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Abstract

Antibodies are an essential part of the immune system. Each B cell, a type of white blood
cell, produces a unique antibody. This antibody molecule is comprised of two identical light
chains and two identical heavy chains. Each chain has a variable region, which is responsible for
antigen binding, and a constant region, which is responsible for effector function in the host. The
variable region in the heavy chain is composed of three gene segments, the variable (V),
diversity (D), and joining (J) gene segments. The light chain is composed of only V- and J-gene
segments. Each immunoglobulin locus contains multiple versions of each gene segment, ranging
from over 130 possible V gene segments in the heavy chain to four possible J-gene segments in
both the heavy and kappa light chain. The recombination of gene segments occurs in the
germline DNA and results in the formation of the unique antibody. The diversity and binding
abilities of the antibodies are important for a proper and robust immunological response. Of
importance to binding and specificity is the complementary determining region three (CDR3)
which plays a major role in determining specificity and antibody-antigen binding. Due to its
uniqueness, is used as a measure of diversity in the repertoire.

In this work, I used Illumina MiSeq 2x300nt high-throughput sequencing to assess the
mouse splenic transcriptome. The work I present here shows the splenic immunoglobulin gene
repertoire from unchallenged, unvaccinated conventionally housed mice, mice flown aboard the
International Space Station (ISS), and mice challenged with tetanus toxoid (TT) and/or adjuvant
(CpG) and subjected to skeletal unloading by antiorthostatic suspension (AOS). AOS is used to
induce some of the physiological changes that parallel those that occur during space flight. The
characterization of the repertoire includes analysis of V-, D-, and J-gene segment usage, constant

region usage, V- and J-gene segment pairing, and CDR3 length and usage.



The work included validation of the methodology needed for tissue preparation and
storage aboard the ISS, showing that the data obtained was similar to those used in standard
ground-based methodologies (Chapter 2). I further validated our nonamplified sequencing
methodology with comparisons to methods that use amplification as part of the process (Chapter
3). My work characterized the antibody repertoire of the conventionally housed C57BL/6J
mouse (Chapter 4), an important mouse strain in the field of immunology, and demonstrated the
homogeneity of gene segment usage in unchallenged animals. We also demonstrated that short
duration (~21 days) space flight does not significantly alter the antibody repertoire (Chapter 5).
The work culminates in an AOS study to assess changes to the B-cell immunoglobulin repertoire
after vaccination with TT and/or CpG. The results show that changes to V-, D-, and J-gene
segment usage occur after antigen challenge with AOS causing decreased class switching and
frequency of plasma cells. Tetanus toxoid challenge decreased multiple gene segment usage and

CpG administration increased isotype switching to the IgA constant region (Chapter 6).
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Chapter 1 - Introduction

Basic Overview

B cells are a type of lymphocyte that produces a heterodimeric protein called an antibody.
B cells were originally discovered originating from the bursa in the chicken, but in mammals are
mostly derived from the bone marrow.! Ehrlich presented the side chain theory in the late 1890s
laying the foundation for the theory of antibodies.? B cells play an important role in the immune
system both by secreting antibodies and by functioning as antigen presenting cells to T cells.
Each B cell produces a highly unique antibody which can be secreted or membrane-bound. The
antibodies are composed of two identical light chains and two identical heavy chains (Figure
1.1). Antibodies and B cells have numerous functions within the immune system including the
clearing of pathogens, clearing of infected or dead host cells, and assisting with T-cell
activation.® Antibodies are formed with a pair of an identical heavy and light chains. These
protein chains are the product of multigenic assembly of variable (V), diversity (D — heavy chain
only), and joining (J) gene segments and a constant region gene (Figure 1.2).* Tonegawa and
Hozumi’s understanding of V(D)J recombination shattered the prevailing dogma at the time of

“one gene, one protein”.’

B Cell Development and VDJ Recombination

B cells begin development as hematopoietic stem cells, progress to multipotent
progenitors, diverge from the granulocyte/erythroid lineages, and eventually progress to
lymphoid-primed multipotent progenitor cells.®® From here, they develop into common
lymphoid progenitor cells where they are more fully committed to being lymphocytes.®” At this

point, the cells will usually fully commit to the B cell linage, progressing through the pro-B cell,



pre-B cell, immature and mature subsets. However, work by Graf et al. and Rodriguez-Fraticelli
et al. show that commitments may not be final, and changes in development may occur if the

proper signals are present.®!%!!

V(D)J rearrangement occurs during B cell development and successful rearrangements of
heavy and light chains serve as checkpoints in the differentiation process. Rearrangement is
dependent on two recombinases, RAGI and RAG 2, which assemble and create a synaptic
cleavage complex that creates nicks and breaks in the genomic DNA near recombination signal
sequences (RSS). These are located on either side of the gene segments, to recombine the V-, D-,
and J-gene segments.'>!3 RSS are either 12nt or 23 nucleotides long, forming a specific loop
when the RSSs pair.!* RAG1 is then able to cleave this pairing with the help of RAG2 by
introducing a single stranded nick, cleaving the phosphate backbone and creating a double-
stranded break.'* Non-homologous end joining then repairs the DNA, creating a junction
between the gene segments.!? In addition to annealing the ends, additional nucleotides, called
“non-templated (N) and palindromic (P)” additions are added between the gene segments using
nucleotidyl transferase and DNA ligase, Artemis.'* These nucleotides add additional variability
to the sequence that is not dependent on genomic sequence. N nucleotides are more heavily

weighted towards the addition of a G or C.'

Rearrangement begins in the early pro-B cell by the joining of the D- and J-gene
segments (Figure 1.2).” Once the D- and J-gene segments are joined, the cell enters the late pro
B-cell phase and combines the V-gene segment with the already recombined DJ-gene segments

by the same mechanism.!? The rearranged heavy chain is then paired with a surrogate light chain,



made of the VpreB and A5 proteins to form the pre-B cell receptor (pre-BCR).!>! The pre-BCR
is composed of the heavy chain, the surrogate light chain, Igo, and Igf.!? Failure of the heavy
chain to pair with the surrogate light chains will prevent the cell from proceeding further in

t.15

development.'” After the cell has survived this selection, rearrangement begins with the light

chain.?®

Rearrangement begins as only one locus. Allelic exclusion prevents multiple V(D)J
recombinations from occurring at the same time. Rearrangement in humans and mice always
begins with a heavy chain locus, followed by the kappa chain and then the lambda chain.

t.16 Either the maternal or

However, other species, such as pigs, rearrange the lambda chain firs
paternal locus is selected for initial recombination, though there appears to be no clear reason
why one is selected over the other. Feedback prevents the second locus from rearranging until
the first has finished.!” Stochastic models tend to focus on decreased efficiency preventing
simultaneous rearrangements while determinant models suggest that the chromosomes are
marked during development, which facilitates the rearrangement of one locus.!” There are
experiments supporting that chromosomes are marked early in development, before
hematopoiesis beings, yet other experiments have shown that the choice doesn’t occur until the
lymphocyte has already begun to mature.!” Regardless of chromosome use, allelic exclusion is
modulated by multiple factors that prevent RAG from accessing RSS, thereby preventing

rearrangement and even physically separating the V-gene segment DNA from the DJ-joined

region of DNA.'8



In the small pre-B cell phase, light-chain rearrangement begins using the same mechanics
used in the heavy chain.'> About half of all light-chain rearrangements are successful on the first
rearrangement attempt, but rearrangements can be attempted at all four loci (two kappa, two
lambda).'> In mice, the kappa locus is used about five times more than the lambda locus for light
chain generation.'> After a successful light chain is paired with a heavy chain, the cell then
expresses a complete B cell receptor (BCR) and are considered immature B cells.!® There
appears to be no pairing restrictions between heavy and light chains and the overall pairing of
specific VH and VL gene segments is correlated with overall V-gene segment usage in the
repertoire.!” These BCRs are then tested against auto antigens and strong binding leads to

apoptosis. '

Although Ig-gene rearrangement can introduce variability to the B cell repertoire, the
process is inexact. Multiple problems can stop the Ig molecule from developing into a functional
BCR. Examples include out of frame joining of the D- and J- gene segments, and further out of

frame joining of the V-gene segment to the DJ segment.'®

Rearrangements can also introduce
stop codons due to nuclease trimming of the gene segments or the addition of the N and P
nucleotides.'* In the C57BL/6 mouse, 7.6% of D-gene segments have 5’ trimming, and 27.4%
have 3’ trimming.'* P nucleotide additions of AAAAA on the 5> end was the most common, and
G, GT, and GTAG were the most common at the untrimmed 3’ end.!* In the case of the J gene
segment, 12.3% of C57BL/6 mice had no exonuclease trimming, and 31.6% had P nucleotide
additions ranging in size from one to eleven nucleotides.'* Additionally, when N nucleotide

additions were examined, the V-D junction had an average of four nucleotides, while the D-J

junction averaged 2.9 additions.'*



The combination of the V-, (D-), and J-gene segments comprises what is termed
complementary-determining region 3 (CDR3)."> Two other regions, designated CDR1 and
CDR2, are coded for entirely in the V-gene segment, thus, reducing diversity possibilities
compared to CDR3.!> These CDR region designations are most important because they identify
the parts of the antibody that bind to antigen and are also the most likely to undergo somatic

hypermutation,?® which will be discussed later.

The failure of a V-D-J rearrangement could induce the B cell to utilize the other allelic
DNA strand or a more 5° V-gene segment maybe selected for rearrangement to form a
productive heavy chain.!> Approximately 15% of pro-B cells fail to make a proper rearrangement
on either of the heavy chain loci.!> Additionally, the heavy and light chains are bound through di-
sulfide bonds around B-bulges associated with the V-gene segments and it is likely that some
rearrangements fail because they do not generate the correct structure for light chain binding.'
Once a B cell expresses surface heavy and light chains it has reached the “immature stage”, and
the cells leave the bone marrow and traffick to the spleen. Trafficking to and within the spleen is
controlled by multiple factors such as intergins (LFA-1 and a4f1),?! receptors (CCR7 and
CCRS5),%22 chemokines (CXCL13),%* and cytokines (such as IL-4).2* These spleen-localized
cells now enter “transitional phases” and proceed through multiple selection or “check”
points.?>2° After B cells leave the bone marrow, it is estimated that less than 20% of all immature
B cells reach the spleen, possibly because their BCRs are autoreactive and they are removed

during the migration.'



B1 B Cells

B1 B cells are different than the more common B2 B cells that traffick from adult bone
marrow to spleen as described above. Bla B cells are CD5" and are most common in young
animals and humans.?” B1b B cells are similar, but they lack the CD5 surface molecule.?” In the
mouse, B1 B cells comprise 30% of the spleen on day five, and about one to two percent of the

spleen by week eight.?’

B1 B cells develop in the yolk sack, fetal liver, and neonatal bone
marrow. The bone marrow loses the potential to develop new B1 B cells by about six weeks of
age in mice.?’?® In humans, B1 B cell precursors are detected at seven weeks in the embryo, and
they populate the periphery between week 16 and 22 of gestation.?’ This is evidenced by data
showing that, bone marrow transfers can restore the B2 population in three-month-old mice, but
not the B1 population.?’** Gene segment usage is heavily restricted in the B1 population, which
will be discussed in greater depth later, and most B1 cells lack nontemplated (N and P) base
insertions in their joining of gene segments.?’ B1 B cells are commonly autoreactive and are not

selected against using “traditional” B2 B cell methods because they don’t go through transitional

selection processes in the spleen. Autoreactivity may even serve as a positive selection step.?’

Constant Regions

The constant region of the light chain is selected during VJ recombination, but the heavy
chain can undergo class switch recombination (CSR), which is a different mechanism than V(D)J
recombination.>!"* The constant regions in the heavy chain serve different biological effector
functions within the host. After VDJ recombination, B cells predominantly express the p
constant region (IgM) and/or the 6 constant region (IgD). This is the only time that normal B
cells express immunoglobulins with multiple constant regions in a single cell. Using alternative

splicing mechanisms, the cell can express IgM, IgD, or IgM and IgD together.



Class switching generally occurs in response to antigen using activation-induced cytidine
deaminase (AID) to deaminate a cystine in the switch region. This creates a double stranded
break in the switch region immediately following VDJ recombination location and one before
the newly-selected constant region (Figure 1.3).* Like in VDJ recombination, the DNA between

the two breaks is spliced out.>*

Thus, once class switching occurs, a B cell can no longer use a
constant region that has been removed from the genome, though other heavy chain genes that are
5’ to the splice site are still available. The human heavy chain contains nine constant regions (al,
02,9, &, v1, v2, v3, y4, and p). Mice contain nine constant regions (a, 9o, €, Y1, y2a, y2b, y2c, y3,
and p), though not all strains have all constant regions. CSR generally occurs after the B cell
encounters antigen and is dependent on T cells and their cytokines.***® Constant regions, even of

the same type, for example the IgGs, can also affect the binding abilities of the variable region.’’

