Cancer is a global public health problem causing deaths worldwide. There are about 100
different types of cancer identified till date. Among the maor ailments, the annual death
count due to cancer is only next to cardiovascular diseases (CDC, 2016). According to the
International Agency for Research on Cancer (IARC), in the year 2014, fourteen million
cancer cases were reported worldwide, of which eight million cases were recorded from the
part of the world which consisted of 82% of the world’s population. However, it is expected
that cancer shall be the leading cause of deathsin afew years (Siegd et al., 2015). Cancer is
characterized by abnormal growth of cells and their ability to damage other tissues leading to
the generation of tumor lumps, vascularization and metastasis. Over the years, advances have
been made in the treatment of metastatic cancers using surgery, radiotherapy, chemotherapy
and targeted therapies but significant amelioration in the survival rates is yet to be achieved.
Thus, immunotherapy has emerged as an alternative approach in the field of cancer treatment
(Gajewski et a., 2012).

After years of research, scientists have come to the conclusion that our immune system is the
perfect weapon to fight cancer because of its remarkable specificity. Antigen recognition is
the striking property of the immune system which makesit so specific and at the sametime, it
has attracted investigators to look at the immune-based therapy as a possible treatment for
cancer. The tumor associated antigens that are exclusively present on the cancer cells paved
the way to success, for the development of targeted vaccines and approaches mediated
through T cells directed against tumors. Moreover the awareness about the relationship
between the patient’s immune response and the growing tumor brought forth abundant scope
for this specific cancer immunotherapy. It has been studied that the immune cells do respond
against the tumor cells but their action gets suppressed when the tumor cells outnumber them.
Hence aprimary aim of this therapy has been to elevate the count of tumor antigen-specific T
cells. Immunotherapy is the novel field in cancer treatment that has made shown promising
results in treating cancer. Cancer immunotherapy includes two crucia propositions viz. the
administration of antigen-specific vaccines and adoptive transfer of anti-tumor T cells
(http://www.cancerresearch.org).

13
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2.1 Cancer vaccines

The efficacy of different types of vaccines against various cancer types has been studied.
These vaccines may include peptides, proteins, recombinant viruses and microorganisms,
killed tumor cells and peptide activated dendritic cells (Table 1) (Schiom, 2012).

Tablel: Different vaccination approaches that have been used against cancers.

V accination approaches Cancer type References
1)Peptides/proteins
Peptide Melanoma Schwartzentruber et al., 2011 and
Disiset al., 2011

Lung Butts et al., 2005
Protein Melanoma Karbach et a., 2011
Antibody Lymphoma Schuster et a., 2011
Glycoprotein Melanoma Gilewski et a., 2007
2)Recombinant vectors
Poxvirus Prostrate Moss et al., 1996
Saccharomyces cerevisiae (yeast) | Pancreatic Wangley et al., 2008
Listeria Pancreatic Singh et a., 2006
adenoviruses Carcinoma MacDonald et al., 2000
3) Tumor Cells
Autologous Colon, Hoover et a., 1993

melanoma Luiten et al., 2005
Autologous tumor cell fusion Myeloma Avigan et a., 2004
Allogeneic Pancrestic Lutzetal., 2011
4)Antigen presenting cellsS(APCs)
APC-protein Prostrate Higano et al., 2009
Dendritic cell-peptide Glioma Banchereau et al., 2001

A cancer vaccine is required to induce antigen specific CD4" T helper cells that lead to the
production of cytokines which enhances cytotoxic T lymphocyte (CTL) activity and antigen
specific CD8'T cells that which indulges in tumor lysis. Hence they are able to mount a
strong attack against the cancerous cells. These features make immunotherapy the most

reliable one in the field of cancer treatment. Till date, only one immunotherapeutic cancer
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vaccine, Provenge® (Sipuleucel-T) for the treatment of prostate cancer has received FDA
approval (Kantoff et a., 2010).

2.2 Tumor associated antigen Peptides and their T-Cell | mmunogenicity

Research works carried out in the last few decades ascertained the fact that peptide vaccines
are the most effective considered to other vaccination methods. The sequencing of the human
genome has led to the revelation of many novel proteins, some of which can act as aplausible
target against tumor cells. Intracellular processing of proteins forms short peptides of mainly
8-10 and 13-20 amino acids which bind with class | and 1l HLA molecules respectively
(human leukocyte antigen). HLA | present peptides on the surface of all nucleated cells while
HLA 11 on antigen presenting cells. Studies revealed that divergent HLA alleles bind only
those peptides that share preserved amino acid residues at particular positions (Falk et al.,
1991). Crystalographic studies of the peptide and receptor binding sites reveaed
conformational similarity for both class | and Il molecules. HLA class | molecules generally
bind at the terminals of the bound peptide, leaving the middle region (Singh and Raghava,
2001). These interactions between the peptide binding groove and the amino and carboxyl
terminal restricts the peptide to interact with only 8-10 amino acid residues. In case of class ||
molecules, the peptide binding groove is open at the terminals and the peptides can interact
with a more variable length of 10-28amino acids (Singh and Raghava, 2001). The capability
of the peptide to bind with the appropriate HLA allele is facilitated by the location and
chemical character of the amino acids and thisis declared as the peptide binding motif. The T
lymphocytes can recognize the peptide-HLA complex with the help of the T cell receptors
(TCRs) present on their surface. The T cell response generated by a tumor associated antigen
(TAA) peptide is determined by its ability to bind HLA allele as well as the affinity of the
peptide HLA complex affinity towards TCR. A number of TAAs and their peptides that are
recognized by tumor-specific T cells have been identified through different methods. In 1991,
first TAA was reported from melanoma antigen-1 (MAGE-1) protein (Van der et al., 1991).
MAGE-1 protein nonamer peptide was diagnosed by human leukocyte antigen (HLA)-Al
restricted CD8+ T cells in the following year by Traversari et a., 1992. TAAs identified so
far are generally expressed by melanomawhile only afew of these identified TAAs are found
to be expressed in other common tumors such as breast, lung, colon, pancreatic and gastric
tumors express. In addition, only afew HLA alleles that are universally present throughout a
population do spot the known TAA epitopes, limiting the number of epitopes for recognition
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by T cells. Henceforth patients are HLA typed so that they can resort to the appropriate
peptide as distinct polymorphic class | molecules express disparate peptides on them.
Investigation of the patient tumor has been carried out in parallel to identify the antigens of
interest. Therefore such studies require the consideration of both the above parameters. For a
vaccine to generate an effective response, it is desired to activate both antibody dependant
and cell mediated immunity. It has been found that some TAA peptides like Her-2/neu that
are expressed on neoplastic cells, induce both antibody mediated and cell mediated immune
response (Jager et a.1998). Some of the other well known TAAs that fall in this category
include Carcinoembryonic antigen(CEA)(von Mehren et a.,2000), New Y ork-esophagus-1
antigen (NY-ESO-1)(Cabalero et a.,2000),MART-1, gpl00, MELAN A(de Vries et
al.,2001), prostate-specific antigen(PSA)(Gulley et a.,2010), MUC1, mutated antigen k-Ras
and p53(Wolfel et al.,1995).

2.3 Carcinoembryonic antigen

Carcinoembryonic antigen (CEA) was initially isolated from a colon carcinoma specimen in
1965 by Gold and Freedman. Human CEA is a 180kDa glycoprotein commonly expressed in
carcinomas of the colon, breast and lung (Averbach and Sugarbaker, 1995). Generdly it is
found at high levelsin the fetal colon and low levelsin normal adult. Also, elevated levels of
CEA have been observed in individuals having tumor. CEA is also expressed by epithelia
cellsin non malignant diseases including pancreatitis, cirrhosis, hepatitis, bronchitis and renal
failure (Jothy et.a., 1986). This fact makes the serum CEA determination method
controversial for screening of cancer. But the discrepancies were removed with the discovery
of various other proteins like Pregnancy specific protein and biliary glycoprotein which are a
part of the CEA gene family but are not identical to CEA protein. CEA is considered to be
one of the most important tumor markers for both diagnostic and prognostic matters.

2.3.1 CEA genefamily

Till date 24 genes and pseudogenes of the human CEA gene family have been discovered. This

gene family can be divided into 3 subgroups based on their nucleotide sequence similarity.

16




1. The CEA subgroup contains 12 members. Seven of these members are expressed while the others
are pseudogenes (CGM8, CGM9, CGM 10, CGM11 and CGM12).

