University of Alberta

Expressed Sequence Tags (EST) analysis, annotation and immune gene
identification from a spleen cDNA library in
the duck (Anas platyrhynchos)

by

Jianguo Xia ©

A thesis submitted to the Faculty of Graduate Studies and Research
in partial fulfillment of the requirements for the degree of

Master of Science
in
Microbiology and Biotechnology

Department of Biological Sciences

Edmonton, Alberta
Fall 2006

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Bibliotheque et
Archives Canada

Library and
* Archives Canada
Direction du
Patrimoine de I'édition

Published Heritage
Branch

395 Wellington Street

395, rue Wellington
Ottawa ON K1A ON4

Ottawa ON K1A ON4

Canada Canada
Your file Votre référence
ISBN: 978-0-494-22410-6
Our file  Notre référence
ISBN: 978-0-494-22410-6
NOTICE: AVIS:

L'auteur a accordé une licence non exclusive
permettant a la Bibliotheque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par I'Internet, préter,
distribuer et vendre des theses partout dans

le monde, a des fins commerciales ou autres,
sur support microforme, papier, électronique
et/ou autres formats.

The author has granted a non-
exclusive license allowing Library
and Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

L'auteur conserve la propriété du droit d'auteur
et des droits moraux qui protége cette these.
Ni la thése ni des extraits substantiels de
celle-ci ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

The author retains copyright
ownership and moral rights in
this thesis. Neither the thesis
nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

In compliance with the Canadian Conformément a la loi canadienne

Privacy Act some supporting
forms may have been removed
from this thesis.

While these forms may be included
in the document page count,

their removal does not represent
any loss of content from the

thesis.

Canada

sur la protection de la vie privée,
quelques formulaires secondaires
ont été enlevés de cette thése.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ABSTRACT

To identify immune genes in an Expressed Sequence Tag (EST) project from a duck
spleen cDNA library, a high-throughput EST analysis and annotation pipeline was
built using Perl programming language. 2,900 raw EST sequences were subjected to
quality checking, data cleaning, clustering and assembly, which generated 1,885
unique sequences. These sequences were annotated based on homology detection
and domain identification. 1,248 sequences had putative identities assigned and 208
were immune relevant. Gene Ontology (GO) and pathway annotations were
performed. 425 pairs of homologous sequences between duck and chicken were
compared within different GO categories. Homologous genes had regions sharing
87-94 percent identity. However, immune genes showed lower overall sequence
identities, with immune surface receptors the least conserved. These EST were
submitted to NCBI dbEST. 2,725 sequences were accepted. Over 120,000 clones
from this duck spleen cDNA library were macroarrayed onto 14 nylon membranes

and screened for specific immune genes.
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Chapter 1

INTRODUCTION

1.1 Expressed Sequence Tag (EST) project

Despite the growing number of completely sequenced genomes, many species of
medical and agricultural importance have not yet been prioritized for genomic
sequencing. Maybe some day in the future, a technology breakthrough in
developing faster and cheaper DNA sequencing will allow every researcher to have
his favorite model organism completely sequenced; then using new algorithms
developed in the field of bioinformatics, it will be possible to produce an accurate
list of all its genes with functional annotations from the sequence data. However,
until that day comes, EST projects remain the primary choice as a quick and
relatively inexpensive way for gene discovery in the un-sequenced organisms. EST
analysis and annotation, a highly structured and involved process, remains the

primary means for carrying out such tasks.

EST projects refer to the systematic sequencing of cDNA clones from carefully
constructed ¢cDNA libraries usually in a high-throughput manner. They play a
fundamental role in gene discovery from un-sequenced organisms. In addition, EST
data are often used as landmarks in genome assembly, gene prediction, and gene
variation studies. EST technology has become a powerful tool for genetic research

since its introduction (Adams ef al., 1991).
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1.1.1 Technology overview

The basic strategy in EST project is to select cDNA clones at random and then
perform single pass automated sequencing from the clone ends. In most cases, there
is no initial attempt to characterize the whole insert. Instead, ESTs are identified
using only the partial sequence data by comparing them to other known sequences.
Most ESTs are around 500~800 base pairs (bp) long based on the current

sequencing technology.

Since cDNA can be directionally cloned into vectors, EST sequencing can be
performed from one or both ends of the inserts. The 5” end sequence is derived from
within the coding region and thus provides information about the protein encoded
by the expressed gene. The 3° EST usually contains sequence from the untranslated
region (3’-UTR) of the transcript and thus serves as a unique identifier for the gene,

which allows differentiation between similar members in a gene family.

The features of EST technology make it possible to sequence a large number of
cDNAs from any particular tissue type within a relatively short time period. As a
result, EST projects are usually conducted in a large-scale and high-throughput
manner in order to obtain a comprehensive sampling and more importantly, to
reduce the cost per sequence. However, one inherent problem associated with this
approach is its vulnerability to the “law of diminishing returns”. Although very

efficient at the beginning, the rate of gene discovery will actually diminish with
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continuing efforts to sequence more EST data. This is because transcripts are not
present with equal abundance in any tissue type. Highly expressed genes will be
represented multiple times, while rarely expressed genes will likely be missed
during random sequencing. This problem can be partially ameliorated by either
using new cDNA libraries prepared from different sources, or constructing pooled,
normalized or subtracted libraries depleted of clones already sequenced (Bonaldo et

al., 1996).

1.1.2 Basic steps in EST analysis and resources

EST data is like a genetic gold mine. However, a highly disciplined approach is
required to make it maximally productive. There are three basic steps in EST
analysis: 1) base calling and data cleaning, 2) clustering and assembly, and 3)
putative identity assignment. For high throughput functional analysis, Gene
Ontology annotation and KEGG pathway assignment are also frequently performed.
Other customized analyses such as evolutionary studies can also be done based on

the biological questions of interest.

1.1.2.1 Base calling and sequence cleaning

Two stages are involved in this step. The first stage is to improve the base-calling
accuracy and to truncate the low-quality segments. The second stage is to clean

sequences by removing vector/adaptor sequences, contaminants, and low
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complexity sequences. Ribosomal and mitochondrial sequences can also be

removed at this stage.

The raw EST data generated from automated DNA sequencers is a four-color
chromatogram (trace file), as well as a text file of the sequence representing the
machine’s best interpretation. In general, the error rate for the first few hundred
nucleotides is very low, but then errors occur more and more frequently due to poor
gel resolutions or weaker signals. There are two popular base-calling programs
available to help improve the base-calling accuracy based on specially developed
probability models: the open source phred and the KB™ Basecaller shipped with
the ABI 3730 sequencing machine from  Applied  Biosystems

(http://www.appliedbiosystems.com). Phred is probably the most popular base-

calling program (Ewing and Green, 1998; Ewing et al., 1998). It retrieves the
sequence information from the chromatogram and assigns every base a quality
score or phd value by multiplying the log;o of the error probability by -10. For
example, the most commonly used criterion of “high quality bases” is phd value >
20, which means the error probability is 0.01 or the base calling accuracy is 99%.
After calculating quality scores, regions with high error rate can then be truncated

based on the parameter (default error rate 0.05).

After running phred, the sequences derived from trace files need to be cleaned of
vector/adaptor sequences, sequences from E. coli, phage, and other common vector

contaminants, short sequences, low complexity sequences such as polyA/T tails and
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repetitive DNA. Two popular software tools are available for this purpose. The

TIGR seqclean (http://www.tigr.org/tdb/tgi/software) is a Perl script package used

for automatic trimming of low quality and low complexity sequences. It also
validates ESTs by screening for various contaminants based on user supplied
contaminants databases. The other program is Lucy which offers similar functions

(Chou and Holmes, 2001).

1.1.2.2 EST clustering and assembly

The primary purpose of EST analysis is to identify genes of interest from a large
body of sequences. However, randomly sequenced EST data is inherently redundant
in which highly expressed genes are represented multiple times. This not only
distracts researchers’ attention from identifying new genes but also causes
unnecessary computational burden for subsequent EST analyses. The EST
clustering and assembly procedure attempts to address this issue. The clustering
algorithm tries to identify transcripts derived from the same gene and then puts
them into the same clusters. The assembly algorithm will subsequently merge the
sequences in each cluster to produce contigs as the theoretical sequence of the
underlying transcript. This process usually produces longer and better quality
sequences and also significantly reduces the size of the dataset for downstream
analyses. The clusters formed can help detect splice variants by comparing

sequence members within the same cluster.
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An EST clustering program works by putting closely related transcripts into the
same group. There are two approaches for EST clustering, supervised and un-
supervised. In supervised clustering (such as the NCBI UniGene

www.ncbi.nlm.nih.gov/UniGene), ESTs are classified with respect to a reference

sequence (usually a full length mRNA or predicted CDS from genomic sequences);
while in unsupervised clustering, there is no prior-knowledge incorporated, and
only sequences that overlap with each other to a pre-defined level will be included
within the same cluster. The program usually first performs a pair-wise comparison
for all the sequences, assigns a similarity score for each of them, and then puts them
into different clusters based on a cut-off value. The assembly algorithm works by
first performing a multiple alignment for each cluster and then calculating a
tentative consensus sequence based on a “majority rules” for each set of aligned

bases.

For large scale assembly of shot-gun sequence data (> 500 sequences), three first-

generation programs are still widely used: phrap (http://www.phrap.org), TIGR

Assembler (Sutton et al., 1995), and CAP3 (Huang and Madan, 1999). Phrap was
the first available, but the latter two are more accurate. More recent second-
generation assembly programs such as Celera Assembler (Huson et al., 2001) and
Arachne (Batzoglou et al., 2002) were mainly developed for super-scale (~ 1
million sequences) genome sequence assembly. The well-known AMOS (A Modular

Open Source Assembler http://amos.sourceforge.net) project was launched in order

to bring all these innovations for sequence assembly under the open source
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framework. However, all these programs were primarily developed for the assembly

of shotgun genomic sequences. They are not ideal for assembling EST sequences.

EST assembly differs from genome assembly in several ways. For instance,
genomes often contain large amounts of repetitive sequences, especially in the non-
coding region, while EST sequences usually do not have such repeats. In addition,
EST data also contain features like alternative splicing, RNA editing and other post-
transcriptional modifications. All these differences make these genome assembly
programs less applicable to EST assembly. The TGI Clustering Tool (tgicl) is a
program specially tailored for large-scale EST assembly (Pertea et al., 2003). It
internally uses the NCBI program called MEGABLAST for calculatiﬁg the sequence
similarities to produce clusters, and then uses the CAP3 program for subsequent
assembly. The assembly file in ACE format generated by CAP3 can be inspected
using a graphical program clview also available at the TIGR

(http://www.tigr.org/tdb/tgi/software).

1.1.3 Sequence annotation strategies

1.1.3.1 Homology detection

Homology detection is usually the primary means for sequence annotation.
Functional information can be transferred if the corresponding homologs can be

identified using a database search. Homologs are defined as sequences derived from

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a common ancestor. There are two types of homology: orthology and paralogy.
Orthologous genes are homologous genes separated by speciation events, while
paralogous genes are homologous genes separated by gene duplication events
within the same species. In theory, orthologs will typically retain the same or
similar functions as their ancestors, while the duplicates (paralogs) are free to
mutate to acquire new functions. However, depends on the level of divergence and

annotation, it is difficult to distinguish orthologs from paralogs.

In homology detection, the choice of a sequence database is very important. For
homology searches, protein databases are usually chosen if the organism under
study does not have a closely related species whose genome was completely
sequenced and well annotated. Using protein sequence is much more sensitive at
detecting distant homologies than using DNA sequence for two important reasons:
firstly, in DNA sequences, there is extra noise from the degenerate third position in
each codon; secondly, protein sequences are composed of 20 different amino acids,
each with distinct structural and chemical characteristics. The greater variability in
the protein alphabet over the DNA alphabet allows for a much finer assessment of
the degree of similarity (i.e. the BLOSUM (Henikoff and Henikoff, 1992)) than

could be done with just four nucleotides in DNA sequences.

Among the public protein sequence databases, Swissprot offers some of the best
quality data because its contents are manually annotated and maintained by experts.

However, using only Swissprot will miss a lot of potentially important genes due to
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its smaller size (222,289 entries on 30-May-2006). The TrEMBL database is a
computer-aided supplement of Swissprot. Tt contains all the predicted proteins
derived from DNA sequences (2,948,323 entries on 30-May-2006) that have not yet
been integrated into Swissprot (O'Donovan et al., 2002). Finally, the Uniprot
database (Universal Protein Resource) is the world’s most comprehensive protein
sequence database (UniRefl00 contains 3,511,676 entries on 30-May-2006). It is
composed of sequences from Swissprot, TrEMBL, PIR and other sources (Apweiler
et al., 2004). In addition, a significant proportion of the sequences in Uniprot have
been assigned GO terms (Camon et al., 2004), and they also have EC (Enzyme
Commission) numbers if the gene products have enzymatic functions. The later two
sources of information constitute the basis for GO annotation and KEGG pathway

assignment.

The search engine is another important issue to be considered. The three major
players for large-scale sequence comparison are BLAST (Altschul et al., 1997),
FASTA (Pearson, 1990), and HMMer (Eddy, 1998). All of them are open source and
freely available. There is also a commercial software PatternHunter™ that claims
to be faster and better than any of these tools (Ma ef al., 2002). Among the three
open source programs, BLAST is the most widely used as it offers both speed and

sensitivity. The other two are more sensitive but much slower (personal experience).

Database searches usually retrieve more than one hit. In some cases, multiple highly

similar sequences are identified from the same species (gene families). It is difficult
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and sometimes arbitrary to select one hit as the ortholog to the query sequence. The
top hit is not always the correct annotation or the most informative one. Therefore,
it is often necessary to check and compare hits from different species to make a
final judgment. In BLAST searching, many tutorials suggest that E values smaller

than 10" are convincing and worth checking as a rule of thumb.

1.1.3.2 Motif identification

Using BLAST to search against protein databases is usually the primary means to
identify query sequence homologs. However, many queries will still fail to yield
any hits. Two possible reasons can account for this. The first one is that the query
sequences have diverged beyond the point where any sequence homologs can be
recognized by the search algorithm. The second one is that the query sequences
represent novel genes and as a result, the databases do not contain their homologs.
In either case, using a different search engine or changing the underlying databases
will complement the previous search and increase the chances to obtain new
information for the query sequences. One common approach is to conduct motif

database searches.

Protein domains and protein sequence motifs represent smaller functional or
structural subunits. They are often identified through multiple sequence or structure
alignments. They are usually more conserved than the sequences themselves. If a

domain within a protein is associated with certain functions, the harboring protein is
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much more likely to have such functions. A protein containing multiple domains
might have no homologs that match its full length. However, if each domain or
motif identified is known to be associated with some function, it is possible to

hypothesize the general function for this protein.

There are as many domain/motif databases as there are sequence databases. Among
the more popular ones are the PFAM, COG PROSITE, SMART and PRINTS
databases (Schultz et al., 1998; Attwood, 2002; Tatusov et al., 2003; Bateman ef al.,
2004; Hulo et al., 2004). Each database has its own format and associated scanning
tools for domain/motif discovery. Among them; HMMer and RPS-BLAST are the
most popular (Altschul er al, 1997; Eddy, 1998). HMMer searches a query
sequence against a database of profile hidden Markov models (HMM), while RPS-
BLAST searches a query sequence against a database of position specific scoring
matrixes (PSSM). The former is more sensitive at detecting closely related domains,

but the later works for a broader range of evolutionary distances and is much faster.

Interproscan is so far the most comprehensive package for domain/motif
identification. It packages and streamlines all the above mentioned databases to

facilitate domain identification (Quevillon et al., 2005).
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1.1.4 Gene Ontology and KEGG pathway information

1.1.4.1 Gene Ontology (GO)

One of the major obstacles in conducting high throughput analysis in bioinformatics
is the lack of a standard language in describing biological information. For instance,
the functional annotations of a gene product are usually in the form of free text,
which are quite meaningful for humans but very difficult for computer
interpretation. Two major attempts to address this issue of a common language are
Gene Ontology Annotation (GOA) (Ashburner et al., 2000) and the Functional
catalogue (Funcat) (Ruepp et al, 2004) which is maintained at the Munich
Information Center for Protein Sequences (MIPS) (Mewes et al, 2002). Both
schemas use a controlled vocabulary to describe the function, location or role of
gene products in a species-independent way. It is possible to do mapping between
these two vocabularies. The major difference is that the Funcat schema uses a
strictly hierarchically structure, while the GO schema uses directed acyclic graphs
(DAG), allowing more than one parent per child. For example, the “transmembrane
receptor protein-tyrosine kinase” is a child of both “transmembrane receptor” and of
“protein tyrosine kinase”. Thus, through DAG structure, the GO annotated gene
products can be analyzed from different perspectives. The schema offers this
flexibility but brings with it the redundancy - members in one category might also
be members of another group and will be analyzed more than once. Currently, the

GO annotation system is more widely adopted and better supported.
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GO tries to describe how a gene product behaves in a cellular context using three
categories: 1) its molecular function, 2) the broad biological process it participates
in, and 3) the cellular location it acts in. “GO slim” is a “slimmed-down” version of
GO vocabulary. It contains a subset of GO terms providing a high-level overview of
different categories without the detailed descriptions. Both GO slim and MIPS
Funcat are widely used to present synoptic summaries for large sequence data sets

(i.e. microarray probe sets, genome or EST data).

