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Poultry immunoglobulin genes undergo diversification through homologous
recombination (HR) and somatic hypermutation (SHM). Most animals share a
similar system in immunoglobulin diversification, with the rare exception that
human and murine immunoglobulin genes diversify through V(D)J
recombination. Poultry possesses only one functional variable gene for each
immunoglobulin heavy (HC) and light chains (LC), with clusters of non-
productive pseudogenes upstream. During the B cell development, the
functional variable gene is overwritten by sequences from the pseudo-variable
genes via a process known as gene conversion (GC), a kind of HR. Point
mutations caused in the functional variable gene also contribute to
immunoglobulin diversification. This review discusses the latest findings on the
molecular mechanisms of antibody gene diversification in poultry, using chickens
as a model. Additionally, it will outline how these basic research findings have
recently been applied especially in the medical field.
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1 Introduction

The diversification mechanism of chicken immunoglobulin genes by GC was first identified
in the 1980s through analysis of B cells derived from chicken bursa, which is an organ where
hematopoiesis occurs. In human and murine immune system, it is well-known that
immunoglobulin genes are diversified by V(D)] recombination, a site-specific recombination
catalyzed by RAG 1/2 complex, which recognizes the signal sequence of V(D)J recombination
(1). However, chicken immunoglobulin genes are predominantly diversified through HR (2-4).

The structure of chicken immunoglobulin locus is described in Figure 1A. For the A LC
(chicken has only A chain), there is only one functional variable (IgV;) and one junctional
(IgJ;) gene, with 25 pseudogenes (yVs) located upstream (2). Although these pseudogenes
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Chicken immunoglobulin locus and the mechanism of GC and SHM. (A) Genomic structure of chicken immunoglobulin LC and HC loci. (B-F)
Schematically represented IgV/; diversification mechanism in DT40 cell line. (B) Deamination of cytidine followed by the action by UNG generates
abasic site (AP) and replicative DNA polymerase stalls at AP site. (C, D) Template is switched to one of the yV;s, resulting HR mediated GC (C) or
TLS-mediated SHM (D) events. (E) DNA replication assigns A to U generating dC/dG to dT/dA mutation. (F) TLS assigns G to abasic site, generating

dC/dG to dG/dC mutation.

show homology to the functional IgV,, none of them are
productive. For example, they lack promoter and complete signal
sequences for V] recombination, and some pseudogenes have
truncated 5 or 3’ ends (2). During B cell development, V]
recombination occurs only once, contributing little to the
diversification of LC genes since there are single functional IgV),
and IgJ, gene each. However, GC occurs between the functional
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IgVj and yV;s. In this process, partial sequences of pseudogenes are
‘copied’ and ‘pasted’ onto the functional IgV; by HR. Interestingly,
GC is a unidirectional event where IgV, sequences are altered, but
pseudogene sequences remain unchanged. Regarding the HC locus,
it also contains only one functional V gene (IgV}) and J gene (Ig/y),
but there are multiple (reported to be 16) diversity (IgDy;) genes
most of which are highly homologous with each other (3, 5). Similar
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to the LC, there is a cluster of pseudo V genes (yVys) upstream of
functional IgVy, showing homology to the functional IgV;; genes.
The exact number of yVys is still not clear, with currently more
than 80 HC pseudogene sequences from Red Junglefowl uploaded
to the IMGT database (https://www.imgt.org). After VD]
recombination, GC also occurs between functional IgVy and
pseudogenes, similar to LC. During B cell development, multiple
rounds of GC generate primary diversity of immunoglobulin HC
and LC loci. Diversification of immunoglobulin genes by GC is not
limited to avian immune system; rabbits, cattle, swine, and horses
also use GC to generate their immunoglobulin repertoire (6).
Numerous significant studies have been conducted to clarify the
mechanisms of avian immunoglobulin diversification described
above. Additionally, the elucidation of the molecular mechanisms
of avian immunoglobulin diversification has not only deepened our
understanding of immune system evolution but also holds promise
for the biotechnological sector. These mechanisms can be harnessed
in technologies for molecular evolution to acquire proteins with
enhanced activities. For example, platform technologies have been
developed for the in vitro generation and optimization of antigen-
specific clones. Beyond their use as reagents, antibodies are also
utilized as diagnostic and therapeutic tools. This underscores the
significance of basic studies on avian immunoglobulin diversification.

2 Mechanism of IgV diversification

2.1 DT40 cell line

DT40 is a B cell line derived from the bursa of a chicken infected
with avian leukosis virus (7). Interestingly, it was discovered that
GC occurs continuously in the functional IgV; of DT40 cells, albeit
at a frequency much lower than in vivo. Further studies have also
revealed that the frequency of targeted integration in this cell line is
extremely high (8). The targeted integration rate is generally more
than 50%, but varies depending on the targeting constructs or
chromatin structure of the recipient locus. Leveraging these
features, DT40 has been utilized as a tool for reverse genetics in
various fields, including DNA repair, immunology, and
chromosome structure. Notably, it has been instrumental in
elucidating the mechanisms of GC and SHM at the
immunoglobulin locus. Another distinctive feature of DT40 cells
is their ability to express both membrane-bound and secreted types
of IgM through alternative splicing. Moreover, DT40 cells exhibit
exceptionally rapid growth as cultured cells, with a doubling time of
about 8 hours, which facilitates various experiments.