2. The Pregnancy specific protein (PSG) subgroup containing 11members where all of them are
expressed.

3. Thethird subgroup contains six members where al are pseudogenes (CGM 13 to CGM 18).

The CEA family is loacalized on the chromosome 19, with 1.8 Mb regions between CY 2A and
D19S15 (Thompson et al., 2001).The PSG and 3™ subgroup genes are located terminal to the
CEA genes. These two clusters of genes (250kb and 850kb) are separated by a region of approx
700kb.The 3" subgroup genes are distributed in between the PSG genes.

At the extreme end of the CEA protein chain, there is an amino termina domain
continued with three disulfide linked repeating domains of 178 amino acids which share extensive
sequence similarity with immunoglobulin gene family depicting an evolutionary connection. The
hydrophobic carboxyl terminal segment lies at the other end of the chain serving as the domain
anchored within the membrane. Two Ig domains are seen here — an N-terminal domain consisting
of 108 residues that is similar to the Ig variable domain and six domains similar to the Ig constant

domain.

The CEA members are attached to the cell surface membrane via two kinds of
attachment. BGP, CGM7 and CGM1 comprise of a trans-membrane domain that is hydrophobic
followed by a cytoplasmic domain (CYT). While, CEA, CGM6, CGM2 &NCA are attached
through a glycosylphosphatidylinositol moiety. The most important difference between CEA and
PSG is that CEA remains attached to the transmembrane while the PSG molecules are secreted
out of the cell and remains as a free molecule. A short hydrophilic tail present in the PSGs helps

them to get exported secretory vesiclesto the maternal circulation (Hammarstrom , 1999).
Two features that are observed in al expressed CEA genes are-
e They comprise of an amino domain with the absence of intra chain disulfide linkage.

e The molecules are heavily glycosylated on the asparagine residues. Carbohydrate composition

can be upto 50% of the total mass.

The genes of this family contain both housekeeping and regulated genes.
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2.3.2 Function of CEA family genes

Different proteins of CEA family play various roles. CEACAMs or CEA related adhesion
molecules perform a crucial part in the cell to cell adhesion where it’s necessary to transport cells
through the functional organs during embryonic development (Paviopoulou et al.,2014).This
family also serves as receptors for pathogens of bacterial and viral origin such as Haemophilus
influenza, Nisseria gonorrhoea etc. They bind to these proteins with help of their IgV like N-
terminal domain (Bos et al., 2002).PSG protein secreted from the trophoblasts of fetus is expected

to monitor the interactions between mother and fetus during pregnancy.
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Figure 1 . The gene structure of the CEA gene family and the molecular structure depicting
the three repeated domains and glycosylated sites of CEA protein. The chromosome idiogram
pointed out the g13.2 region as the location of the CEA family. Locations of all the 29

individual members are indicated.(Hammarstrom., 1999)

2.3.3 CEA —apotential tumor marker

During theinitial fetal developmental stage, CEA is found in the epithelial cells, colon cells, cells
of mucous, neck and pyloric cells. CEA is an adhesion molecule which plays different functions
in normal and neoplastic colon tissue. It helps to differentiate the localization of two tissues.The

intercellular adhesion is interrupted due to the modified pattern of localization in tumor cells
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leading to movement and unregulated growth of malignant cells,thus clearly indicating its purpose
in the evolution of the metastatic disease. Ordonez et al.,(1998) showed that CEA inhibits cell
death and established that it helps several proto oncogenes(as BCL2 and c-myc)in cellular
transformation.CEA has been found to be immunogenic according to several reports.Its potential
to generate a T cell response was firstly observed in individuals with colon cancer. It has been
already reported that a few CEA epitopes have been recognized by CD8" T cells (Tsanget 4.,
1995 & Nukaya et al., 1999) and CD4" T cells (Kobyashi et al., 2002).The reasons that make
CEA apotential target for immunotherapeutic purposes are its stability,its restricted expression in
normal adult tissue while raised levels in positive tumors and lastly its immunogenicity. Other
CEA like proteins viz.BGP (biliary glycoprotein) & NCA (non cross reactive antigen) are present
in higher levels in the blood of a normal adult as compared to CEA and thus, are unlikely to be
used as critical markers.

2.4 Occurence of CEA in different tumors

Many tumor markers have been identified till date but CEA is one of the few which has been
characterized and traced in a vast number of tumors. It has also been considered as a standard for

comparison of new serum markers.
2.4.1 Breast Cancer

CEA has been reported in breast tumors by many research groups including Harvey et al who
determined the existence of CEA in considerable amount in metastatic liver of primary breast
cancer patients. In a study, it was reported that of the 124 patients with primary breast cancer
,11% showed an elevated level of CEA.A study by the same group showed that in 45 cases of
recurrences of breast cancer, 47% of the patients showed an increase in the CEA level (O'Dwyer et
al.,2009).It has been proved by severa researchers that any increase or decrease in the CEA level
reflects the progression or regression of the disease. Thus CEA has been stated to be useful in the
postsurgical follow up of breast cancer patients for diagnosis of reoccurrence and for monitoring
of response to treatment (Nicoliniet al., 2006).

2.4.2 Colon Cancer

Patients at the initial stages of colon cancer have a low sensitivity for CEA but the sensitivity
increases with the growing stages of the disease.Winawer et a., 2003 studied every stage of the
disease and did the anaysis for the sensitivity and specificity at each stage. The sensitivity was
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accounted to be 36% and specificity to be 87% for a CEA greater than 2.5 ng/mL in patients at
stage | and Il of the disease. The sensitivity for stages Il and IV of the disease having similar
CEA levels was found to be 74% and 83%, respectively. Investigation shows that colorectal
cancers that are well differentiated produce greater amount of CEA per gram of total protein than
the poorly differentiated cancers. For instance, a recent report has shown average concentrations
of CEA in colorectal tumors that may be categorized as well-differentiated, moderately
differentiated, and poorly differentiated to account to 18.0, 5.5, and 2.2 mg/g of protein,
respectively.

2.4.3 Head and Neck Cancer
The head and neck cancer (HNC) has been estimated to account for 4% of al the cancers

occurring in the United States and many other parts of the world each year. A study showed that
out of 69 cases of squamous cell carcinoma (SCC) of the head and neck, the majority responded
to be positive for CEA when an immunohistochemical analysis of their tumor tissue was
performed using COL-1,a CEA specific monoclona antibody(Kass et al.,2002). Yanagawa T et
al., 1986 checked the presence of CEA in 45 squamous cell neck and head cancers in which 19
showed a positive response for the presence of CEA. The levels of plasma CEA was determined
to be upraised remarkably in the stage-1V patients only. It was aso noted that three patients who
had plasma CEA values greater than 5 ng/ml before the therapy exhibited a CEA level decrease
to below 2.5 ng/ml with the cancer treatment leading to complete remission. These facts clearly

denoted CEA to be atumor marker for squamous cell head and neck cancer.

2.4.4 Lung Cancer
A report presented the data that 69% and 68% of CEA sensitivity and specificity respectively was

diagnosed in lung cancer patients. Study was carried out to determine the CEA levels in lung
cancer patients where the standard level of CEA was considered to be 3.2 ng/mL. This study tells
that the number of patients having increased levels than the usual cut-off level were 453 (69%) in
lung cancer (Zateska et a., 2010). The increase in the level of CEA is dependent on the stage at
which the cancer exists. It has been reported that 60% of the patients in the stage | and |1 showed
CEA levels greater than the standard quantity while 78% of the patients in the stage Ill and 1V
showed increased levels of CEA.
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25|MMUNOINFORMATICS

Immunological research has been immensely augmented by the accelerating growth of

different techniques and applications in the field of bioinformatics. This drive has led the
field of computation immunology towards prosperity along with the immunology dependant
resources and software which help in interpreting the properties of the immune system
(Brusic et al., 2005).This has brought forth the inception of a new field entitled as
immunoinformatics.

This field accelerates the time involved in the process and reduces the cost needed for
laboratory analysis by focusing mainly on the research and formulation of algorithms that
potentially maps B- and T-cell epitopes. Discovery of new vaccines can thus be established
by analyzing the sequences having potentia binding sites with the support of these
immunoinformatics tools and information. This method of predicting the prospective
antigenic proteins or peptides from the whole genome of an organism is defined as ‘reverse
vaccinology’(Tomar et a.,2010).1dentification of structural binding motifs, matrix driven
methods, protein threading, docking techniques,homology modelling,QSAR analysis and
design of various machine learning algorithms are the different approaches in this field. New
and upgraded algorithms and tools make the process painless by enhancing the predictive
performance unlike old days when these techniques deduced the sequence characteristics
only. These prediction model development programs can be classified into @) sequence based
methods that explore the amino acid sequence and b) structure based method that retrieve the

information from the three-dimensional arrangement of the proteins.