Repertoire Development and Change

There are multiple factors that affect the host’s B-cell repertoire and give it variability.
The first of these is dependent on the unique V-, D-, and J-gene segments encoded in the host’s
genome. The second factor is the semi-random recombination of those gene segments. The third
factor is the random addition of the N- and P-nucleotides during V(D)J recombination, and the
last is the somatic mutations that occur during the response to antigen and the process of affinity
maturation.*® This combination of events is responsible for the creation of unique antibody
sequences. However, another element, the host’s infection and exposure history, also plays a role
in the ratio or number of B cells displaying a specific idiotype (specific antigen-binding sites
unique to an antibody). Recent work by Meng et al. has shown that the repertoire varies from

sampling location to sampling location.>



Genetic and Spatial Control of Repertoire Development

It appears that most gene segment usage is genetically controlled, rather than purely
random.'**° During V(D)J recombination, gene segments are selected during recombination
using RSS. Small changes to the sequences can affect recombination rates and create changes to
the repertoire.*! There are also spatial restrictions on recombination due to requirements of DNA
looping for the acts of cleavage and blunt end rejoining. A position bias also been observed in DJ
pairing in that more 3’ D-gene segments pair more often with 5’ J-gene segments, and vice
versa.*> Assessment by a few groups has found that V-gene segment usage is not random and
there appears to be some skewing in the V-gene segments that are used.****> Causes for this
skewing appear to be largely genetic, and are largely attributed to the chromatin structure of the

locus, which allows for availability of RSS for recombination.*>**

Clonal Expansion

B cells express a B-cell receptor composed of membrane bound antibody (heavy and
light chains) along with a number of molecules that are important for signal transduction: Iga,
IgB, and CD19, CD21, and CD81.? The heavy and light chains have short cytoplasmic tails and
lack domains necessary for biochemical function and signal transduction. Therefore, B cells rely
on Iga and Igp to transduce signal.’ Iga and IgB are needed for B cell differentiation as well as
antigen binding,® which stimulates expansion of that specific B cell, or clone. This is called
“clonal expansion”. This expansion increases the total number of B cells expressing this BCR in
the host and results in increased representation of that specific idiotype in the repertoire as a
whole (Figure 1.4A-C). These cells can also further differentiate into memory B cells or plasma

cells. Plasma cells are responsible for most of the antibodies in the serum whereas memory B



cells do not spontaneously secrete antibody but serve as antigen presentation cells and can be
further differentiated into antibody secreting cells.*® After antigen clearance from the host, most
of this effector cell population collapses due to the lack of signal but there is a persistence of
higher affinity clones (memory) that may or may not have classes switched.*’ Plasma cells that
do survive the population collapse can live in the bone marrow for up to a year in mice, even
without the help of memory B cells (Hammarlund 2017, Manz 1997).4%4 Memory B cells can

live in the bone marrow for decades.>®

Somatic Hypermutation

Once a B cell is activated, it moves to germinal centers, locations within secondary
lymphoid tissues, where T and B cells interact to initiate a response. This is where B cells
undergo further selection and specialization to their cognate antigen, called somatic
hypermutation (SHM). SHM occurs when AID targets specific hot spots in the antibody region
of the genome, though off-target mutations are also detected.’! These mutations target specific
mutational hot spots DGYW (A/G/T, G, C/T, A/T) and its complement WRCH (A/T, A/G, C,
A/C/T).>*> They also occur more often in the CDRs than in other regions of the antibody
sequence, and mutations occur at a five-fold higher frequency than background.’*>® AID targets
the G/C pairing, deaminating the cystine to an uracil. This leads to a variety of outcomes, which
can induce mutations. The first repair option is that, during replication, the incorrectly paired
U/G becomes a T/A pair. The second option is that the incorrect uracil is removed and replaced
by another random base and subsequent proper base pairing using short-patch base excision
repair. The final option is that mismatch repair removes multiple bases around the mismatch and
adds them back using error-prone polymerases, introducing more mutations.”>>> There appears to

be a bias in mice to repair these mutations with simple replication as opposed to using a DNA



error-repair pathway, which is commonly used in humans.>* The mutations maybe silent or may
result in a missense mutation. Depending on the location of the mutation, a missense mutation
may affect the structure of the antibody or the CDRs, which affect binding capabilities of the
antibody. Insertions and deletions (indels), though rare, can also happen during somatic
hypermutation, but must be in triplicate to keep the antibody sequence in frame.>>*° These
mutations and indels may increase affinity of the BCR to bind its antigen, or it may decrease
affinity or cause the BCR to fold incorrectly all together. There is also evidence that V-gene
segments tend to collect, or not collect, similar mutations across multiple hosts and that different
V-gene segments acquire different mutations from each other, likely due to their DNA sequences
and mutational hotspots.>®> Additionally, SHM in humans occurs more frequently in the IgG4
isotype compared to other IgGs.®! This suggests that there is some downstream, or cis, regulation

of the process.

During the host response, the subsequent rounds of SHM and the clearance of antigen
lead to increased competition for antigen. The functional consequence of these events is that the
B cells expressing the higher affinity BCRs are the B cells most likely to be triggered when they
bind antigen. This engagement limits antigen binding to lower affinity BCRs. The B cells unable
to bind antigen will suffer from “death by neglect”, leaving only the higher-affinity B cells to
continue to replicate and continue to undergo SHM (Figure 1.4D-F). At the population level
there is an overall increase in affinity for an antigen, though there appears to be a maximum
affinity level. Poulsen et al found that antibody affinity for patients after a single TT vaccine was
2.9 x 10? (Kd) for TT antigens, which was at least five-fold higher than the average TT affinity

from control patients immunized with other vaccines.®? This group additionally showed that
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binding on-rates did not improve after subsequent vaccinations, but off-rates did improve,
demonstrating that these binding responses are selected through two different mechanisms.®?

However, maximum affinity levels vary from antigen to antigen.®?

Overall Effects of Changes in the Repertoire

Multiple factors affect the individual’s unique B-cell repertoire. In the case of outcrossed
populations, the V, D, and J gene segments present in the locus will affect gene segment
recombination availably. RSS alternations will also play a role in outbred populations for initial
recombination availability.®* These two aspects affect the potential B cells available to respond
to antigen. After the initial development of naive B cells, exposure to antigen continues to shape
the repertoire. Repertoire changes can serve as a sort of “immunological history,” showing what

the host has encountered, and these encounters will leave a lasting mark on the repertoire.®

Repertoire Responses

B1 B cells
B1 B cells are predominantly encoded by V-gene segments from the VHI11 or VH12

families in mice, often paired with JH1.27-%¢67 In humans these biases skew towards the V3
family, VH1-2, D7-27, JH2, and JH 3 and appear to be highly restricted.?**® They predominantly
use the IgM isotype, but IgA and IgG3 natural antibodies are also detected.®® B1 B cells also lack
N-region insertions during V(D)J recombination in young animals, but in elderly animals, an
increasing number of N-nucleotides can be detected in the peritoneal B1 cells.?”%”. The lower
levels of N-nucleotides bias towards shorter CDR3s in the heavy chain.®® B1 B cells develop

more quickly and can populate the peripheral lymphoid tissues more quickly than their B2
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cousins, potentially providing an advantage in young animals for clearance of apoptotic cells.®
B1 B cells can bind a number of self-antigens, as well as foreign antigens, including
phosphatidalcholine (PtC), a protein expressed on red blood cells.?”?*%® In tracking these anti-
PtC specific cells, it was determined that B1 B cells undergo expansion in response to their
antigen, even in germ-free animals.?”*” It has even been shown that during expansion, both class
switching and somatic hypermutation can occur and is cumulative with age, even in germ free
conditions.%” Therefore, B1 B cells have the same molecular mechanisms available for these
processes but are somehow regulated to suppress them. As age increases, the repertoire also
becomes increasingly restricted and less random.®” Additionally, as age increases, the B1 B cell
response to antigens remains the same or increases, whereas B2 B cell antibody response

decreases, biasing the repertoire towards a more monoclonal, and self-reactive repertoire.”

Vaccination

The overall goal of vaccination is to create an antigen-specific memory response from B
cells, protecting the patient from the expansion of pathogenic challenges (bacteria, viruses,
etc.).”! Thus, repertoire responses have been characterized for several antigens.’>”® Some vaccine
challenges reveal that specific epitopes have selection biases for specific V-gene families; such
as the VHS family selection in an HIV immunization in Macaques or the usage of VH5-51 and
VH3-7 in humans following an influenza vaccination. Some antigens show no bias in the V-gene
family they induce, such as tetanus toxoid (TT) vaccinations, outlined below.%*7%7473
Additionally, responses to vaccinations can vary strongly from subject-to-subject; ranging from
more monoclonal responses to more polyclonal response.” Public clones, or those shared among

multiple individuals, are rare, even in response to the same antigen, and, when examining the

response to an influenza vaccine, the IgM repertoires were more similar among subjects than the
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IgG-expressing cells (“antigen experienced”), though Greiff et al. recently demonstrated that
there is more similarity among plasma cells in those responding to antigenic challenge.!**+7
Dose also seems to play a role in repertoire diversity. Higher doses induce a more diverse
repertoire and may result in a broader repertoire response.’’ Other hallmarks of immune

responses include shorter CDR3s and higher levels of mutations.*’

Aging has been shown to play a large role in vaccine responses. Those over the age of 65
are less protected by the influenza vaccine, and with reduced responses to the pneumococcal
vaccine.”*’7 De Bourcy et al. discovered that in half of elderly patients, their repertoire was
comprised of a small number of memory cell, and their repertoires were less plastic.”’ The aged
repertoire also had a smaller naive repertoire, providing less diversity to allow for binding to a
new antigenic challenge.”®” Additional skewing occurs in gene segment usage with VH3 family
members being more common in young patients, and V4 more common in the elderly.® After
vaccination with the pneumococcal polysaccharide vaccine, changes seen to CDR3 size and
amino acid composition were less drastic in the elderly as opposed to young cohorts and the IgA
and IgM responses were impaired.”® While both groups showed cellular changes in the peripheral
blood at day seven, the younger cohort returned to their pre-vaccination normal values, and the

elderly group did not.”

Tetanus Toxoid

The tetanus toxoid vaccine has long been used to study the immune response®!** and
serum antibody level responses continue to be studied.**¢ In addition to being a commonly used
vaccine, it is considered one of the most immunogenic vaccines.®? It has also been used as a

conjugate protein for vaccine development.®’
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The tetanus toxin is produced by Clostridum tetani and is a 150 kDa protein which is
cleaved to form a heavy and light chain.®® The light chain is a metalloprotease and is responsible
for the disruption of neurotransmitters.®® The toxin works by blocking the release of
neurotransmitters from the prejunctional membranes of nerve cells causing spastic paralysis by
preventing formations of the SNARE complex.®®%’ The heavy chain is also cleaved into two
parts, the N-terminal is used to help translocate the light chain, and the C-terminal binds to
sensitive cells.®® For use in vaccination, the toxin is denatured with formaldehyde making it a

toxoid.”

Previous studies of TT vaccination examined both the overall levels of anti-TT Abs in the
serum”® and the makeup and binding of those Abs.”! The half-life of anti-TT Abs is 11 years.*’
While children show high levels of anti-TT Abs in the serum,® a decrease in anti-TT Abs in the

serum occurs in those over 40; likely due to a decrease in vaccinations.”

Studies based on the gene-segment usage of anti-TT Abs have determined that Abs
generated after challenge are widely varied in both heavy and light chains. This is likely due to
the large size of the TT.”!8292-95 The ability of anti-TT Abs that do not bind to the C-terminus of
the heavy chain to neutralize the toxin is currently unknown, though multiple anti-TT Abs have
been shown to synergize to increase neutralization.?>?® Paulsen et al. and Lavinder et al. suggest
that the anti-TT Ab repertoire consists of between 50-100 different original clones and that these
clones encompass gene segments throughout the entire repertoire.*>%® However, nine months
after boosting, only three anti-TT Ab clones were still detected, which shows that the repertoire

returns to a “normal” state post vaccination.”” When the isotypes of the antibodies were

14



examined, the response was predominantly IgG, though IgA and IgM have also been detected.!'®
Meijer et al. demonstrated that many of the heavy chains of anti-TT Abs can pair with multiple
light chains and still retain their anti-TT specificity.”! These data suggest that the heavy chain

dominates the antigen-binding process.

Two human subjects and their responses to TT were followed through multiple
challenges. New clones were detected after the second booster, suggesting that new anti-TT Abs
can be added after repeat exposure as naive cells continue to be introduced in the host.%? Similar
results have been seen in other vaccination studies and may provide a way to deal with antigenic
shifts in the pathogen.®* While the possibility of not detecting these clones in initial sequences is
possible, it is highly unlikely due to the selection of TT specific antibodies and single cell
sequencing.®® They also studied the affinity of the anti-TT antibodies and determined that peak
affinity was obtained after the first booster and peak mutations levels were achieved after a
single vaccination.®” Mutation rates for anti-TT plasma cells and memory B cells were around
10%, though anti-TT Abs that could bind the heavy chain C-terminus contained higher mutation
rates.”! CDR3 of the heavy chain was determined to have the largest role in binding to TT, and

CDRI1 of the light chain also played a role.®

In examining murine specific responses to TT, four heavy chain CDR3s were detected
(CARGGNYAYW, CARQDRYGFALDYW, CARLGYDGVALDYW,
CARDFQYGNYFDYW) and five kappa chain CDR3s (CQQGSSIPRLTF, CQQGNTLPWTF,
CQQGNTFPWTF, CQQGSSIPRLTF, CQQGSIPRLTF).”® The light chains were able to pair

with multiple heavy chains.”® Gene families in the heavy chain included V1, V2, V3, and V5
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with D-gene families D1 and D2, combined with all four J-gene segments.’® The kappa chain
used V-gene families V1, V4, V5, V6, V8, V9, V10, and V12 and all four J-gene segments.”®
Over 20 binding epitopes exist on the tetanus toxoid molecule, and binding to nine of these is

known to cause neutralization and are located on the heavy chain of the toxin.®?