1.1.4.2 KEGG pathway

Sequence annotation is only the starting point to understand the functions of
individual genes. GO annotation presents a high level static picture in the form of
short synoptic phrases describing biological events. Living organisms are much
more complex and dynamic. Metabolism and immune responses are only possible
within a biological system. Moreover, metabolites, minerals, vitamins, and other
small chemical compounds are also essential components other than just DNA and
proteins. In this case, the Kyoto Encyclopedia of Genes and Genomes (KEGG)
signaling/metabolism pathways offer information from a new perspective. While
GO tries to describe all genes and their products, the KEGG database focuses on

enzymes, pathways, and interactions.

The KEGG database contains most of the known metabolic pathways and many of

the known gene regulatory pathways in the form of 235 reference graphical
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diagrams (Kanehisa et al., 2004). Given a list of enzymes (EC numbers) that are
found in the gene catalog of an organism, the KEGG database can automatically
compute and draw organism-specific pathways by mapping the enzymes to the
diagrams in the database. For whole genome annotation, this offers another
validation of the functional assignment by checking the pathway maps: the
existence of a missing element indicates either the gene annotation is wrong or there

exists an alternative pathway that uses different enzymes.
1.1.5 EST projects for immune gene discovery in other species

EST projects offer a way to quickly survey a large pool of gene transcripts. From
the sequence tag data, many genes of interest can be identified. The immune-
relevant genes, for example, are usually on the shortlist for their medical and
agricultural importance. In fact, many EST projects as discussed below were

initiated primarily for identifying immune genes.

In the shrimp EST project, a total of 2,045 clones were randomly sequenced from
four cDNA libraries (two hemolymph and two hepatopancreas libraries), and 44
functional genes were identified to be immune relevant (Gross et al., 2001). In the
mosquito EST project, 5,925 clones were sequenced from a subtracted cDNA
library (performed between normal and immune challenged hemocyte-like cell line),
and 38 genes were identified to be potentially involved in immunity (Dimopoulos et

al., 2000). In the Tsetse fly EST project, 21,427 sequences were produced from a
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self-subtracted midgut cDNA library, 78 homologs were identified with known or
putative immune functions (Lehane et al., 2003). In a chicken EST project, 5,251
EST were sequenced from a T-cell enriched activated splenocyte cDNA library, and
80 immune-related genes were identified (Tirunagaru et al., 2000). In addition,
many immune genes were identified from EST projects developed for other
purposes. For example, an in silico survey on 450, 000 publicly available chicken
EST dataset generated from 64 cDNA libraries (derived from all tissue sources)
identified 185 immune related sequences, 95 of which had not been reported before

(Smith et al., 2004).

1.2 Overview of the immune system

The main theme of my research project was to identify duck genes involved in
immunity. An overview of the basic concepts, key players and important processes
of the immune system is therefore warranted. The majority of this information is
based on studies from human and mouse models, assuming the duck immune
system is similar. This introduction will only focus on parts of the immune system

that are relevant to the genes identified in our EST project.

1.2.1 Innate and adaptive immunity

No species could survive without some sort of immune system. In vertebrates, the

immune system has evolved into an extremely complicated network with a wide
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variety of different molecules specialized for recognition, activation and regulation.
The vertebrate immune system is divided into two subclasses: innate immunity and
adaptive immunity. Innate immunity is phylogenetically conserved and appeared
early during the evolution of multicellular organisms. It constitutes the most
fundamental and essential part of the immune system. On the other hand, adaptive
immunity is believed to appear only after the divergence of jawed fish, reviewed by
(Hoffmann et al, 1999). This concept has been challenged by recent studies
suggesting a new form of adaptive immune system discovered in sea lampreys

(Pancer et al., 2004; Alder et al., 2005).

1.2.1.1 Innate immunity

Innate immunity is the first-line of host defense, responsible for early detection and
containment of pathogens. It is triggered immediately after detecting pathogen
invasion. Accumulating evidence indicates that activation of innate immunity is a
prerequisite to the induction of adaptive immunity, reviewed by (Banchereau and

Steinman, 1998).

Pathogens are recognized through their evolutionarily conserved structures termed
pathogen-associated molecular patterns (PAMP), such as peptidoglycan,
lipopolysaccharide (LPS), flagella that are not present on the hosts, reviewed by
(Medzhitov and Janeway, 1997). The receptors that recognize these PAMPs are

called pattern recognition receptors (PRR). The most prominent PRR is the Toll-like
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receptor family. Other components of innate immunity include C-type lectins,
complement proteins, antimicrobial peptides, cytokines, and molecules involved in

inflammation and apoptosis.

1.2.1.2 Adaptive immunity

The major distinction between innate and adaptive immunity is the level of
specificity in antigen recognition. The highly specific nature of adaptive immunity
is enabled by the random generation of a large pool of recognition receptors (i.e.
antibodies, T cell receptors) coupled with the ability to select and propagate the
effective receptors and their originating cells (adaptive). While these receptors are
highly specific, it takes several days for the effector cells undergoing proliferation

and differentiation to take effect.

There are two arms of adaptive immunity: humoral immunity and cell-mediated
immunity, organized around two classes of specialized immune cells, B cells and T
cells, respectively. Humoral immunity is mediated by antibodies secreted from B
cells. Antibodies can recognize and bind to the surface of invading microbes in the
blood, labeling them for destruction. The cell-mediated immunity involves the
activation of cytotoxic T cells, NK cells and macrophages. They are able to

recognize and kill virus-infected cells or transformed cells (i.e. tumor cells).
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1.2.2 Major immune cell types

In vertebrates, the immune responses are carried out by several specialized cell
types derived from two distinct cell lineages. The myeloid lineage includes
monocytes, macrophages, dendritic cells and neutrophils. The lymphoid lineage
includes T lymphocytes, B-lymphocytes and natural killer (NK) cells. T and B-cells
constitute the core of adaptive immunity with their antigen-specific receptors
generated mainly through somatic gene rearrangement. Neutrophils, macrophages
and NK cells are mainly involved in innate immunity using a variety of pattern
recognition receptors encoded in the germline, reviewed by (Cooper et al., 2001).
Dendritic cells (DC), with their capacity for capturing, processing and presenting
antigens, bridge innate immunity with adaptive immunity. The focus over the next

few pages will be given to T cells, B cells, DCs and NK cells.

1.2.2.1 T lymphocytes

There are two subpopulations of T cells, CD8+ T cells and CD4+ T cells
respectively, as identified by their surface markers. CD8+ T cells recognize antigens
presented through class I major histocompatibility complex (MHC) molecules, and
the CD4+ T cells recognize antigens presented via class I MHC molecules. The
activation of T cells needs both the contact signal from the recognition of the MHC-
antigen complex and an additional co-stimulatory signal only available through

professional antigen presenting cell (APC) such as B cells, macrophages and DCs.
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The CD8+ T cells develop into cytotoxic T cells (CTL), a major player in cell-
mediated immunity (CMI). They recognize and lyse virus-infected or transformed
cells. Naive CD4+ T helper cells (Th0) will further differentiate into either Thl or
Th2 subtypes, based on the cytokines profiles they secrete. Thl cells produce
interferon (IFN)-gamma, and interleukin (IL)-2 and tumor necrosis factor (TNF)-
beta, which enhance the killing efficiency of CTL and macrophages. Th2 cells
produce interleukin (IL)-4, 10 and 13, which are essential for B cell activation and

differentiation, reviewed by (O'Garra and Arai, 2000).

1.2.2.2 B lymphocytes

In mammals, B cells are derived from the bone marrow. Naive B cells leave the
bone marrow and migrate to the spleen and peripheral lymph nodes. B cells
recognize antigens through their surface antibodies which is not MHC restricted.
The activation of B cells is usually the result of reciprocal stimulation between Th2

and B cells that recognize the same antigen.

Some “super-antigens” can activate B cells by themselves. In most cases, however,
the B cell activation requires the help from Th2 cells. Ligand binding will lead to
the cross-linking of the B cell receptors, which provides the first required signal.
The B cell will then ingest and present the antigens to Th2 cells via its MHC class II
molecules, forming a conjugate with the Th2 cell. The Th2 cell reactivity toward the

same antigen will activate itself and subsequently releases cytokines essential for B
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cell activation. The contact and mutual signaling between B and Th2 cells will lead
to B cell activation, clonal expansion and differentiation into antibody-secreting

plasma cells, reviewed by (Parker, 1993).

1.2.2.3 Dendritic cells (DC)

Perhaps one of the most important conceptual breakthroughs in the field of
immunology during the past decade is the recognition and appreciation of the roles
of DCs during immune responses. It is now widely accepted that DCs function as
bridges between innate and adaptive immunity, reviewed by (Banchereau and

Steinman, 1998).

Immature DCs are distributed in peripheral tissues, where they constantly monitor
the surrounding environment through vgrious PRRs expressed on their surface.
Once they detect PAMPs or sense “danger signals” (i.e. necrotic cell debris or
substances released from stressed cells like interferon-alpha, heat shock proteins)
(Matzinger, 1994), a maturation process will begin, in which DCs gradually
transform into potent antigen presenting cells. At the same time, they begin to
migrate toward nearby lymph nodes where they meet and present the captured

antigens to potential antigen-specific T cells to initiate adaptive immunity (Granucci

et al., 2001; Lindstedt et al., 2002).
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1.2.2.4 Natural killer (NK) cells

NK cells constitute an important arm of innate immunity. They serve as the first
level of surveillance against cancer and viral infections. Unlike T or B cells, NK
cells recognize the target cells by scanning the expression level of MHC class I
molecules on cell surfaces. NK cells use two groups of receptors: inhibitory
receptors prevent NK cell activation upon encountering normal expression levels of
MHC class I, whereas, activating receptors recognize diverse ligands, reviewed by
(Lanier, 2005). Since both virus-infected cells and cancer cells often have reduced
expression of MHC class I, they become susceptible to killing by NK cells. The
lectin families are involved in NK cell mediated recognition of MHC class I

molecules, reviewed by (Lopez-Botet et al., 1997).

1.2.3 Important molecules in innate immunity

1.2.3.1 C-type lectins

C-type lectins represent a large family of calcium-dependent carbohydrate-binding
proteins. The common feature of this family is the highly conserved carbohydrate
recognition domain (CRD) essential for ligand binding. C-type lectin family
members are found to be involved in inflammation, viral infection, tumor immunity

and many other immune functions, reviewed by (van Vliet et al., 2005).
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Members of the C-type lectin family are further divided into different subfamilies
based on their functions or unique localizations. Major subfamilies include the
endocytic receptor family, the collectin family, the selectin family and the
lymphocyte lectin family. The endocytic receptor family members mediate
endocytosis of bound ligands. The macrophage mannose receptor is a well-studied
endocytic receptor. It recognizes Gram-positive and Gram-negative bacteria, yeasts,
parasites and mycobacteria (Engering et al., 1997). The collectin family members
contain a collagen-like domain. They usually assemble into large oligomeric
complexes to carry out their functions. Collectins bind preferentially to
monosaccharide structures and/or lipid moieties on the surface of microorganisms,
reviewed by (van de Wetering et al., 2004). Selectin family members are mainly
expressed in vascular endothelia and in circulating leukocytes. They are involved in
selective cell adhesion during inflammation. DC-SIGN (CD209) molecule is an
important C-type lectin member that functions both as an adhesion receptor and as
an endocytic pathogen-recognition receptor. It is expressed primarily on DCs,
participating in DC migration and T cell activation. DC-SIGN has been shown to
serve as the portal for human immunodeficiency virus (HIV) infection (Geijtenbeek
et al., 2000). Identified on human and rodent lymphocytes, the lymphocyte lectin
family members have received increasing attention in recent years. In particular, the
mouse Ly49 family and human CD94/NKG2 family expressed on NK cells can
trigger or inhibit cell lysis by NK cells through interacting with MHC class I

molecules expressed on the target cells, reviewed by (Natarajan et al., 2002).
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1.2.3.2 Toll-like receptors (TLR)

TLRs form a family of ancient microbial PRRs highly conserved from fruit flies to
humans. The extra-cellular domain of TLRs contains interspersed leucine-rich
repeats (LRR) recognizing a variety of PAMPs, while the cytoplasmic TIR domain
is homologous to the interleukin (IL)-1 receptor, which signals through the NF-

kappa B pathway.

More than 10 members of TLR family have been identified so far, each recognizing
a different microbial pattern. These pattern motifs include mannans in yeast cell
walls, various bacterial cell wall components (i.e. lipopolysaccharide (LPS),
peptidoglycan (PGN), lipopeptides), viral components (i.e. double-stranded RNA,
deoxyoligonucleotides), efc. The recognition of these ligands usually triggers the
NF-kappa B pathway through the TIR domain, leading to the production of anti-
microbial peptides and cytokines such as interferons (IFN), which finally activate

adaptive immunity, reviewed by (Takeda and Akira, 2005).

1.2.3.3 Complement proteins

The complement system is the main humoral arm of innate immunity. It plays an
essential role in host defense against invading microbes during inflammation. The
complement acts through a complex cascade involving over 20 serum glycoproteins

that function either as enzymes or as binding agents.
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The complement system can be activated in three different ways: 1) the classical
pathway, 2) the lectin pathway, and 3) the alternative pathway. The classical
pathway is activated by antibodies. The lectin pathway is activated by the mannose-
binding protein that recognizes the mannose groups of microbial carbohydrates. The
alternative pathway is activated by C3b binding to the cell walls and other surface
components of foreign microbes. Activated complement proteins will initiate a
cascade of enzymatic reactions leading to the lysis of pathogens or antibody-flagged
cells by forming the membrane attack complex (MAC). Some complement factors
can attract inflammatory cells through chemotaxis (i.e. C5a). Some can bind to the

surface of the microbes and act as opsonins to promote phagocytosis (i.e. C3b).

1.2.3.4 Antimicrobial peptides (AMP)

AMPs form another diverse and evolutionarily ancient family of effector molecules
in innate immunity. A large number of AMPs have been isolated from a variety of
species, including insects, amphibians and mammals. AMPs are usually short
peptides between 12-50 amino acids long. Based on their net charge, AMPs can be
grouped into cationic and anionic peptides. Most AMPs are cationic peptides which
are further divided according to their composition and structural features. For
example, cecropins are linear amphipatic-helical peptides devoid of cysteine
residues, while defensins are complex cysteine-rich peptides which usually consist

of a beta-sheet, reviewed by (Sitaram and Nagaraj, 2002).
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Three types of defensins have been identified in mammals, alpha-defensins, beta-
defensins and theta (circular) minidefensins. All of them have a beta-sheet structure
stabilized by three intramolecular cysteine disulphide bonds in different orders,
reviewed by (Lehrer and Ganz, 2002). Defensins are usually synthesized as larger
protein precursors, which are then cut to produce smaller active forms. Some
defensins are secreted constitutively by epithelial cells, and some are brought to the
site by leukocytes in response to pathogen invasions (Selsted and Ouellette, 1995).
Based on the fact that defensins are cationic peptides while bacterial membranes
usually have a surplus of negative charges, one of the proposed bactericidal
mechanisms of defensins is that they penetrate and form lethal holes in the

membrane of bacteria (Matsuzaki ef al., 1995).

1.2.4 Important molecules in adaptive immunity

1.2.4.1 Major histocompatibility complex (MHC)

Originally described as major transplantation antigens that determine the tissue
compatibility between different individuals, MHC is now considered to be the
foundation of adaptive immunity. With a few exceptions, the adaptive immune
system only responds to environmental stimuli by recognizing antigens presented in
the context of MHC molecules. For instance, T cells cannot recognize antigens in
solution. They only respond to antigens presented in the context of self-MHC (thus

termed “MHC restriction”). Although B cells can recognize antigens in their native
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forms, the initial activation of B cells requires accessory signals from T cells, since
most antigens are T cell-dependent. This suggests if a microbe mutated its proteins
such that none of its peptides can bind to MHC, it will not be able to trigger an
adaptive immune response. This partially explains why MHC molecules identified
so far among different species are usually polymorphic and polygenic, a clear sign

of natural selection to maximize their antigen presenting capacities.