2.2 Molecular mechanism of
IgV diversification

The mechanism of IgV, diversification has been extensively
analyzed in chicken DT40 cells for understanding molecular
mechanisms of DNA damage tolerance (DDT) system comprised of
HR and translesion synthesis (TLS) (9). The IgV, diversification is
initiated by DNA replication fork arrest at the DNA damage on the
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template strand induced by activation-induced deaminase (AID) (10).
AID induces the deamination of cytosine, thereby changing this base to
uracil, which is removed by uracil-DNA glycosylase (UNG), an enzyme
acting in the base excision repair (BER) pathway and becomes an
abasic site (DNA damage without base) (11) (Figure 1B). In DNA
replication, replicative polymerases & and € possessing extraordinarily
high accuracy are believed not to be able to replicate across such abasic
sites (12), and this DNA replication stalling triggers replication bypass
either by HR-mediated template switching (leading to GC) or
mutagenic TLS (leading to SHM) (Figures 1B-D). These IgV,
diversification events are most likely the consequence of the
replication bypass across abasic sites, rather than the replication
through dU as evidenced by the fact that most mutations are dC/dG
to dG/dC transversions and loss of UNG instead leads to replication
over the dU, resulting in dC/dG to dT/dA transitions (13) (Figures 1E,
F). GC occurs between the IgV) locus and 25 copies of upstream-yV;
segments carrying ~10% mismatch and thereby diversifies the IgVy
gene (10, 14, 15) (Figure 1C). Meanwhile, mutagenic TLS induces
hypermutations at C/G nucleotides to diversify the IgV gene (14, 16)
(Figure 1D). Using DT40 cell line, many studies have assessed the
contribution of factors to HR-mediated template switch and TLS via
analyzing IgV; diversification mechanisms. This chapter aims to
discuss the latest findings on the DDT mechanisms involved in the
IgV, diversification in DT40 cells.

In the IgV gene diversification, GC is mediated through HR, as
evidenced by the fact that deletion of all upstream YV, segments
(homologous template for GC) completely abolishes GC and
augments SHM (17). This observation also demonstrates that
both GC and SHM are initiated from a common DNA lesion
mediated by AID. This view is further supported by the observation
that GC is also critically reduced but SHM is stimulated by the loss
of Rad51 paralogs such as XRCC2/3, BRCAI, or BRCA2, all of
which play critical roles in the recruitment of the Rad51 on DNA
strands to activate HR (18-20). By sharped contrast, the loss of
Rad54 or FANCD2, factors related to strand exchange in HR (21,
22), reduces GC without affecting the rate of SHM, suggesting that
these factors contribute to GC after the strand exchange step in HR
when the commitment towards GC has been made (23, 24). The
polymerases involved in TLS might be used in the replication
process of GC, since the concurrent loss of polymerase 1, v, and
6 completely abolishes GC with a slight reduction of SHM (10).
Conversely, several mutant cell lines show augmented GC. The loss
of ASCIZ, a factor involved in the DNA base damage response (25),
results in a marked increase in the rate of GC. These results suggest
that this factor represses GC but induces BER of the abasic site (25).
The loss of PolD4, the fourth subunit of polymerase 3, also increases
the rate of GC. Because the concurrent loss of both PolD4 and
ASCIZ has additive effects on GC and results in the drastic
augmentation (~10 times increase) of GC rate, these two factors
might play roles independently in the suppression of GC (26). The
mechanism of how these factors repress GC has not been clarified.

The bypass replication by error-prone TLS polymerases causes
non-templated SHM at the abacic site induced by the sequential
action of AID and UNG (14, 16) (Figure 1B). Studies in budding
yeast revealed that ubiquitination of PCNA at lysine 164 induces
recruitment of TLS polymerases such as Poln to the sites of
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perturbed replication on the damaged template (27). The role of
PCNA ubiquitination in IgV diversification was examined in yV;,
DT40 cells in which all the upstream yV; genes are removed and
GC events are diminished (17). The PCNA-KI164R/wV, cells
showed impaired PCNA ubiquitination and exhibited
hypersensitivity to a wide variety of DNA-damaging agents.
Moreover, SHM at IgV, gene was critically reduced in this cell
line. These results indicate a critical role of PCNA ubiquitination on
the cellular tolerance to DNA damaging agents as well as IgV, gene
SHM probably through inducing TLS. Rad18, an E3-ligase involved
in the PCNA ubiquitination identified in yeast is conserved in
eukaryotic cells (28, 29), and the deletion of the homologous gene
for Rad18 in DT40 results in the augmented cellular sensitivity to
DNA damaging agents and reduced IgV gene SHM (30). More
importantly, RADI18'/PCNA-K164R double mutant cells
essentially show the same phenotype to PCNA-K164R mutant
cells (30), indicating an epistatic relationship between PCNA-
K164 and RADI8"". These results indicate that Rad18-mediated
PCNA ubiquitination is required for TLS-mediated SHM events
and other E3-ligase(s) serve as a backup for Rad18. RADI8"/
PCNA-KI164R cells showed a reduction of dG:dC to dC:dG
transversion, and a similar shift of mutation spectrum was also
observed in REVI”™ cells (30). Moreover, the deoxytransferase
activity of REV1 is required for IgV; gene SHM but is
dispensable for the cellular tolerance to DNA damaging agents
(31). Taken together, these results suggest that the transferase
activity of REV1 incorporates dC opposite to the abasic site under
the regulation of PCNA ubiquitination by Rad18. POL"/POLE ™
cells also exhibited reduced dG:dC to dC:dG mutation and
augmented dG:dC to dA:dT mutation and totally this cell line
showed a similar SHM rate compared with wild-type cells (16),
suggesting that the absence of both Poln and Pol{ is compensated
by the action of other polymerase(s) possessing activity to
incorporate dA opposite to abasic site such as Pold (32). This
view was supported by the observations that the loss of PolD3 (the
third subunit of Pold) reduces SHM but increases GC, and the loss
of PolD3 in POL?T/ ’/POLC/’ has a lethal effect (14, 33). Moreover,
both the SHM deficiency of POLD3”" cells and lethality of
POLD3”/POLN""/POLE”" cells were rescued by the inactivation
of proofreading exonuclease activity of Pold (33). These results
indicate that Pold can contribute to SHM in parallel to Poln —Pol{
axis, where PolD3 suppresses exonuclease-mediated excision of
incorporated nucleotide opposite to the abasic site, thereby
promoting SHM. The hypothesis that ‘Pold can contribute to
TLS-mediated SHM’ is totally unexpected, since the conventional
dogma is that Pold cannot bypass the damaged template and arrests.
Other TLS polymerases, such as Polv and Pol® might also
contribute to the promotion of SHM, since the inactivation of
Polv and Pol® in POLR™" cells significantly reduces SHM (10).