Adjuvants

Adjuvants are added to vaccines to help increase the immune response to antigenic
challenge.'""1%2 Aluminum salts were first used as adjuvants in 1926, followed by water-in-oil
emulsions in 1937.192 They can decrease the dosage required and increase the speed of the
immune response.'%? They are also implicated in diversifying the antibody response to
vaccination.'”! There are multiple classes of adjuvants, nonimmunostimulatory, which provide
increased display of the adjuvant to the immune system, and immunostimulatory adjuvants
which are directly targeted to specific parts of the immune system to increase response, and
adjuvants that do both.!> Immunostimulatory molecules often target Toll Like Receptors, which
can bias the immune response towards specific T-cell responses, while others, such as emulsions
increase immune cell recruitment to the area and antigen display.!?? In our studies, we use CpG,
an adjuvant that binds to Toll Like Receptor 9 (TLR9). TLRO is an intracellular, nucleic acid
sensing receptor that signals through the MYD88 pathway, leading to activation of transcription
factors such as NF-kB.!% This leads to the expression of pro-inflammatory cytokines, increased
production of antibodies, a Tu1 based response, isotype switching, the development of marginal
zone B cells, and memory B cell differentiation.!*-1% CpG has also been shown to play a role in
promoting antigen presentation by dendritic cells, which also leads to an increased antibody

response.'%” It has also been shown that immunizations with CpG demonstrate affinity
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maturation in the germinal centers up to four months after immunization, further increasing

antigen affinity past the initial vaccination.'®

B Cell Cancers

While infections are one of the most common ways we think about the changes to the
repertoire, B cell cancers are also associated with overall changes. Like proper immune
responses, B cell cancers also have associations with specific gene-segment usages and mutation
developments. There are a variety of malignancies that develop from antibody producing cells at
different time points in development.'” Some of these cancers have strong associations with
specific gene segments such as chronic lymphocytic leukemia (CLL) (VH3-21, VH1-69 and
VL2-14), and multiple myeloma (VH3-74 and VH3-7).3%1% Myeloma also has a strong negative
association with gene segments. For example, a very common V-gene segment in humans, V4-
34, has not been detected in cancerous cells, even though the gene segment is commonly used in
the repertoire.!'® Myelomas appear to be very heterogenous in their gene segment usage and do

not inhibit normal plasma cells.!%%!!!

Myelomas also continue to undergo somatic hypermutation on both the heavy and light
chain after development, suggesting that chronic activation or antigen section may continue to
affect the malignancy.!?-!1%112 Many of these mutations are radical, rather than similar amino
acid replacements in the framework region.'!! Follicular lymphomas also appear to be heavily
mutated while only half of CLL patients exhibit mutated sequences.®®!!* Gastric MALT
lymphomas are highly linked to Helicobater pylori infections.®® There is even evidence that gene

segment usage by CLL is regionally diverse, suggesting antigen-driven selection.!'* In addition
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to antigen selection, acute lymphoblastic leukemias continue to diversify by maintaining the

same DJ joining region but rearranging with more 5° V-gene segments.!'!>

The most useful part of repertoire sequencing for cancer however comes from minimal
residual disease testing (MRD). Proof of concept for MRD has been established for multiple B
cell cancers.!'*!'® MRD works by using PCR to test for known B cell cancer antibody sequences
in the patient.''® MRD negativity is correlated with a decreased risk of relapse, allowing doctors
to make more informed decisions regarding treatment.!! Mutation detection in some cancers are

also useful as prognostic indicators.!'®

Sequencing the Repertoire

Experimental Design

As costs of sequencing have decreased over time, the ability and interest in sequencing
whole B cell and immunoglobulin repertoires has increased. With this comes additional
experimental design considerations to carefully weigh advantages and disadvantages of specific
methods and technologies.!!” Starting material, such as DNA or RNA, must be chosen, as well as
the target of the sequencing. DNA sequencing allows for a direct count of the number of CDR3s,
whereas RNA provides a more representative sample of transcripts being made and reflects the
“active” repertoire.'?’ Additional considerations include the importance of the various structures
of the antibody. Documentation of CDR3 sequence is very important for repertoire analysis, but
information about which V-gene segment(s) or constant region(s) are being used also provide
clues about the repertoire and the host response (Greiff 2015).!2! Depth of sequencing is also an
important factor to consider. While 454 sequencing provided long read lengths (>400 bp), more-

recent [llumina methodology has a higher read number (captures more sequences). This greater
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sequencing depth is offset by a higher error frequency, however, which is a unique issue for
antibody repertoires since mutations are part of the B cell differentiation process and determining
sequencing errors vs. somatic mutations is problematic.!?*!?* Questions concerning the detection
of a specific CDR3 with a known sequence may benefit from amplification-based DNA
sequencing with cheaper Sanger methods, while characterization of an entire repertoire, such as
the work presented here, requires the use of a high-throughput technology. When planning an
experiment however, it is important to remember that a single sequencing is a snapshot in time
and fails to adequately monitor the constant changes in the repertoire.'>* Additionally, peripheral
blood, while often the only source of B cells for humans, fails to provide an adequate measure of

the total immune repertoire contained in various immunological organs and niches.***!%

Amplification

To our knowledge, all repertoire studies for B and T cells, except those outlined here,
have been the result of an amplification process.**!23126-129 These datasets contain both basis and
PCR artifacts, leaving their results difficult to interpreted or compare from study to study.'?
Thus, the avoidance of biases from amplification is one of the highest priorities in repertoire

sequencing. '’

PCR errors are accumulated through the amplification process which can falsely inflate

t 123,124,131,132 and

members of the repertoire, or they can add suspected mutations that do not exis
may not be distinguishable from low level mutations that do exist in the repertoire.!*>!*3 PCR
biases can be introduced because of primer binding properties, CG content, mispriming, non-

specific binding, and errors during replication.!3%!134-13¢ A specific issue in targeting antibody

gene segments is primer-annealing efficiencies, since the gene segments that make up the murine
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IgH locus are similar, though not identical.!*® The biases inherent in the multiplex PCR can lead
to false repertoire skewing, gene frequency inaccuracies, and a less comprehensive view of the
repertoire.!'®122124 The development of these multiplex primer, is highly challenging,'?® although
Carlson et al. argue that amplification methodologies can capture the entire repertoire, there are

concerns.'?°

The issues with amplification are well known, specifically, the inability to amplify
antibodies produced by hybridomas.'*”:13 “Universal” primers for the human antibody repertoire
do exist, but some questions remain if they cover the entire repertoire.'*® The difficulty in
developing a “universal” or even highly comprehensive primer set for the mouse is likely due to
their highly varied leader sequences, V-gene segments, and framework regions. Primer design
would have to rely on massively multiplexed reactions and/or degenerate primers. Additionally,
the most commercially viable amplification methods would need to amplify across multiple
common strains adding additional levels of complexity. Methods to overcome the biases detected
in amplification have been developed, such as the use of 5° RACE!'!133140 and the use of
molecular barcodes or identifiers.'*!!*> However, these methods are expensive and have their
own draw backs. Replication of the entire repertoire using 5’RACE would still require the use of
multiple constant region primers, leading to the same multiplexing issues. Barcoding can have

errors and chimeric reads making repertoires difficult to reconstruct.'*

Effects of Spaceflight on the Immune System

Microbes in Space

Microorganisms were found throughout the International Space Station (ISS) and Mir.!4+

147 These organisms are predominated by members of the human mucosal microbiome, however
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over 35 different bacteria species and 30 fungal species have been identified on the surfaces and
in the air aboard the ISS.'*” These species include opportunistic pathogens such as

Staphylococcus aureus.'*” The crew are likely the largest reservoirs on ISS, and changes to their
microbiomes, both with reduced number of species and transfers between crew members, can be

observed in the confinement period prior to and after launch. 4815

Space flight and simulated microgravity have been shown to increase virulence in
Salmonella typhimurium displaying both genetic changes and increased virulence with infection
when assayed post flight.!>!1°% S_ typhimurium also showed a reduced sensitivity to acidic pH
when grown in a microgravity HARV model.!*! However, increased virulence is not universal
because Streptococcus pneumoniae did not show increased virulence when tested after space
flight.!>* Other bacterial species such as Staphylococcus aureus and Escherichia coli showed an
increase in the minimum inhibitory concentrations of antibiotics on short term flights, but long-
term flights (four months) showed that E. coli, Bacillus subtillis, and Pseudomonas ariginosa
generally became resistant to the 12 tested antibiotics, but S. aureus occasionally became more
resistant.'*"1>* Additionally, many bacterial strains also grew faster in their planktonic state in
microgravity and have increased biomass.'**!>> While agar-based studies didn’t show the same
increased final cell count, they did show an increased number of cells attached as biofilms. 3154
Therefore, the space environment may alter bacteria and change their virulence and/or
pathogenicity while there are concomitant changes to host defenses. Microbial infections were

not uncommon aboard Mir, ranging from eye infections to respiratory infections (Taylor

2005).'* During the Apollo missions, over half of the astronauts reported infections during or
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immediately after their missions.'*®!>” Other changes to the immune system are evidenced in

delayed wound healing and slowed type IV hypersensitivity reactions.'*16!

Ground Models

Multiple, significant physiological changes occur during spaceflight. Due to the costs,
space, and time limitations, it was useful to use ground-based simulations to dissect the effects of
spaceflight on host physiology. While the most studied responses tend to be fluid shifts and
stress (cortisol) which reflect the new exposure to unloading, other environmental factors such as
barometric pressure and exposure to radiation also change in space.!®> Mice housed to control
barometric pressure to simulating that aboard ISS showed increased susceptibility to mengovirus

infections compared to mice kept at normal atmospheric pressure. !>

Some immunological changes that occur during spaceflight have been consistently
observed through multiple studies, such as neutrophilia (post flight), and decreased numbers of
CD4 and CDS8 T cells. Other host responses are changed inconsistently. For example, the number
of monocytes, CD4/CDS ratios, and B and NK cell percentages may or may not be altered.!6>1%4
Therefore, there is clearly an environmental impact that can vary from individual-to-individual
and from flight-to-flight. Additionally, astronauts tend to reduce their dietary intake while in
space affecting metaoblisim.!>%16213 Dye to these differences, ground models offer some ability
to control some of the multiple variables that influence the host physiology during space flight.
Unfortunately, since there is an impact on so many physiological systems, it is unlikely that a

single perfect ground-based model exists. It is important for scientists to know the limitations of

their models and not over-interpret their data.
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To model some of the effects of space flight, one ground-based model that is routinely
used is antiorthostatic suspension (AOS) (also called hind limb unloading or skeletal unloading).
This technique was originally developed by Morey and was further refined.!**!%> This technique
unloads the hind limbs of mice or rats through various means to prevent weight bearing on the
rear limbs while maintaining a 30-to-50% weight load on the front limbs.'®> Animals are still
able to move at will using a grid on the floor, which reduces stress levels.!®> Many of the effects
seen in spaceflight are modeled in AOS animals such as lowered bone mass in unloaded limbs,

fluid shifts, muscle atrophy, increased levels of corticosterone, and altered cellular responses. ¢

170

Bed rest with a 6° head down tilt is another common physiological microgravity model
used with human subjects and can model some of the impacts seen in space flight such as the
decrease in lymphocyte proliferation and decreased IL-6 production. However, in other cases,
the studies disagree.!®*!7! For example, cortisol levels increased in spaceflight, but decreased in
bed rest.'®* Cortisol measurements from bed rest are inconsistent, and some argue that cortisol
levels do not play a role in muscle remodeling in spaceflight.!”? Indeed, some artificially elevated

corticosterone levels to look at the impact on host responses and they failed to see an impact.'”

Immune System and Host Physiology

General issues associated with spaceflight and the immune system include immune
dysregulation, thymus involution (caused by increased glucocorticoids), decreased lymphocyte
174-176

development, alterations in cytokine production, and changes to leukocyte distribution.

Human progenitors cultured during spaceflight, showed decreased erythropoiesis and
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myelopoiesis after only 13 days of spaceflight and AOS rats showed decreased ability to respond

to colony stimulating factors.!>¢!77

Post-flight counts of peripheral blood showed decreased total lymphocyte number and
poor response from T cells to mitogen stimulation after space shuttle flights and in AOS
animals.'®>!7%18 Mice in 2G hypergravity also showed a decreased response to ConA.'** AOS
rats also had a decreased production of superoxide and showed decreased levels of killing
phagocytosed bacteria in macrophages.!*®13° Flight also suppressed the differentiation of these

cells.'®!