There are two types of MHC molecules with very similar three-dimensional
structures. The most prominent is the peptide-binding platform in which two MHC-
unique domains fold together to form a groove whose base is a beta-sheet with sides
consisting of two alpha-helices. MHC class I is a heterodimer of membrane-bound
alpha chain and non-covalently associated beta,-microglobulin ($,M). The alphal
and alpha2 domains form the peptide-binding groove. B,M is associated with the
alpha3 domain and is essential for the stability and function of the MHC. MHC
class I molecules are expressed constitutively on almost all nucleated cells. They
interact with the CD8+ T cells, in which the T cell receptor (TCR) recognizes the
specific peptide presented in the context of self-MHC, and the CD8+ molecule
binds to the alpha3 domain of the MHC class I alpha chain (Tanabe ef al., 1992).
MHC class II molecules are formed by non-covalently bonded heterodimer of alpha
and beta chains of similar size. Peptide antigen is bound to the cleft formed between
alphal and betal domain. The expression of MHC class II molecules is restricted to
professional APC. MHC class II molecules interact with CD4+ T cells, in which the

TCR binds the specific antigen-MHC complex and the CD4+ molecule binds to the
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beta2 domain of MHC class 11 beta chain (Konig et al., 1992).

1.2.4.2 Immunoglobulins (Ig)

There are two forms of immunoglobulins (Ig): membrane bound and secreted. The
former are B cell receptors (BCR) and the latter are the effector molecules in
humoral immunity, commonly known as antibodies. Immunoglobulins are
composed of two heavy chains and two light chains. Their antigen-binding sites are
protein heterodimers encoded by somatically rearranged gene elements - V and J

elements for light chains; V, D, and J elements for heavy chains.

In mammals, the diversity of antibodies is mainly the result of V(D)J
rearrangements, in which the recombination activation gene (RAG) encoded
recombinases randomly select and cleave recombinational signal sequences (RSS)
flanking multiple V, D, J segments to produce wide varieties of antibodies that
potentially recognize a wide variety of antigens. In birds, a different process named
gene conversion works as the main mechanism in generating the Ig repertoire. In
chickens, for example, there is only a single functional light chain V element, which
recombines with a single J element early in B cell development. The rearranged VJ
then undergoes an iterative homologous recombination process in which an array of
nonfunctional pseudo-V elements, located upstream of the functional V segment,

provide templates/donors for sequence transfer (Reynaud et al., 1987).
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Antigen binding will lead to cross-linking of BCR which triggers downstream
signaling. Together with the help of T cells, B cells will be activated to initiate
clonal expansion, proliferation and finally mature into antibody-secreting plasma
cells. During the process, the antigen-binding sites will undergo point mutations to
increase the affinities for the same epitope. They may further undergo class
switching by rearranging the C elements to diversify their effector functions without

changing the antigen specificity (Rothman et al., 1989).

1.2.4.3 T cell receptors (TCR)

TCR molecules are structurally and functionally similar to immunoglobulins. TCR
are heterodimers composed of alpha/beta or gamma/delta chains, each with a
variable and a constant domain. In human and mouse, most T cells express
alpha/beta TCR. A small proportion of T cells expressing gamma/delta TCR are
mainly distributed in the skin and gut. These T cells recognize antigens expressed
by injured epithelial cells and produce factors that affect wound repair (Jameson et
al., 2002). Like antibodies, the repertoire of TCR is also generated by VDIJ
rearrangements enabled by RAG encoded recombinases (Davis and Bjorkman,
1988), but there is no somatic hypermutaion or class switching taking place after

antigen recognition.
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1.2.5 Cytokines

Cytokines are a family of small secreted proteins involved in the regulation of
immune responses, inflammation and hematopoiesis (development of blood cells).
They are released by a variety of different cell types. Cytokines together with
cytokine receptors form intricate networks to orchestrate the activities of target cells
during immune responses. Many cytokines are found to share certain signaling
properties with others, which sometimes blur the distinctions between them. For the
convenience of this discussion, cytokines are somewhat arbitrarily divided into four
partially overlapping groups: interleukins (IL), colony stimulating factors (CSF),

inteferons (IFN) and chemokines.

1.2.5.1 Interleukins (IL)

As the name suggests, ILs mainly act as messengers between (inter-) leukocytes.
They also play essential roles in immune cell activation, proliferation and
differentiation. Different ILs are usually produced by different cell types, regulating
different spectrum of target cells. Most ILs exert their effects on target cells by

triggering the JAK-STAT signaling pathway.

IL-1 is mainly produced by activated macrophages. It is the major pro-
inflammatory cytokine. IL-1 is very important in activating T helper cells,

promoting B cell maturation, and regulating DC activation (Koide et al., 1987). IL-
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2 is an autocrine factor for both Th1 and NK cells. IL-4 is a Th2 autoctine growth
factor. Binding of IL-4 to its receptors can induce ThO cells to differentiate into Th2
cells. IL-4 can also inhibit the initiation of cytolytic function of CTL by altering the
ratio of co-stimulatory ligands expressed on DC (King et al., 2001). IL-12 is
produced by activated DCs and macrophages. It can induce ThO cells into Th1 cells.
Thus, the cytokine milieu, especially the IL-4/IL-12 ratio is important in influencing

the Th1/Th2 decision at early stages in immune responses (Lederer et al., 1996).

1.2.5.2 Colony-stimulating factors (CSF)

CSFs are the major regulators for the production of two types of immune cells: the
macrophages and granulocytes. There are three major types of CSF: macrophage-
CSF (M-CSF), granulocyte-CSF (G-CSF), and granulocyte macrophage-CSF (GM-
CSF). The functions of the first two are relatively lineage-specific, while the last
acts at an earlier stage of lineage commitment, regulating the expansion and
maturation of primitive hematopoietic progenitors, reviewed by (Barreda et al.,
2004). Binding of CSF to their receptors stimulates the growth and proliferation of

hematopoietic cells into different blood cell types.

M-CSF is produced by diverse cell types, including fibroblasts, epithelial cells and
macrophages. It is required for the growth, survival and differentiation of
mononuclear cells. M-CSF receptor (MCSFR), now known as CSF1R, is primarily

expressed on cells of the macrophage lineage. It mediates most of the biological
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effects of M-CSF. Ligand binding induces the receptor dimerization and
transphosphorylation, triggering the receptor tyrosine kinase (RTK) signaling

pathway (Reedijk er al., 1992).

1.2.5.3 Interferons (IFN)

IFNs play a critical role in antiviral immunity. Two types of IFN are found in
humans: type I and type II. IFN-alpha and IFN-beta belong to type I IFN, while
IFN-gamma is type II IFN. Like ILs, IFNs also act through the JAK-STAT signaling
pathway. They bind to their respective receptors, resulting in different, though
partially overlapping cellular effects. The expression of IFN is regulated by a family

of IFN regulatory factors (IRF).

Type I IFN mainly accounts for the antiviral activity of IFN. IFN-alpha is secreted
by virus-infected cells. Plasmacytoid DC were found to be the major IFN-alpha
producer after viral challenge (Kadowaki et al., 2000). Both IFN-alpha and IFN-
beta bind to the ubiquitously expressed type I IFN receptors. Ligand binding will
induce an “antiviral state” in the cells, resulting in the inhibition of both viral
replication and cell proliferation. Type I IFNs also enhance of the killing ability of
NK cells, reviewed by (Le Page et al., 2000). Type II IFN or IFN-gamma is mainly
produced by activated T cells and NK cells. They also exhibit some antiviral
activity. IFN-gamma can act directly on virus infected target cells, inhibiting the

viral replication (Costa-Pereira et al., 2002). However, their antiviral activity is
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significantly less potent compared to type I IFNs. The main function of IFN-gamma
is controlling immune function. Binding of IFN-gamma to the target cells increases
the surface expression of class I or class II MHC molecules, enhancing their

abilities in antigen presentation, reviewed by (Boehm et al., 1997).

1.2.5.4 Tumor necrosis factors (TNF)

Originally identified as lymphocyte and macrophage products which caused lysis of
tumor cells, the TNF family, together with their receptors has now grown into a
cytokine superfamily involved in inflammation, immunity, and apoptosis. TNF-
alpha 1s produced by activated T cells, NK cells and macrophages. TNF-beta, also
known as lymphotoxin-alpha, is expressed by NK cells, T cells and B cells. TNF
receptors are mainly expressed on immune cell types, reviewed by (Locksley et al.,

2001).

Depending on the context, ligand binding can lead to opposite destinies of the target
cell. In normal cells, TNF-alpha is mitogenic and can induce cell activation and
proliferation, whereas in transformed cells, binding by TNF-alpha will lead to
programmed cell death or apoptosis. Two adaptor molecules were identified to be
pivotal for the signaling result - the TRAF (TNF receptor—associated factor) and the
TRADD (TNF receptor-associated death domain) molecule. The former activates
the NF-kappa B pathway, while the latter triggers the caspase pathway, reviewed by

(Inoue et al., 2000). Blocking the NF-kappa B signaling pathway was shown to
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result in normal cell apoptosis in response to TNF-alpha (Pimentel-Muinos and

Seed, 1999).

1.2.5.5 Chemokines

Chemokines are known for their selective attraction and activation of leukocytes at
the site of inflammation during immune responses. All chemokines share the same
basic tertiary structural framework with at least three beta-sheets and a C-terminal
alpha helix (Koopmann et al., 1999). Most chemokines have at least four cysteines
in conserved positions. Chemokines are divided into CXC and CC chemokines
based on the position of two cysteines at their N-termini. They are adjacent in the
CC family and are separated by a single amino acid in the CXC family. The
chemokines discovered so far have outnumbered their receptors. Thus in general,
many chemokines bind multiple receptors and many receptors have multiple
chemokine ligands, creating the potential for combinatorial diversity in their
functions, reviewed by (Kim, 2004). Most chemokines act via the G-protein-

coupled receptors (GPCR) signaling pathway.

Macrophage inflammatory proteins (MIP)-1 alpha, MIP-beta and RANTES are
important members of the CC chemokine family. They are structurally and
functional_ly related pro-inflammatory cytokines. MIP-1 alpha and MIP-beta are
both produced by macrophages, neutrophils, eosinophils and inflammatory

fibroblasts. They have similar chemotactic activities on monocytes, B cells and DCs.
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However, differential effects on T cells have been reported. MIP-1 alpha selectively
attracted CD8+ T cells, while MIP-1 beta selectively attracted CD4+ T cell (Schall
et al., 1993; Taub et al., 1993). RANTES, also known as CCLS, is produced by
circulating T cells after being stimulated by TNF-alpha and IL-1. RANTES is
chemotactic for T cells, eosinophils and basophils. Three RANTES receptors have
been identified, CCR1, CCR3 and CCRS5 (Bischoff et al., 1993). It was reported
that RANTES, MIP-1 alpha and beta played important roles in the suppression of
HIV replication (Cocchi et al., 1995). CCR7 is a chemokine receptor expressed on
mature DCs, activated B cells, and T cells (Forster et al., 1999). Two CCR7 ligands
have been identified so far, CCL21 and CCL19. Both are produced by stromal cells
in the T cell area of secondary lymphoid organs (Scandella et al., 2004). They are
the principle regulators of immune cell trafficking during primary immune

responscs.

1.2.6 Important immune signaling pathways

The most salient feature of the immune system is its numerous specialized receptors
and effector molecules that are able to recognize and destroy pathogens and
transformed cells. Compared to them, the signaling pathways involved in immune
responses are much less function specific. Many of these signaling pathways also

participate in other physiological or metabolic processes.

Except for steroids and nitric oxides (NO) that are able to diffuse into the cells and
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bind internal receptors, most signaling molecules (i.e. proteins) are too large or
polar to pass the cellular membrane. They have to rely on surface receptors to enter
into a cell’s interior. Receptor mediated signaling pathways are essential for the
regulation of immune responses. It is through these specific receptors and other
accessory cues that cells receive and respond to environmental stimuli and

coordinate with each other in a proper way to carry out immune defenses.

The signaling pathway works basically like a molecular circuit. Receptor molecules
usually either possess themselves intrinsic ligand-triggered kinase activity or
associate with adaptor proteins that provide the enzymatic activity. Ligand binding
will cause conformational changes (i.e. cross-linking or oligomerization) in the
receptor molecules, converting the corresponding protein kinases into an active
state. Downstream protein phosphorylation usually triggers the release of second
messengers (i.e. cAMP, IP3) to relay, and often amplify the signal further inside the
cells. In most cases, the signaling cascade leads to the activation of transcription
factors (i.e. NF-kappa B, STAT) which subsequently enter the cell nucleus to
influence the expressions of target genes. Finally, protein phosphatases terminate

the signal by removing the specific phosphoryl groups from the modified proteins.

1.2.6.1 G-protein coupled receptors (GPCR) pathway

GPCR proteins form a large and diverse receptor family. Their common features are

seven transmembrane domains (7TM) and most of their intracellular pathways
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involving the activation of G-proteins, reviewed by (Kristiansen, 2004). G proteins
are named as such because they bind guanine nucleotides: GDP-bound when it is
inactive and GTP-bound when active. Ligand binding changes the GPCR
conformation and activates the G protein which then detaches from the receptor to
trigger downstream signaling cascades. Depending on the type of G protein
activated, a variety of pathways can be initiated. The GPCRs are among the largest
protein families known, members of which are involved in diverse activities
including stimulus-response pathways (i.e. visual, olfactory receptors), behaviors
(i.e. receptors for neurotransmitters in brain). GPCR pathways also play an
important role in immune regulation. Many chemokine receptors signal through the

GPCR pathway, reviewed by (Neves et al., 2002)

1.2.6.2 Receptor tyrosine kinase (RTK) pathway

As the name suggests, the membrane receptors of this pathway usually possess
intrinsic kinase activity in their cytoplasmic tail. They usually span the plasma
membrane just once. Ligand binding of two adjacent receptors causes the formation
of a homodimer, converting the receptor’s protein kinase into active state.
Subsequent phosphorylation cascades lead to the activation of Ras protein, a small
G protein (they are monomeric compared to the heterotrimeric G protein of the
GPCR pathway) serving as a common node in RTK signaling. Ras protein is a pro-
oncogene. Mutations in Ras have been identified in many tumor types, reviewed by

(Bos, 1989). The RTK pathway is involved in regulating a wide spectrum of
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activities such as cell proliferation and differentiation, apoptosis and metabolism.

Several cytokines (1.e. growth factors, M-CSF) act through this pathway.

1.2.6.3 JAK-STAT pathway

The JAK-STAT pathway is the primary signaling mechanism for a wide array of
cytokines and growth factors. JAK (Janus kinase) is a group of non-receptor
tyrosine kinases. STAT (signal transducer and activator of transcription) serves both
as a signal transducer in the cytoplasm and as a transcription factor in the nucleus. It
regulates the expression of a large group of cytokines and growth factors. The
membrane receptors for JAK-STAT pathways are single-pass transmembrane
proteins that lack intrinsic kinase activity. Ligand binding will induce receptor
dimerization, which then activates the associated JAK. JAK will phosphorylate
certain tyrosine residues in one or another STAT, inducing them to form active
dimers, which are subsequently translocated into the nucleus and affect the
transcription of the target genes. GM-CSF, and the majority of IL use the JAK-

STAT pathway, reviewed by (Schindler, 1999).

1.2.6.4 NF-kappa B pathway

Nuclear factor kappa B (NF-kappa B) is a central transcription factor involved in

immunity. It is expressed in a wide variety of immune cells and has been linked to

cellular transformation, proliferation, and apoptosis suppression. In the normal state,
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NF-kappa B resides in the cytosol bound to an inhibitor called I-kappa B. Upstream
activation will lead to phosphorylation of I-kappa B, which will subsequently
become ubiquitinated and destroyed by proteasomes, freeing the NF-kappa B. NF-
kappa B will then enter the nucleus where it binds to the promoters/enhancers of
more than 60 genes, reviewed by (Bacuerle and Baltimore, 1996). MHC proteins,
Toll-like receptors, TNF-alpha, IL-1, 2, 6, 8, adhesion molecules, chemokines all

act through this signaling pathway, reviewed by (Richmond, 2002).