2.3 Reqgulation of GC by
chromosome structure

It has also become evident that chromosomal structure plays a
regulatory role on GC in immunoglobulin loci. Relaxed chromatin
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is known to be associated with high levels of histone acetylation and
increased transcriptional activity (34). Similarly, processes such as
chromatin remodeling and histone hyperacetylation occur prior to
the initiation of meiotic recombination, which is a form of HR (35-
37). Tt is suggested that GC at chicken immunoglobulin loci is
regulated in a comparable manner. In fact, treating DT40 cells with
trichostatin A (TSA), a histone deacetylase (HDAC) inhibitor,
significantly enhances GC frequency, accompanied by increased
histone acetylation status in the functional IgVs (15). Moreover,
knocking out the HDAC2 gene in DT40 cells also increases GC
frequency (38, 39). These results suggest that treatments with TSA
or HDAC2 knockout relax the chromosomal structure of the
immunoglobulin locus, likely enhancing the accessibility of DNA
to various related factors mentioned above. Additionally, modifying
DT40 cells to enable the binding of heterochromatin factor HP1—a
factor necessary for heterochromatin formation—to their
pseudogene region resulted in decreased histone acetylation levels
nearby, which reduced GC frequency and increased SHM
frequency. This reduction is probably attributable to the
suppression of the pseudogene region by HP1, which in turn
makes this region less efficiently utilized as a template for GC
(40). This suggests that the chromosomal structure of not only the
functional IgV, but also the pseudogene region, which serves as a
donor, is crucial for effective GC. DNA methylation is also one of
the key mechanisms of epigenetic regulation (41). DT40 cells
knocked out of TET3 (a member of Ten-eleven translocation
family deoxygenase), which facilitates DNA demethylation show a
marked reduction in GC activity at Ig locus (42). Depletion of TET3
in DT40 cells leads to hypermethylation in some pseudogenes,
suggesting that TET3 is involved in the maintaining of their
hypomethylation, thereby enabling these pseudogenes to serve as
templates for GC.

3 Industrial application of GC and
SHM using avian cells

3.1 Application of GC in avian cells

As outlined above, significant progress has been made over the past
30 years in elucidating the molecular mechanisms of GC. Concurrently,
there is an increasing trend in applying these basic research findings
industrially, particularly concerning immunoglobulin gene
rearrangement mechanisms in poultry. Antibody generation is a
prime field where studies on GC have been effectively applied.
Various in vitro antibody-generation methods, including phage and
yeast display, have been developed to address the challenge of
generating antibodies against evolutionarily conserved antigens,
which often exhibit low immunogenicity (43, 44). As a novel in vitro
method based on DT40 cells, a technology was developed that utilizes
the enhancement of GC by TSA treatment for the antigen-specific
antibody generation. Chicken IgM-presenting cell-based libraries are
constructed by treating DT40 cells with TSA, then antigen-specific
antibody-producing cells can be isolated using methods such as
antigen-conjugated magnetic beads (Figures 2A, B). The rapid
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proliferation of DT40 cells and their capability to secrete IgM enable
this autonomously diversifying library (ADLib) selection system to
examine the antigen-specificities using culture supernatants or IgMs
presented on the cell surface within approximately 10 days after
selection (15, 45-47). To date, multiple antibodies with biologically
functional activities obtained through the ADLib system have been
reported (48-50), and several ADLib-derived antibodies have been
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approved as diagnostic drugs (LUMIPULSE G25-OH Vitamin D,
LUMIPULSE Presto Aldosterone, and LUMIPULSE Presto iTACT
Tacrolimus, from Fujirebio Inc.) (51). Besides the ADLib system,
several laboratories have reported methods for the de novo
generation of antigen-specific chicken IgM using DT40 cells (52-54).

The use of antibodies in the pharmaceutical field is expanding.
Especially as therapeutics, the first antibody drug, an anti-CD3
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Application of GC and SHM using DT40 cells. (A) Principle of the ADLib system. DT40 cells are cultured with TSA to generate diversified cell-based
mAD libraries. Antigen-specific clones can be isolated by, for example, antigen-coated magnetic beads. The isolated cells are expanded, and the
antigen-specific monoclonal antibodies are recovered in culture supernatants. (B) Flowchart of the process for ADLib selection. The selection can be
conducted using various methods, including antigen-conjugated magnetic beads and fluorescent cell sorting (FACS), among others. Validation of
the antibodies can be performed using a range of methods including enzyme-linked immunosorbent assay (ELISA), FACS and other suitable
methods. (C) Replacement and insertion of chicken immunoglobulin LC (upper) components (open rectangles) into human counterparts (green
rectangles). The endogenous chicken pseudogenes are replaced with designed pseudogenes. Replacement of the chicken immunoglobulin HC
(lower) components (open rectangles) with their human counterparts (blue rectangles). Designed pseudogenes are inserted downstream of the
chicken pseudogene cluster. (D) Molecular evolution of GFP using DT40 cells. The GFP gene is introduced into immunoglobulin LC locus of DT40
cells and SHM accumulates (left panel). The diversified cells are analyzed by FACS assessing forward scatter (FSC) and GFP fluorescence. Cells with
mutant GFP showing enhanced fluorescence are isolated. (E) Introduction of scFv gene to chicken immunoglobulin LC locus. Since scFv does not