25.1SEQUENCE BASED METHODS
The presentation of potential epitopes by HLA class | and |1 involves protein degradation,

relocation of peptides to the endoplasmic reticulum ( HLA-1), compartmental cleavage of
lysosomes ( HLA-II), binding of antigento HLA | and HLA Il binding with antigen, HLA
haplotype specificity, and T cell receptor identification. Each of these steps are predicted via
different algorithms along with combination algorithms which incorporate the individual

predictions too. The essential steps comprised in these techniques areillustrated below.

2.5.1.1 Protein cleavage

Protein degradation is the initial step that depends on the proteosome complex. Cleavage
prediction programmes are trained utilizing two sources of data. One involves the peptide
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sequences developed from the in vivo degradation of particular proteins. Digestion assays
carried out in the laboratory indicate that despite of the presence of favoured cleavage sites,
the protein is available for cleavage at random sites resulting in formation of a pool of
peptides which might be overlapping. The fact that only few proteins have been studied in
this way and a huge set of data reviewing other existing proteins needs to be investigated
brings out the limitation of this high-quality data. The other resource of data is the naturaly
presented peptides separated from HLA proteins that are assumed to be cleaved by the
proteosome complex and thereby prove suitable to train predictors in union with the source
protein sequences. Here, the limiting factor is that when a resulting peptide does not bind to

HLA, protein cleavage sites are missed and the protein is not included in the peptide dataset.

2.5.1.2 Transporter associated with antigen processing

The next step is the transportation of the cleaved peptide sequences into the endoplasmic
reticulum via TAP protein. Tapastin, careticulin and ERp57 are the proteins that help in
accomplishing this job (Abele et al.,2004).The deciphering of the motif of human TAP for
peptide binding through combinatorial libraries has indicated its preference for particular
amino acids at particular positions.

The fina step in antigen presentation is the binding to HLA molecule.
This is the most restraining step involved in antigen presentation. It is observed that less than
1% peptides bind a given HLA class | alele with energy sufficient to evoke a CTL response
(Yewdell et al., 1999). HLA peptide binding has been predicted by various approaches and
ways deduced for overall prediction of the entire presentation pathway.The arrangement of
suitable amino acids at the particular peptide anchoring sites is characterized as a motif. With
the help of a predefined motif library the amino acid sequence of a peptide is screened for
motifs. Thus, HLA binding motifs for a particular peptide is identified by comparing the
known binders and non binders. SYFPEITHI is a well known epitope prediction tool which
has been developed based on the motif search approach (Rammensee et al., 1999 and De
Groot et a., 2001). This method evaluates the immunogenicity of peptides by scoring them.
For describing non linear data and supplying convenient method to sort relationships,
researchers have come up with a new approach described as the artificial neura networks
(ANNSs). Utilizing the fundamentals of this model, the NetCTL server carries out the
prediction of HLA class | binding peptides, C-terminal cleavage at the proteosome complex
and transport efficiency associated with TAP transporter protein. This program has been
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efficiently trained with the data of 67 HLA aleles and 55 HLA peptides.BIMAS is another
peptide prediction tool that is based on the Quantitative matrix (QM) method (Parker et al.,
1994). QM is a linear model with an advantage that it covers a vast range of potential
peptides. BIMAS and SYFPEITHI servers are not only good performers in the prediction of

known epitopes, but are quite impressive in search for novel epitopes.

2.5.2STRUCTURE BASED METHODS

Rather than relying on binding data and sequence related information, these methods choose
to exploit the structural information and further work in alliance with computational methods
developed in structura biology field for prediction of potential good binders. Geometric and
electrostatic adjustment of the receptor and ligand are an essential aspect for a stable complex
formation proving to be crucia point for the antigenic peptide recognition by the HLA
molecules. Residues convenient for the binding are deduced when peptides are aligned along
sequences previously known to bind a given HLA molecule. The structure based methods
generaly involves the following stepsillustrated below.

2.5.2.1 Peptidelibrary screening for peptide docking

Screening of peptide library and ligand docking are the techniques commonly used in the
field of drug design which are purposeful for bioinformatics. HLA class || models were also
designed by anayzing the overall peptide affinity of a given amino acid (Davenport et
al.,1995).The frequency in which the amino acid is present in a certain position was noted.
Stryhn et al., (1996) studied the peptide library to anayse the specificities of peptide as HLA
class | binders. The main purpose of simulation in docking is to search every possible
tranglational, rotational and conformational proximity of a given pair of ligand and receptor
pair and calculate their relative binding energy. The peptide structures are at first modelled
through different bioinformatic tools (eg. PEPFOLD) and then are docked to the binding
groove. Docking aso helps in studying the synergy between the T cell receptor and the HLA
ligand complex. An approach of docking which included the following steps (i) anchor
residue docking; (ii) arrangement of the peptide backbone in the binding groove; and (iii)
adjustment of the final position of the peptide and its side chains, showed improvement in
accuracy. The prediction accuracy supremely depends on the structural information
accessible for the receptor and correctly modelled structure of the peptide.
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2.5.2.2T hreading algorithms

Threading algorithms that rely on information hel ps distinguish between the binding and non-
binding peptides for a distinct HLA molecule. Inputs of each amino acid residue throughout
the peptide that urges them to adhere the binding groove of HLA molecule are taken into
account by these algorithms. These algorithms use threading to identify the peptides’
anatomy by rearranging them over the known framework from X-ray study of HLA
complexes. Combining the individual score of each amino acid at every single position the
overal binding affinity is calculated (Altuvia et al., 1997). Higher affinity is designated by
lower score of the peptide. Inspite of the close enough similarity between the standard and
tested peptides the orientation of some side chains in different directions worsen the
predictability thus emerging as a shortcoming for these agorithms ( Patronov et al.,2013).

2.5.2.3 Binding ener gy and molecular dynamics

This method recognizes epitopes by calculating the Gibbs free energy while the complex
formation between ligand and receptor and this is described as energy difference of the free
and the bound peptide (Sezerman et a., 1997and Zhang et a.,2000).With help of scoring
functions or molecular dynamics (MD) simulations comparison of the free energies of two
peptides can be done which would lead to the identification of epitopes. This method is used
for studying the binding of synthetic peptides (Scapozza. et a., 1995).A maor flaw noted in
this method is that due to huge amount of time and computational power required it cannot be
accessed online.

2.6 I n-vitro analysis of immunogenicity

Though in-silico approaches aids the peptide search process for vaccine design to afar extent
but without undergoing the in-vitro and in vivo tests they completely cannot qualify as
potential vaccine targets. Thus the in silico determined peptides are tested in vitro for their
immunogenicity response on naive lymphocytes collected from headthy individuals.
Limitations to the algorithm-based prediction programmes: (i) there may be epitopes which
are tolerant to T cell response and access to them is restricted, (ii)amino acids in the
neighbour of the functional region or outside the nonamer can influence the response which
remains undetectable (iii)there is less knowledge about the stability of the peptidein the HLA
pocket , (iv)whether the peptide is able to gather the T cell activation thresholds v)B cell
response and lastly vi) post translational modifications can lead to misfolding of the protein
that are not predicted by these sequence based algorithms. The software predicted peptides
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are quite often found inefficient to mount a quality immune response and thus it is evident to
check the immunogenic potential of these peptides. The main purpose of thisin vitro analysis
is to determine whether these peptide have the ability to induce immune response. This is
generaly done by collecting the peripheral blood mononuclear cells (PBMCs) from heathy
donors, harvesting them and challenging them with target peptide stimulation. Within the
body, when the epitopes of TAASs are expressed on the APCs in aid with the HLA class Il
molecules then CD4+ cells are activated and they release chemical messengers such as the
cytokine,IL-2 and gamma interferon (IFN-g).The CD4'T cells helps the immune system to
build up an army of antibodies against the TAA epitopes. These messengers further helpsin
proliferation of the lymphocytes activating the CD8'T cells. These cells tend to recognize the
HLA class | antigen complex on the cancerous cells and secrete perforins and granzymes that
lyse the cancerous cells. The T memory cells are generated which on further attack can
immediately take action and degrade the tumors. In in-vitro culture, IL2 is provided
externally to the lymphocytes to mimic the environment of the lymph node. The response is
estimated in the form of cytokines produced by the cultured PBMCs which is measured
through an ELISA test and the cell viability is estimated through MTT test.
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Chapter 3: MATERIALSAND METHODS

3.1 Sequence Retrieval

The full length sequence of our target protein Carcinoembryonic antigen (CEA) was retrieved
from the NCBI protein database bearing accession version AAA51967.1(Barnett et a., 1988).