Humans, AOS rats, and AOS mice showed decreased production of multiple cytokines
including IFN-o, IFN-B, CSF-1, IL-1, IL-2, TNF-a, M-CSF, IFN-y and IL-6,!56:157.17L174.175.180.186
A human Antarctica model, another ground based model for high-stress environments, showed
an increase in pro-inflammatory cytokines such as IFN-y and IL-12 and a reaction in anti-
inflammatory cytokines such as IL-10 and IL-1ra.!*® Elevation in astronauts was seen in in IL-8,
CCL2, CCLA, and CXCL5 during flights.!”! Administration of IL-2 or M-CSF to compensate

for their reduced secretion appears to reverse some of the immune effects of AOS.!80-186

B Cell Responses

Prolonged exposure to space flight and microgravity increases bone resorption and
decreases bone formation.!””"!87 AOS caused both bone remodeling and an immediate decrease in
B cell development.!”” B and T cells develop in specific niches in the bone marrow, and changes
to bone structure are common after prolonged exposure to microgravity.!”” The B cell progenitor

population (CLP and beyond) remained low throughout the 21 days of suspension.!”” However,
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Armstrong et al. did not see a change in B cell hematopoiesis.'®® Gainger et al. reported that
while normalized spleen mass stayed the same for AOS mice, the total number of cells was
reduced by 25% and saw decreases in CD19" B cells with an increase in CD3" T cells, altering
the B to T cell ratio.!”® Gridley et al. also detected decreases in T cells, but the decreases were
even between CD4" and CD8" cells, not altering the ratios.!”® Ortega et al. detected a change in
the number of differentiated cells in the bone marrow, with a shift towards more differentiation,
rather than less mature cells.'®*® AOS mice and space flight rats have lymphoid organ dependent
inhibition in proliferation of lymphocytes, suggesting that lymphocyte depression is not a whole-
body suppression, but rather tissue specific.!®!16>18 There is also some environmental impact on
bone changes that are dependent on housing.!?® Rats housed individually lost more bone mass

than group-housed rats.'*°

Many of the changes exhibited by AOS animals are like those seen in aging.!”” However,
in AOS rats, though involution of the thymus was detected, no change in total antibody
production was detected.!>*!°! However, mice infected with P. aeruginosa showed a delayed
protective antibody response.!” AOS mice also showed a decreased resistance to infection with
Encephalomyocarditis virus D and increased infections by Klebsiella pneumoniae and Pasturella

pneumotropica.'s19%193

There is some indication that space flight affects the immunoglobulin gene rearrangement
process. The expression of the transcription factor Ikaros, responsible for expression of the heavy
chain, changed when Pleurodeles waltl embryos, a type of newt, were subjected to

microgravity.!”” Spaceflight also increased their levels of IgY (like IgA in mammals), and
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changes were detected in V-gene segment usage.'’”"!°! Total antibody levels in astronauts
remains unchanged after flight, but shifts in isotypes were seen.!””!** Isotype shifts away from
the class switched IgG1, IgG2a, and IgG2b were seen in mice exposed to constant low dose

radiation.'®!

Study Objectives

The goal of these studies is to characterize the antibody response to vaccination in
animals exposed to microgravity. Specifically, we use bioinformatic analysis of RNA sequencing
to determine the effects of space flight and immunization on the B-cell repertoire. To perform
this work, we first developed and validated a workflow that would allow us to collect RNA from
whole spleen and process it for our specific application. Due to the limitations of the
International Space Station, we would not able to process single cell suspensions, as most
repertoire studies do. Samples would come back as whole frozen tissues preserved in RNALater.
We confirmed that whole tissue sequencing did not result in significant differences from the cell
sequencing.*® We also validated our data processing workflow by comparing our data to that of
ground-based research and found similar results.*’ As part of the validation process, we were
able to characterize the repertoire of the normal mouse. These data help provide a more uniform
background to determine the changes from “normal” for our continuing studies'®> on mice flow
to the ISS>® and mice subjected to AOS (this thesis). This work demonstrated the uniformity of
the normal B cell/immunoglobulin repertoire and complements work done by others, 444
Additionally, to further supplement our data collection, we examined the impact of amplification
on repertoire analysis. We found that using massively multiplexed PCR yielded deeper

sequencing (more CDR3s and sequences detected) but failed to detect the full breadth of V-gene

segments that unamplified sequencing does (Rettig, this thesis). The thesis culminates with our
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studies analyzing the effects of hindlimb unloading on tetanus toxoid challenge with and without

the B-cell adjuvant CpG.
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Figures

Figure 1.1. Antibody Structure
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Antibodies are composed of two identical heavy chains and two identical light chains. Each
chain contains a constant region and a variable region. A hypervariable region contains

complementarity determining regions (CDRs) and is responsible for antigen binding.
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Figure 1.2. VDJ Recombination
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VDJ recombination occurs in the germline, first by initiating recombination of a semi-random D-
and J-gene segment. The intervening DNA is splice out. Recombination then proceeds with a
semi-random V-gene segment joining to the DJ rearrangement. N and P nucleotides are added
between each gene segment recombination (light blue bars) which add additional variability. A

constant region is then selected (IgM or IgD for initial recombination).
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Figure 1.3. Class Switching
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(A) Initial rearrangement results in an IgM or IgD isotype antibody, which is regulated by

alternative splicing. (B) Class switching occurs by selecting a new constant region in response to
cytokine messages and results in selection of a new isotype. The intervening DNA is removed
from the germline. (C) An antibody can continue to class switch to a remaining constant region if

proper signals are received.
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Figure 1.4. Repertoire Shifts

(A) The naive antibody repertoire contains a variety of different BCRs created from different
heavy and light chain rearrangements. (B) Antigen (red triangle) presents and binds to one
specific BCR triggering amplification of that B cell, which may undergo mutations due to SHM
(C). Binding of that antigen to the newly mutated BCRS (D) will lead to apoptosis in the mutated
BCRs that fail to bind with high affinity (orange cell) and (E) amplification in those that bind
with higher affinity (red cell). This cell will also undergo mutation (F) and higher affinity BCRs

will continue to multiply leading to changes in the repertoire.
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Chapter 2 - Validation of methods to assess the immunoglobulin
gene repertoire in tissues obtained from mice on the International

Space Station

Abstract

Spaceflight is known to affect immune cell populations. In particular, splenic B cell
numbers decrease during spaceflight and in ground-based physiological models. Although
antibody isotype changes have been assessed during and after space flight, an extensive
characterization of the impact of spaceflight on antibody composition has not been conducted in
mice. Next Generation Sequencing and bioinformatic tools are now available to assess antibody
repertoires. We can now identify immunoglobulin gene- segment usage, junctional regions, and
modifications that contribute to specificity and diversity. Due to limitations on the International
Space Station, alternate sample collection and storage methods must be employed. Our group
compared Illumina MiSeq sequencing data from multiple sample preparation methods in normal
C57Bl/6J mice to validate that sample preparation and storage would not bias the outcome of
antibody repertoire characterization. In this report, we also compared sequencing techniques and
a bioinformatic workflow on the data output when we assessed the IgH and Igk variable gene
usage. Our bioinformatic workflow has been optimized for Illumina HiSeq and MiSeq datasets,
and is specifically designed to reduce bias, capture the most information from Ig sequences, and

produce a data set that provides other data mining options.

Citation: Rettig, T. A.*, Ward, C.*, Pecaut, M. J. & Chapes, S. K. Validation of Methods to
Assess the Immunoglobulin Gene Repertoire in Tissues Obtained from Mice on the International

Space Station. Gravitational and space research: publication of the American Society for
Gravitational and Space Research 5, 2-23 (2017). *Co-First Authors
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Introduction

For B cell development and specificity, there are a large number of heavy chain (IgH)
and kappa light chain (Igk) gene segments that are used to produce the immunoglobulin (Ig)
receptor population repertoire.'*® This antibody repertoire is quite large and the possible
specificities can theoretically exceed the number of actual antibody molecules in the host.!** In
antibodies, the antigen binding region is formed by six complementarity determining regions
(CDRs) that loop out from the V region backbone formed by two beta-pleated sheets.!”-!°® The
germline V gene segment repertoire is necessary for host responses to pathogens and CDR1 and
CDR2 are completely encoded for by variable (V region) gene segments.!*® Therefore, knowing
which V gene segments are utilized is fundamental to understanding B-cell specificity and the
development of effective immune responses. The CDR3 of both the heavy and light chains are
highly variable due to their unique generation. During the creation of each Ig sequence, partially
random splicing between V, D (heavy chain), and J gene segments occurs and random base
insertions occur, called “n-nucleotide” additions. One hypothesis is that V gene segments have
been maintained in the genome because of their importance in binding specific pathogens and
provide essential host defense functions. However, CDR3 may be important because it is highly
variable. Its role as a highly diverse and variable region is what provides the essential key to

determining antigen specificity.?*

The spaceflight environment can impact many parameters critical to the host immune

response. In multiple species spaceflight affects the total body, thymus and spleen mass,'#%-201-211

209,210,212-219

circulating corticosterone, mitogen-induced proliferation, cytokine production and

179,189,192,210,213,215,220-232

reactivity, and lymphocyte subpopulation distribution.?!!-226:232-236 Clearly
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there are broad physiological impacts that affect many systems. The broader implications of this

have been seen in space and ground-based models as detailed by Sonnenfeld and Crucian.>*7*8

B cells are among the immune components that are affected by spaceflight. The number
of B cells in the spleen was reduced in mice flown on the space shuttle flight, STS-118.!7> The
percentage of B cells in the bone marrow and spleen was also reduced in mice subjected to
hindlimb unloading.!7®!”” When rats were injected with sheep red blood cells 8 days prior to an
18.5-day COSMOS flight there were lower IgG concentrations compared to both immunized and
non-immunized ground controls after landing.?!* IgM production was virtually eliminated in
lymphocytes stimulated in vitro with pokeweed mitogen (PWM) on the International Space
Station (ISS).?* In this study, cells were activated on Earth, frozen down, and then put back into
suspension in space where IgM secretion was significantly lower than similarly treated ground-
based controls.?* In a study of long-term ISS crewmember in-flight and post flight plasma
samples, no significant changes to adaptive immunity or cytokine profiles were detected.'”!
However, an assessment of peripheral blood revealed changes in the distribution of B cells and a

reduction in T cell function following mitogen stimulation.?*®

Our group is interested in the impact of spaceflight on B cell immunoglobulin gene
usage. Next Generation Sequencing (NGS) now allows us to analyze the repertoire of Ig gene
segments that are used in the assembly of immunoglobulins that are transcribed by B cells and
that are present in the host. NGS allows the determination of V, D and J gene usage, CDR3
assembly and the assessment of mutations that occur in response to immune challenge. In space,

there exist certain limitations associated with tissue collection and storage methods traditionally
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used on the ground. In preparation for sending mice to the ISS, our group needed to validate our
procedures and our ability to obtain high-quality RNA that could be used for NGS for the
assessment of Ig gene usage. Our group also sought to validate the usage of RNA extracted from
whole tissue collected and stored with these limitations in mind. It was also necessary to develop
a workflow that would facilitate the analysis of large amounts of data that would be generated
during this project. In this manuscript, we describe the development of our workflow and

validation of mouse NGS processing protocols for use with space flight experiments.

Materials and Methods

Sample Preparation and RNA Extraction

Spleens were removed from four 11-week-old, specific pathogen-free, female C57BL/6J
mice housed in the Division of Biology vivarium at Kansas State University. One-half of each
spleen was homogenized with a 70 uM sieve to generate a single-cell suspension designated,
“cells”. Spleen cells were pelleted at 350 x g and were resuspended in 5 mL of ice-cold ACK
lysing buffer (155mM NH4Cl, 10mM KHCO0s3, 0.1mM EDTA) to lyse red blood cells. After five
minutes, 10 mL of ice-cold isotonic medium was added to the suspension and cells were again
pelleted at 350 x g and the supernatant was removed. The pellet was resuspended in Trizol LS
(Ambion, Carlsbad, CA, USA) for RNA extraction. The remaining spleen half was immediately
placed into Trizol LS for RNA extraction, and designated “tissue”. RNA extraction was
performed according to the manufacturer’s instructions. RNAsin (40 units) was added to each
RNA aliquot and stored in -80°C. RNA quality was assessed on a 2100 Bioanalyzer (Agilent

Technologies, Santa Clara, CA, USA).

35



MiSeq Sequencing
One microgram of high-quality total RNA was used for RNA sequencing (RNA-seq)

library construction using the TruSeq RNA Sample Preparation kit v2 (Illumina, San Diego, CA)
with the following modification: one minute fragmentation time was applied to allow for longer
RNA fragments. The obtained RNA-seq libraries were analyzed with the 2100 Bioanalyzer. The
tissue sample described previously was then subjected to size selection and designated “size
selected”. Selection of sequences 375-900 nucleotides (nt) in length (275-800 nt sequences plus
50 nt sequencing adaptors on each end of the cDNA) was performed using the Pippin Prep
system (Sage Science, Beverly, MA, USA). All libraries were then quantified with gPCR
according to Illumina recommendations. The sequencing was performed at the Kansas State
University Integrated Genomics Facility on the MiSeq personal sequencing system (Illumina)
using the 600 cycles MiSeq reagent v3 kit (Illumina) according to [llumina instructions, resulting

in 2 x 300 nt reads.