show homology to chicken yV;s, SHM occurred at introduced scFv gene
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antibody, was approved by the FDA in 1986 (55), and since then,
therapeutic antibodies have been developed for various diseases,
including cancer, autoimmune disorders and infectious diseases (56,
57). When monoclonal antibodies derived from non-human animals
are administered to humans, they can induce immunogenicity, thus
necessitating a process known as humanization (58). Humanization
involves altering the amino acid sequences of non-human animal
derived antibodies to increase their similarity to human antibodies
(58), a laborious process that can sometimes alter the affinities or
specificities of the antibodies. Since the antibodies produced by DT40
cells are chicken IgMs, antibodies obtained using the original ADLib
system require humanization. To address this challenge, DT40 cells
have been engineered where chicken immunoglobulin gene exons are
replaced with human counterparts, and designed human variable gene
sequences are inserted upstream as pseudogenes, constructing a cell-
based library to isolate human IgGl antibodies (human ADLib
system) (Figure 2C) (59). The human ADLib system retains the
simplicity and rapidity of the original ADLib system while enabling
the production of human antibodies. In terms of human antibody
generation, a method utilizing transgenic chickens has also been
developed (60). Before this technology, transgenic animals including
mice, rats, and rabbits were used to generate human monoclonal
antibodies. However, as these animals are mammals which are
phylogenetically related to humans, the range of candidate epitopes
against human proteins is limited due to immunological tolerance.
The advantage of chicken-based methods is the evolutionary distance
between humans and chickens, which potentially offers a broader
range of epitope candidates. In these transgenic chickens, the
functional IgVs of both HC and LC are replaced with human
counterparts, and designed human pseudogenes are inserted
upstream of these functional IgVs. While the endogenous chicken
LC constant region is replaced with that of humans, the HC constant
region remains unaltered, allowing for immune responses against
antigens in chicken. This transgenic chicken (OmniChicken) has
successfully been used to generate human antibodies against human
antigens, facilitated by robust immune responses. However, it should
be noted that in both of the ADLib system and OmniChicken, SHM
also occurs in addition to GC in the IgVs. Since GC and SHM share
their mechanisms, they can occur simultaneously.

3.2 Application of SHM in avian cells

In addition to GC, technologies were developed for inducing
SHM in DT40 cells to facilitate rapid molecular evolution. By
utilizing the results that the DT40 cells knocked-out of XRCC2
accumulate SHM in immunoglobulin loci, a technology was
developed that generates antigen-specific antibodies and
maturates the affinity of them (61). They accumulated SHM in
functional IgVs of the clones with no specificity to the antigens, and
then sorted the clones with increased affinities to antigens. The
iterative culturing and sorting process generated clones that show
high affinity to the antigens. Other lab also reported the affinity
maturation using DT40 cells hemizygously knocked-out of XRCC3
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(62). Also, there have been successful instances where the GFP gene
was introduced into the immunoglobulin LC locus of DT40 cells,
and proteins with enhanced fluorescence intensity were obtained
after iterative diversification followed by sorting process
(Figure 2D) (63). In these experiments, the inserted GFP genes
are diversified by SHM due to their lack of homology to chicken
yV,. Among the cells harboring mutated GFP genes, some
exhibited higher fluorescence intensity. Sorting these cells resulted
in the acquisition of novel fluorescence proteins with fluorescence
intensities up to as much as threefold higher than that of the
parental GFP. This result, along with the finding from other lab
(64), shows that non-antibody proteins can be evolved using the
diversification mechanism of avian cells.

Besides, the method was developed for the affinity maturation of
the antibodies in single chain fragment variable (scFv) format, in
which V genes of HC and LC are linked as a single chain peptide
(65). The scFv format is frequently used in technologies such as
phage and yeast display, where the use of microorganisms, which
are not well-suited for expressing full length antibodies, necessitates
an alternative approach for full length antibody expression (43, 44).
The scFv genes were knocked-in into the immunoglobulin LC locus
of DT40 (Figure 2E). Since the introduced scFv antibodies are
human or murine antibodies, their nucleotide sequences are less
homologous to those of chicken pseudogenes, inducing SHM in
scFv genes. The clones with improved affinities are sorted by
staining with fluorescence labelled antigens followed by cell
sorting. Additionally, a method has been developed for the fast-
track affinity maturation of full-length antibodies, which involves
introducing exogenous antibody’s V genes such as those from
mouse hybridomas, into the IgV; and IgVy of DT40 cells and
inducing SHM (the ADLib KI-AMP system) (66). In the case of
recombinant antibodies in the format such as scFv or Fab etc,
further genetic engineering is required to reformat the isolated
affinity-matured clones to IgG molecules. However, since the
ADLib KI-AMP method facilitates the expression of complete LC
and HC proteins, it directly yields the affinity-matured full-length
IgGs. Consequently, the obtained antibodies can be easily used for
immunoassays. If the human or humanized V genes are used for the
ADLIib KI-AMP, it can be the candidate of a therapeutic antibody.

4 Discussion

The studies on the unique mechanisms of GC and SHM in
poultry immunoglobulin genes have significantly advanced our
understanding of immunoglobulin diversification and its complex
molecular basis. Utilizing DT40 chicken cell line, researchers have
uncovered critical insights into these processes, illuminating
broader genomic metabolism including DNA recombination and
repair. Moreover, the basic studies on immunoglobulin gene
diversification in poultry have now reached a stage where it is
being applied in industrial and medical contexts. Future research is
expected to delve deeper into the molecular intricacies of GC and
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SHM, potentially uncovering new ways to leverage these processes
for broader biomedical applications.

Author contributions

HS: Writing - original draft, Writing — review & editing. KH:
Writing - original draft, Writing - review & editing. KO: Writing -
review & editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

References

1. Tonegawa S. Somatic generation of antibody diversity. Nature. (1983) 302:575—
81. doi: 10.1038/30257520

2. Reynaud CA, Anquez V, Grimal H, Weill JC. A hyperconversion mechanism
generates the chicken light chain preimmune repertoire(1987). Available online at:
http://www.ncbi.nlm.nih.gov/pubmed/3100050 (Accessed August 14, 2013).