3.2 Prediction of HLA Class| binding epitopes

HLA class | molecules bind to epitopes, expresses itself on the surface of nucleated cell. This
HLA-peptide complex binds to the T cell receptor on the surface of CD8" T cells. In general,
these epitopes are derived from endogenous intracellular proteins formed by proteasome-
mediated cleavage of proteins in the cytosol. The HLA class | molecules bound peptides
commonly have a length of nine amino acids and they contain specific amino acid residues
that appear to be essential for binding to a particular HLA molecule. Three different epitope
prediction tool were employed to predict HLA class | epitopes.

321 NetCTL 1.2 Server

The NetCTL is a prediction tool developed by the Center for Biological Sequence Analysis
(CBS) at the Technical University of Denmark (Larsen et al., 2007). This tool determines the
HLA peptide binding using the artificial neural network algorithm while the efficiency of
transportation through TAP is predicted via weight matrix based method. This tool predicts
the HLA class | binding epitopes for 12 different supertypes of HLA class | (HLA A and B).
It has been trained for 886 known ligands of the HLA class | type. The method carries out the
separate prediction of cleavage of the protein carboxyl terminal and efficiency of the TAP
transporter molecule and finally binding of HLA class | with the peptide. At last integrating
the scores from the three individual predictions as a weighted sum and taking a relative
weight 1 for peptide HLA binding the combined score is displayed in the output result. The
outcome appears in the form of 1C50 values which is a log transformed value in nM units.
The weight on the C terminal cleavage and TAP transport efficiency was set as 0.15 and 0.05
respectively in our experiment. The server after analysing the binding of more than 800
known ligands with HLA | have come up with a list of the sensitivity of the tool for the
different threshold values of identifying the peptides were taken. Following this list we have
taken the threshold value greater than 0.75 for which the sensitivity calculated is 0.80.
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3.2.2. BIMAS

Bioinformatics and Molecular Analysis Section (BIMAS) is developed at the Centre of
Information Technology of National Institute of Health (Parker et al., 1994).The tool has
been trained for 152 peptides. Using this binding data and the position of these peptides on
the epitope it predicts the potential epitopes. BIMAS predicts the binding of epitopes for 33
different HLAs. It mainly calculates the binding affinity in terms of half-time of dissociation
of thef2 microgobulin from class] HLA molecules. Of the 152 peptides, 80 peptides that
have been included have shown a half-life of binding with B2 microglobulin more than 5 min
and are used for the prediction of epitopes. While the rest 72 peptides having half-life less
than 5 min have been introduced in order to knock out the false prediction. The tool has been
programmed to identify 8-mer, 9-mer or 10-mer peptides. The threshold value for epitope
prediction was taken as Ty, equal to 50.

3.2.3SYFPEITHI

This tool determines the HLA binding potential epitopes by evaluating every amino acid of
the peptide (Rammensee et al., 1999). It dedicates an arbitrary value 1 to amino acids that are
least preferred in the respective position while avaue 15 for residues that optimal in terms of
preference. Thus each amino acid residue is dedicated a score in between these two values.
Residues which harm the binding capacity at a certain sequence position are given negative
values. The frequency of an amino acid residue in natural ligands, T cell epitopes or binding
peptides determines the allotment of values. Threshold value taken for epitope prediction was
set to 20.

The epitopes predicted by all the three tools were taken for further consideration.

3.2 Prediction of HLA Class || binding epitopes

The CD4 restricted T cell epitopes are the ones which are presented on the antigen presenting
cells (APCs) by HLA class Il molecules. These HLA molecules induces cellular and humora
immune response through display of extra cellular peptides to T-helper cells through the
release of chemicals like cytokines and inducing the growth of lymphocytes thereby
activating the CD8'T cells. Thus identification of these peptides HLA binding which can
clarify the host pathogen interaction needs to be exposed. Various tools have been designed
over the years to predict these CD4" T cell epitopes. We have identified these epitopes with
the help of three such prediction tools.
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3.3.1NetMHCII 2.2 Server

This server has been been developed by the Center for Biological Sequence Analysis (CBS)
at the Technical University of Denmark (Nielsen and Lund, 2009). This server predicts the
binding of human HLA class Il molecules (HLA-DQ, HLA-DP and HLA-DR) utilising the
artificial neural network algorithm. 14 HLA-DR alleles with their 9 supertypes, 6 HLA-DQ
and 6 HLA-DP are included within this tool for which the peptide bindings are predicted. The
results are given in the form of 1C50 values in nM units. The results aso show that which
method and HLA alleles were selected along with two threshold values, which declares the
high binding and weak binding peptides. Peptides with 1C50 value less than 50nM are
defined as high binding peptides while an 1C50 value less than 500nM defines it as weak
binding peptide. Here we have considered only the strong binder peptides.

3.3.2 PROPRED

This tool has been developed by the Bioinformatics centre at IMTECH (Singh and Raghava,
2001). The tool carries on the prediction programme utilising the Quantitative matrices
algorithm acquired from the literature published by Sturniolo et al., 1999. The literature
provides a table where amino acid positions for the epitopes have been reported. Predictions
are performed by the tool with reference to that table. The tool sets a percentage threshold
parameter which defines the 'percentage of best scoring natural peptides. This indicated that
setting the threshold of 1% would return the peptides for any protein sequence which are
ranked in the 1% best scoring natural peptides. The percentage threshold was set at 3% for

the present work.

3.3.3|EDB SMM Align

IEDB stands for Immune Epitope Database. IEDB SMM-Align is a tool of IEDB anaysis
resource which predicts HLA Class Il binding epitopes. It follows SMM-QM (Stabilized
Matrix Method-Quantitative Matrices) algorithm for prediction which is a modification of
origina Quantitative matrices (Nielsen et a., 2007). IEDB SMM-Align identifies the HLA
class Il binding motif in terms of a position specific weight matrix. The output of the SMM -
Align method is IC50 binding affinity values, enabling direct readout of the peptide-HLA
binding affinity. The lower the IC50 if the peptide the higher will be peptide-HLA binding
affinity. Here peptides with an IC50 range less than 50nM are designated to be high affinity
peptides while the one having scores less than 5000nM are said to low affinity higher affinity
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is indicated through a low output score. Threshold for epitope identification was taken as
IC50<500.

Common epitopes predicted by al the three tools were selected.

3.4 BLAST Screening

In order to avoid any similarity of the peptides with any annotated human protein other than
CEA BLASTp analysis was performed for epitopes predicted to bind HLA class | and Il
respectively (Altschul et a., 1990). The peptides showing similarity in 7 out of 9 amino acids
without gap or mismatch were eliminated thus ruling out any possibility of development of
autoimmune response against any human functional protein. The epitopes obtained after
blastp analysis having overlapping sequences were merged together to generate single

peptide fragment containing single or multiple CD8" and CD4" T cell epitope.

3.5 Population Coverage Analysis

An epitope can dlicit an effective immune response only in individuals which express the
HLA molecule that will bind that epitope specificaly. HLA molecules are highly
polymorphic and a diverse range of HLA aleles exists among the individuals of different
races and geographical locations. The study for vaccine target identification aims to select
peptides with multiple epitopes having different HLA binding specificities that alow the
coverage of wide population. The subject of HLA polymorphism further adds complication
as different HLA types are observed to be present in variable frequencies in individuals of
different ethnicities and geographical zones. The tool is employed to calculate the percentage
of individuals expected to respond to the predicted epitope with reference to HLA genotypic
frequencies and HLA binding data (Bui et al. 2005). The Allele Frequency database
(http://www.allel efrequencies.net/) provides the genotypic frequencies of the HLA allele.
Population coverage was calculated for the individuals of 20 ethnicities and 16 different
geographical areas.

3.6 Molecular Docking

Molecular Docking is a structure based technique to analyse the binding of HLA with various
peptides. AutodockVinatool was used for docking HLA with the peptides (Trott et al., 2009).
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3.6.1 Peptide structur e generation

The structure of the epitopes from their amino acid sequence were predicted for CD8+ T cell
epitopes and peptide containing multiple CD4"™ T cell epitopes employing peptide structure
prediction server PEP-FOLD (Shen et a.,2014). The server is capable of running upto 100
simulations for an amino acid sequence and returns the 5 best models predicted. The tool
accepts a sequence of maximum 36 amino acid residues. Structure prediction was done for
eight CD8+ T cell epitopes and six peptides having CD4" T cell epitopes.