1.2.7 Antigen processing and presentation

Antigen processing and presentation through MHC molecules is the first step
towards initiating adaptive immune responses. Different sources of antigens are
usually processed in different pathways and presented on different types of MHC
molecules, resulting in different types of immune responses. The endogenous
peptide antigens are presented via MHC class [ molecules to CD8+ T cells, while
the exogenous peptides antigens are presented through MHC class II molecules to
CD4+ T cells. However, DCs are capable of cross priming in which the exogenous

derived peptides can be processed and presented via the MHC class I pathway.

1.2.7.1 Endogenous antigen processing and presentation pathway

Endogenous antigens are antigens that have been generated within the cells such as

viral peptides and tumor antigens. They are degraded in the cytosol by proteasomes.
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These fragments are then transported by transporter associated with antigen
processing (TAP) protein across the membrane of the endoplasmic reticulum (ER).
Within the ER, the peptides, the newly synthesized MHC class I heavy chain and
B.M form a stable complex, which is then transported to the Golgi apparatus and
finally displayed on the cell surface. If activated CD8+ T cells recognize these
antigens, they will secrete toxins (i.e. perforins and granzymes) to cause lysis of the
infected cells or use Fas ligand to induce apoptosis of the malignant cells, reviewed

by (Andersen et al., 2006).

1.2.7.2 Exogenous antigen processing and presentation pathway

Exogenous antigens are antigens that have entered the body from the outside. They
are fragmented by proteases and stored in endosomes. The MHC class II alpha
chain and beta chain, along with the invariant chain, are synthesized and assembled
in the ER to form class II MHC complexes, which are subsequently transported to
the Golgi apparatus to fuse with the endosome. Inside the endosome, the invariant
chain is replaced with the peptide fragment. Finally, the complexes are transported
and displayed on the cell surface. The professional APC are the main cell types that
express MHC class II molecules. They can activate antigen-specific T helper cells

(CD4+), which then secrete cytokines that further activate CTL or B cells.
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1.2.7.3 Cross priming

Cell-mediated immunity (CMI) is the main mechanism of host defense to clear the
body of transformed cells or viral infections. However, if viruses evolve
mechanisms to either block the MHC class I processing pathway or simply avoid
infecting antigen presenting cells, the host will fail to activate the CMIL The cross
priming pathway complements the normal CMI processing pathway by allowing the
exogenously derived antigens to be presented on both types of MHC molecules.
Thus, CD8+ T cells can be activated either by endogenously generated antigens
(direct priming) or antigens from exogenous sources (cross priming). This
understanding has profound implications in vaccine development. For instance, in
HIV or cancer vaccine development, to induce long-term CMI (i.e. antigen specific
CTL and CD8+ memory T cells) is usually the ultimate goal. However, to establish
long term CMI requires the presence of T helper cells. It is essential that both the T
helper cell and the CTL reside on the same DC at the time of activation (Shedlock
and Shen, 2003; Sun and Bevan, 2003). This implies that the same source of antigen
needs to be presented via both MHC class I and class II molecules on the APC at
the same time, which is only possible if cross-priming is allowed. DCs are the
principle cell type capable of cross-priming, reviewed by (Behrens et al., 2004).
Without being actively infected themselves, DCs can process and present on MHC
class I many different types of exogenously derived peptides, including immune
complexes, antigens originally synthesized in other cells, antigens, or vaccines to

initiate potent CTL responses, reviewed by (Heath et al., 2004).
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1.2.8 The avian immune system

Although the major body of the aforementioned knowledge on the immune system
is based on human and mouse models, most mechanisms and features are equally
applicable to birds. Like mammals, birds possess both innate and adaptive immunity,
with the latter further divided into humoral and cell mediated immunity. However,
the avian immune system differs from that of mammals in two major ways: the
presence of a unique specialized gut-associated immune organ called bursa of

Fabricius, and a process named gene conversion.

In mammals, B cells are produced and mature primarily in the bone marrow. While
in birds, B cells are initially produced in the embryonic liver, yolk and bone marrow,
then they move to the bursa of Fabricius to mature. Inside the bursa, the avian Ig
locus undergoes a single recombination event involving a single functional V, D and
J element. This is then diversified through rearrangement in pseudogenes by gene
conversion, reviewed by (Lundqvist et al., 2006). This process mainly takes place

during the first six weeks in a bird’s life (Mueller et al., 1960).

1.3 The duck model

Ducks have traditionally been an important agricultural species, with more than 3

million metric tons of meat produced annually (http://www.fao.org). Due to the

recent re-emergence of bird flu, ducks are in the spotlight for their roles in the
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dispersal and evolution of the influenza A viruses (Webster and Hulse, 2005). In
addition, ducks are also an invaluable animal model for hepatitis B virus (HBV)
infection, reviewed by (Schultz et al, 2004). The study of duck immunity is

important to both veterinary and human public health.

As the first bird genome ever sequenced (Hillier et al., 2004), the chicken genome
provides an invaluable resource for the study of bird evolution and immunity. In
contrast, the genetic resource for duck is very limited in the public databases. By
2005, the NCBI dbEST database contained only 234 sequences from duck, Anas

platyrhynchos (http://www.ncbi.nlm.nih.gov/dbEST/dbEST summary.html).

1.3.1 Ducks and Influenza A viruses

As natural hosts of the influenza A viruses, the ducks are considered to be the prime
sources of all human influenza pandemics, reviewed by (Webster et al., 1992).
Under normal conditions, these viruses are usually species-specific, showing a
preferential binding to avian sialic acid receptors (Matrosovich et al., 1999).
However, the increasing number of confirmed cases of human avian influenza in

recent years (http://www.who.int) showed that the bird flu viruses are evolving

quickly. There is concern that they could acquire the ability to jump to humans and

cause another pandemic.

Ducks are often asymptomatic carriers of the influenza viruses which are lethal to
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other domesticated poultry. Even the highly pathogenic H5N1 strain was found to
be reverting to nonpathogenicity in ducks (Hulse-Post et al., 2005), making ducks
the “Trojan horses” for harboring and spreading the influenza viruses. Therefore, to
understand the duck immune system at molecular level, particularly the
identification of genes involved in host-virus interaction, holds the key to

understand the evolution of the virus and to permit effective vaccination strategies.

1.3.2 Ducks and Hepatitis B viruses (HBV)

Ducks are also among a few animals suitable for the study of HBV infections.
Unlike mice, ducks are natural hosts of duck hepatitis B viruses (DHBYV) that
belong to the same hepadnaviridae virus family as human HBV. These two viruses
share many similarities with respect to virion ultrastructure, antigenic composition,
genetic organization, and mechanism of replication (Yuasa et al., 1991). In addition,
like HBV-infected humans, DHBV-infected ducks exhibit similar symptoms such as
persistent infection in young ducks and transient infection in adults (Jilbert et al.,
1998). As a result, ducks are often used as an animal model for the study of HBV
infection and for testing new antiviral agents (Le Guerhier et al., 2003; Thermet et
al., 2003; Foster et al., 2005). The successful application and wide acceptance of
this model is currently limited by a lack of markers/reagents to measure the immune

response to DHBV.
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1.4 Research objectives

The research objective of my lab is to understand duck immune system at molecular
level. To this end, a cDNA library was constructed from a duck spleen and 3, 168
clones were randomly picked and sequenced. The objective of my research work
was to perform immune discovery based on the resources. This was approached
from three aspects: (i) to analyze the EST data to identify immune genes, (ii) to
array the cDNA library and screen with homologous probes, and (iii) to generate

subtracted probes to screen for immune genes in a high-throughout manner.

1.4.1 Objective 1: EST analysis, annotation, and immune gene identification

Over 3,000 sequences were produced from our EST project. A systematic and
disciplined analysis as described in section 1.1 was needed. Basically, we wanted to
process the EST data, cluster and assemble them, annotate the sequences, identify
immune relevant genes, perform some custom analysis, and finally publish the EST
data. Therefore, one of my research goals was to construct a high throughput EST

analysis and annotation pipeline to address these requirements.

1.4.2 Objective 2: to array the cDNA library and screen it with homologous

probes

Random sequencing can quickly generate a lot of EST fragments from which
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immune genes can be identified. However, gene discovery through this approach is
limited by its random nature, namely, which gene can be discovered is a matter of
pure chance. As a complementary strategy, it is also desirable to perform a more
targeted search for specific genes of interest. By arraying this cDNA library onto
membranes or chips, the clones can be screened with probes designed from
homologous genes of other species. This approach will greatly enhance and extend
the utility of this c¢cDNA library by allowing further identification and

characterization of genes of interest.

1.4.3 Objective 3: to generate subtracted probes to improve the rate of

immune gene discovery

The rate of gene discovery by random sequencing is subject to the law of
diminishing returns, which limits the scale of our EST project. Using an arrayed
cDNA library allows two possible ways to improve the situation without the need to
construct new libraries: first, several abundant genes (i.e. immunoglobulins)
identified in the previous EST project can be flagged and excluded from the
subsequent round of sequencing; second, the arrayed cDNA library can be screened
with subtracted probes enriched for immune genes to improve the rate of immune

gene discovery in a high throughput manner.

In our case, the probe pool can be generated via tissue subtractions between the

duck spleen and brain. The rationale is that the spleen is an organ where immune
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cells abound, while the brain is usually considered an immune-privileged site
depleted of conventional types of immune cells under normal conditions. Therefore,
by performing subtraction between mRNAs extracted from the brain and the spleen
tissue, most transcripts expressed by common house-keeping genes will be removed
while the differentially expressed ones such as those from the immune cells will
remain. This procedure could potentially yield a probe pool enriched for immune

relevant sequences, which can then be labeled to screen the arrayed library.
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Chapter 2

MATERIALS AND METHODS
2.1 ¢cDNA library construction and EST sequencing

A cDNA library was constructed from a healthy male White Pekin duck (4ras
platyrhynchos) in the lambda ZAP Express vector (Mesa et al., 2004). Two-thirds
of the library was taken through a single round of amplification by plating on host
cells and eluted in SM buffer [0.1 M NaCl, 0.8 M magnesium sulfate, 0.5 M Tris
(pH 7.5), 0.1% w/v gelatin] and stored at 4°C with added chloroform (0.3% v/v). A
mass excision was conducted using an aliquot of the once-amplified library (1.5 x
107 phage) according to the lambda ZAP product manual (Stratagene). cDNA
clones were recovered as bacterial colonies and picked by the QPix robot
(Genetix, UK) into 96-well plates. Bacterial suspension was transferred from each
plate to infect a deep-well block, and DNA was isolated using the microwave lysate
method (Marra ét al., 1999) and sequenced using T3 forward primer on an ABI 377

automated sequencer (PE Applied Biosystems Inc., Foster City, CA).
2.2 EST analysis and annotation

The pipeline for EST analysis and annotation was mainly implemented as a package

of Perl scripts combined with the MySQL database. The whole analysis was
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performed on a laptop computer (OS Red Hat Linux 9.0 installed with MySQL 4.1,

CPU Intel Pentium IV 1.4GHz, 768MB RAM).

Five major steps were carried out during the EST analysis: (i) a sequence quality
check, (ii) EST clustering and assembly, (iii) a homology search against the Uniprot
database, (iv) a motif database search, and (v) a chicken genome database search. In
addition, three customized analyses were also performed: (i) Gene Ontology
annotation, (ii)) KEGG pathway assignment, and (iii) sequence comparison between
homologous duck and chicken genes. Figure 2.1 shows a diagram of the EST
analysis pipeline. The main program used at each step is indicated in the

corresponding box.

2.2.1 EST quality checking, clustering, and assembly

Sequence chromatographs were manually inspected during the EST sequencing
process, which made it unnecessary to use phred. The input was the raw ESTs in
FASTA format. In the first stage, a quality check was performed using the TIGR
seqclean program against a custom sequence database (composed of pBK-CMV
vector sequences, adaptor and linker sequences). The vector sequences together
with low complexity sequences (repeats, polyA/T tails, efc) were trimmed. In
addition, sequences calculated to be either of low quality (> 3% ambiguous base
calls) or too short (< 100 base pairs after trimming) were also removed. The

resulting sequences were then clustered and assembled using the TIGR tigcl
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Figure 2.1 The EST analysis and annotation pipeline
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package with default parameters. In brief, the cleaned EST sequences were first
compared to each other using a modified version of NCBI MEGABLAST program.
Sequences highly similar to each other were put into the same cluster. An assembly
process was subsequently performed for each cluster using the CAP3 program. This
process generated contigs based on multiple alignments of member sequences
within each cluster. Sequences were left out as singlets if they contained many

mismatches or introduced many gaps within the multiple alignments.

2.2.2 Homology detection and motif identification

Unique sequences generated after clustering and assembly (including contigs,
singlets and unclustered sequences) were translated in three forward reading frames
and then searched against a local Uniprot sequence database using the NCBI
BLASTP program in three separate batches. The result returned from each batch was
then parsed and compared with each other. Sequences with significant hits (E value
< 10°) in more than one reading frame were considered to contain frame-shift
errors. These sequences were searched against the same database using the FASTy
program (Pearson et al., 1997). To account for possible reversals during the cloning
process, sequences without hits in the three forward reading frames were translated
in three reverse reading frames and the same strategies were applied to search the
Uniprot database. In the fourth stage, sequences without any matches were searched
against a series of local motif databases (PFAM, COG, SMART and PRINT) using

the NCBI RPS-BLAST program. Finally, all the remaining sequences were
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compared against the chicken genome database using the NCBI MEGABLAST

program.

2.2.3 EST annotation and immune gene mining

The search for immune-relevant genes was mainly carried out by manual inspection
of the returned Uniprot annotations for each unique sequence. The criteria for
“Iimmune relevance” are based on the /RIS (Immunogenetic Related Information
Source) database (Kelley ef al., 2005). Basically, they include genes that have
known or putative functions in innate or adaptive immunity, genes that participate
in immune system development and maturation, genes that are induced by an
immune modulator, genes that are expressed primarily in immune tissue, genes
involved in immune signaling pathways, and genes whose products interact directly

with pathogens.

2.2.4 GO annotation and pathway assignment

The majority of the Uniprot hits have GO terms assigned, which permits further GO
annotation for the query sequence. The Gene Ontology data files were downloaded
and installed on a local MySQL database according to the instructions at the EBI

web site (http://www.ebi.ac.uk/GOA/). GO annotation was performed by mapping

the accession number of UniProt hits to their associated GO terms in the MySQOL

database.
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For KEGG pathway mapping, the EC numbers of the query sequences were
primarily obtained by parsing the EC numbers from the definition line of their
associated Uniprot hits. The final list of EC numbers was submitted to the KEGG

pathway database (http://www.genome.jp/kegg/tool/search_pathway.html) using the

chicken pathways as the references.

2.2.5 Sequence comparison between duck and chicken

In order to compare the sequence similarity between chicken and duck with regard
to different functional groups and between immune and non-immune genes, the
unique sequences were further divided into different categories based on GO
classification. Only sequences that received hits in all three databases searches
(Uniprot database, Gene Ontology database and chicken genome database) were
analyzed this way. To avoid the skewing of the results by over-represented genes,
the following sequences were removed from the dataset: ribosomal protein
sequences, immunoglobulin sequences, and clusters with multiple contigs (only
contigl was used for each cluster). In addition, sequences with a total aligned length
shorter than 100 base pairs were also excluded because most of these matches
represented only short conserved functional domains with over 99% percent identity.
The sequence similarities were calculated using percent identity scores of the high
scoring pair (HSP) from the BLASTN reports. The average sequence similarity of
each functional group between duck and chicken was calculated using the sum of

all identical base pairs divided by the sum of the total aligned length for that group.

52

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


http://www.genome.iD/kegg/tool/search

2.3 cDNA library arraying and screening

2.3.1 Library packaging and mass excision

An aliquot (0.5 pl) of the original, unamplified cDNA library (Mesa et al., 2004)
was packaged in vitro into lambda phage using Gigapack III Gold packaging
extract (Stratagen). The resulting phage library was then titered by counting the
plaque forming units (PFU) after infecting XL1-Blue MRF’ host cells. The library
was subsequently mass excised in the presence of the ExAssist helper phage in the
host cells, which yielded the pPBK-CMV phagemids. The phagemids were then used
to infect £ coli XLOLR cells, which produced the pBK-CMV plasmids with the
inserts in the XLOLR cells. The plasmid library was titered by counting the colony-
forming units (CFU) after growing XLOLR cells overnight on kanamycin-

containing plates.