3. Reynaud CA, Dahan A, Anquez V, Weill JC. Somatic hyperconversion diversifies
the single Vh gene of the chicken with a high incidence in the D region(1989). Available
online at: http://www.ncbi.nlm.nih.gov/pubmed/2507167 (Accessed August 14, 2013).

4. Arakawa H, Buerstedde JM. Immunoglobulin gene conversion: insights from
bursal B cells and the DT40 cell line. Dev Dyn. (2004) 229:458-64. doi: 10.1002/
dvdy.10495

5. Reynaud CA, Anquez V, Weill JC. The chicken D locus and its contribution to the
immunoglobulin heavy chain repertoire. Eur ] Immunol. (1991) 21:2661-70.
doi: 10.1002/eji.1830211104

6. Butler JE. Immunoglobulin diversity, B-cell and antibody repertoire development
in large farm animals. OIE Rev Sci Tech. (1998) 17:43-70. doi: 10.20506/rst.17.1.1096

7. Buerstedde JM, Reynaud CA, Humphries EH, Olson W, Ewert DL, Weill JC. Light
chain gene conversion continues at high rate in an ALV-induced cell line(1990).
Available online at: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=
551754&tool=pmcentrez&rendertype=abstract (Accessed August 14, 2013).

8. Buerstedde JM, Takeda S. Increased ratio of targeted to random integration after
transfection of chicken B cell lines. Cell. (1991) 67:179-88. http://www.ncbi.nlm.nih.
gov/pubmed/1913816.

9. Abe T, Branzei D, Hirota K. DNA damage tolerance mechanisms revealed from
the analysis of immunoglobulin v gene diversification in avian DT40 cells. Genes
(Basel). (2018) 9:614-631. doi: 10.3390/genes9120614

10. Kohzaki M, Nishihara K, Hirota K, Sonoda E, Yoshimura M, Ekino S, et al. DNA
polymerases nu and theta are required for efficient immunoglobulin V gene
diversification in chicken. J Cell Biol. (2010) 189:1117-27. doi: 10.1083/jcb.200912012

11. Di Noia JM, Neuberger MS. Immunoglobulin gene conversion in chicken DT40
cells largely proceeds through an abasic site intermediate generated by excision of the
uracil produced by AID-mediated deoxycytidine deamination. Eur ] Immunol. (2004)
34:504-8. doi: 10.1002/€ji.200324631

12. Prindle MJ, Loeb LA. DNA polymerase delta in DNA replication and genome
maintenance. Environ Mol Mutagen. (2012) 53:666-82. doi: 10.1002/em

13. Di Noia J, Neuberger MS. Altering the pathway of immunoglobulin
hypermutation by inhibiting uracil-DNA glycosylase. Nature. (2002) 419:43-8.
http://www.ncbi.nlm.nih.gov/pubmed/12214226.

14. Hirota K, Yoshikiyo K, Guilbaud G, Tsurimoto T, Murai J, Tsuda M, et al. The
POLD3 subunit of DNA polymerase 3 can promote trans lesion synthesis
independently of DNA polymerase {. Nucleic Acids Res. (2015) 43:1671-83.
doi: 10.1093/nar/gkv023

15. Seo H, Masuoka M, Murofushi H, Takeda S, Shibata T, Ohta K. Rapid generation
of specific antibodies by enhanced homologous recombination. Nat Biotechnol. (2005)
23:731-5. doi: 10.1038/nbt1092

16. Hirota K, Sonoda E, Kawamoto T, Motegi A, Masutani C, Hanaoka F, et al.
Simultaneous disruption of two DNA polymerases, Poln and Pol{, in avian DT40 cells
unmasks the role of Poln in cellular response to various DNA lesions. PloS Genet.
(2010) 6:1-13. doi: 10.1371/journal.pgen.1001151

Frontiers in Immunology

10.3389/fimmu.2024.1453833

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

17. Arakawa H, Saribasak H, Buerstedde J-M. Activation-induced cytidine
deaminase initiates immunoglobulin gene conversion and hypermutation by a
common intermediate. PloS Biol. (2004) 2:E179. http://www.pubmedcentral.nih.gov/
articlerender.fcgi?artid=449846&tool=pmcentrez&rendertype=abstract.

18. Sale ], Calandrini D, Takata M, Takeda S, Neuberger MS. Ablation of XRCC2/3
transforms immunoglobulin V gene conversion into somatic hypermutation(2001).
Available online at: http://www.nature.com/nature/journal/v412/n6850/abs/412921a0.
html (Accessed October 28, 2014).

19. Longerich S, Orelli BJ, Martin RW, Bishop DK, Storb U. Brcal in
immunoglobulin gene conversion and somatic hypermutation. DNA Repair (Amst).
(2008) 7:253-66. doi: 10.1016/j.dnarep.2007.10.002

20. Malkova A, Naylor ML, Yamaguchi M, Ira G, Haber JE. RAD51 -dependent
break-induced replication differs in kinetics and checkpoint responses from RAD51
-mediated gene conversion. Mol Cell Biol. (2005) 25:933-44. doi: 10.1128/
mcb.25.3.933-944.2005

21. Reitz D, Chan YL, Bishop DK. How strand exchange protein function benefits
from ATP hydrolysis. Curr Opin Genet Dev. (2021) 71:120-8. doi: 10.1016/
j.gde.2021.06.016

22. Liu W, Polaczek P, Roubal I, Meng Y, Choe WC, Caron MC, et al. FANCD2 and
RAD51 recombinase directly inhibit DNA2 nuclease at stalled replication forks and
FANCD?2 acts as a novel RAD51 mediator in strand exchange to promote genome
stability. Nucleic Acids Res. (2023) 51:9144-65. doi: 10.1093/nar/gkad624

23. Bezzubova O, Silbergleit A, Yamaguchi-Iwai Y, Takeda S, Buerstedde JM.
Reduced X-ray resistance and homologous recombination frequencies in a RAD54
(-/-) mutant of the chicken DT40 cell line. Cell. (1997) 89:185-93. doi: 10.1016/S0092-
8674(00)80198-1

24. Yamamoto K, Hirano S, Ishiai M, Morishima K, Kitao H, Namikoshi K, et al.
Fanconi Anemia Protein FANCD2 Promotes Immunoglobulin Gene Conversion and
DNA Repair through a Mechanism Related to Homologous Recombination. Mol Cell
Biol. (2005) 25:34-43. http://www.ncbi.nlm.nih.gov/entrez/query.fcgizcmd=
Retrieve&db=PubMed&dopt=Citation&list_uids=15601828.