3.6.2 Native peptide separation from HL A molecule

The Protein Data Bank (PDB) is a depository of the three dimensional crystallographic
structure of Proteins (Berman et a., 2000). Ten high resolution crystallographic structures
each for HLA class | and HLA class Il structures were downloaded from PDB. HLAS are
generaly available as HLA-peptide complex with their native peptides in the crystallized
form. Using Discovery Studio V4.1, native ligand (peptide) was separated from HLA
molecules. Also, during the separation process, water molecules and heteroatoms are
removed from the crystal using various editing options. Hydrogen atoms are added to the
separated native peptide and HLA molecules. The resultant HLA molecule and peptide is
saved in PDB format.

3.6.3 AutoDockVina and AutoDock Tools

AutoDockVina have been developed in the Molecular Graphics Lab at The Scripps Research
Institute. AutoDockVina treats the docking procedure as assuming global opimization of the
scoring function, internal deduction of the grid maps and other implementation ways. It uses
a particular type of structure format (PDBQT) to access maximum compatibility with
auxiliary software. AutoDock Toolsisincluded within the MGL Tools software package. Itis
used to obtain input files in the format compatible (PDBQT files) for AutoDockVina. It aso
helps in viewing the results and analyzes the output file. PDB file of receptors (HLA
molecules) and ligands (predicted epitopes/peptides and the native HLA peptides) were
opened in Auto Dock tools software and saved in PDBQT. Using the grid options widget in
AutoDock tools software search space for docking is defined in the receptor. A configuration

file labelled “conf.txt” is created, which contains the information regarding the dimensions
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and location of grid (co-ordinates) along with name of receptor and ligand file. Following is

an example of grid file.

Receptor = receptor.pdbqt
Ligand = ligand.pdbqt

Out = out.pdbat

center_x = 72.065 (molecules specific obtained by grid box selection)
center_y = -40.833(mol ecul es specific obtained by grid box selection)
center_z = -10.862(mol ecul es specific obtained by grid box selection)
size x = 60(molecules specific obtained by grid box selection)

size y = 72(molecules specific obtained by grid box selection)

size z = 92(molecules specific obtained by grid box selection)
Exhaustiveness = 16.

With the help of predefined commands, the Auto Dock Vinatool performs the docking. The
predicted peptide ligands were docked to the receptors or the HLA class | and |1 molecules.
Simultaneously, the native peptides were also re-docked to its HLA molecule to obtain its
binding energy which was considered as a positive control for the peptides under
investigation. The docking results were analysed via the Auto Dock Tools where the binding
of the ligand to the user defined receptor groove can be visualized. The peptides that bind the

molecule outside the groove were designated as non-binders.

3. 7 Assesment of immunogenic potential of the synthesized peptide

As in slico prediction of epitopes is just a screening step towards the identification of
immunogenic epitopes. Epitopes are required to be tested experimentally to validate their
immunogenicity (Wullner et a., 2010). CEA peptides was analysed for its ability to stimulate

PBMCs proliferation and IFN-y production to validate itsimmune response.

3.7.1 Peptide synthesis

One of the in dilico identified peptides of CEA, (TYACFVSNLATGRNNSIVKS) each
containing multiple CD8" and CD4" T cell epitopes was procured from GL Biochem
(Shanghai) Ltd (China). Peptide was dissolved in sterile MilliQ water at a concentration of 1

mg/mL and stored at -20°C for future use.
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3.7.2 Chemicals and Reagents

All the chemicals and reagents used throughout this work were purchased from the different
companies as given in Table 2.All chemicals and reagents purchased were of cell culture

grade (Table).

Reagents/ Chemical/ Media

ABTS (2,2'-Azinobi g 3-ethylbenzothiazoline-6-
sulfonicacid]-diammonium salt) substrate

Amphotericin B
Bovine serum albumin
Concanavain A
Dimethyl Sulphoxide
Fetal bovin Serum

Glutamine
HEPES buffer

Histopaque® -1077
Human IFN-y Mini ABTS ELISA Development Kit

MTT(3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide)

Penicillin Sodium

Potassium Chloride (KCI)

Potassium phosphate monobasi c(KH2PO,)
Recombinant human Interleukin-2

Rosewell Park Memoria Institute (RPM1)-1640
medium

Sodium Bicarbonate (NaHCO3)
Sodium Chloride (NaCl)

Sodium phosphate dibasic (NaxHPO,)
Streptomycin

Trehalose

Trypan blue

Tween 20
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Company
ThermoFisher
Scientific

Sigma Aldrich
SigmaAldrich
Sigma Aldrich
Merck, Germany

Gibco®Life
Technologies

Himedia, India
SigmaAldrich

Sigma Aldrich
PeproTech, USA
Sigma Aldrich

Himedia, India
Himedia, India
Himedia, India
SigmaAldrich
Sigma Aldrich

Himedia, India
Himedia, India
Himedia, India
Sigma Aldrich
SigmaAldrich
Himedia, India
SigmaAldrich




3.7.3 Preparation of Buffers

a) Phosphate buffer saline (1X): Dissolved 8g NaCl, 0.2g KCI, 1.44g Na,HPO, and
0.24g KH,POy in 1 litre double distilled water and pH was adjusted to 7.4. Buffered
was autoclaved.

b) Blocking buffer for ELI1SA: 1% BSA dissolved in 1X PBS

c) Washing buffer for ELISA: 0.05% of Tween20 in 1X PBS

d) Sample Diluent: 0.1% BSA and 0.05% Tween in 1X PBS

3.7.4 PBMC isolation and harvesting

Blood was drawn from healthy donor by trained technicians of Lifeline Blood bank Patiala
and Nitin Hospital, Patiala. Periphera Blood Mononuclear Cells (PBMCs) were isolated
from the blood by density gradient centrifugation. In a sterile 15-mL conical centrifuge tube,
5 mL of whole blood was layered over 5 mL of Histopaque® -1077 and centrifuged at 400xg
for 30 minutes at room temperature in swinging bucket rotor. This density based
centrifugation technique fractionates blood into plasma, red blood cells (RBC) and peripheral
blood mononuclear cells (PBMC). After centrifugation, upper plasma layer was carefully
discarded and opaque interface (buffy coat) containing PBMCs was transferred in a sterile
15-mL conical centrifuge tube. Resuspended the cellsin 10 mL of PBS (1X) and centrifuged
at 250x g for 10 minutes. This washing step was done twice. Discarded the supernatant and
the cell pellet was resuspended in 1 mL of complete RPMI-1640 (supplemented with 10%
foetal bovine serum, 100 pg/mL streptomycin, 100 L.U./mL penicillin and 10 mM HEPES).
Cels were counted and assessed for viability by Trypan Blue exclusion assay on
Hemocytometer.

3.7.5 PBMC stimulation assay

In order to test the immunogenicity of peptide, isolated PBMCs were stimulated with the
peptide. In a flat bottom 24 well cell culture plate, 2x10° cells were stimulated with the peptide
(25pg/ml) in the presence of recombinant IL-2 (20 ng/mL) and complete RPMI-1640 media in total
volume of 2 mL. Unstimulated cells served as control. The cultured plate was incubated at 5%
CO, at 37°C in ahumidified incubator. The cells were restimul ated with peptide on 4™ and 7"
day by replacing 1 mL of complete media containing peptide and IL-2 in the same
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concentration. The stimulated as well unstimulated cells were harvested on 10" day and

recounted.

3.7.6 |EN v detection by ELISA

Cdlls recovered from unstimulated wells were distributed in two set of triplicates; one set
stimulated with 10 ug/ml of concanavalin A (Sigma Aldrich) served as positive control,
whereas the other set having the un-stimulated cells served as negative control. Peptide
stimulated cells distributed in triplicates were given final stimulus with 25 pg/mL peptide in
the presence of IL-2 (20 ng/ml). The plate was incubated at 5% CO, at 37°C in a humidified
incubator. Culture supernatant was collected after 48 h incubation (day 12). IFN-y secretion
in the culture supernatant was measured by sandwich ELISA (PeproTech).