2.3.2 Library picking and arraying

The E coli XLOLR cells containing pPBK-CMV plasmids were then plated onto Q-
tray plates (25 x 25 cm, Genetix) with an average density ~ 2,000 colonies per Q-
tray. These colonies were picked using QBot (Genetix) into 384-well plates in LB
broth containing 5% glycerol and kanamycin (50 pug/ml), and incubated overnight.
The bacterial liquid cultures were then printed onto duplicate sets (set A and B) of

nylon membranes using QPix (Genetix) and grown for 16~18 hours. The colonies
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on the membranes were then lysed and cross-linked for hybridization. The Q-tray
plates were stored in the cold room at 4 °C. The 384-well plates were stored in the
freezer at —80 °C. The membranes were kept in a paper cassette and stored at room

temperature in a dry drawer.

2.3.3 Library evaluations and screening

Since the immunoglobulins were found to be most abundantly expressed in the
spleen cDNA library based on our EST data, the first round of library screening was
carried out using Ig probes to check the overall quality of the arrayed library and
also to flag them from subsequent sequencing. The *?P-dCTP labeled Overgo
probes (Ross et al., 1999) were designed based on IgL. constant region and IgM mu
chain (Table 2.1). After pre-hybridizing for 2 hours, the membranes were then
hybridized overnight, washed at high stringency and then exposed to X-ray film for

48 hours at —-80 °C.

The second round of library screening was carried out to screen for six specific
immune genes: CSFR1, beta-defensin, CCR7, CCL19, TLR7 and IFN-alpha using
32P-dCTP labeled Overgo primers (Table 2.1). Positive clones were identified on
the membranes, the corresponding bacterial cultures were retrieved from the 384-
well plates and grown overnight in 2 mL liquid cultures, followed by DNA

miniprep and sequencing to determine their identities.
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Table 2.1 Overgo primers used for library screening

Primers

Ova (5°->3?)

Ovb (5’->3")

gL

IgM

CSFR1

TLR7

CCR7

CCL19

Defensin

IFN-alpha

TCCTGGGCCAGCCCAAGGTGTCTC

TCACCAACGCCACCGTGGCCACCA

GGAGCCCACACAAAGACCTACCTT

CTGAATGCTCTGGGAAAGGTTGTC

TTGAAGGCTGAGATGGTCTTGACC

CAGGAAGGTCCCAAATAAAGGCAA

GGGAGATGTTCAACTCTAGTTCCC

ATGCCTGGGCCATCAGCCCCACCA

AAGACGTGGACAGTGGGAGACACC

GGGAAGTTGACAATGGTGGTGGCC

GCAGCAGATTTGGTCAAAGGTAGG

AGGACAGCCAGTCTTTGACAACCT

ACAACAGCGTCATGCTGGTCAAGA

CTTCTTCAGGGCCTAATTGCCTTT

ATGTACTCCTGCAGCAGGGAACTA

TGTAGATGGCTGGTGGTGGTGGGG
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2.4 SSH probe synthesis and library screening

One gram of frozen tissue from the duck spleen or brain was ground into a fine
powder separately with mortar and pestle in liquid nitrogen. Using the FastTrack2.0
mRNA extraction kit (/nvitrogen), the sample was homogenized and digested for 60
minutes at 45 °C in the lysis buffer. mRNA was then extracted using oligo(dT)

cellulose and eluted with elution buffer.

Suppression subtraction hybridization (SSH) was performed using the PCR-Select
cDNA Subtraction Kit (Clontech) according to the manufacturer's instructions. In
brief, the mRNA samples extracted from the duck spleen and brain tissue were
reverse transcribed into double-stranded cDNAs using avian myeloblastosis virus
(AMV) reverse transcriptase with poly(dT) as the primer. The cDNA pools were
then digested with Rsal to generate short fragments. To screen for the genes that
were differentially expressed in the spleen tissue, the cDNA (tester) from the spleen
was further divided into two portions and each ligated with a different 40 bp DNA
adaptor. The ligated tester cDNA pools were then subtracted twice against an excess
of cDNA from the brain tissue (driver). Using primers complementary to the two
adaptors, two rounds of PCR were then performed to amplify the cDNAs that had
not hybridized to the driver sequences. In parallel, a reverse subtraction was also
performed to amplify the genes differentially expressed in the brain tissue. The
products of the major steps in this approach, including reverse transcription reaction,

restriction digestion, ligation of adaptors, subtraction, and PCR amplification, were
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each examined by agarose gel electrophoresis. These subtracted cDNA probes were
labeled with **P-dCTP by random priming and then hybridized with the arrayed
cDNA library. Membranes 11A and 11B were chosen to test the synthesized SSH
probes. Positive clones were retrieved from corresponding 384-well plates and then

sequenced.
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Chapter 3

RESULTS

3.1 EST analysis and annotation

3.1.1 Summaries from the EST analysis pipeline

In total, 3,168 clones were randomly selected and sequenced, which yielded 2,900
acceptable sequences. These sequences were sequentially processed through the
EST analysis pipeline. The result from each major analysis step was summarized in
Table 3.1. In brief, 96 sequences were removed during the quality check. The
remaining 2,804 sequences were then subjected to clustering and assembly. 1,312
sequences were grouped into 210 clusters, generating 213 contigs and 180 singlets.
For small clusters, usually one contig per cluster was identified. While big clusters,
such as the immunoglobulin cluster, which contained 236 members for Igl. and 178
for IgM, each yielded over 20 contigs. There were also some clusters that produced
no contigs as determined by the clustering algorithm. Combined with 1,492
unclustered sequences, this EST library yielded 1,885 unique sequences. The

redundancy of this EST library was thus estimated to be about 1.5: 1.

The 1,885 unique sequences were then searched against the Uniprot sequence

database. In total, 1,248 sequences received significant hits (E value < 10°) and
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Table 3.1 Summary from the EST analysis pipeline

Processing stages Input Data description Number
Chromatogram check 3,168 Poor quality 268
Sequence quality check 2,900 Poor quality 96
Clusters 213
Clustering and assembly 2,804 Singlets 180
Unclustered 1,492
Hits in one reading frame 1,011
Sequence database search 1,885 Frame shifts 185
Hits in reverse strands 52
Motif databases search 637 Motif search hits 23
Chicken genome search 614 Chicken genome hits* 377
Remaining sequences 237 Novel * 237

* Note: These two groups of sequences do not have associated annotation information.
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were used for annotations (including the GO and KEGG). Among them, 1,011
sequences received hits in only one reading frame, 185 were found to contain
frame-shift errors, and 52 were found in the reverse strands; After this step, 637
sequences were left without any match. These sequences were further searched

against a series of motif databases, which returned an additional 23 hits.

The remaining 614 sequences were then compared against the chicken genome
database. 377 sequences received matches in the chicken genome database.
Unfortunately, these hits contained only information on their chromosomal location
without any functional annotation. 237 sequences did not receive any match after
the final stage. Manual checking of these sequences indicated that their quality was
acceptable, and they are likely to represent novel transcripts or 3’ untranslated

regions (3° UTR).

These EST sequences were deposited in the GenBank dbEST database under
accession numbers DR763793 - DR766439 and DR783112 - DR783189,

respectively.
3.1.2 Duck spleen gene expression profile

The 20 most abundant transcripts from the EST project are listed in Table 3.2.
Since the library was not normalized prior to random selection of the clones, it

reflected the baseline information for the duck spleen gene expression profile under
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Table 3.2 The 20 most abundant ESTs in duck spleen.

Putative ID Number of clones Percentage (%)
Immunoglobulin light chain 236 8.4
Immunoglobulin heavy chain 178 6.3
Ferritin H subunit 60 2.1
60S ribosomal protein subunits 45 1.6
Elongation factor 1 alpha 1 41 1.5
Hemoglobin beta chain 29 1.0
40S ribosomal protein subunits 26 0.9
Cytochrome c oxidase subunit 22 0.8
Invariant chain (Ii) 21 0.75
Beta-actin 20 0.71
Hemoglobin alpha-A chain 19 0.68
MHC class II alpha chain 13 0.46
Receptor for activated C kinase 11 0.39
Immunoglobulin J chain 11 0.39
MHC class I alpha chain 10 0.36
Beta-2 microglobulin 8 0.29
Nucleophosmin 8 0.29
Tubulin alpha-2 chain 7 0.25
Thymosin beta 4 7 0.25
Ubiquitin 7 0.25
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the normal conditions.

Not surprisingly, the most abundant transcripts encoded immunoglobulin
molecules, including three types of heavy chain (mu, upsilon and alpha) and one
type of light chain (lambda). MHC class I alpha chain was also highly expressed.
Further examination of its 10 sequence members revealed that they all derived from
the dominant MHC locus that is adjacent to TAP2 gene (Mesa ef al., 2004). Among
them, 9 sequences were from the allele U*02, and 1 from allele U*03. MHC class II
alpha chain was also abundantly expressed. Their cluster contained 13 members.
Sequences derived from MHC class II beta chain did not appear in the shortlist.
They formed two small clusters, with two members in each, and two unclustered
sequences. Several other genes in the list were abundantly expressed in

erythrocytes, including ferritin H, hemoglobin and alpha-globin.

3.1.3 Gene Ontology annotation and KEGG pathway assignment

The 1,248 unique sequences that received hits from the Uniprot database were used
for Gene Ontology annotation. In summary, 968 sequences received matches for
Biological Process, 957 for Molecular Function, and 850 for Cellular Component.
Among them, 577 sequences received annotations in all three ontology fields. In
each ontology field, sequences were put into more general groups using GO slim

terms to provide an overview (Figure 3.1). In particular, the “cell communication”
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Figure 3.1
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Figure 3.1 GO slim annotations on duck spleen EST. The Y-axis shows the number of sequences.
The X-axis shows the three areas of the Gene Ontology. Within each area, sequences are further
divided into subgroups at GO slim level to provide an overview. The arrows indicate the groups of

sequences that are rich in immune related genes.
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group in Biological Process, the “binding” and “signal transducer” groups in
Molecular Function, and the “extracellular” group in Cellular Components were

found to be enriched for immune genes.

Genes annotated as enzymes were further analyzed using the KEGG pathway if
their corresponding EC numbers could be found in the Uniprot. In total, 100 unique
sequences were found to be assigned with EC numbers. They were submitted to the
KEGG pathway database and were mapped to 80 different pathways using the
chicken pathways as reference. Most of them were metabolism pathways including
Glycolysis, Citrate cycle, ATP synthesis, efc. 14 pathways were involved in

immune responses (Figure 3.2).

3.1.4 Immune-relevant gene mining

Sequence annotations generated from the pipeline were inspected manually for
genes involved in immunity. In total, 208 unique duck ESTs were considered to be
immune relevant based on their similarity to genes from other species that are
involved in immune processes. A list of selected immune-relevant ESTs is shown in
Table 3.3. Seven categories were used to describe these immune relevant genes: (1)
immune cell surface receptors, (2) lectin-like immunoreceptors, (3) cytokines and
chemokines, (4) transcription factors involved in immune responses, (5) genes
involved in antigen processing and apoptosis, (6) innate immune effectors, and (7)

interferon-induced genes.

64

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3.2
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Figure 3.2 Duck genes involved in different immune system pathways. Y-axis indicates the name of

the immune pathway. X-axis indicates the number of duck immune genes mapped to each pathway.
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Table 3.3 Selected list of immune relevant genes

Duck ESTs UniProt Matches Gene Ontology Annotation Chickenen ESTs
GenBank ID Clone ID | Hits ID Description Organism E-value Process Function Component Seq ID Identities
Immune cell surface receptors
DR763981 2D8 P30414 NK cell tumor recognition protein human 4e-28 protein folding peptide binding membrane BU138593 156/180 (86%)
DR764012 2G8 QBAV16 CD79B chicken 1e-91 signal transduction receptor membrane AJ443057 340/387 (87%)
DR766072 5C1 QITP70 MHC class II aipha chain human Te-69 immune response protein binding membrane CK987448 60/67 (89%)
DR766184 6H1 P01887 Béta-2 microglobulin mouse 8e-25 immune response MHC class I receptor membrane AB178593 236/291 (81%)
DR766202 7B3 P15083 Polymeric Ig-receptor rat 8e-10 N/A NA membrane XM_417977 139/164 (84%)
DR763813 10C4 P34902 common cytokine receptor chicken 2e-67 cell proliferation interteukin-2 binding membrane CV892851 346/390 (88%)
DR765298 27D7 Q99JAS Lymphocyte antigen 6 complex mouse 3e-20 N/A NA membrane C0O505312 317/363 (87%)
DR765841 33B6 Q7Z22D4 CD82 human Se-44 NA N/A membrane DR428189 436/503 (86%)
DR766103 SE12 Q6NSJ8 CSF2R hurnan 5e-27 signaling pathway interleukin receptor membrane BU428299 349/403 (86%)
DR766115 5Gt Q6ZPH6 MKIAA1822 protein mouse 5e-30 endocytosis scavenger receptor membrane BU256170 263/295 (89%)
DR766245 7F3 QB6VW7 CSFIR human 9e-16 phosphorylation tyrosine kinase membrane BU432910 337/384 (87%)
DR764365 17B3 Q6YGU2 Toll-like receptor 2 rat 9e-06 receptor activity N/A membrane XM_425176 165/200 (82%)
DR764879 22C1 QOUGN4 CMRF35-H antigen human le-13 cell adhesion protein binding membrane NW_060341 72/84 (85%)
DR765080 24F4 P30533 Alpha-2-macroglobulin receptor chicken 8e-74 cell proliferation calcium ion binding membrane BU116249 557/621 (89%)
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DR765308 27E6
DR765735 31H1
DR765882 33F1t

Lectin-like immuno-receptors

DR783181 6D9
DR764124 14B7
DR783127 14D12
DR783145 22G6
DR765730 31G3

Cytokines and chemokines

DR766004 4B6
DR764376 17C4
DR764436 18A2
DR764471 18D12
DR765486 29G3

o]

Q8IHV3

Q9DC83

P16284

Q80288

QOUMR7

Q92478

P37217

Q5KU26

070460

P84444

083803

055038

Q02960

endothelin receptor type B2

Complement receptor Type 2

CD31

C-type lectin

C-type lectin

C-type lectin

C-type lectin

COLEC12

CCL19

CCL2t

Leukocyte chemotaxin 2

CXC13

MIF

DR766257 7G6
DR766345 8G9
DR763870 10H12
DR763973 12C9

iption factors involved in i

Q90871

P32519

Q92218

QO1YVO

ICSBP

Elf-1

Hcls1

Tcf-4

chicken

mouse

human

chicken

human

chicken

chicken

human

mouse

mouse

human

mouse

chicken

chicken

human

mouse

mouse

2e-40

2e-09

2e-09

le-43

le-21

3e-14

3e-13

Te-09

4e-34

le-9

8e-56

6e-83

4e-60

le-78

Se-71

GPCR signaling

B cell activation

cell recognition

N/A

immune response

NA

N/A

phosphate transport

chemotaxis

chemotaxis

chemotaxis

chemotaxis

inflammation

transcription regulation

cytokine production

intracellular signaling

transcription regulation

protein binding

protein binding

protein binding

sugar binding

sugar binding

sugar binding

sugar binding

sugar binding

chemokine

chemokine

N/A

chemokine

cytokine

DNA binding

DNA binding

protein binding

DNA binding

membrane

membrane

membrane

membrane

membrane

membrane

membrane

membrane

extracellular

extracellular

extracellular

extracellular

extracellular

cyto/nucl

cyto/nucl

N/A

cyto/nucl

NW_060344

AJ727512

CK612996

*N/A

*N/A

*N/A

N/A

BU3105%99

CF250494

BG713657

BX272352

BX278661

BX270484

AJ446205

BU467484

AJ448508

BU266722

379/450 (84%)

272/337 (80%)

303/334 (90%)

WA

WN/A

N/A

*N/A

324/383 (84%)

323/379 (85%)

200/228 (87%)

333/381 (87%)

267/304 (87%)

308/326 (94%)

578/647 (89%)

584/631 (92%)

562/642 (87%)

450/510 (88%)
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DR763976 12D1 P25963 NF-kappaB inhibitor alpha
DR764044 13BR Q80229 PBEF-1

DR764083 13F3 P42224 STAT1

DR764421 17G9 Q98TX7 IRF4

DR764836 21G1 QSEY36 Caterpiller 16.2

Proteins i tig g and regulators of apop

DR765913 3A10 P43233 Cathepsin B

DR783176 4D12 Q924M6 Apoptosis-inducing factor
DR766029 4F10 Q66K24 BNIP3

DR766055 5A6 Q5EGO5 CARD only protein

DR766371 9B4 Q9OWU1L Caspase-8

DR764015 12G11 Q8NHSS5 RNF151 protein

DR764043 13B7 QI98TX3 Programmed cell death 4 protein
DR764288 16B6 Qo7816 Apoptosis regulator BCL-X
DR764444 18B2 Q8IGMS BID