25. McNees CJ, Conlan LA, Tenis N, Heierhorst J. ASCIZ regulates lesion-specific
Rad51 focus formation and apoptosis after methylating DNA damage. EMBO J. (2005)
24:2447-57. doi: 10.1038/sj.emboj.7600704

26. Kojima K, Ohkubo H, Kawasumi R, Hirota K. Pold4 subunit of replicative
polymerase & promotes fork slowing at broken templates. DNA Repair (Amst). (2024)
139:103688. doi: 10.1016/j.dnarep.2024.103688

27. Hoege C, Pfander B, Moldovan GL, Pyrowolakis G, Jentsch S. RAD6-dependent
DNA repair is linked to modification of PCNA by ubiquitin and SUMO. Nature. (2002)
419:135-41. doi: 10.1038/nature00991

28. Lawrence CW, Christensen R. UV mutagenesis in radiation sensitive strains of
yeast. Genetics. (1976) 82:207-32. doi: 10.1093/genetics/82.2.207

29. Okada T, Sonoda E, Yamashita YM, Koyoshi S, Tateishi S, Yamaizumi M, et al.

Involvement of vertebrate Polk in Rad18-independent post replication repair of UV
damage. ] Biol Chem. (2002) 277:48690-5. doi: 10.1074/jbc.M207957200

30. Arakawa H, Moldovan G-L, Saribasak H, Saribasak NN, Jentsch S, Buerstedde J-
M. A role for PCNA ubiquitination in immunoglobulin hypermutation. PloS Biol.
(2006) 4:10. http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=
1618868&tool=pmcentrez&rendertype=abstract.

frontiersin.org


https://doi.org/10.1038/302575a0
http://www.ncbi.nlm.nih.gov/pubmed/3100050
http://www.ncbi.nlm.nih.gov/pubmed/2507167
https://doi.org/10.1002/dvdy.10495
https://doi.org/10.1002/dvdy.10495
https://doi.org/10.1002/eji.1830211104
https://doi.org/10.20506/rst.17.1.1096
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=551754&tool=pmcentrez&amp;rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=551754&tool=pmcentrez&amp;rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/1913816
http://www.ncbi.nlm.nih.gov/pubmed/1913816
https://doi.org/10.3390/genes9120614
https://doi.org/10.1083/jcb.200912012
https://doi.org/10.1002/eji.200324631
https://doi.org/10.1002/em
http://www.ncbi.nlm.nih.gov/pubmed/12214226
https://doi.org/10.1093/nar/gkv023
https://doi.org/10.1038/nbt1092
https://doi.org/10.1371/journal.pgen.1001151
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=449846&tool=pmcentrez&amp;rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=449846&tool=pmcentrez&amp;rendertype=abstract
http://www.nature.com/nature/journal/v412/n6850/abs/412921a0.html
http://www.nature.com/nature/journal/v412/n6850/abs/412921a0.html
https://doi.org/10.1016/j.dnarep.2007.10.002
https://doi.org/10.1128/mcb.25.3.933-944.2005
https://doi.org/10.1128/mcb.25.3.933-944.2005
https://doi.org/10.1016/j.gde.2021.06.016
https://doi.org/10.1016/j.gde.2021.06.016
https://doi.org/10.1093/nar/gkad624
https://doi.org/10.1016/S0092-8674(00)80198-1
https://doi.org/10.1016/S0092-8674(00)80198-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&amp;dopt=Citation&amp;list_uids=15601828
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&amp;dopt=Citation&amp;list_uids=15601828
https://doi.org/10.1038/sj.emboj.7600704
https://doi.org/10.1016/j.dnarep.2024.103688
https://doi.org/10.1038/nature00991
https://doi.org/10.1093/genetics/82.2.207
https://doi.org/10.1074/jbc.M207957200
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1618868&tool=pmcentrez&amp;rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1618868&tool=pmcentrez&amp;rendertype=abstract
https://doi.org/10.3389/fimmu.2024.1453833
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Seo et al.

31. Ross AL, Sale JE. The catalytic activity of REV1 is employed during
immunoglobulin gene diversification in DT40. Mol Immunol. (2006) 43:1587-94.
doi: 10.1016/j.molimm.2005.09.017

32. Mozzherin DJ, Shibutani S, Tan CK, Downey KM, Fisher PA. Proliferating cell
nuclear antigen promotes DNA synthesis past template lesions by mammalian DNA
polymerase 8. Proc Natl Acad Sci U.S.A. (1997) 94:6126-31. doi: 10.1073/pnas.94.12.6126

33. Hirota K, Tsuda M, Mohiuddin, Tsurimoto T, Cohen IS, Livneh Z, et al. In vivo
evidence for translesion synthesis by the replicative DNA polymerase 8. Nucleic Acids
Res. (2016) 44:7242-50. doi: 10.1093/nar/gkw439

34. Shahbazian MD, Grunstein M. Functions of Site-Specific histone acetylation and
deacetylation. Annu Rev Biochem. (2007) 76:75-100. doi: 10.1146/
annurev.biochem.76.052705.162114

35. Ohta K, Shibata T, Nicolas A. Changes in chromatin structure at recombination
initiation sites during yeast meiosis. EMBO J. (1994) 13:5754-63. doi: 10.1002/j.1460-
2075.1994.tb06913.x

36. Yamada T, Mizuno KI, Hirota K, Kon N, Wahls WP, Hartsuiker E, et al. Roles of
histone acetylation and chromatin remodeling factor in a meiotic recombination
hotspot. EMBO J. (2004) 23:1792-803. doi: 10.1038/sj.emb0j.7600138

37. Hirota K, Mizuno K, Shibata T, Ohta K. Distinct Chromatin Modulators
Regulate the Formation of Accessible and Repressive Chromatin at the Fission Yeast
Recombination Hotspot ade6-M26. Mol Biol Cell. (2008) 19:1162-73. doi: 10.1091/
mbc.e07-04-0377

38. Lin W, Hashimoto S, Seo H, Shibata T, Ohta K. Modulation of immunoglobulin
gene conversion frequency and distribution by the histone deacetylase HDAC2 in
chicken DT40. Genes Cells. (2008) 13:255-68. http://www.ncbi.nlm.nih.gov/pubmed/
18298800.