Capture antibody was diluted with PBS to a concentration of 1ug/ml. 100ul of capture
antibody was added to wells in 96 well plate ELISA plate. The plate was incubated at 4°C for
overnight. The wells were aspirated to remove the liquid and washed 4times with 300ul of
wash buffer per well. After each washing the plate is tapped well on tissue to ensure the
remova of any residual liquid. 300ul block buffer was added to each well and incubated at
room temperature for 1 hour. Discarded the blocking blocking buffer and repeated the
washing steps. Human IFN-y Standard from ELISA kit was diluted to two concentrations
(3000 pg and 30 pg) in sample diluent. 100ul of standard and test sample (supernatant of
peptide stimulated cells collected from the 96 well culture plate) were added to each ELISA
plate in triplicate and incubated at room temperature for overnight. The plate wells were
aspirated and washed 4 times. Detection antibody from was diluted in sample diluents to a
concentration of 1pg/ml. 100ul of this was added to each well and incubated at room
temperature for 2 and half hours. The plate was aspirated and washed 4 times. 5.5ul of
avidin-HRP conjugate was diluted with diluent to avolume 11ml in the ratio 1:2000. Avidin-
HRP Conjugate was added 100 pl per well and incubated for 30 minutes at room
temperature. The plate was aspirated and washed 4times. 100pl of ABTS liquid substrate was
added to each well and incubated at room temperature for about 15-20 minutes for colour
development. The colour development is monitored using an ELISA plate reader at
405/630nm.
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3.7.7 PBMCs proliferation assay

Cell were recovered and reseeded in the same way as discussed in the last section. The plate
was incubated at 5% CO. at 37°C in a humidified incubator. On 16" day, MTT assay was
performed to estimate the proliferation of peptide stimulated cells as compared to the
controls. 20ul of MTT (5mg/ml) was added to each well and incubated for 4hours. The media
in the wells was aspirated carefully without disturbing the crystals formed at the bottom.
100pI of DM SO was added to each well to dissolve the crystal. Absorbance was measured at
575/630nm in multi-well plate reader.
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Chapter 4: RESULTS

4.1 Predicted CD8" T cell epitopes

Nonameric peptides were predicted from SYFPEITHI, NetCTL and BIMAS prediction tools
individually. The peptides that were predicted commonly by the three of the tools were
finally accepted as potential CD8" T cell epitopes. Our motive is to identify the promising
peptides and when three tools with different algorithms chooses a particular peptide as a
epitope then its chance of being potential epitope is enhanced. Total 65 common peptides
were selected by all the tools. Blast screening for all these 65 epitopes were performed to

exclude the 30 peptides which showed sequence similarity of minimum 7 amino acid residues

with other functional proteins present within our body. In the present study, some of the
epitopes showed sequence similarity with biliary glycoprotein, Pregnancy specific
glycoprotein, non specific cross-reactive antigen-3 protein, fibrous sheath-interacting protein
2 isoform X2 and phosphoprotein p65 proteins. Most of these proteins though are encoded by
the CEA family genes but are different from the CEA protein. Of the 35 epitopes only seven
epitopes were found to make overlapping peptide regions (Table 2 and 3).

Table 2 : CD8+T cell epitopes after blast screening

CD8+T CELL EPITOPES

ARRSDSVIL LYGPDTPII TYYRPGVNL
DPVTLDVLY NLPQHLFGY VEDEDAVAL
ETQDATYLW NRQIIGY VI VLYGPDTPI
GQFRVY PEL PEAQNTTYL VY AEPPKPF
GRNNSIVKS PEIQNTTYL YECGIQNEL
HRWCIPWQR QY SWRINGI YLSGANLNL
HSDPVILNV SARRSDSVI YRPGVNLSL
HTQVLFIAK SASGTSPGL YSWFVNGTF
IMIGVLVGV SDSVILNVL YVCGIQNSV
IPQQHTQVL SNDNRTLTL LY GPDDPTI
KLTIESTPF SSYLSGANL TYACFVSNL
LY GPDAPT TRNDTASYK
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Table 3: Overlapping peptide sequences containing CD8+ Tcell epitopes

Overlapping sequence Position

Epitopes

QYSWRINGIPQQHTQVLFIAK 624-644

SSYLSGANLNL
TYYRPGVNLSL

603-613
425-435

QY SWRINGI,IPQQHTQVL,HTQVLFIAK

SSYLSGANL,YLSGANLNL
TYYRPGVNL,YRPGVNLSL

4.2 Predicted CD4" T céll epitopes

Identification of CD4" T cell epitopes epitopes is equally important as CD8" T cell epitopes

as they combinedly generate a better immunogenic response against the antigens and

henceforth gives more promising candidates to formulate vaccines. Seventy epitopes were
commonly predicted by PROPRED, NetMHC2 and IEDB tools. After blast screening, 16
epitopes were found to have sequences matching with other proteins and were eliminated. Of

these epitopes, 15 overlapping fragments were generated (Table 4 and 5).
Table 4: CD4" T cell epitopes after blast screening

CD4+ specific T cell Epitopes

IGVLVGVAL
MIGVLVGVA
IMIGVLVGV
VGIMIGVLV
FVSNLATGR
YACFVSNLA
FIAKITPNN
LFIAKITPN
VLFIAKITP
YLSGANLNL

YGPDTPIIS
VTLDVLYGP
FISNITEKN
LFISNITEK

YRPGVNLSL
YYRPGVNLS
YTYYRPGVN

IONELSVDH

LLSVTRNDV
LSNDNRTLT
WVNNQSLPV

YLWWVNNQS

IONTTYLWW
FITSNNSNP
VTTITVYAE
LNRTTVTTI
IPNITVNNS
FIPNITVNN

FNVTRNDTA IQNSVSANR
WVNNQSLPV VCGIQNSVS
YLWWVNNQS YVCGIQNSV
FRVYPELPK FNVTRNDAR
IKSDLVNEE YLWWVNGQS
FYTLHVIKS LYTCQANNS
IQNDTGFYT FVNGTFQQS
LLIQNIIQN WFVNGTFQQ
I'YPNASLLI LNLSCHAAS
YSGREIIYP VTRNDTASY
YVIGTQQAT WLIDGNIQQ
IGYVIGTQ LLTFWNPPT
FNVAEGKEV WQRLLLTAS
LTIESTPFN
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Table 5: Overlapping peptide sequences containingCD4+ T cell epitopes

Overlapping sequence Position  Epitopes
LTIESTPFNVAEGKEV 36-51 LTIESTPFN,FNVAEGKEV
HGYVIGTQQAT 79-90 IHGYVIGTQ,YVIGTQQAT
IOQNDTGFYTLHVIKSDLVNEE 113-133 IQNDTGFYT,FYTLHVIKS,IKSDLVNEE
YLWWVNNQSLPV 176-187 YLWWVNNQSWVNNQSLPV
FNVTRNDTASY 203-213 FNVTRNDTA,VTRNDTASY
WFVNGTFQQS 271-280 WFVNGTFQQ,FVNGTFQQS
FIPNITVNNS 285-294  FIPNITVNN,IPNITVNNS
LNRTTVTTITVYAE 308-321 LNRTTVTTILVTTITVYAE
IQNTTYLWWVNNQSLPV 349-365 IQNTTYLWW,YLWWVNNQSWVNNQSLPV
LSNDNRTLTLLSVTRNDV 371-388 LSNDNRTLT,LLSVTRNDV
LFISNITEKN 461-473  LFISNITEK,FISNITEKN
VLFIAKITPNN 639-649 VLFIAKITP,LFIAKITPN,FIAKITPNN
YACFVSNLATGR 653-664 YACFVSNLA,FVSNLATGR
VGIMIGVLVGVAL 689-701 VGIMIGVLV,IMIGVLVGV,MIGVLVGVA,
IGVLVGVAL

4.3 Determination of common CD4" and CD8'T specific epitope containing peptide

fragments
The sole purpose of this study is to identify multi-epitope peptide regions of the

carcinoembryonic antigen protein that will €icit an effective immune response against
cancerous cells and kill them. This peptide would be a more promising one when it can bring
both CD8" and CD4" T cells into action. Thus, we tried to get peptide fragments that
contained epitopes both CD8" and CD4" T cells. Five fragments were obtained containing
overlapping CD4+ and CD8+ epitopes ranging from 11 to 20 amino acid residues (Table 6).
These five peptides were enriched with eight each CD4+ and CD8+ epitopes. The peptide

fragments were found to cover larger number of HLA class| and Il aleles (Table 7).
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Table 6: Peptides enriched with CD8" and CD4" T cell specific epitopes