DR764820 21E9 014727 Apoptotic protease activator
DR764852 21H5 P25326 Cathepsin S

DR765065 24E1 P04080 Cystatin B

DR765125 25B8 Q80YE7 DAPK1

DR765256 26H4 Q8WUM4  Programmed cell death 6 protein

human

rat

human

chicken

human

chicken

rat

human

human

chicken

human

chicken

chicken

chicken

human

bovine

human

mouse

Human

le-45

Se-i1

le-92

2e-47

Se-67

le-102

1e-56

Se-47

1e-07

le-12

4e-26

1e-50

4¢-77

le-30

2e-12

le-69

le-36

le-51

te-67

apoptosis

cell proliferation

caspase activation

T cell activation

transcription

proteolysiss

apoptosis

apoptosis

apoptosis

proteolysis

apoptosis

NA

Apoptosis

apoptosis

apoptosis

proteolysis

N/A

apoptosis

N/A

TF binding
transferase
transcription factor
DNA binding

ATP binding

hydrolase
oxidoreductase
protein biqding
caspase

caspase

metal ion binding
protein binding
protein binding

death receptor binding
caspase activator
hydrolase
endopeptidase inhibitor
ATP binding

signal transducer

cytoplasm

cyto/nuct

cyto/nucl

cyto/nucl

cyto/nuct

{ysosome

mitochondrion

mitochondrion

intracellular

mitochondrion

ubiquitin

N/A

membranc

mitochondrion

cytosol

lysosome

N/A

cytoskeleton

cytosol

AJ393886

BU362525

BU144732

CD218938

BG711963

BU491942

AJ729565

CN218517

CD740540

BU307054

BU474122

DR431508

BU216611

AJ734385

XM_416167

AJ719318

CO766372

AJa48497

AJ743022

460/509 (90%)

470/502 (93%)

583/656 (88%)

325/362 (39%)

387/436 (88%)

ST2615 (93%)

401/458 (87%)

493/573 (86%)

123/149 (82%)

100/108 (92%)

518/571 (90%)

313/361 (86%)

323/372 (86%)

109/124 (87%)

117/127 (92%)

463/543 (85%)

246/273 (50%)

379/424 (89%)

467/501 (93%)
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Innate immune effectors

DR765554 2E4

DR763842 10F2
DR764075 13E7
DR765706 31C5
DR765888 33G5

Interferon inducible genes

DR765199 26B8

DR765660 30F9

Q9DEGO

P10643

Pg0391

Q8C669

P28799

P97371

Q9ZOE6

Cremp

component C7

Beta-defensin

Pellino protein homolog 1

Granulin precursor

PA28 alpha

mGBP2

chicken

human

turkey

mouse

human

mouse

mouse

Se-17

le-75

2e-18

2e-60

le-56

3e-24

1e-37

N/A

complement activation

N/A

NA

signal transduction

immune response

immune response

N/A

N/A

bactericidal

N/A

growth factor

proteasome activator

nucleotide binding

N/A

secreted

N/A

N/A

cytosol

N/A

BU212766

BU446496

AY621318

CO773876

BU297352

BM426178

CD734047

148/164 (90%)

269/304 (88%)

68/76 (89%)

412/429 (96%)

182/199 (91%)

179/221 (80%)

240/278 (86%)

69

Note: * N/A means either the chicken sequence is unavailable, or the two sequences cannot be aligned using BLASTn program.

* cyto/nucl: cytoplasm/nucleus; TF: transcription factor



3.1.4.1 Immune cell surface receptors

Members of this group are primarily expressed on the surface of different immune
cell types. They participate in immune cell activation, proliferation, migration, and

antigen recognition.

Clone 2D8 encoded a protein highly similar to the human NK cell tumor
recognition protein. This molecule is a component of a putative tumor-recognition
complex and participates in the protein folding process as a chaperone (Anderson et
al., 1993). Clone 2G8 was similar to the chicken CD79B (also known as B29).
CD79B is a B-lineage specific member of the Ig superfamily. It is an essential
member of a complex which is crucial for the correct assembly, transport and
function of the B cell receptor (Wood et al., 1993). Clone SC1 was highly similar to
the human MHC class II alpha chain. Clone 6H1 encoded f,-microglobulin, the
conserved part of the MHC class I molecule. Clone 7B3 was similar to the rat poly-
Ig receptor. This receptor binds polymeric IgA and IgM at the basolateral surface of
epithelial cells (Banting et al., 1989). Clone 10C4 was similar to the human
cytokine receptor common gamma chain which is a common component of the
receptors for I1L2, IL4, IL7, 113, and 1121 (Nakarai et al., 1994). The peptide
predicted for clone 27D7 was very similar to the mouse lymphocyte antigen 6
complex. It participates in T cell activation and is up-regulated by TNF and IFN-
gamma (Malek ef al., 1989). Clone 31H1 was similar to the complement receptor 2

(CR2/CD21), which is involved in B cell activation (Molina et al., 1996). Clone
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33B6 encoded a protein similar to the human CD82 antigen. It is a co-stimulatory
protein for T cell activation (Lebel-Binay et al., 1995). The peptides predicted for
clone 5E12 was similar to the human colony stimulating factor 2 receptor beta chain
(CSF2RB). 1t is also the common receptor beta chain for IL-3 and IL-5 (Hayashida
et al., 1990). CSF2RB is responsible for the common activities observed for these
three cytokines. Clone 7F3 was similar to the human colony stimulating factor 1
receptor (CSF1R). CSFIR plays a critical role in regulating myeloid cell
development, differentiation and expansion. CSF1R is also required for the optimal
differentiation of DC in vivo (Macdonald et al., 2005). Clone 5G1 encoded a
protein fragment similar to the mouse KIAA (mKIAA) involved in receptor-

mediated endocytosis (Okazaki ef al., 2003).

Clone 17B3 received a weak hit (9e-06) to the rat toll-like receptor 2 (TLR2).
Alignment with TLR2 sequences from other species revealed that the predicted
peptide contained a leucine rich repeat C-terminal (LRRCT) domain and a trans-
membrane (TM) domain (Figure 3.3). TLR2 plays a central role in the recognition
of Gram-positive bacteria and Mycobacteria. TLR2 knockout mice are selectively
impaired in their ability to clear Gram positive bacteria (Underhill et al., 1999). It
constitutes a molecular link between microbial products, apoptosis, and host

defense mechanisms (Aliprantis ez al., 1999).

Clone 22C1 encoded a protein similar to the human CMRF35. The CMRF family

includes several Ig-like immunoregulatory signaling receptors primarily expressed
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Figure 3.3
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LRRCT domain TM domain

Figure 3.3 Fragments of putative duck TLR2 aligned with TLR2 from other species. The gi numbers of the sequences used are chicken 50754697, rat
32737635, mouse 20140895, pig 35293573, and human 19718734. The multiple alignment was done by ClustalW with default parameters using the duck
TLR? as the reference sequence, and same residues in other sequences were replaced with dots. The boxes indicate the range of the predicted domains using

the SMART program (http:/smart.embl-heidelberg.de/). LRRCT: Leucine rich repeat C-terminal domain (residues 1-46), TM: transmembrane domain

(residues 50-69).


http://smart.embl-heidelberg.de/

on cells of the myeloid lineage (Clark ez al., 2001). This protein family includes the
CLM receptors (CMRF-like receptors) in mouse (Chung et al., 2003), and may
include the novel Ig-like transcript (NILT) receptors in carp (Stet et al., 2005).
Clone 27E6 is similar to the chicken endothelin B receptor, a common receptor for
endothelin 1, 2, and 3. The receptor functions via a typical GPCR pathway (Lecoin
et al., 1998). The protein predicted for clone 33F11 showed strong similarity to the
human PECAM-1 (CD31). PECAM-1 is an adhesion molecule mainly expressed on
platelets and at intercellular junctions of endothelial cells (Albelda ez al., 1991). It is

implicated in leukocyte transendothelial migration.

3.1.4.2 Lectin- like immunoreceptors

Genes in this group encode a wide variety of calcium dependent carbohydrate-
binding proteins, generally known as lectins. Many of them are implicated in the

regulation of immune responses, reviewed by (Weis ef al., 1998).

Clones 6D9, 14D12 and 22G6 were found in the same cluster encoding C-type
lectins. They showed similarity to the chicken gene 17.5, also known as Y-lec or
CD69 (Bernot et al., 1994; Rogers et al., 2003). Mammalian CD69 is involved in
lymphocyte proliferation and acts as a signal transmitting receptor for lymphocytes,
NK cells, and platelets (Ziegler et al.,, 1993). Clone 14B7 was similar to several
lectins expressed on APC, including the DC immunoreceptor (DCIR) (Bates ef al.,

1999). Clone 31G3 was similar to the human collectin subfamily member 12
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(COLEC12), also known as the nurse cell scavenger receptor 2. COLECI12
recognizes oxidized phospholipids and helps remove damaged or apoptotic cells

(Nakamura et al., 2001).

3.1.4.3 Cytokines and chemokines

Genes in this group encoded proteins similar to cytokines and chemokines. They are
involved in immune cell migration and intracellular communication between

different cell types.

Clone 4B6 was similar to the mouse small inducible cytokine A19 (CCL19).
CCL19 is secreted by DCs and is chemotactic for both ndive CD4+ and CD8+ T
cells. It also promotes encounters between DCs and circulating T cells (Ngo ef al.,
1998). Clone 17C4 was similar to the mouse CCL21. CCL21 recruits T cells to the
secondary lymphoid tissues (Gunn et al., 1998). Both CCL19 and CCL21 are the
ligands of the same receptor, CCR7 (Campbell et al., 1998). Clone 18A2 received a
strong hit to the human leukocyte chemotaxin 2 which is a positive regulator of
chondrocyte proliferation (Yamagoe et al., 1998). Clone 18D12 encoded a CXC
chemokine similar to the mouse B lymphocyte chemoattractant (BLC, now called
CXCL13). CXCL13 is strongly chemotactic for B cells. It directs the migration of B
lymphocytes to follicles in secondary lymphoid organs (Gunn et al., 1998). Clone
29G3 showed strong similarity to the chicken macrophage migration inhibitory

factor (MIF). MIF is released primarily by myeloid cells in response to microbial
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stimuli, and promotes pro-inflammatory responses in both innate and adaptive

immunity (Calandra and Roger, 2003).

3.1.4.4 Transcription factors involved in immune responses

Members of this group are involved in the regulation of immune gene expression.
Some function by directly binding the promoter, enhancer or other regulatory
regions of their target gene as transcription factors. Some affect the expression of
their target genes indirectly by promoting or inhibiting the expression of other

transcription factors.

Clones 7G6 and 17G9 encoded two different members of the IFN regulatory factor
(IRF) family. Clone 7G6 was similar to the chicken interferon-consensus sequence
binding protein (ICSBP, also known as IRF-8 for interferon regulatory factor 8).
ICSBP was originally identified as a transcription factor recognizing the interferon
stimulated response element (ISRE) located in the upstream regulatory region of
IFN-gamma inducible MHC class I genes (Driggers et al., 1990). ICSBP is
involved in the differentiation of myeloid cells by driving their differentiation
toward macrophages and plasmacytoid DCs (Tamura and Ozato, 2002; Tsujimura et
al., 2003). 17G9 encoded a protein similar to the chicken IFN regulatory factor 4
(IRF-4) (Matsuyama et al., 1995). IRF-4 was shown to be able to bind the ISRE of
the MHC class I promoter in vitro (Matsuyama et al., 1995). The IRF-4 knockout

mice were impaired in both B and T cell function (Mittrucker et al., 1997). The
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protein encoded by clone 8G9 was similar to the human ETS-related transcription
factor, Elf-1. Elf-1 is a transcription factor involved in the T cell receptor mediated
trans-activation of HIV-2 gene expression (Leiden et al., 1992). Clone 10H12 was
similar to the mouse hematopoietic cell specific Lyn substrate 1 (Hcls1). Hclsl is
implicated in intracellular signal transduction for both clonal expansion and
deletion in lymphoid cells (Taniuchi et al., 1995). The peptide predicted for 12C9
was similar to the mouse immunoglobulin transcription factor 2 (also known as Tcf-
4). Tcf-4 binds to the immunoglobulin enhancer Mu-E5/KES5-motif and also binds
to the E-box that are present in the somatostatin receptor 2 initiator element
(Pscherer et al., 1996). Clone 12D1 showed significant identity to the human NF-
kappa B inhibitor alpha which sequesters the NF-kappa B molecule in the cytosol
and releases it after serine phosphorylation (Imbert et al, 1996). Clone 13B8
encoded a protein similar to the pre-B cell colony enhancing factor (PBEF1).
PBEF1 acts on early B-lineage precursor cells by enhancing the effect of IL-7 and
stem cell factor (Samal et al., 1994). Clone 13F3 encoded a protein similar to the
human signal transducer and activator of transcription 1 (STAT1). STAT1 can be
activated by IFN-alpha, IFN-gamma, IL6 and growth factors, and is considered to
be a new molecular target for anti-inflammatory treatment, reviewed by (de Prati et
al., 2005). 21G1 was similar to the human caterpillar 16.2 related to the MHC class
II transactivator CIITA (Harton et al, 2002). Caterpillar 16.2 affects gene
regulation through interfering with I kappa B degradation pathway and serves as a

negative regulator of T cell activation (Conti et al., 2005).
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3.1.4.5 Proteins involved in antigen processing and apoptosis

Gene products in this group are part of the cellular machinery responsible for
antigen processing and presentation. Some of them are also involved in apoptosis.

Most gene products are enzymes such as proteases and kinases.

Clones 3A10, 23H6, and 21H5 showed strong similarities to several cathepsin
family members. The cathepsin family is a group of lysosomal thiol proteases.
Among them, 21H5 was most similar to the cathepsin S which is a key protease
responsible for the proteolytic cleavage of MHC class II invariant chain, reviewed
by (Hsing and Rudensky, 2005). Clone 24E1 was similar to the human cystatin B,
which inhibits the protease activity of the members of the cathepsin family. Recent
evidence showed it was also implicated in myoclonus epilepsy (Riccio et al., 2001).
Clone 25B8 was similar to a subunit of mouse death-associated protein kinase 1
(DAPK1). It is a pro-apoptotic serine/threonine protein kinase involved in both the
Toll signaling pathway and the JAK-STAT pathway (Figure 3.2). Clone 4F10
encoded a protein similar to the human BNIP3. It belongs to the BCL-2 superfamily
and is involved in T cell apoptosis (Lamy et al., 2003). The gene product of clone
16B6 is similar to the chicken BCL-x involved in the repression of apoptosis (Boise
et al., 1993). Clone 9B4 encoded a protein similar to the human caspase-8. Caspase-
8 participates in the caspase cascade responsible for death-receptor induced cell
death, as well as antigen induced T cell proliferation, reviewed by (Newton and

Strasser, 2003).
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3.1.4.6 Innate immune effectors

Genes in this group mainly include members of the complement system and
antimicrobial peptides (defensins). Clone 2E4 is most similar to the chicken
membrane-associated complement regulatory membrane protein (Cremp) which
protects cells against homologous complement (Inoue ef al., 2001). Clone 10F2 was
similar to the human complement 7 (C7) precursors. It is a component of the
membrane attack complex (MAC). C7 binds to C5b to form C5b-7 complex,
serving as a membrane anchor (Thai and Ogata, 2004) in MAC. The peptide
predicted for clone 13E7 is most similar to the turkey antimicrobial peptide THP1
precursor (beta-defensin). It is a cysteine-rich cationic low molecular weight
peptide. In vitro experiments showed that it had bactericidal effects against both
avian and human bacterial pathogens (Evans et al., 1995). The protein predicted for
clone 31C5 showed strong similarity to the mouse pellino protein homolog 1.
Pellino functions as a scaffold protein involved in IL-1 signaling pathway (Jiang et
al., 2003). Clone 33G5 encoded a peptide similar to the human granulin identified

in leukocytes (Bateman et al., 1990).

3.1.4.7 IFN-inducible genes

Several aforementioned genes are under the influence of IFN, such as STATI,
ICSBP, IRFs, etc. These genes are well studied and their functions are discussed in

their most appropriate functional groups. Genes included in this group mostly have
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rather unclear immune functions and their relevance to immunity is judged mainly
by the observation that their gene expression was under the regulation of IFN.
Clone 26B8 was similar to the mouse proteosome activator 28 (PA28) alpha. It is
implicated in the proteasome assembly and efficient antigen processing (Yawata et
al., 2001). Clone 30F9 was similar to the mouse IFN induced guanylate binding
protein-2 (mGBP2). These proteins are very abundant in IFN-gamma treated cells

but their detailed functions are still unclear (Vestal ez al., 1998).