MiSeq Reference Mapping

The bioinformatics workflow used in our study is outlined in Figure 2.1. FASTQ
sequencing files were imported into CLC Genomics Workbench v9.5.1 (CLC bio, Aaarhus,
Denmark) (https://www.qiagenbioinformatics.com/). Data were cleaned in the CLC program to
remove low quality and short sequences. Due to Illumina sequencing artifacts, the first 12 nt
were removed from each sequence. Sequences were quality cleaned by retaining the longest
region of the sequences with at least 97% of the sequence with Phred scores over 20. Sequences
with fewer than 40 nt were removed. Reads remained with paired-end sequences, designated
“paired”, and, in cases of overlapping sequence pairs, reads were merged, designated as

“merged” (Figure 2.1A, light blue line). Sequences were merged using a match score of +1,
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mismatch cost of -2, a gap cost of -3, and a minimum score of 10. Cleaned paired (Figure 2.1A,
purple lines) and merged (Figure 2.1A, red lines) sequences were mapped to specific C57BL/6 V
gene sequences obtained from NCBI for the immunoglobulin heavy (IgH) and light (Igk) chains.
The paired and merged sequences were mapped using a match score of +1 and a mismatch score
of -2. Additional putative antibody sequences were obtained by mapping sequences to the IgH
and Igk loci and the whole genome using the same scores. Mapped MiSeq sequences were
combined and submitted to InMunoGeneTics’s (IMGT) High-V Quest (Figure 2.1A, green
lines) (Alamyar et al., 2012). Functionally productive heavy chain sequences were imported into
CLC and constant regions were determined using a motif search for the first 20 nt in each
constant region that are provided in Table 2.1 (dashed line). Motifs were reassociated with their
original sequences in Microsoft Excel for complete antibody (V[D]JC) identification. While two
IgG subclass motifs were used to identify IgGs, they share partial sequence homology, therefore
all IgG subclasses were combined resulting in an overarching IgG isotype. Kappa chain

sequences were processed directly (Figure 2.1A, dotted line).

To collect a higher number of putative Ig sequences, our data handling workflow used
multiple mapping processes which could result in the same sequence being submitted to IMGT
multiple times. Failure to remove these duplicated sequences would lead to incorrect frequency
assessments. Figure 2.2 outlines the procedure for duplicate sequencing read removal. Sequences
were identified by their original MiSeq identification numbers for sorting. To retain the sequence
with the most information and most accurate mapping, sequences were assessed based on
functionality, constant region identification, V region score, and strand. Only one sequence per

MiSeq identification number was retained and used for subsequent data compilation. Data from
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the remaining productive and unknown functionality antibody sequences were compiled for V, D

(IgH only), and J gene segment usage, CDR3 length, and CDR3 amino acid (AA) composition.

HiSeq Reference Mapping

The MiSeq workflow described above was modified to analyze mouse liver
transcriptomic data from the Rodent Research 1 (RR1) NASA validation flight provided by the
NASA GeneLab program (https://genelab-data.ndc.nasa.gov/genelab/, Accession Numbers:
GLDS-47, GLDS-48). These data include sequences from the livers of ground control and flight
mice from two separate cohorts, CASIS (GLDS-47) and NASA (GLDS-48), that were generated
using [llumina HiSeq (1 x 50 nt reads). Raw sequencing reads were imported into CLC and
quality cleaned as described with the exception of short read removal as quality cleaned reads
were below the threshold utilized in the original workflow (Figure 2.1B). Reads were then
mapped to the Vi« references identified above. Total Vk mapping counts were collected and

analyzed in Excel.

MiSeq and HiSeq Genome Mapping
FASTQ files were imported into CLC and quality cleaned as described previously

(Figure 2.1C). MiSeq reads were merged as described previously (Figure 2.1C, blue arrow).
Paired and merged MiSeq and unpaired HiSeq reads (Figure 2.1C, purple arrow) were mapped
using the RNA-Seq tool in CLC to the current mouse reference genome (GRCm38). A match
score of +1, a mismatch score of -2, and insertion and deletion scores of -3 were used to map
reads to the genome. Due to the short read lengths of the HiSeq data, V-gene segment usage was

compiled directly after the RNA-Seq analysis (Figure 2.1C, green arrow). For MiSeq data, reads
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were collected, submitted to IMGT, duplicates removed and usage statistics compiled as

described above (Figure 2.1C, dashed box).

NASA RNA Preparation and Sequencing

Tissues from two sets of mice were analyzed. The first set of spleens and livers were
removed from five 35-week-old female C57BL/6Tac mice aboard the ISS 21-22 days after
launch (CASIS Flight, SpaceX-4). Five 35-week old female mice housed in the ISS
Environmental Simulator were processed similarly with a four-day delay (CASIS Ground
Controls).>*® Spleens and livers were placed in RNAlater (LifeTechnologies, Carlsbad, CA) for
at least 24 hours at 4°C and then stored at -80°C while aboard the ISS, during transport, and upon
return to Earth. The second set of tissues were isolated from seven 21-week-old female
C57BL/6J mice that were euthanized aboard the ISS 37 days post-launch (NASA Flight,
SpaceX-4). Carcasses were immediately frozen (-80°C) and after arriving on Earth, were
dissected. Livers were preserved in RNAlater for at least 24 hours at 4°C and then frozen at -
80°C. RNA was extracted from the tissues using Trizol (LifeTechnologies, Carlsbad, CA)
according to the manufacturer’s instructions. The resultant RNA was processed through an
RNeasy mini column (QIAGEN, Hilden, Germany) as per manufacturer’s instructions. RNA
quality was assessed on a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) and stored
at -80°C. RNA isolated from liver tissue was sequenced on Illumina HiSeq with single reads of
50nt (1x 50nt). Additionally, [llumina MiSeq sequencing of splenic RNA isolated from three

CASIS ground control animals was performed as described earlier.

39



Results

Size Selection Yields Highest Number of Antibody Sequences

Most studies of Ig gene-segment use frequency have used single-cell suspensions or
sorted cells to isolate specific cell population.'*!19%241-243 The advantage of these preparations is

the exclusion of extraneous tissues and cells, which can enhance recovery of Ig sequences.

Our goal was to assess Ig gene segment usage in mice housed on the ISS. Due to
limitations of animal and tissue handling on the ISS, only whole tissues would be available for
analysis. To determine if we could obtain a sufficient number of Ig sequences from alternative
sample preparations, we examined the total Ig sequence results from three different RNA
preparation and sequencing treatment groups. The first two treatment groups comprised of RNA
prepared from cells or whole tissue. A third treatment group was the same RNA from the tissue,
which was subsequently size selected at 275-800 nt and sequenced independently. We selected
this range of lengths because the IgH VDJ recombination sequences generally require 350-450 nt
to gather information on V/D/J/C usage. Size selection also allows us to eliminate the inherent
[llumina bias for short reads, while maintaining total transcriptome integrity for later data mining

purposes.

Total sequence numbers generated were similar among the treatment groups with the
cells treatment group resulting in 23.9 million reads, tissue treatment group with 25.9 million,
and size selected treatment group with 21.5 million reads, as shown in Table 2.2. After cleaning,
18.7 million reads remained in the cells treatment group, 20.3 million in the tissue treatment
group, and 12 million in the size selected group (Table 2.2). Mapping was performed as

described in the materials and methods for both the IgH and Igk loci and VH- and Vk-gene
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segments. Locus mapping returned higher levels of probable Ig sequences than V-gene segment
specific mapping. V-gene segment mapping of sequences to both locus and gene segment
references from quality cleaned reads was the lowest in the cells treatment group (1.56% IgH and

1.51% Igx) and highest in the size selected treatment group (3.1% IgH and 2.69% Igk).

After submission to IMGT and cleaning, antibody sequences were identified as
potentially functional or of unknown functionality by IMGT. Unknown functionality sequences
were comprised of partial sequences lacking CDR3 information to determine functionality. The
total number of antibody sequences obtained for the IgH and Igk was lowest in the cells
treatment group and highest in the size-selected treatment group, (Table 2.2) mirroring the V-
gene segment mapping results. Both productive and unknown IgH and Igk antibody sequence
counts were also lowest in the cells treatment group and highest in the size-selected treatment
group. More unknown than productive sequences being identified in both IgH and Igk. The size-
selected treatment group produced both the highest number of productive antibody sequences

and the highest total number of identified Ig sequences among treatment groups.

Comparison of Immunoglobulin Gene Segment Usage Among Treatment Groups

We compared IgH and Igk gene segment frequency using multiple metrics across all
three treatment groups; the first of which is V gene segment usage. To assess the frequency of
each VH- and Vk- gene segment in normal mouse spleen, the total frequency of each V-gene
segment was tabulated in Figure 2.3 and Figure 2.4 as a percentage of the total repertoire for our
cells, tissue, and size selected treatment groups. VH-gene segment usage was similar among all
three treatment groups (Figure 2.3A). V-gene segment V1-80 was detected most frequently,

followed by V1-18, and V1-26 gene segments. The gene segment V1-80 was ranked either first
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or third as a percentage of the total repertoire in all three treatment groups (Figure 2.3B). The
gene segment V1-18 ranged between the first and third most frequently used gene segment. V1-
26 was the second to fifth most frequently used VH-gene segment. While gene frequency
detection rankings among cells, tissue and size selected treatment groups were not identical,
there was high similarity in overall VH-gene segment detection and in repertoire usage.
Correlations between treatment groups produced an R? of at least 0.7562 (p<0.0001, data not
shown) between the cells and size selected treatment groups. The R? between cells and tissue
treatment group was higher (R?=0.8149, p<0.0001, data not shown). Tissue and size selected

treatment groups had the highest correlation (R?= 0.9645, p<0.0001 data not shown).

Kappa chain V-gene segment usage was also compared among the different treatment
groups. Figure 2.4 shows the percent of repertoire for the top ten most abundant Vi gene-
segments of each treatment group. There was significant overlap in the top Vk of each treatment
group when assessed as either percent of repertoire detected (Figure 2.4A) or when ranked from
highest to lowest frequency (Figure 2.4B). Greater similarities in Vk existed between tissue and
tissue size selected treatments. Correlations between Vk in treatment groups produced an R? of at
least 0.8335 (p<0.0001, data not shown), with tissue and size selected treatment groups having

the highest correlation (R?=0.9894, p<0.0001, data not shown).

The frequency of D- and JH-gene segment use in normal mice was also assessed. Figure
2.5 shows that the cells, tissue and size selected D- and JH-gene-segment usage frequency was
similar. D1-1 was the most frequently discovered D-gene segment in all three treatment groups,

comprising almost 30% of the repertoire (Figure 2.5A). Due to the short length of the D gene, it
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was often difficult to properly determine which D gene was used in an antibody. When a D gene
was identified, but was attributed to a non-strain-specific D gene, they were labeled
“undetermined”. These D-gene segments were also very common, occurring between 26%-28%
of the time, in all three treatment groups. Gene segments D2-4, D4-1, D2-3, D2-5 and “no” D-
gene (labeled NONE) were the next most frequent assignments, ranging from about six percent

to eight percent of D-gene frequency.

We found that JH-gene segment usage was the same for the cells, tissue and size selected
treatment groups (Figure 2.5B). JH2 was the most frequently used J-gene segment followed by
JH1, JH4, and JH3, respectively. Gene segment usage in kappa chains was also similar in all
three treatment groups, with Jk1 as the most frequently used, followed by J«S5, Jx2 and Jk4
respectively (Figure 2.5C). When less than six nucleotides from the J gene segment were

identified, they were marked as <6 nt.

Five heavy chains, IgA, IgD, IgE, IgG (all subfamilies), and IgM are part of the normal
mouse Ig repertoire. Almost 80% of the repertoire used the I[gM constant region (Figure 2.5D).
IgD, IgA, and IgG were detected at frequencies between three percent and twelve percent of the
total repertoire and were evenly distributed among cells, tissue and size selected treatment

groups. IgE was not detected in any of the treatment groups.

CDR3 AA Sequence Determination

CDR3 is highly variable and it may be critical in determining antigen specificity.>%

Therefore, we assessed individual CDR3 frequency from each treatment group. The top five

most common CDR3s from each treatment group for the heavy chain were compiled and shown
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in Figure 2.6A, resulting in a total of ten unique CDR3s among treatment groups. The tissue and
size selected treatment groups contained all of the most common CDR3s, however, the cells
treatment group lacked the CARGIYYGSYFDYW sequence, which ranked as the second most
common in the tissue data set (Figure 2.6B). We detected one hundred sixty-four CDR3 AA
sequences in all three data sets at least once (Figure 2.6C). The tissue and size selected treatment
data sets shared 607 CDR3 sequences. Thirty-eight and 82 CDR3 AA sequences were shared
between cells and tissue and cells and size selected treatment groups, respectively. Each

treatment group data set also contained a large number of unique CDR3 reads.

We found overlap among the top five kappa chain CDR3 of each treatment group (Figure
2.6D). All top CDR3 sequence were found among in all three datasets and CDR3 sequences
appeared in at least the top 78 CDR3 sequences of the other treatment groups out of 2814 unique
CDR3 that were identified (Figure 2.6E). Figure 2.6F shows the diversity of kappa chain CDR3
sequences. The total number of CDR3 amino acid sequences that were unique to each treatment
groups was 441, 811, and 848 in cells, tissue, and tissue size selected treatment groups,
respectively. Three-hundred and eighty-one unique kappa chain CDR3 sequences are shared

among all three treatment groups.