39. Kurosawa K, Lin W, Ohta K. Distinct roles of HDAC1 and HDAC2 in
transcription and recombination at the immunoglobulin loci in the chicken B cell
line DT40. ] Biochem. (2010) 148:201-7. doi: 10.1093/jb/mvq054

40. Cummings WJ, Yabuki M, Ordinario EC, Bednarski DW, Quay S, Maizels N.
Chromatin structure regulates gene conversion. PloS Biol. (2007) 5:¢246. doi: 10.1371/
journal.pbio.0050246

41. Suzuki MM, Bird A. DNA methylation landscapes: Provocative insights from
epigenomics. Nat Rev Genet. (2008) 9:465-76. doi: 10.1038/nrg2341

42. Takamura N, Seo H, Ohta K. TET3 dioxygenase modulates gene conversion at
the avian immunoglobulin variable region via demethylation of non-CpG sites in
pseudogene templates. Genes Cells. (2021) 26:121-35. doi: 10.1111/gtc.12828

43. George PS. Filamentous fusion phage: novel expression vectors that display

cloned antigens on the virion surface. Science (80-). (1985) 228:1315-7. doi: 10.1126/
science.4001944

44. Feldhaus MJ, Siegel RW, Opresko LK, Coleman JR, Weaver Feldhaus JM, Yeung YA,
et al. Flow-cytometric isolation of human antibodies from a nonimmune Saccharomyces
cerevisiae surface display library. Nat Biotechnol. (2003) 21:163-70. doi: 10.1038/nbt785

45. Seo H, Hashimoto S, Tsuchiya K, Lin W, Shibata T, Ohta K. An ex vivo method
for rapid generation of monoclonal antibodies (ADLib system). Nat Protoc. (2006)
1:1502-6. http://www.ncbi.nlm.nih.gov/pubmed/17406441.

46. Hashimoto K, Kurosawa K, Murayama A, Seo H, Ohta K. B Cell-Based Seamless
Engineering of Antibody Fc Domains. PLoS One. (2016) 11:1-22. doi: 10.1371/
journal.pone.0167232

47. Lin W, Kurosawa K, Murayama A, Kagaya E, Ohta K. B-cell display-based one-
step method to generate chimeric human IgG monoclonal antibodies. Nucleic Acids
Res. (2011) 39:el14-el4. doi: 10.1093/nar/gkq1122

48. Guy AT, Nagatsuka Y, Ooashi N, Inoue M, Nakata A, Greimel P, et al.
Glycerophospholipid regulation of modality-specific sensory axon guidance in the
spinal cord. Science (80-). (2015) 349:974-7. doi: 10.1126/science.aab3516

Frontiers in Immunology

08

10.3389/fimmu.2024.1453833

49. Yamashita N, Jitsuki-Takahashi A, Ogawara M, Ohkubo W, Araki T, Hotta C,
et al. Anti-semaphorin 3A neutralization monoclonal antibody prevents sepsis
development in lipopolysaccharide-treated mice. Int Immunol. (2015) 27:459-66.
doi: 10.1093/intimm/dxv014

50. Kanemaru H, Yamada Y, Ohazama A, Maeda T, Seo K. Semaphorin 3A inhibits
nerve regeneration during early stage after inferior alveolar nerve transection. Sci Rep.
(2019) 9:1-7. doi: 10.1038/s41598-018-37819-6

51. Omi K, Ando T, Sakyu T, Shirakawa T, Uchida Y, Oka A, et al. Noncompetitive
immunoassay detection system for haptens on the basis of antimetatype antibodies.
Clin Chem. (2015) 61:627-35. doi: 10.1373/clinchem.2014.232728

52. Todo K, Miyake K, Magari M, Kanayama N, Ohmori H. Novel in vitro screening
system for monoclonal antibodies using hypermutating chicken B cell library. J Biosci
Bioeng. (2006) 102:478-81. doi: 10.1263/jbb.102.478

53. Yabuki M, Cummings WJ, Leppard JB, Immormino RM, Wood CL, Allison DS,
et al. Antibody discovery ex vivo accelerated by the LacO/Lacl regulatory network. PloS
One. (2012) 7:36032. doi: 10.1371/journal.pone.0036032

54. Wang B, Wang F, Huang H, Zhao Z. A novel DT40 antibody library for the
generation of monoclonal antibodies. Virol Sin. (2019) 34(6):641-647. doi: 10.1007/
$12250-019-00142-z

55. Hashimoto K, Kurosawa K, Seo H, Ohta K. Rapid chimerization of antibodies.
Methods Mol Biol. (2019) 1904:307-17. doi: 10.1007/978-1-4939-8958-4_14

56. Tian Y, Hu D, Li Y, Yang L. Development of therapeutic vaccines for the
treatment of diseases. Mol BioMed. (2022) 3:1-30. doi: 10.1186/s43556-022-00098-9

57. Crescioli S, Kaplon H, Chenoweth A, Wang L, Visweswaraiah J, Reichert JM.
Antibodies to watch in 2024. MAbs. (2024) 16. doi: 10.1080/19420862.2023.2297450