Peptides containing CD8" Position

CD8" specific T cell

CD4" specific T-

and CD4" specific T-cell Epitopes cell Epitopes
epitopes
VTLDVLYGPDTPII 585-598 LYGPDTPII VTLDVLYGP
VLYGPDTPI
SSYLSGANLNL 603-613 SSYLSGANL YLSGANLNL
YLSGANLNL
IPQQHTQVLFIAKITPNN 632-649 IPQQHTQVL FIAKITPNN
TYACFVSNLATGRNNSIV  652-671 TYACFVSNL FVSNLATGR
KS GRNNSIVKS YACFVSNLA
VGIMIGVLVGVAL 689-701 IMIGVLVGV IGVLVGVAL
IMIGVLVGV
VGIMIGVLV

Table 7. Number of HLA class | and Il which are predicted to bind epitopes present in the
selected peptides

Peptide Fragment Number of HLA Class| Number of HLA Class |I

specific Alleles specific Alleles
VTLDVLYGPDTPII 6 4
SSYLSGANLNL 10 11
IPQQHTQVLFIAKITPNN 6 8
TYACFVSNLATGRNNSIVKS 5 23
VGIMIGVLVGVAL 2 21

4.4Population coverage analysis

One objective of our recent study is aso to review the expected response in the worldwide
population when our predicted peptides are stimulated. HLA polymorphisms exist among

population of different geographical regions and ethnicities and thus can affect the
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immunogenic response in various ways. The IEDB population coverage tool helps determine
the HLA frequencies in different populations thereby reveals the potential of the predicted
peptides as whether they are capable to generate response in a particular population.
Population coverage analysis was performed for 16 different geographical regions with
76.31%and 92.92% as the resulting average population coverage for class | and class Il HLA
alleles respectively (Fig 2a). The best respondent for class | were the European population
with 92.63% coverage and for class Il it was the North American population with 100%
coverage (Fig 2d).. The least or negligible response was observed for the central American
population for class | (0.80%) and south African population for class 11(32.10%) alleles(Fig
2a).. Also the population coverage was carried out for 20 different ethnicities around the
world which resulted in an average coverage of 76.43% and 93.66% for HLA class | and
class Il respectively (Fig 2b).. For class | the best and least response was shown by
Amerindian (97.54%) and the Black (72.50%) respectively. While for class |1 the Caucasoid
showed the best response with 99.96% and the Australian Aborigines responded the least
with 66.34% coverage (Fig 2b)..
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FIG 2 - Population coverage analysis of the predicted peptides specific for HLA class | and
Il showing the desired response in A)16 different geographical regions and b) 21 different
ethinicities around the world as predefined in the IEDB database.
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45 PEPFOL D generated peptide structure

PEPFOLD server helped to predict the peptide structures from their amino acid sequences. It

is based upon structure aphabet letters to describe the structure of the given sequence. It

predicts the structure of four consecutive amino acids and then combines the series of
ure (Thevenet et al., 2012).

structural alphabet |etter to generate the struct

()Y ACFVSNLATGR ( HLA 1)

(3)FIAKITPNN  (HLAII) (4VGIMIGVLVGVAL (HLAI
FIG 3 : PEPFOLD predicted structures of the peptides

4.6 Docking of CD8" T cell epitopes

AutoDock Vina gives the binding efficiency of each epitope with HLA molecules in the form

of a score. Binding score would tell us whether a given epitope binds efficiently with the
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respective HLA groove or not. Often it is also seen that some peptides show good binding
energy but bind at positions outside the groove. Thus after the run is complete the docking
results should be analyzed in the AutoDock Tools to ensure binding of the peptide within the
user defined grid. The epitopes that are found to bind outside the receptor groove have been
defined as Non binders(NB) .We have performed the docking for 8 CD8" T cell epitopes with
10 HLA aleles that have been reported to be available widely in world population.
YLSGANLNL and IPQQHTQVL were found to be binding outside the groove for three HLA
aleles and two HLA alleles respectively (Table 8).0ne way ANOVA and Tukey’s multiple
comparison test was performed for the comparison of binding energies of these peptides with
the native peptide considered to be standard. Except two peptides (GRNNSIVKS and
IMIGVLVGV),the binding energies for CD* T cell peptides were found not to be
significantly different from the respective native peptide which shows the good binding
affinity with HLA molecules.

4.7 Docking of CD4" T cell epitopes

Similarly CD4+" T cell epitopes were docked to the widely known human HLA molecules.
The only difference here was that large fragments were considered as class || HLA binds
larger peptides. From the CD4" T cell epitopes which are part of selected peptides, we had
obtained three overlapping peptide fragments. We carried out the docking for these three
peptides and the rest three nonamers with 10 diversely identified HLA class Il aléele.
VGIMIGVLVGVAL isthe one peptide that bounded out of the defined groove for two of the
HLA molecules (Table 9). One way ANOVA and Tukey’s multiple comparison test was
implemented to compare the binding affinities of the predicted CD4" T cell specific peptides
with the corresponding native peptides that were already bound to the HLA molecule. Almost
all the class Il predicted molecules were calculated to have non-significant difference with
the native peptide except one (YTYYRPGVNLSL) (Fig5).
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(3)YACFVSNLATGR boundto HLA DQ1 (4) YACFVSNLATGR bound to HLADR3

FIG 4: Docking of the constructed peptideto HLA Class | and |1
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Table 8: Binding Energiesof T cell epitopes with Class| HLA alleles

Native
HLA alleles PDBID peptide GRNNSIVKS IMIGVLVGY IPQQHTQVL LYGPDTPII SSYLSGANL TYACFVSNL VLYGPDTPI YLSGANLNL
HLA B8 3SpV 91 75 7.9 -85 -8.7 -8.3 (NB) -9 (NB)
HLA B62 1XR9 -9.7 -6.6 -6.9 -8.1 -9 -8 -9 -8.3 -8.6
HLA B5702 2BVP -8.7 -7.8 -6.8 -6.4 -7.9 -75 -7.8 (NB) (NB)
HLA B7 3VCL -8.7 -7.9 -7.2 -6.1 -8.2 -8.2 -8 -8.2 -7.8
HLA B27 1K5N -75 -6.7 -6.1 (NB) -8 (NB) -7 -7.9 (NB)
HLA B44 IN2R -6.7 -5 -5.1 -6.1 -6.3 -7 -7 -6.4 -7.4
HLA Al 3BO8 -7.6 -5.8 -5.7 (N.B) -7.1 -6.9 -6.6 -6.6 -7.1
HLA A2 3MRE -93 -1.7 -7.9 -7.2 -8.3 -6.7 -7.9 -7.8 -7.5
HLA A24 3WL9 -8.2 -6.6 -6.8 -6.6 -6.2 -7.3 -8.1 -7.9 -6.7
HLA A3 3RL1 -6.6 (N.B) -6.6 (N.B) (N.B) (N.B) (N.B) (N.B) (N.B)

*N.B-non binder
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Table9: Binding Energiesof T cell epitopeswith Class |l HLA alleles

HLA alldes ;;\lezttli\éi VGIMIGVLVGVAL YACFVSNLATGR YTYYRPGVNLSL VTLDVLYGP YLSGANLNL  FIAKITPNN
HLA DR3 -6 5.2 -6 -7 -6.8 7.2 -6.6
HLA DR4 -7 -6.5 -6.2 -7 8.1 -83 -8.4
HLA DR1 5.7 -6.8 -6.3 -8.2 -6.8 71 -6.9
HLADQ1 -6.9 -6.2 5.7 -8 75 75 -8.1
HLA DQ2 -8.7 (N.B) -6.8 8.7 -8.2 -8.2 75
HLADP2 7.1 -6.7 -6 -8.3 -6.9 75 -76
HLA Q0602 -6.6 -6.2 -6.1 -8.1 -7.6 7.2 7.2
HLA DR52C -6.4 5.7 -6.6 -6.9 -6.4 -86 -6.9
HLA DR2 -7.6 -6.3 5.9 -8 -8.3 75 73
HLA DQ8 7.1 (N.B) (N.B) -8 -8.9 -6 7.8

*N.B-non binder
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4.8 Peptide specific interfer on-y

ELISA was performed to determine the cytokine production by peptide stimulated cells.
After 2 days of stimulation of the cells by peptide (TYACFVSNLATGRNNSIVKYS),
cytokine production by these cells were analyzed. The positive control which were cells
stimulated with mitogen Concanavalin A showed a sharp rise in the graph depicting the
ability of these cells to generate a maximum response in cytokine production. While the
peptide stimulated cells showed response greater than the unstimulated cells. This clearly
depicts that the peptide has the ability to activate the immune cells and thereby cytokines are

produced.
0.12
0.1 -[
0.08 I
0.06 m Control
m ConA Control

0.04 — Peptide
0.02 —

0 T T 1

Control ConA Control Peptide

Fig 6 - Interferon-y production in peptide stimulated peripheral blood mononuclear cells

4.9 Peptide specific T cell proliferation

The lymphocyte cell proliferation is assessed through MTT assay. The synthesized peptide
(TYACFVSNLATGRNNSIVKYS) was observed to stimulate PBMCs for proliferation.