3.1.5 Sequence comparison between duck and chicken

In total, 684 unique sequences received matches in all three databases (the Uniprot
database, the chicken genome database and the Gene Ontology database for
molecular function), which permits further comparison between duck and chicken
sequences based on GO categorizations. After removal of ribosomal sequences,
immunoglobulin sequences, contig sequences and sequences with short aligned
length (<100 base pairs), 425 sequences were left. Among them, 92 were immune-

relevant,

The average sequence similarity between duck and chicken was 92.6% over a
length of 90,947 aligned base pairs (average aligned length 214 bp per sequence).
The average similarity of the immune relevant genes was calculated to be 91.1%
over 19,246 aligned base pairs, as compared with 93.0% over 71,701 base pairs

with the non-immune sequences. These genes were further divided into different
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functional groups based on GO slim categories. The average percent identities were
calculated for each group (Figure. 3.4). Immune related genes, especially those
involved in binding /recognition showed lower overall percent identities than other

genes between chickens and ducks.

3.2 ¢DNA library arraying and screening

3.2.1 Library packaging and mass excision

To generate an unamplified cDNA library for arraying, an aliquot of the original
library was repackaged and mass excised. The titre of the packaged phage library as
evaluated by counting the PFU was about 1.2 x 10 / pl, with a total of 6.6 x 10°
(final volume 550 pl). After mass excision, the titre of the excised plasmid library
as evaluated by counting the CFU was about 1.2 x 10*/ pl, with a total of 2.4 x 10°

(final volume 20 ml).

3.2.2 Library picking and arraying

In order to generate an arrayed cDNA library for immune gene screening, 100 Q-
trays were prepared and plated using 8~10 pl of the mass excised cDNA library
(with densities about 1,800~2,200 colonies per Q-tray after 16~18 hours of
incubation). Well-separated colonies were robotically picked into 357 384-well

plates (1,000~1,400 colonies per Q-tray). The library was then printed onto
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Figure 3.4
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Figure 3.4 Sequence comparisons between duck and chicken in different functional groups. The
sequences were classified based on selected categories in molecular function ontologies at the GO-
slim level. The number of sequences included in each group is indicated on top of each histogram.
The percent identity for each group was calculated using the sum of identical base pairs divided by

the sum of base pairs that were aligned by the BLASTn program.
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duplicate sets of nylon membranes (set A and B respectively, 14 membranes per
set), with a density of 9,216 colonies (24x384-well plates) per membrane. Given
that an average of ~25 wells in each plate failed to grow cells after overnight
incubation, the total number of arrayed colonies was estimated about 1.28 x 10°.
Since there were also cells that failed to grow after they were printed on the
membranes, the final number of arrayed clones suitable for hybridization was

estimated to be around 1.2 x 10°.

3.2.3 Library evaluation using Ig probes

To check the overall quality of the arrayed cDNA library, and to exclude the Ig
clones in the subsequent screening, Igl and IgM Overgo probes were hybridized
with the arrayed library. After hybridization, positive clones were found to be
randomly distributed across all membranes with an average density of 4.88% (this
number was obtained by counting one quarter of eight different membranes, the
numbers of positive clones were 100, 121, 109, 135, 113, 94, 122, 106 each, with an

average of 450 positive colonies per membrane).

3.2.4 Library screening for specific inmune genes

To search for various immune related genes in the arrayed library, six pairs of **P-

dCTP labeled Overgo probes for CSFR1, TLR7, CCR7, CCL19, beta-defensin, and
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IFN-alpha were used to screen the membranes. In total, 75 positive clones were
found and then sequenced for identification. The result was summarized in Table
3.4. The most abundant sequences were CSFIR transcripts. In total, 40 of them
were identified. Among them, 32 were unique by examining the sequences at their
5’ ends. Interestingly, the chicken CSFIR has not been identified in the NCBI
database yet. The top hits for these 40 sequences were usually the chicken platelet-
derived growth factor receptor beta, or PDGFRB (XP_414597), followed by
CSF1R hits from other species. In mammals, PDGFRB is a paralog of CSFIR and
they are located in tandem on the same chromosome (human on chromosome 5,
mouse chromosome 18). Further examination revealed that the chicken PDGFRB is
9516 bp (XM_414596) long, which is approximately the combined length of human
PDGFRB (NM 002609, 5718 bp) and CSF1R (NM_005211, 3985 bp). As
indicated in Figure 3.5, the first section (before 5,500 bp) of the chicken PDGFRB
was highly similar to PDGFRB of human and mouse, while the remaining part
showed significant identity with the CSFI1R sequences. This indicated that either
these two genes were fused together in chicken, or there is a mistake in the
annotation. Given the current annotation status of the chicken genome, the latter is

likely to be the case.

The high similarity to the supposed chicken PDGFRB at the DNA level makes it
possible to serve as a reference sequence to map our CSF1R sequences. In contrast,

the similarity to mammalian CSF1R were only detectable at protein level and with
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Table 3.4 Library screening for specific immune genes

Genes Clones

18B20, 33G13, 44E6, 44E21, 44024, 49A4, 50B13, 50N13, 70A9, 70N11, 8012, 102H8,
10504, 107M14, 112A6, 130J12, 136N9, 143N6, 149B15, 158E23, 166122, 174F14,
195G15, 212B12, 226020, 236K16, 242E8, 245H7, 275M11, 283N1, 287P14, 29219,
292P3,297C11, *6M18, *13G2, *29014, *26AS5, *42M9, *45B15

CSF1R

81F10, 9919, 109B16, 122A14, 127M9, 140M7, 142F15, 151B6, 187E15, 198B17, 19818,

Beta-defensin 1351 227C18, 239K22, 275K6, 206PS, *35B4, *45A21

CCL19 109021, *17F21
TLR7 130K16

CCR7 140124
IFN-alpha N/A

'Alpha Integrin ~~ 183A9, 187115

gL 158H1

*Unknown 56119, 56F8, 89G18, 94F22, 112M7,*29G16

1. Alpha Integrin was found to have 10 consecutive nucleic acid matches to CCL 19 probe.

2. Although Igl. was found to have 12 exact nucleic acid matches to CSF1R probe, it is more
likely that this was the result of contamination.

3. Unknown sequences received no hits in the database search and none of the probe sequences

used was identified in them.
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Figure 3.5
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Figure 3.5 Schematic alignments of duck CSF1R ESTs, human/mouse PDGFRB and CSF1R genes,
and chicken PDGFRB genes (in approximate proportion). Duck PDGFRB: XM_414596, human

PDGFRB: NM_002609, mouse Pdgfrb: NM_008809; human CSF1R: NM_005211; mouse Csflr:

NM_001037859.
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only a few exact matches. It is impossible to align with human and mouse CSF1R at
the DNA level except for a very short fragment. The 40 CSFIR sequences were
then clustered and assembled. The 3 contigs were mapped to the chicken PDGFRB
at 80~90 % identity over 1000 bp with E values around 0.0. Not surprisingly, all of
the sequences were mapped to the section of chicken PDGFRB after 5,500 bp
(Clone *42M9 was the 5’ most), which corresponds exactly to the section aligned
with CSFIR from other species, further confirming that the chicken PDGFRB

might be annotated incorrectly and contains both PDGFRB and CSF1R.

The second most abundant collection of sequences was the beta-defensin. In total,
18 of them were identified in the screening. Except for clone 151B6, which
received a weak hit (E value = 0.042) to chicken beta-defensin, all other sequences
received no significant hits (E value < 0.1) in the database search. Their identity

was determined by identifying the probe sequence used for beta-defensin.

3.3 Library screening with SSH probes

In order to improve the rate of immune gene discovery, a SSH procedure was
performed between the duck spleen and brain tissue. Membrane 11A was chosen to
test the synthesized SSH probes enriched for spleen specific transcripts. The
hybridization pattern showed much stronger background noise compared to that
using Overgo probes. In total, 72 positive clones were identified. These clones were

further sequenced for their identities. 50 of them generated good quality sequence
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and were annotated. To compare with the gene discovery efficiency by random
sequencing, 24 clones were randomly picked and sequenced. 17 of them yielded
good quality data and were annotated. The results were summarized in Table 3.5

and Table 3.6.

As indicated from these two tables, clones that hybridized with SSH probes were
mainly involved in protein synthesis and energy metabolism. In addition, they were
severely biased toward transcripts of translation elongation factors which
constituted almost half of the positive clones. Other sequence species were poorly
represented. In contrast, sequences identified by random sequencing showed a

much more even representation of different mRNA species.
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Table 3.5 Library screening using SSH probes

Putative ID Clone #
Translation elongation factor 22
60S ribosomal protein 3
408 ribosomal protein 2
Cytochrome subunits 2
Ferritin H 2
Ig light chain 2
Nucleophosmin 2
Beta actin 1
Ubiquitin 1
ATPase 1
Aldolase 1
Unknown 11

Table 3.6 Clones identified by random sequencing

Putative ID Clone #
60S ribosomal protein 3
Beta actin 2
C-type lectin 2
Ferritin H 2
Ig heavy chain 2
Hemoglobin 1
Copine I 1
Unknown 4
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Chapter 4

DISCUSSION

4.1 Evaluation of the EST analysis pipeline

Since the introduction of the concept of expressed sequence tagging, the number of
EST projects has continued to increase every year. They have greatly accelerated
the pace of gene discovery and contributed significantly to genome assembly and
gene annotation. During the past decade, however, efforts and resources have
gradually shifted from EST projects towards large-scale genome sequencing
projects whose promises and challenges had drawn most of the public attention.
Although EST projects have a longer history, programs and services available for
EST analysis are limited compared to the ones devoted for genome sequencing. As
aresult, EST analysis and annotation still remains a relatively involved and onerous

task.

After I surveyed the available resources and tested some of the software packages
for EST analysis, I found either these programs did not meet our needs, or they
required computing environments I could not meet. Therefore, I decided to build
my own EST analysis pipeline around several basic programs mentioned in the
Introduction (section 1.1). This approach allowed me to tailor the program to our

particular situation (i.e. limited computing power, customized analysis needs). In
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addition, T was also able to try some relatively new algorithms that were recently

developed in the field.

Because of the limitations of the computing power, a significant portion of my
efforts were spent on tailoring the program according to our particular situations.
For example, since the cDNA fragments were directionally cloned into the vectors,
the majority of ESTs should be on the forward strands of the clones. Therefore,
instead of using BLASTX which first performs a six-frame translation and then
searches the translation sets against the database, I first did a three-forward reading
frame translation and then searched the database using BLASTP. Sequences with
hits in more than one reading frame indicated the occurrence of frame-shift errors
which are quite common in EST sequencing. They were further analyzed using the
FASTy program, which was optimized for nucleotide sequences with frame shift
errors (Pearson et al., 1997). Only sequences that received no hits were subjected to

reverse translation in case of reversal during the cloning process.

This annotation pipeline was a compromise between speed and sensitivity, with
considerations to both the EST specific problems (i.e. frame shift errors) and our
custom requirements (i.e. GO annotation for functional analysis in different
categories). In our case, the motif search against a series of databases using RPS-
BLAST did not add many new hits on top of the sequence search results. Since I was
unable to run Interproscan which was suggested to be more sensitive, it might be

possible that this program might yield more information. In the future, if the
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computational resources were not a serious limitation factor, this part could be
replaced with a simple BLASTX followed by Interproscan. This simplification
would greatly reduce the program complexity and improve its robustness and

maintainability.

The BLAST results were parsed to return the five most “informative” hits for each
query EST sequence. These five hits included the top hits, hits from human, mouse
or rat, and chicken. Hits from other species were also included if they were within
the top five BLAST hits and their annotations did not contain words like
“hypothetical”, “chromosome”, or “unknown”. The default tentative annotation was
assigned by the top hit. This is neither always correct nor always the most
informative one. Although a close neighbor to duck, the chicken genome is not as
well annotated as that of human and mouse. Many top hits from chicken were
annotated as “hypothetical protein”. In these cases, manual inspection of all the five

hits was done to choose the most informative annotation.

In addition, several customized analyses were also performed using MySQL
database. Gene Ontology and KEGG pathway assignments are relatively simple
operations. They were primarily based on the information from the Uniprot
annotations. GO assignments were achieved by mapping the Uniprot accession
numbers to the corresponding GO ID using three tables. KEGG pathway annotation
was done by parsing the EC numbers for pathway database assignment using only

one table. The sequence comparison between the chicken and duck required more
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complex operations. In total, nine tables were built to enable this fine-grained

analysis.

4.2 Duck EST annotations and immune gene analysis

The original input was 2,900 raw EST sequences. After quality checking and data
cleaning, they were subjected to clustering and assembly. This process attempts to
reduce the data redundancy by putting all the ESTs derived from the same gene into
one cluster and generating one contig to represent all of them (in case of
inconsistency caused by alleles, gene rearrangements, somatic hypermutations, or
sequence errors, more than one contig may be generated). With supervised
clustering, it is possible to reach the ideal result. However, without reference
sequences, the ESTs are clustered mainly based on their similarity to each other.
Thus it is possible that two unique sequences might be derived from the same gene

if there is no overlap between them. This process generated 1,885 unique sequences.

In the subsequent EST annotation via homology search, 1,284 of them received
annotations. Finally, all ESTs (including both the annotated and un-annotated
sequences) were submitted to the NCBI dbEST, and 2,725 were accepted. Prior to
this project, the dbEST database contained only 234 duck sequence entries, thus our
EST data add significantly to the genetic information available for this organism,

allowing further study of avian immunology.
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EST data also provided a coarse picture about the expression profile in the normal
duck spleen. From our data, except for beta-actins and ribosomal sequences that
were highly expressed on almost all tissue types, the most abundant transcripts were
different types of Ig sequences, sequences for MHC assembly, and sequences that
are abundantly expressed in erythrocytes like ferritin H and hemoglobin. These data
faithfully reflected the functions of the spleen as both an immune organ and a blood

TESErvoir.

After EST annotation, the results were mined for immune relevant genes, which
yielded 208 unique genes involved in immunity. These immune-relevant genes are
distributed through all levels of the immune system, including immune cell surface
receptors, lectin-like immunoreceptors, cytokines and chemokines, transcription
factors involved in immune responses, genes involved in antigen processing and
regulators of apoptosis, and innate immune effectors. Compared to immune genes
discovered in other EST projects (in shrimp 44 out 2,045, mosquito 38 out of 5,925,
Tsetse fly 78 out of 215,427, chicken 80 out of 5,251), this number was very high.
One major reason is that they mainly considered pathogen recognition molecules
and immune effectors that directly participate in immune response, while we used a
much broader definition of immune relevancy (Kelley et al., 2005). The other
contributing factor is that as vertebrates, ducks possess a much more complicated

immune system than invertebrate organisms under study in those EST projects.

Comparison of homologous sequences between duck and chicken revealed the
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overall lower similarities of immune relevant genes than other non-immune ones. In
each functional category of the immune genes, the average identity is also different.
This indicates that while all parts of the immune system come under selection from
pathogens, some components are under greater selection pressure and diverge more
rapidly. As indicated in Figure 3.3, cell surface receptors diverge fastest. From the
cell surface to the cytoplasm and into the cell nucleus, the percent identity scores
increase steadily, reflecting different selection pressure imposed on these sequences.
Possibly some parts of the cellular machinery are easier targets for pathogens while
other parts (i.e. transcription factors) are under more functional constraints. The
alternative might be the result of “neutral drift”- if the genes are not essential for the
survival of the organism, they are under less selection pressure, thus accumulating
more mutations than other more essential functional groups during the same time

period.

Admittedly, the calculation of sequence similarities based on BLAST alignment is
certainly an overestimate, since the BLAST program only tries to align the most
conserved regions (local alignment) between the two sequences being compared. A
better way would involve using the overall optimal alignment between the two
homologous sequences (global alignment). However, given the incomplete nature

of EST data, our BLAST approach is currently the only feasible way.

Based on the data collected from this study, there are significant sequence

similarities (average 92.6%) over long stretches (average 214 bp per aligned
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sequences) between homologous sequences from duck and chicken. The majority of
them shared regions with 90% nucleotide identity, with the average identity for
immune genes about 91.1% and non-immune being about 93.0%, respectively.
Therefore the vast majority of reagents and resources available for the chicken,
including both the chicken EST libraries (Abdrakhmanov et al., 2000; Tirunagaru et
al., 2000; Boardman et al., 2002) and the chicken genome sequences (Hillier et al.,
2004) should be very useful for the identification and study of duck immunity. For
example, probes could be designed based on the conserved regions of the chicken

homologous genes to screen the arrayed cDNA library.