58. Kuramochi T, Igawa T, Tsunoda H, Hattori K. Humanization and simultaneous
optimization of monoclonal antibody. Methods Mol Biol. (2019) 1904:213-30.
doi: 10.1007/978-1-62703-586-6_7

59. Seo H, Masuda H, Asagoshi K, Uchiki T, Kawata S, Sasaki G, et al. Streamlined
human antibody generation and optimization by exploiting designed immunoglobulin
loci in a B cell line. Cell Mol Immunol. (2020) 18(6):1545-1561. doi: 10.1038/s41423-
020-0440-9

60. Ching KH, Collarini EJ, Abdiche YN, Bedinger D, Pedersen D, Izquierdo S, et al.
Chickens with humanized immunoglobulin genes generate antibodies with high affinity
and broad epitope coverage to conserved targets. MAbs. (2018) 10:71-80. doi: 10.1080/
19420862.2017.1386825

61. Cumbers SJ, Williams GT, Davies SL, Grenfell RL, Takeda S, Batista FD, et al.
Generation and iterative affinity maturation of antibodies in vitro using hypermutating
B-cell lines. Nat Biotechnol. (2002) 20:1129-34. doi: 10.1038/nbt752

62. Kajita M, Okazawa T, Ikeda M, Todo K, Magari M, Kanayama N, et al. Efficient
affinity maturation of antibodies in an engineered chicken B cell line DT40-SW by
increasing point mutation. J Biosci Bioeng. (2010) 110:351-8. doi: 10.1016/
jjbiosc.2010.03.006

63. Arakawa H, Kudo H, Batrak V, Caldwell RB, Rieger MA, Ellwart JW, et al.
Protein evolution by hypermutation and selection in the B cell line DT40. Nucleic Acids
Res. (2008) 36:el. http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=
2248763&tool=pmcentrez&rendertype=abstract.

64. Kanayama N, Todo K, Takahashi S, Magari M, Ohmori H. Genetic manipulation
of an exogenous non-immunoglobulin protein by gene conversion machinery in a
chicken B cell line. Nucleic Acids Res. (2006) 34:e10. doi: 10.1093/nar/gnj013

65. Lim AWY, Williams GT, Rada C, Sale JE. Directed evolution of human scFvs in
DTA40 cells. Protein Eng Des Sel. (2015) 29:gzv058. doi: 10.1093/protein/gzv058

66. Masuda H, Sawada A, Hashimoto S, Tamai K, Lin KY, Harigai N, et al. Fast-
tracking antibody maturation using a B cell-based display system. MAbs. (2022)
14:2122275. doi: 10.1080/19420862.2022.2122275

frontiersin.org


https://doi.org/10.1016/j.molimm.2005.09.017
https://doi.org/10.1073/pnas.94.12.6126
https://doi.org/10.1093/nar/gkw439
https://doi.org/10.1146/annurev.biochem.76.052705.162114
https://doi.org/10.1146/annurev.biochem.76.052705.162114
https://doi.org/10.1002/j.1460-2075.1994.tb06913.x
https://doi.org/10.1002/j.1460-2075.1994.tb06913.x
https://doi.org/10.1038/sj.emboj.7600138
https://doi.org/10.1091/mbc.e07-04-0377
https://doi.org/10.1091/mbc.e07-04-0377
http://www.ncbi.nlm.nih.gov/pubmed/18298800
http://www.ncbi.nlm.nih.gov/pubmed/18298800
https://doi.org/10.1093/jb/mvq054
https://doi.org/10.1371/journal.pbio.0050246
https://doi.org/10.1371/journal.pbio.0050246
https://doi.org/10.1038/nrg2341
https://doi.org/10.1111/gtc.12828
https://doi.org/10.1126/science.4001944
https://doi.org/10.1126/science.4001944
https://doi.org/10.1038/nbt785
http://www.ncbi.nlm.nih.gov/pubmed/17406441
https://doi.org/10.1371/journal.pone.0167232
https://doi.org/10.1371/journal.pone.0167232
https://doi.org/10.1093/nar/gkq1122
https://doi.org/10.1126/science.aab3516
https://doi.org/10.1093/intimm/dxv014
https://doi.org/10.1038/s41598-018-37819-6
https://doi.org/10.1373/clinchem.2014.232728
https://doi.org/10.1263/jbb.102.478
https://doi.org/10.1371/journal.pone.0036032
https://doi.org/10.1007/s12250-019-00142-z
https://doi.org/10.1007/s12250-019-00142-z
https://doi.org/10.1007/978-1-4939-8958-4_14
https://doi.org/10.1186/s43556-022-00098-9
https://doi.org/10.1080/19420862.2023.2297450
https://doi.org/10.1007/978-1-62703-586-6_7
https://doi.org/10.1038/s41423-020-0440-9
https://doi.org/10.1038/s41423-020-0440-9
https://doi.org/10.1080/19420862.2017.1386825
https://doi.org/10.1080/19420862.2017.1386825
https://doi.org/10.1038/nbt752
https://doi.org/10.1016/j.jbiosc.2010.03.006
https://doi.org/10.1016/j.jbiosc.2010.03.006
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2248763&tool=pmcentrez&amp;rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2248763&tool=pmcentrez&amp;rendertype=abstract
https://doi.org/10.1093/nar/gnj013
https://doi.org/10.1093/protein/gzv058
https://doi.org/10.1080/19420862.2022.2122275
https://doi.org/10.3389/fimmu.2024.1453833
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Molecular mechanisms of avian immunoglobulin gene diversification and prospect for industrial applications
	1 Introduction
	2 Mechanism of IgV diversification
	2.1 DT40 cell line
	2.2 Molecular mechanism of IgV diversification
	2.3 Regulation of GC by chromosome structure

	3 Industrial application of GC and SHM using avian cells
	3.1 Application of GC in avian cells
	3.2 Application of SHM in avian cells

	4 Discussion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