In a 6 day culture the peptide stimulated PBMCs showed more growth than the control cells
which were unstimulated (cells in media and IL2). The positive control containing the
mitogen, ConcanavalinA (Con A) showed a sharp risein the cell concentration. Immunogenic
potential of the peptide is validated through its capability to stimulate the growth of PBMCs
which is distinctly noticed in the figure2.
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Fig 7- Proliferation assay of peripheral blood mononuclear cells (PBMCs) against peptide
(TYACFVSNLATGRNNSIVKS) using MTT assay
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Chapter 5: DISCUSSIONS

The use of bioinformatic tools for the purpose of various immunological studies brought a
whole new revolution in the field of vaccine design. Computational approaches based on
various agorithms made the long tiring experimental work not only painless but also saved a
huge amount of resources and money. Vaccine design against cancer has gained some
progress in the last few decades with declaration of some facts like the presence of tumor
marker antigens and their capability of being immunogenic. Exploiting these facts, intensive
work has been carried out for the identification of tumor markers or tumor associated
antigens (TAAS) as they are addressed. Many possible vaccination approaches have been
discovered using the whole protein or peptide of these TAAS, peptide loaded dendritic cells,
vacciniavirus vector conjugated with TAAs. Studies have been reported showing progress of
these different vaccination approaches as many of them are being evaluated at various
clinical phase trials. At the same time in silico studies has aso shown the significant results
invitro as well asin vivo, identification of HER/neu specific epitope predicted by SYPEITHI
has shown immunogenic response in vitro and in vivo (Gritzapis et a., 2010). In-silico
studies and its validation through in-vitro test of the carcinoembryonic antigen epitope at
position 355-367 also considered to be a naturally processed epitope have been noted(Campi
et a.,2003).There are other reports which promises the immunogenic response of in silico
predicted peptide already confirmed in in vitro and in vivo tests. But majority of these studies
have used one (Gritzapis et al., 2010) or two (Yuan et al., 2012) tool for the epitope
prediction. This generates a sort of loop hole in the approach as many epitopes predicted by a
single computational algorithm led to the generation of a number of false positives and false
negatives (Lohia et al., 2015). Thus researchers have conceptualized a consensus approach
(comparing and combining results of epitope prediction from different algorithms) which
have been ratified in-vitro and in-vivo (Seyed et al., 2011). The present study includes the
application of six different algorithms to predict the CEA epitopes making the process more
impactful. Choosing the epitopes commonly predicted by al the tools confirms the potential
of the epitope and then creating overlapping fragments from these epitopes help it to target a
wide range of HLA aleles covering maximum possible population of the world.
Simultaneously, the epitopes have been chosen to activate both CD4" and CD8'T cell driven
responses thus aiding the vaccine candidate to develop an overall immune response.CEA is

reported to be tumor associated antigen as it is found to be increased in different cancers.
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The unique fact about the protein being present in negligible amount in normal individuals
makes it a more convincible target for vaccine design as the chances of developing any
autoimmunity is somewhat ruled out. Further to ensure this development of any chance of
tolerance by the epitope, BLAST screening has been performed to eliminate such epitopes.
After the BLAST screening, five final peptide fragments were obtained which were enriched
with both CD4" and CD8" T cells epitopes.

A population coverage study of the HLA alleles considered in our study has been
executed to assure that the peptides can generate a strong immune response against the tumor
cells. These tumor surface peptides are programmed to bind the HLA molecules and present
them to immune T cells for development of immunogenic responses thus making the
presence of the HLA molecules evident in the system of maximum possible world population
to make the study a success. The population study reveaded that these peptide fragments
covered an average >84%population among various geographical regions and ethnicities.
These results affirmed that the peptides along with covering multiple T cell epitopes are also
reliable for spawning immunogenic response in individuals from different populations.

Molecular docking has extensively benefited the field of drug designing and has recently
gained huge impact in the field of vaccine design. Through this tool, the structural binding of
the peptide to the HLA molecule can be investigated. With eight nonameric epitopes CD8" T
cells and six CD4'T cell peptides, the docking study was carried out. The binding affinities
were interpreted for all the peptides specific for CD8+ and CD4+ cells and comparison was
done with the standard which is the native peptide. Statistical comparison was aso
accomplished between the native assumed to be the standard and the predicted peptides.
Statistical deductions showed almost all the peptides to have nonsignificant difference with
the standard peptide for both class | and |1 molecules. Only two of the eight identified CD8"
T specific peptides and one from the CD4" T cell peptides showed some significant
difference with the binding energy of the native peptide. This kind of result may be clarified
by remembering the fact that the peptides were not predicted for all HLA interactions. Hence,
these results bring forth the fact that peptides will be strongly presented by HLA molecules
present on antigen presenting cells to induce T cell response. Similar kind of studies has been
reported for nucleoprotein of H5N1 virus where they compare the binding energy with
predicted epitope and bound peptides for only class | HLA molecules (Hou et al 2012).
Peptide HLA docking studies has been aso reported for other tumor antigen like melanoma
antigen E (Akiyamaet al 2012).
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In-silico tools can only accelerate the process of vaccine design by reducing the cost, time
and resources to recognize the actual deserving targets on which the in-vitro and in-vivo
experimentation should be invested. Prediction tools only support the study by making it
somewhat precise through narrowing the epitope selection process from few thousands to
within fewer peptides. Henceforth, prediction of peptides alone cannot determine the
immunogenicity of the peptides. Only after assessing a peptide in-vitro in simulated
environment and then in animal models can it be announced as a vaccine target that can be
tested for clinical trials. Thus one of the final five peptides (TY ACFVSNLATGRNNSIVKS)
comprising of the most number of epitopes amongst the others was synthesized for in-vitro
analysis. Lymphocyte proliferation assay was carried out with mononuclear cells of healthy
individuals which were stimulated with the synthesized peptide. The readings obtained
clearly displayed that the proliferation of the peptide stimulated cells were higher than the
unstimulated cells. But it is difficult to interpret its immunogenic potential as present study is
limited to one sample. But single data result has given direction to carry out more
experiments to confirm its immunogenicity.

With the evidence of providing epitopes which are unique to the immune system and
deprived of any self tolerance risk, the CEA epitopes also have the capability to induce a
strong overall immune response. Thus from the current study we can conclude that peptides
derived from the carcinoembryonic antigen protein can act as a potential target for vaccine

devel opment.
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Chapter 6: SUMMARY

Vaccination is an efficient approach that has gained ample importance in cancer treatment.
Various vaccination approaches have been reported which displayed efficient results in the
fight against cancer. Carcinoembryonic antigen (CEA) is a well studied tumor associated
antigen whose presence in increased concentration has been recorded in various types of
cancer. In the current study an effort was made to identify the potential epitopes of CEA
which could generate an effective immune response when introduced in the form of vaccine
within the body. An immunoinformatic approach was selected to determine the epitopes from
the whole protein sequence which was downloaded through NCBI protein database. The
study includes the use of six different in-silico tools to obtain CD4" and CD8'T cell epitopes.
Blast screening of these epitopes helped us to eliminate those epitopes which had sequence
similiarity with the functiona proteins of norma individual. Finally eightCD8+ and
eightCD4+ nonameric epitopes were obtained. These epitopes were merged to obtain five
overlapping peptide fragments containing both CD4" and CD8'T cell epitopes. Structure of
eight CD8'T cell epitopes and six CD4'T cell peptides were generated using PEPFOLD
software. Docking of these peptides to the widely known HLA molecules was accomplished
to ensure the binding potential of the predicted peptides with HLA molecules. Docking of
these eight CD8'T cell epitopes and six CD4'T cell peptides were performed with 10 HLA
class | and 10 HLA class Il molecules respectively. Almost all the binding energies of both
CD4" and CDS8'T cell epitopes/peptides were found non significant in comparison to the
native peptide of the respective HLA molecule. In-vitro cytokine production and lymphocyte
proliferation analysis through MTT assay was carried out for the synthesized peptide
(TYACFVSNLATGRNNSIVKS). Although, the experiment could be carried out with one
sample, hence it is difficult to confirm its immunogenic potential. But preimarily data
indicates positive immune response of peptide specific PBMCs. Present study selected five
peptides containing multiple epitopes which may have the potential to elicit immune response

and thus can be good cancer vaccine candidate.
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