Application of MiSeq Workflow to RR1 HiSeq Data
The MiSeq workflow was adapted to process the liver Illumina HiSeq data from the RR1

validation flight. Due to short read length (38 nt), only V-gene segment usage was assessed. Due
to low IgH read numbers, only Vk information is presented. The V« percent of repertoire from
each HiSeq RR1 mouse cohort (CASIS Ground, CASIS Flight, NASA Ground, and NASA

Flight) was compared to the Vk percent abundance of the cell, tissue, and size selected HiSeq
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datasets. Table 2.3 shows poor correlation between reference mapped RR1 HiSeq cohorts and
the MiSeq datasets described in the previous section. As all mice represented in this comparison
are C57BL/6 mice, though ages and experimental conditions varied, we were concerned that the
lack of concurrence in Vi gene-segment usage of the RR1 mice and those used in the workflow
discussed above may reflect the bioinformatic treatment of the data. To test this hypothesis, we
modified the workflow to map sequencing reads to the entire Mus musculus genome rather than
mapping reads to Vk reference sequences, as genome mapping is commonly employed in
transcriptomics analysis. This bioinformatic treatment yielded a higher correlation with the
MiSeq datasets. Table 2.3 shows that the distribution of Vk percent abundance was dependent on

the mapping technique used for the HiSeq datasets.

Reference/ Locus Mapping is Comparable to Whole Genome RNA-Seq Methods

Because the data obtained from the HiSeq data set using reference mapping techniques
were less correlative to Vk gene use to our previously obtained MiSeq data for normal mice we
were concerned that our initial bioinformatics techniques for MiSeq data may not be appropriate.
To validate the accuracy of our bioinformatic treatments of the sequencing data that were
submitted to IMGT, two different mapping methods were compared using [llumina MiSeq data
from CASIS ground control animals. The reference mapping approach, used previously, mapped
sequences to both the IgH V-gene segments (251 segments) and the entire IgH locus (2.8Mb)
obtained from NCBI (NC_000078.6, 113258768 to 116009954) or Igk V-gene segments (164
segments) and the entire Igk locus (3.2Mb) obtained from NCBI (NC _000072.6, 67555636 to
70726754). Therefore, we used the whole genome mapping outlined above to compare to our
reference mapping. Results were obtained by using the RNA-Seq analysis tool in CLC to map

reads to the entire genome with the IgH and Igk loci selected for submission to IMGT. The

45



IMGT output was processed similarly for both (genome vs. reference) mapping strategies. The
median frequency of all VH- and Vk-gene segments was compared if it was detected in at least
one of the three animals and the data were compiled for both reference- and genome-mapping
options. V-gene segments not detected in a treatment group were assigned a “zero” frequency.
Assessment of the median frequencies of the two methods by linear regression in Figure 2.7
revealed that the frequency data for VH-gene segment usage was very similar regardless of the
mapping technique (R? = 0.9973, p = <0.0001) (Figure 2.7A). There was also a strong
correlation of Vk usage between the two methods (R?=0.9991, p<0.0001) (Figure 2.7B).
Comparisons of D-gene segment, J-gene segment, constant region frequency and CDR3 lengths
were also highly correlated using both techniques (data not shown). Therefore, we are confident
that our reference mapping bioinformatics strategy is providing an accurate picture of V-gene

usage.

Discussion

Spaceflight presents unique difficulties in the collection, preparation and preservation of
cells and tissues. Normal preparation methods such as the creation of single-cell suspensions are
difficult and normal tissue preservations methods such as the use of liquid nitrogen for flash-
freezing are unavailable, leading to the preservation of tissue in RNAlater followed by long term
storage at -80°C. In an effort to determine the acceptability of whole tissue preparations
compared to more traditional single cell suspensions, we examined the differences in Ig
sequences obtained from both treatment groups. We were concerned that tissue isolation
methods may introduce artifacts into the data since many studies specifically focus on single cell
suspensions; often sorted, to isolate B cells specifically.®”?**2* While animals utilized in this

study were not specifically challenged, the presence of plasma cells and plasmacytes, which
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produce several orders of magnitude more immunoglobulin transcripts, cannot be excluded and
represents a weakness of our workflow for the analysis of naive repertoires. Similarly,

underrepresentation of subpopulations with limited stability may lead to other biases.?>°

Our data indicate that comparable results were obtained from both the tissue and the cells
treatment groups as there were strong correlations in V-gene usage. Due to the combinatorial
nature of CDR3, the level of shared sequence identity was encouraging among the three
treatment groups. It should be noted, however, that even within the top H-CDR3, a higher degree
of similarity was found in the tissue and size selected treatment groups than was found in the
cells treatment group. While the high level of similarity between the tissue and size selected
cohort is to be expected given that the size selected treatment was a subset of the tissue RNA, the
deviation in the cells treatment group could possibly result from an unbalanced sampling of B
cell subsets depending on the portion of the spleen that was utilized during sample preparation,
which would be exacerbated by clonal expansion. For instance, marginal zone B cells have been
shown to have a preference for short H-CDR3 amino acid motifs that lack n-nucleotide additions

as compared to follicular B cells.?*>46

In an effort to reduce Illumina bias towards short reads seen in the cells and tissue
treatment groups, ten months later, we sequenced the same tissue total RNA using size selection.
The extended storage time after initial sequencing and additional freeze/thaw cycles are likely
the cause of reduced numbers of post-cleaning reads due to RNA degradation. Nevertheless, the
size-selected data set still provided the highest number of productive and unknown antibodies.

Subsequent preparations have verified that size selection is helpful in providing the highest
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number of antibody sequences (data not shown). Therefore, we have chosen to include size

selection in our protocol for NGS assessment of Ig V-gene usage.

The antibody repertoires from numerous species have been analyzed using a variety of
amplification, sequencing, and analysis techniques.'**?** We chose to assess Ig gene usage
without using amplification. Although many studies use amplification in order to obtain a higher
number of reads, this may lead to bias into the repertoire.!**!** Bias may be introduced due to
primers or to errors created during the PCR reaction.'**!%° The large number of primers needed
to amplify all the V genes in mice also presents some obstacles. Some have used 5° RACE with
primers based on the constant region.!3*!*” However, in order to amplify the entire repertoire,
multiple 5 RACE primers are required, which still increases the chances for primer bias and
increases costs significantly. Our goal was to examine the breadth of the antibody repertoire by
gathering information about V, D, J, constant region usage and CDR3 composition. The detected
V-gene and CDR3 sequences appear to parallel the repertoires reported using more focused
amplification methods. Therefore, we have a methodology for future studies that will examine

the immune response to vaccination.

During the course of our studies, we had the opportunity to work with both HiSeq and
MiSeq data. While Illumina sequencing (HiSeq and MiSeq) produces a higher volume of
sequence reads, they are shorter and more prone to errors than sequencing with 454 or Sanger
methods.'** However, Illumina sequencing has improved over time and is arguably now the NGS
of choice. Our sequencing with Illumina MiSeq allowed us to obtain reads of up to 560 nt when

forward and reverse sequencing ends were paired. This provides enough sequencing length to

48



capture information from the V-gene segment to the constant region of both the heavy and light
chains. We also found that as the sequences became longer, there was a drop off in sequencing

quality, which has been previously reported.>*’

Our workflow for Ig sequence isolation selected for sequences with the most information.
This required the merging of overlapping read pairs to provide sequences long enough to identify
the V, D, J, and constant regions. In order to collect the highest number of possible Ig sequences,
we used multiple mapping techniques to both the V-gene segment and the locus in an effort to
collect every possible Ig sequence. Preliminary workflow attempts found that each mapping
technique isolated some unique sequences and that locus mapping resulted in a high number of
“false positive” sequences. Subsequent sequence removal in Excel selected for antibodies
containing the most data retaining productive antibodies with constant regions and high V-gene
scores, a measure of the length and accuracy of match to the germline V gene segment. By
utilizing multiple mapping methods and subsequent selection for the sequence with the most
information, we are able to obtain a relatively large number of antibody sequences without

introducing primer bias or PCR-induced sequencing errors.

To the best of our knowledge, this is the first data set of tissue based, non-amplified
MiSeq analysis of the antibody repertoire. While our results are not a direct technique match to
other published data sets, our normal mouse V-gene usage is consistent with the findings from
other laboratories. For example, Collins used 5> RACE from the constant region followed by
sequencing using 454 on a splenic cell suspension.'* Of the top ten VH-gene segments identified

by Collins, we identified five of the same VH genes within our top ten most frequently detected.
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All except the V1-59 gene segment were among the highest contributors to our repertoire.'* In
addition, JH-gene segment frequencies were also relatively uniform with the J2 gene segment as
the most frequently used.!* Yang performed sequencing on cell sorted B cells isolated from the
spleen followed by amplification with primers specific for many, but not all, of the V heavy
chains of mice and constant region primers to amplify V, D, J and part of the constant region.5’
Their PCR products were then sequenced on the [llumina platform and aligned to known VH-
gene segments.” They identified V1-26 as their most common V-gene segment, which ranked
between the second and fifth most common V gene in our data sets. V-gene segments V1-82,
V1-64, and V1-55 were also identified as common V-gene segments in their analysis, all of
which were frequently detected in our data.%” Kaplinski also examined sorted spleen cells,
amplified with PCR and sequenced on MiSeq with 2 x 150 nt reads.?*? Sequencing results were
analyzed through idAB for identification.?*? In contrast to our data analysis, Kaplinski examined
only V gene segments found in productive antibodies, where we compiled all V gene segments
identified in productive and unknown functionality sequences.?*> Of the most common VH-gene
segments provided, four, V1-80, V1-26, V1-53, and V1-82 were identified in our top ten
grouping.?*? Our data sets also isolated D1-1 as the most common D-gene segment. Kramer et al.
examined sorted splenic follicular B cells, using IgM restricted PCR and sequenced using the
Sanger method.>*® As we discovered, Kramer et al.’s most common VH family was V1, followed
by V2 and V5 at relatively equal levels (Kramer et al., 2016). In contrast, we found that the V6
gene-segment family was detected at a higher level than found in the Kramer analysis.>** The J4
gene segment was also used more than detected in our data set.?*> We both identified D1 and D2

as the most common D gene-segment families.
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We also compared our data to Igk gene family usage. Aoki-Ota assessed skewed Vk gene
segment usage and V-J gene segment usage in unimmunized C57BL/6 mice using primer
amplified total RNA of B cells from spleen, bone marrow and lymph node using 454
pyrosequencing.?*! Their sequencing data was analyzed using the NCBI basic local alignment
tool with reference sequences for Vk and Jk obtained from the IMGT data base. The top seven V
gene segments identified in their study were also found to be among the most abundant Vi gene
segments in all of our treatment groups. Additionally, V-J pairing of their top gene segments
paralleled our data. Lu examined the effects of primer bias and mouse to mouse variation in Vk-
and Jx-gene segments and CDR3 regions using primer amplified total RNA isolates of Balb/c
splenic B cells on the 454 pyrosequencing platform.'”® As with our study, sequencing reads were
submitted to the IMGT HighV-quest tool, however, only functionally productive
immunoglobulins were used in their analysis.!*® In spite of the strain differences between our
studies, of the Vk-gene segments representing over one-percent of the antibody repertoire
reported by Lu et al., at least 80% of those gene segments appearing at a frequency 0.5% or

higher in our analyses.

Although there was not 100% agreement among our study and the others, there was a
high degree of consistency. Variations in data may result from sequencing and tissue isolation
techniques and natural variation among animals, including mouse strain. In addition, since we
did not amplify for IgV gene segments, we likely may have missed rarer B cell clones. Primer
biases in other studies may have also contributed to some of the differences. Nevertheless, it is
clear that our approach provided an unbiased, representative sample of actively transcribing B

cells.
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Our group utilized liver Rodent Research One sequencing data sequenced on the Illumina
HiSeq platform (1 x 50 nt) that was available from the NASA Genelab project. The sequencing
length was the largest limitation of these data. Our MiSeq data were sequenced in both directions
at a length of 300 nt. Some paired-end reads also contained overlaps, allowing us to merge these
sequences and provide reads up to around 560 nt. HiSeq sequencing reads were not of sufficient
length to obtain CDR3 composition from the IMGT HighV-Quest tool, limiting the analyses that
could be used to assess the antibody repertoire. Therefore, the applicability of publicly available
datasets to independent research questions is dependent upon the sequencing method used to
acquire the data. For Ig gene repertoire studies, we recommend the use of sequencing methods

that result in longer reads, though short reads may be useful for other research questions.