Several recent reports showed that it was possible to study gene expression using
microarrays constructed from a closely related species (Cros et al., 1999; Huang et
al., 2000; Medhora et al., 2002; Moody et al., 2002; Chalmers et al., 2005).
However, there is no consensus on the degree of sequence similarity required for
successful cross-species hybridizations. A study using a human microarray to
analyze pig immune gene expression, suggested that 84% similarity could produce
consistent results (Moody et al., 2002). Therefore, it is very likely that the spotted
cDNA microarrays based on chicken sequences (Liu et al., 2001; Cogburn et al.,
2003; Burnside et al., 2005) could be used to study duck gene expression profiles
during immune challenges. One risk associated with this approach is that some
immune genes are evolving very fast (i.e. the C-type lectins) and they might be at

the limit of the detection.
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4.3 Evaluations of the arrayed cDNA library

The overall quality of the arrayed cDNA library was first evaluated by hybridizing
the membranes with Ig probes. Positive clones were found to be randomly
distributed across all 14 membranes with an average density about 4.88%.
Compared to ~15% Ig transcripts based on the EST data (obtained by combining
the sequence numbers of Ig light chain and heavy chain), this value based on

membrane hybridization was probably an underestimate.

One possible reason is that since the cDNA library was not a full-length cDNA
library, a significant proportion of the inserts will be only partial sequences of the
corresponding genes. Therefore, it is likely that some probes will fail to detect some
Ig clones on the membrane. In addition, the two methods used to determine clone
identity (sequencing v.s. hybridization) do not have the same sensitivity and
specificity. The former is the definitely the gold standard but laborious, while the
later method often suffers from the effects such as washing/hybridization conditions,
DNA secondary structures, steric hindrances, surface effects, which might interfere

with the binding efficiency of the probes to their targets.

Further library screening using Overgo probes for several immune related genes
was also quite successful. Among the six immune genes that were probed, five of
them were identified by sequencing the positive clones. These included CSFIR,

beta-defensin, TLR7, CCR7, and CCL19. Analysis of multiple clones
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corresponding to CSFR1 and beta-defensin showed that the majority of these clones
were unique, reflecting the low redundancy of the arrayed library. In addition, my
analysis also suggested that the current annotation for chicken PDGFRB might be

incorrect. It seems to contain both the PDGERB and CSF1R genes in its sequence.

4.4 Problems associated with SSH-PCR generated probes

The attempt to use the SSH generated probes for library screening to improve the
rate of immune gene discovery was unsuccessful. Two possible reasons can account
for this failure. One possible reason might be the quality of the kit itself, since the
control provided with the kit did not seem to work, which made it quite difficult to

check the results to optimize the protocols in major steps.

The other cause of the failure was probably the tissue choice. Brain tissue might be
so different from spleen tissue such that a lot of the differentially expressed genes
under normal conditions are not immune related. Using the Digital Differential
Display (DDD) techniques at NCBI dbEST

(http://www.ncbi.nlm.nih.gov/UniGene/info_ddd.shtml) on published EST libraries,

I conducted a virtual subtraction between a pool of human spleen and brain EST
libraries randomly sequenced under normal conditions. The top ten differentially

expressed genes were listed in Table 4.1.
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Table 4.1 Virtual EST subtraction between human spleen and brain tissue. The top 10 statistically
differentially expressed genes between human spleen and brain tissues as calculated with Digital
Differential Display (DDD) at NCBI dbEST. The Library IDs used for brains were 18415, 18353,
18352, 18318, 18317, 13865, 18466, 18467, 1750, 16390, 16376, and 1749 with a total number of

163,729 EST. The Library IDs used for spleens were 18474 and 16431 with a total number of 33,359

EST.
Abundance (per 10,000)
Differentially expressed
Spleen Brain
Translation elongation factor 2131 342 1789
Biglycan (BGN) 1553 27 1526
Invarjant chain 1313 113 1200
Ubiquitin C 1517 516 1001
Heat shock protein 70 1103 139 964
Beta actin 890 213 677
Granulin 713 41 672
MHC class I 495 1 494
Vimentin 522 49 473
Complement component 1 163 19 144
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As the data suggested, many of these highly differentially expressed genes were not
involved in immunity. As a result, the sequences remained after subtraction for
these differentially expressed genes will still be significantly more abundant than
the expression level of most immune related genes (usually less than one copy per
1,000). Moreover, the subsequent two rounds of PCR will amplify this gap
“exponentially”. In addition, the total transcripts under examination will also be
greatly amplified, which requires more work to get a representative sampling. In
microarray experiments, when the starting mRNA is very rare (i.e. samples from
tumor biopsies), the common practice is to use T7 polymerase for linear

amplification instead of PCR.

Most of the published applications of this technique were used to identify
differentially expressed genes between the same cell line at different developmental
stages or the same tissue type under different experimental conditions (i.e. normal
vs. immune-challenged). The PCR-Select kit appears to be unsuitable for

subtraction between two highly different tissue types such as spleen and brain.

The GeneSeeker kit (Genetix) (Rast et al., 2000) can help ameliorate such problems.
The kit is specially designed to identify the low prevalent and differentially
expressed genes from the arrayed cDNA library. The protocol is essentially derived
from the SSH protocol. The main idea is still subtraction followed by amplification.
However, several steps are introduced (i.e. size selection, a limited cycle of linear

amplification) to reduce hybridization background, and to prevent the subtracted
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probe pools from being dominated by a few highly abundant but differentially

expressed transcripts.

4.5 Future directions

My research project focused on EST analysis and immune gene identification from
our duck EST project. Significant progress was made in many aspects. However,
from the perspective of looking for a more general solution for immune gene

screening or EST analysis, there are several aspects that can be improved.

4.5.1 In silico immune gene screening

The main obstacle to immune gene screening is the lack of a standard definition for
immune relevance. Even for the well-studied human or mouse genes, different
researchers will probably produce different lists of immune genes based on their
field of interest, although many should overlap. As a result, there is no gold
standard to serve as a reference to make the classification. Currently, the solution is
manual inspection on the annotated genes as was done in the immune gene
identification from our EST data. However, by relaxing the requirements, several
computational methods can be performed to greatly reduce the searching space

before requiring human inspection. This issue can be tackled in three ways.

The first step involves building a dictionary of “common immunological terms”,
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which can be collected from the public databases (i.e. NCBI EntrezGene), literature
(i.e. Journal of Immunology, Nature Immunology, and Immunobiology), textbooks,
etc. The annotated sequences can be screened for the presence of these terms and
classified accordingly. The IRIS (for Immunogenetic Related Information Source)
database created by Dr. John Trowsdale at the University of Cambridge has
collected 1,562 immune genes from human (Kelley et al., 2005), which provides a

good starting point.

The second way is to harness the power of Gene Ontology annotations which
enable functional sequence analysis in a high throughput manner. The GO schema
organizes genes naturally into their respective biological niches and greatly reduces
the complexity of the data. The GO annotation also captures basic characteristics
for each group of immune genes. For example, immune cell surface receptors are
usually expressed on the cell surface (component: membrane), function through
binding their ligands (function: peptide/sugar binding) and then trigger the
downstream reactions (process: receptor activity/signal transduction); in contrast,
cytokines and chemokines are usually secreted to the outside (component:
extracellular) to recruit their target cells (process: chemotaxis). Several ontology
groups are more enriched with immune related genes (Figure 3.1). This suggests
another way to automate immune gene screening based on their GO annotation. By
fine-tuning different query combinations or using more specific GO terms, one can
quickly narrow down the search space and identify genes acting at different level of

immunity.
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The last one is to explore the protein domains/motifs that are often associated with
immune functions (i.e. Ig superfamily (IgSF) domain, leucine rich repeats (LRR),

death domain (DD), TIR domain).

These three aspects can be combined using a simple voting system with different
weights associated with different sources of evidence. If a sequence was annotated
(i.e. by BLAST search), with GO term assigned and/or domains identified (i.e.
through InterproScan), a score can be calculated based on the evidence collected. A

final ranked list can be produced and ready to be inspected by the researcher.

4.5.2 Ideas to improve the EST analysis pipeline

The EST analysis pipeline I built for our duck EST project could potentially serve
as a general analysis and annotation platform for similar tasks. To make it more
useful to bench biologists with limited bioinformatics skills, the pipeline can be

improved in at least three ways.

The first is to improve its user interface. Currently, the program is run from a
command line on a Linux terminal, which requires a basic understanding of both
the Linux system and the command (shell) language. By building a graphical user
interface (GUI), this program can be made more user-friendly and intuitive to use.
There are two ways to achieve this, one is to build a desktop GUI (i.e. using Java

Swing) while the other is to build a web-based service. Given the resource
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intensive-nature of the task, the latter is a more attractive solution. With a web
service, users do not have to worry about software installation and the requirement
for a powerful computer. In addition, web-based services have the advantage of
centralized management, which makes the program much easier to maintain, update

and upgrade.

The second is to improve the program performance by adopting distributed
computing techniques. Even with a powerful computer such as a server machine,
the local BLAST and Interproscan is still a very resource-intensive and time
consuming task, especially when several users submit large numbers of sequences
at the same time. A common approach in this situation is to split the job into a set of
sub-jobs and distribute them to different computers (computer nodes). Each
computer only works on its own portion of the task. Finally, all the finished jobs are
assembled together and ready for the next step. The key to implement a distributed
éomputing environment is a batch queuing system or a job scheduler. There are
several popular packages available. Among them, the Java Sun Grid Engine (SGE,

http://www.sun.com/software/gridware/), Condor (http://www.cs.wisc.edu/condor/),

the Portable Batch System (PBS http://www.openpbs.org/), and the LSF Parallel

System (http://www.platform.com/) are most popular.

The third way to improve this analysis pipeline is to add some new features. The
pipeline only provides starting materials for more in-depth analyses by researchers.

Accordingly, this program can be enhanced and extended to provide more functions.

103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


http://www.sun.com/software/gridware/
http://www.cs.wisc.edu/condor/
http://www.openpbs.org/
http://www.platform.com/

For example, if the genome sequence of the organism under study or its closely
related species is available, to enable chromosome mapping for the selected EST
will be very desirable (i.e. in the form of NCBI Map Viewer,

http://www.ncbi.nlm.nih.gov/mapview/static/MVstart.html). In addition, it is often

the case that the primary purpose of the EST project is to identify certain genes of
interest or to look for novel members of gene families (i.e. TLR, lectin family,
CHIR), rather than just sequencing and meta-analysis of the EST data. Therefore, to
enable a BLAST-based search engine coupled with a more sensitive domain
identification tool (i.e. HMMer) against researcher’s local database will be very
valuable (i.e. in the form of the proWeb tool, Do-It-Yourself WU-BLAST

http://www.proweb.org/Tools/WU-blast.html). This way, new sequences produced

can be compared with all others immediately, and the database is maintained and

curated by the researcher’s lab and annotated incrementally.

4.6 Conclusions

As the natural host of Influenza A virus and an important animal model for
Hepatitis B infection, the duck receives increasing attention from immunologists,
virologists, and epidemiologists. However, the knowledge and reagents for studying
duck immunity are seriously lacking. My research project and other ongoing
programs in our lab represent an important attempt toward elucidating the immune

system of this organism.
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In conclusion, my research project was focused on EST analysis and immune gene
identification. To this end, a multi-pronged approach was adopted. Firstly, I
analyzed ~3,000 sequences generated from our EST project and identified 208
immune relevant genes. During the process, I built a high-throughput EST analysis
pipeline for EST assembly, annotation, and publication. To facilitate further immune
gene discovery, over 120,000 cDNA clones were arrayed, and screened for several
specific immune genes. Analyzing 425 pairs of homologous genes between chicken
and duck showed high sequence similarity between these two species, suggesting
that chicken resources (such as EST libraries and microarrays) could potentially be

used for the study of duck immunity.
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APPENDIX A

A short discussion on Linux, Perl, and MySQL in high-throughput

sequence analysis

A.1 The Linux operating system

The Linux (http://www.linux.org) is an open source Unix-style operating system

originally developed by Linus Torvalds in 1991. The operating system is comprised
of three components: the kernel, the shell, and the applications. The kernel is the
heart of the operating system. It controls all the accesses to the computer resources
(i.e. CPU, memory, file system, etc.). The shell or command interpreter acts as an
interface between the kernel and the user at the terminal. The applications or
utilities are tools for other operations (i.e. text editors, internet browsers, databases).
Linux is free, open source, highly customizable and offers excellent support for
software development and programming. These features have made Linux operating
system the de facto platform for bioinformatics research. Most bioinformatics
software tools were implemented under the Linux platform or otherwise have a

Linux compatible version.

A.2 Perl and Bioperl

Perl (Practical Extraction and Report Language) is a high-level programming
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language originally developed by Larry Wall in 1987. Perl is an interpreted
language and can run on any computer installed with a Per! interpreter for that
particular operating system (Linux and Mac OS X come with Per! installed,

Windows users can download and install ActivePerl from

http://www.activestate.com). Although Per/ is not a full-fledged programming
language like Java and C++, it is extremely powerful for text processing. Since
most sequence data is in text format, Per! is usually a natural choice for sequence

manipulation and analysis.

Bioperl (http://www.bioperl.org) is a collection of Perl modules that facilitate the

development of Per! scripts for bioinformatics applications. With Bioper!/, many
routine and tedious tasks such as sequence retrieval, sequence comparison and data
parsing can be reduced to several lines of commands. Bioperl greatly accelerates
project development, reduces the time spent in debugging, and results in a more
maintainable code base. Bioper! can be freely obtained and installed using CPAN

(Comprehensive Perl Archive Network http://search.cpan.org/dist/bioperl ).

A.3 Structured Query Language (SQL) and MySQL

High throughput sequence analysis usually entails managing a large amount of data.
Therefore, it is often necessary to use a database for data storage, retrieval and
analysis. Relational databases and the query language SQL are a commonly used

solution in such cases. The most popular open source relational database is probably
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MySQL (http://www.mysql.com), which is free for academic users.

The Perl DBI modules provide the ability to automate database operations using

Perl scripts. In addition, the pApMyAdmin (http://www.phpmyadmin.net), offers an

excellent graphical user interface for managing and browsing MySQL tables and
displaying query results via a web browser. These tools combined together make

MySQL administration much easier and more productive.

A.4 Using Perl for sequence analysis

I chose Perl as the programming language to build the pipeline for EST analysis.
An alternative choice is Java. In addition to its power in text manipulations, there
are other good reasons in favor of Perl/ with regard to this particular project. First,
for small to medium project, programming with Perl is usually faster than Java due
to the much stricter typing of the latter, Secondly, BioPer! is currently more
comprehensive and better supported than BioJava; Thirdly, Perl’s learning curve is
very shallow and a lot of tasks can be done with a little knowledge on Per/ language,
while programming with Java usually requires a good understanding on object
oriented programming (OOP); Lastly, Per! is also the de facto programming
language for CGI (common gateway interfaces) scripts used for generating dynamic

web pages, which makes it easy to port the Per! scripts into web service.

I wrote numerous Perl scripts (available by request from the author by contacting
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kmagor@ualberta.ca) to reformat data as inputs for sequence analysis software, and
to parse and extract the most essential data from the software’s outputs. Several
BioPerl modules, such as Bio::SeqlO for sequence manipulation, Bio.:SearchlO for
BLAST result parsing, and DBI::mysql for interfacing with MySQOL database were
often used. Among these scripts I wrote, several of them may be of more general
usage: the script that reads all the raw sequence files in a folder (with or without
subfolders) and merges them into a single multi-FASTA file, the BLAST parser that
returns the top five most informative hits, the script that automatically loads the
downloaded Gene Ontology files into the MySQL database, the script that
automatically maps the Uniprot accession numbers to the corresponding GO terms,
the script that expands the clusters generated by CAP3 into individual ESTs, and the
script that formats the EST data into dbEST publication format, efc. Some more
complicated analyses such as the homologous gene comparisons between the duck
and chicken within different GO categories proved to be very difficult to put into a
script and run in an automatic way. They were basically achieved by issuing SOL

commands and examining the returned results interactively.

Several Shell (bash) commands also prove quite useful in text manipulation, such as
using cat to merge files, using grep for regular expression, and using more/head/tail
to check the content of large files without loading the whole documents into the

memory.
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