Initial comparisons to assess similarity of the different mouse cohorts showed a lack of
correlation between the HiSeq RR1 data to the normal mouse MiSeq Vk usage. We thought that
part of the discrepancy may be from problems with the short HiSeq sequences, specifically when
forced to align to V-gene segments when multiple matches are excluded. Mapping short HiSeq
reads to the entire mouse genome remedied the inconsistencies observed between RR1 and
normal mouse MiSeq data, likely due to the limitations of the RNA-Seq analysis employed. This
demonstrates that the bioinformatic treatment of the data can impact results. We found that
mapping longer MiSeq sequencing reads from RNA isolated from mice within the CASIS
ground RR1 cohort to both the whole mouse genome and Vk reference sequences yielded a
strong correlation. This validates the applicability of the MiSeq workflow described in this work
on additional MiSeq datasets and reinforces that sequence read length must be taken into account

when selecting bioinformatics methods.

52



In conclusion, our goals for this project were to examine the breadth of the antibody
repertoire gathering information about V, D, J, and constant region usage and CDR3 composition
and to lay the foundation for future studies that will examine the immune response to vaccination
during space flight. We have determined that whole tissue preparations as will be available from
the ISS will yield similar results when examining the antibody repertoire. We also determined
that performing a size selection to isolate likely antibody sequences provided the highest number
of Ig reads. A novel workflow using multiple mapping methods to characterize NGS data for Ig
repertoire data was developed and genome and reference mapping methods were validated
through the use of publicly available datasets. This novel workflow can be used for future studies

on the antibody repertoire regardless of whether they are ISS- or ground-based.
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Figures and Tables

Figure 2.1. Bioinformatic analysis workflows.
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(A) Workflow for MiSeq reference mapping strategy using CLC Genomics Workbench software,
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strategy. (C) Workflow for MiSeq and HiSeq referenced mapping strategy.
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Figure 2.2. Decision-making matrix to remove duplicate sequence reads after IMGT
processing

Unproductiv .
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Mapped sequences that were identified using Illumina sequence identification tags and

sequences identified multiple times were removed as outlined.
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Figure 2.3. Top ten VH gene segments used among treatment groups.
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(A) The top ten VH gene segments for each treatment group are presented as a percent of
repertoire with corresponding percent of repertoire in other treatment groups listed. (B) Top ten
VH gene segments are listed by rank order (most frequent to least frequent). Dark red indicates
higher rank moving to white, of lower rank. VH-gene segments with identical ranks are

displayed as ties.
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Figure 2.4. Top ten Vk used among treatment groups.
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indicates higher rank moving to white, lower rank. VH-gene segments with identical ranks are

displayed as ties.
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Figure 2.5. D, J, and heavy chain constant usage among treatment groups.
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(A) DH gene segment usage by percent of repertoire. (B) JH gene segment usage by percent of
repertoire. (C) Jk gene segment usage by percent of repertoire. (D) Heavy chain constant region

usage by percent of repertoire.
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Figure 2.6. CDR3 AA sequence usage among treatment groups.
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(A) Top five most common heavy chain CDR3 AA sequence usage is presented as percent of

repertoire. (B) Top five most common heavy chain CDR3 AA sequence usage is presented by

rank. Dark red indicates higher rank moving to white, of lower rank. An x denotes that the AA

sequence was not found. (C) Unique heavy chain CDR3 AA sequences identified within and

among treatment groups. (D) Top five most common kappa chain CDR3 AA sequence usage is

presented as percent of repertoire. (E) Top five most common heavy chain CDR3 AA sequence

usage is presented by rank. (F) Unique heavy chain CDR3 AA sequences identified within and

among treatment groups.
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Figure 2.7. Correlation of V gene segments between genome and reference mapping.
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(A) Linear regression of median VH gene segment usage from genome and reference mappings.
R?=0.9973, p<0.0001. (B) Linear Regression of median Vi gene segment usage from genome

and reference mapping. R?=0.9991, p<0.0001.
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Table 2.1. Sequences used for heavy chain identification

Constant Region =~ Motif Sequence

IgA GAGTCTGCGAGAAATCCCAC
IgDh GTAATGAAAAGGGACCTGAC
IgE TCTATCAGGAACCCTCAGCT
IgG1/2b/2¢ GCCAAAACAACAGCCCCATC
IgG3 AACAACAGCCCCATCGGTCT
IgM TCAGTCCTTCCCAAATGTCT

Motifs used to determine the constant region of heavy chain Ig sequences.
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Table 2.2. Sequencing and mapping results from the cells, tissue, and size selected

treatment groups.

Cells Tissue Size Selected
| Total Reads 239 M 259M 21.5M |

Post Cleaning 18.7M 203 M 12M

IgH Mapped 278318 313194 327015

VH Mapped 12851 26559 42375

Igk Mapped 261037 273562 264938

Vk Mapped 20776 35719 64540

Heavy Chain Productive 2036 4991 8939

Heavy Chain Unknown 6139 11374 14047

Light Chain Productive 3439 6799 11595

Light Chain Unknown 6894 10462 12393
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Table 2.3. Comparison of mapping techniques in HiSeq datasets.

Reference? Genome® Compared*
Cohort N  RZ?(p-value) R? (p-value) R? (p-value)
CASISG 3 0.030 (.0637) 0.101 (0.0015)  0.011 (.027)
CASIS F 3 0.001 (.776) 0.216 (<.0001) 0.042 (.074)
NASAG 7 <0.001(.854) 0379 (<.0001)  0.013 (:262)
NASA F 7 0.004 (.521) 0.277 (<.0001) 0.006 (.476)

Mapping techniques were compared by assessing the correlation of Vi usage between multiple

HiSeq and Miseq datasets. HiSeq datasets included sequencing data from CASIS and NASA

ground (G) or flight (F) RR1 mice. The comparison groups are as follows:

2V gene segment usage from reference-mapped HiSeq data versus Vk gene segment usage of

MiSeq sample preparation datasets.

3Vk gene segment usage from genome-mapped HiSeq data versus Vk gene segment usage of

MiSeq sample preparation datasets.

*Vk gene segment usage from reference-mapped HiSeq Data versus Vk gene segment usage of

genome-mapped HiSeq data
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Chapter 3 - A comparison of unamplified and massively multiplexed

PCR amplification for murine antibody repertoire sequencing

Abstract

Sequencing of the antibody repertoire has steadily become cheaper and easier for
researchers. These sequencing methods usually rely on some form of amplification, often a
massively multiplexed PCR prior to sequencing. In an effort to eliminate potential biases and
create a data set that could be used for other studies, our lab compared unamplified sequencing
results from the splenic heavy-chain repertoire in the mouse to those processed through two
commercial applications. We also compared the use of mRNA vs total RNA, reverse
transcriptase, and primer usage for cDNA synthesis and submission. We determined that the use
of mRNA for cDNA synthesis resulted in higher read counts and reverse transcriptase or primer
usage had no statistical effects on read count. Although most of the amplified data sets contained
more antibody reads than the unamplified data set, we detected more unique V-gene segments in
the unamplified data set. We also determined that although the unique CDR3 detection was
much lower in the unamplified data set, it detected most of the high frequency CDR3s. We have
shown that unamplified profiling of the antibody repertoire is possible, detects more V-gene

segments, and detects high frequency clones in the repertoire.
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Introduction

Antibodies are proteins produced by B cells that play a vital role in adaptive immunity.
These molecules are complex, and their diverse specificities are defined at several levels. At the
protein level, these molecules are heterodimers joined with disulfide bonds between heavy and
light chains. At the genetic level, the antibody specificity is influenced by semi-randomly
recombining a variable (V), diversity (D), and joining (J) gene segments that are encoded in the
genome. This V-D-J, or in the case of the light chain, V-J rearrangement, also influences
antibody specificity by random and semi-random base insertions or deletions during the
recombination process. In the end, the collection of antibodies produced inside an organism, the
antibody repertoire, is a fingerprint of what antigens an organism has been exposed to and a
possible measure of the level of immunocompetence. The sequencing of the antibody repertoire

has become easier, cheaper, and faster in recent years. Antibody repertoires have been sequenced

40,74,78 248-250

in numerous species, in response to vaccinations, and infections, and have been

employed in cancer detection; providing valuable feedback regarding the immune system’s

response to challenges and for early cancer detection in patients.?>!-%2

Our laboratory studies the effects of microgravity on the immune
system, !62165.175.180.185.188 gecifically, we were interested in understanding the impact of space
flight on immunoglobulin gene usage and changes in the antibody repertoire in response to
vaccination. In an effort to supplement our unamplified MiSeq data sets, we explored the use of
commercial processes that use technologies to amplify sequences to increase the depth of
coverage of specifically targeted immunoglobulin gene transcripts. These data sets are created

using massively multiplexed PCR reactions that are subsequently sequenced on the Illumina
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platform. Multiplex amplification strategies have been used to explore the T cell'?*!26 and B cell
repertoires**!2’12% and both biases and PCR artifacts have been detected in the data sets.!?
Causes of bias or errors generated during a multiplex PCR amplified library preparation can
range from primer/target binding property differences, CG content, errors in transcription,
secondary target structure interference, multiplexing competition artifacts, as well as the inability

to design primers that can specifically amplify all V-gene segments in the genome. '2%126:130.131.137

We started this project with the hypothesis that our unamplified data set would provide
comparable results to those seen in the commercially amplified data sets. However, we are
unaware of any immunoglobulin repertoire studies that have been done to compare data obtained
using amplification techniques compared to the repertoire in a total RNASeq library. Concurrent
with performing these analyses, we discovered that the required sample preparation for
commercial sequencing also varied. Therefore, we found it necessary to examine the impact of
sample preparation as part of our effort. This manuscript describes our results comparing a data
set generated using unamplified total RNA (TRNA) to commercially amplified data sets. We
examined the role of commercial amplification and cDNA generation methods as well as the

impact of the starting material on sequence output.

Materials and Methods

KSU RNA Preparation
RNA was prepared as outlined in Rettig et al 2017.4>°® Briefly, RNA was extracted from
the spleens of four nine-week old female C57Bl/6J mice. TRNA was submitted to the Kansas

State University Integrated Genomics Facility for sequencing and cDNA was prepared using
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standard Illumina protocols. cDNA made from the TRNA, was size selected to 275-800bp length

and sequenced on the I[llumina MiSeq at 2x300bp using Illumina’s protocol.

Commercial Sample preparations

mRNA was extracted from the TRNA isolated from the sample used for the KSU data set
using the PolyATtract mRNA isolation system (Promega, Fitchburg, WI) following
manufacturer’s instructions. RT-PCR for samples amplified with Avian Myeloblastosis Virus
(AMV) reverse transcriptase based sample preparation was performed using the Access RT-PCR
System (Promega, Fitchburg, WI) following the manufacturer’s instructions. RT-PCR for
Moloney Murine Leukemia Virus (MMLV) reverse transcriptase based sample preparation was
performed using the SuperScript III First-Strand Synthesis System (Invitrogen, Carlsbrad, CA)
following manufacturer’s instructions. Starting material for RT-PCR was either TRNA from the
KSU data set or the purified mRNA. RT-PCR products were submitted to Adaptive
Biotechnologies (Seattle, WA) (Com1) on dry ice following company protocols. TRNA and
mRNA (unamplified) were submitted to iRepertoire, Inc. (Huntsville, AL) (Com2) on dry ice

following company protocols.

Bioinformatic Analysis

KSU sequencing results were analyzed as described previously.*-*® Briefly, sequencing
results were quality controlled, antibody-specific sequences were isolated, and submitted to
ImMunoGeneTics (IMGT)?>? for analysis. Individual sequences are assigned a unique ID by the
sequencing machinery during Illumina sequencing. These sequence IDs were used to identify

unique sequences. The sequence containing the most high quality information was retained for
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further analysis as outlined in Rettig et al.*> No further filtering of reads was performed. Both
commercial sequencers provided their own bioinformatic analyses of the sequencing results. The
raw sequencing results from Coml and Com2 were also submitted to IMGT for analysis and
subjected to the bioinformatics pipeline standardly employed for KSU data sets. IMGT’s
nomenclature and classifications are used throughout this paper, including ORF and putative
gene segments not yet fully mapped to the genome. The IMGT lists contain all of the gene
segments presented in the NCBI data base. IMGT’s High-V Quest occasionally assigned
multiple potential V-gene segments to a single sequence, likely due to incomplete capture of the
entire V-gene sequence or high homology between gene segments. In all IMGT processed data,
sequences that contained two possible V-gene segment possibilities were assigned a weighted
value of 0.5 per sequence, as opposed to one for full matches. Sequences with V-gene segments
that were assigned more than two potential matches were excluded from analysis. Initial results
were tabulated using the company’s proprietary bioinformatic results. However, to determine the
role of bioinformatic handling of the data, some of Com1 and Com2 data were subjected to the

standard KSU bioinformatic workflow analysis and CDR3 analysis* using IMGT’s results.

Statistical Tests

All statistical analyses were carried out using GraphPad Prism (Version 6.0). Paired T-
tests were performed using the raw read counts. Coefficient of determinations (R?) were
performed by comparing the percent of repertoire between animals. Percent of repertoire is
determined by dividing the read count for a specific V-gene segment by the total number of reads

detected and multiplying by 100.
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Results

Most studies examining immunoglobulin repertoires use amplification to increase the
depth of sequencing, but amplification comes with some drawbacks. We wanted to assess the
comparability of amplified and non-amplified data from identical samples. In preparation to do
this comparison, we found that different commercial amplification methodologies required
different types of sample preparation. For example, sample submission for the Com1 data sets
required a cDNA sample. The Com1 process amplified the resulting cDNA using proprietary
primers and sequencing on the Illumina platform. After an initial submission showed a low
correlation between the Com1 sequencing and the KSU data set (data not shown), we
hypothesized that cDNA preparation plays a role in determining the amplified repertoire. To test
this hypothesis, we assessed the role of starting material (mRNA or TRNA), reverse transcriptase
(AMV vs MMLV), and primer templates (oligo-dT or random hexamer) on the sequenced B cell
immunoglobulin repertoire. Com2 submissions required the submission of raw RNA, rather than

cDNA.

Assessment of Transcriptional Read Counts

The amplified data sets from Coml returned between 7,084 and 1,263,003 sequences,
dependent on the preparation method. We found that mRNA starting material yielded more total
transcriptional reads than TRNA (P=.013, 2 tailed matched T test; Table 3.1). Generally, the
AMV reverse transcriptase and random hexamer primers also tended to yield higher numbers of
transcripts. The use of AMV and random hexamer primers resulted in more total productive
reads in three out of four of the comparisons directly comparing primers, however, the overall

differences were not statistically different (P>0.05, 2 tailed matched T test; Table 3.1). In the

69



Com?2 data set, we found a moderate number of reads, about one-half of those detected in the
highest Com1 numbers. These compare to 11,200 sequence reads generated in the KSU data set

using a total MiSeq approach.

Determination of Sequencing Reproducibility

To assess the repeatability of the amplified Com1 and Com2 data sets, we examined the
correlation of V-gene segment usage. In the C57B1/6 mouse, the V-gene segment is the most
varied in the heavy chain (IgH locus) comprising a total of 133 functional V-gene segments and
alleles compared to 19 for the D-gene segment and four for the J-gene (2017, 2017). The
nucleotide sequences in the V-gene segments are also highly varied and require a complex
multiplex PCR to amplify. Correlations were assessed using the data provided by the commercial

vendor’s proprietary bioinformatics.

Non-strain specific V-gene segment assignments accounted for between 1.06% and
2.16% of the sequencing results from Com 1 and 4.4% and 3.1% for Com2 (Table 3.2).
Although there were differences in the immunoglobulin gene transcripts that were detected, there
was a high correlation in the V-gene sequences detected among the different technical replicates
in the Com1 data (R? range from 0.7159 to 0.9939, all p<0.0001) (Figure 3.1). The R? between
technical replicates in Com2 was 0.9644 (p<0.0001). Therefore, although total transcripts
generated varied with sample preparation, the V-gene segments that were detected were

consistently detected using two different commercial approaches.
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Impact of Amplification on V-gene Segment Detection

The unamplified KSU approach produced a data set where a total of 131 V-gene
segments were detected while the Com1 data sets contained between 86 and 107 V-gene
segments. The Com?2 data sets each contained 72 detectable V-gene segments. We compared
results from all V-gene segments detected in the Com1 data set to the unamplified KSU data set.
R? were moderate ranging from 0.4648 to 0.6154 (all p<0.0001) (Table 3.3). The Com?2 data sets
also showed moderate R? of 0.5615 for mRNA and 0.5574 for TRNA (all p<0.0001). To
determine the differences in V-gene detection and the causes of these lower correlations, we
compared the results from the most commonly detected V-gene segments in the KSU data sets to
their frequencies in the Com1 and Com2 data sets. The protocol for [llumina sequencing uses
mRNA selection, SuperScriptIll reverse transcriptase, and random hexamer primers. To best
compare results, we used the Coml mRNA-MMLV-Hex data set and the Com2 mRNA data set
using the top 36 V-gene segments in the KSU data set. These V-gene segments comprise over
one percent of the detected repertoire and are considered highly expressed. In the Com1 data set,
of these 36 highly expressed V-gene segments, nine (V2-06, V1-26, V1-18, V1-50, V4-01,
V1895, V1S92, VIS108, V1-52) were detected at two-fold lower frequency than in the KSU
data set (Figure 3.2). These nine V-gene segments were either absent or were near zero percent
of the repertoire. Of these same top 36 V-gene segments in the Com1 data set, three (V6-3, V5-
17, V11-2) were detected at two-fold greater than the KSU data set. The R? for these top 36 V-

gene segments to the KSU data set was 0.2339 P=0.0028).

We also compared the Com2 mRNA data set to the same 36 V-gene segments from the

unamplified KSU data. Thirteen of the 36 V-gene sequences (V2-6, V9-3, V4-1, V1S95, V1S92,
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V1-81, V8-8, V2-2, V5-17, V1S108, V11-2, V1-52, V9-1) were detected at a twofold or lower
level than at the KSU data set (Figure 3.2). Of those 13, eight (V2-6, V4-1, V1S95, V1S92, V1-
81, VIS108, V11-2, V1-52) were at or near zero percent of the repertoire (Figure 3.2). Six other
V-gene segments (V1-53, V3-6, V1-64, V1-76, V1-69, V10-1) were detected at twofold higher
levels than those found in the KSU data set (Figure 3.2). The correlation of these top 36 V-gene

segments was also poor at 0.2464 (P=0.0021).

Direct Comparisons of Amplified and Unamplified Data Sets

The comparisons in V-gene use were made using the bioinformatics provided by the
commercial venture. To standardize the data handling to remove bioinformatic reasons for the
differences in data, we processed the sequencing results from the Com1 mRNA-MMLV-Hex and
Com2 mRNA data sets using the KSU bioinformatics work flow.* Briefly, the raw commercial
sequencing results were submitted to IMGT for identification and were further analyzed using

the KSU pipeline.

The KSU bioinformatic treatment of the Com1 data set correlated moderately with the
commercially provided bioinformatics (R?=0.5054, p<0.0001). After processing the Com1 data
with the KSU bioinformatics pipeline, the R? to the KSU data set decreased from 0.5728 (Table
3.3) with the original bioinformatics to 0.4582 (p<0.0001) with the adjusted bioinformatics.
However, 14 V-gene segments were detected in the Com1 data set using the KSU bioinformatics
workflow that were not originally detected using the commercially provided bioinformatics
(Figure A.1). When we processed the Com?2 data using the KSU bioinformatic pipeline, the

Com?2 data set was highly correlated with the original commercially provided bioinformatics
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treatment (R?=0.9997, p<0.0001). When we compared Com?2 data set processed with the KSU
bioinformatics pipeline to the KSU RNASeq data set, the data still only had an R>= 0.5620
(p<0.0001). The KSU bioinformatics workflow detected an additional 26 V-gene segments that

were not detected by the commercial bioinformatics (Sup Fig 1).

When we reanalyzed the bioinformatics data from Com1 and Com2 using the KSU
pipeline, we detected gene segments that were not detected in the original commercially
provided bioinformatics. However, the inclusion of these gene segments, did not improve the
comparability between the amplified data sets and the KSU RNASeq data. In the Com1 data set,
some undetected gene segments (V1-18, V1-50, and V1-34) were not detected in the original
bioinformatics but were detected at high levels (>1%) in the KSU/IMGT processed data (Sup Fig
1). The additional V-gene segments detected in the Com2 data set were found in less than

<0.05% of the repertoire (Sup Fig 1). These changes were not sufficient to improve R? values.

Impact of Amplification on the Reproducibility of CDR3 Detection

The comparison of two different amplified data sets (Com1 and Com?2) to the
unamplified KSU RNASeq data revealed that some V-gene segments were not detected in the
amplified data sets. This is a concern since that precludes a complete picture of the V-gene
repertoire. Nevertheless, amplified sequencing of the antibody repertoire is thought to provide an
advantage in that the depth of coverage is increased over unamplified data sets due to the number
of reads generated. To determine how extensive the discrepancy is between amplified and
unamplified data we assessed the read depth (number of reads generated) and resampling

efficiency of CDR3 (number of unique CDR3s resampled between replicates) using technical
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replicates of samples sequenced with the various sequencing techniques. As expected, amplified

data sets had both higher total read numbers and unique CDR3 numbers (Table 3.4).

Resampling/reproducibility has been assumed to improve with the depth of coverage. We
had the unique opportunity to compare sequencing data from the same biological material
subjected to multiple sequencing methodologies. We have also had the opportunity to do
technical replicates on multiple samples subjected to RNASeq or amplification procedures. This
allowed us the ability to look at CDR3 sampling reproducibility and to determine if amplification
provided any advantage in CDR3 reproducibility. For the KSU unamplified data set, two
C57BL/6J mouse spleen RNA samples (#32 and #39) were sequenced independently two times
each and the CDR3s sampled were compared. In the KSU data set, 32-1 shared 28% of its total
unique reads with 32-2. (Figure 3.3). 32-2 shared 24% of its reads with 32-1 (Figure 3.3). KSU
data set, 39, showed 25% overlap of their total unique reads between each sampling (Figure 3.3).
For the Com2 data, since there was such a strong correlation between the sequence output
between mRNA and TRNA samples of C57BL/6] spleen samples (R? = 0.9644), we considered
these technical replicates. The mRNA data set shared 24% of its sequences with the TRNA data
set while the TRNA data set shared 30% of its sequences with the mRNA data set. We also
examined the resampling efficiency in the Com1 data set using the spleen mRNA-MMLYV data
sets that were reversed transcribed with two different primers, random hexamer and oligo-dT.
Although this was not a perfect technical replicate, there was an R? of almost 0.94 in V-gene
segments detected (Figure 3.1). Therefore, we felt these served as “incipient” technical

replicates. The random hexamer data set shared 20% of the detected CDR3s and the oligo dT
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data set shared 32% of its CDR3 sequences. Therefore, regardless of data set, there was an

average of 26-27% sampling overlap regardless of whether amplification was performed or not.

We also assessed the overlap in the detected CDR3s between the Com1 data set (mRNA-
MMLV-Hex), Com2 data set (mMRNA), and the KSU original data set to determine the extent of
the overlap of CD3 detection using the different methods. From the 295,116 CDR3 unique
sequences that were detected, 2662 of those sequences were shared among all three data sets
(Figure 3.4). The amplified data sets from Com1 and Com2 shared the most CDR3 sequences
between them with 34,141 sequences found in both data sets (Figure 3.4). The KSU data set
shared 59% of its detected CDR3 sequences with the Com1 and Com?2 data sets (Figure 3.4).
These data are consistent with the lower depth of sequencing of the unamplified data set
compared to the Com1 and Com?2 data sets where 19-32% overlap occurred in detected CDR3

sequences.

Detection of High Frequency CDR3s

To gauge whether the highest frequency CDR3s can be detected by the different
techniques, we assessed the 25 highest frequency CDR3s from each sequencing method. This
resulted in a total of 48 unique CDR3s from the three different methods (Figure 3.5). The KSU
data set detected all but one (CARGYFDVW) of these 48 sequences, the Com1 data set failed to
detect four sequences (CARGTYW, CTWDEGNYW, CARGIYW, CARGSYW) and the Com2
data set detected all 48 sequences (Figure 3.5). The CDR3s that were not detected in the Com1

data set, did use V-gene segments that were detected in the data set. These data show that
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although the depth of sequencing of the KSU data set was about 10% of the amplified data sets,

the data set still captured most of the highest frequency CDR3’s.

CDR3 Frequency Assessment

While the high frequency CDR3s were shared among at least two sequencing runs, most
of the CDR3 sequences detected were unique to each sequencing run (Figure 3.4). To determine
the frequency of unique CDR3 sequences, we compared the most frequent, least frequent, and
average percent of the measured CDR3 repertoire (Table 3.5). The highest frequency CDR3 was
detected at 4.16%, 0.22%, 2.26%, and of the repertoire for the KSU, Com1, and Com2 data sets,
respectively (Table 3.5). The lowest frequency CDR3s, representing only a single detected read,
were 0.0088%, 0.0004%, and 0.0002%, of the repertoire for the KSU, Com1, and Com2 data
sets, respectively (Table 3.5). The average detection level for the KSU data set was 0.015%,

0.0006% for the Com1 data set, and 0.0007% for the Com 2data set (Table 3.5).

We also examined the frequency of CDR3s that were unique to each data set. Overall, the
maximum and the average frequencies of the data sets were reduced (Table 3.5). This
demonstrates that the unique reads in each data set were most likely transcripts from low
frequency B cells. Moreover, these data suggest that even without amplification, the KSU data

set was detecting the most prevalent CDR3s and many low-frequency sequences.

Discussion

We have demonstrated that [llumina sequencing of total RNA from mouse spleen is able

to capture a representative sample of the splenic B cell repertoire. This snapshot of the repertoire,
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while producing less reads than amplified data sets, detects more V-gene segments than data sets
that used two different amplification strategies and captures most of the high frequency CDR3s
found in the amplified data sets. While amplified data sets provide more CDR3 depth of
coverage, the unamplified data sets produced from an RNASeq allow for further data mining,
eliminate as much primer bias as possible and provides an accurate representation of the

repertoire.

Sequencing requirements of the B cell receptor are more challenging than those of the T
cell receptor. There are no consensus sequences to reference.'?* Therefore, avoiding bias is one
of the main priorities for antibody repertoire sequencing.'*® PCR errors are accumulated through
the amplification process which can falsely inflate the repertoire or they can add suspected
mutations that do not exist'?*!124131:132 and they may not be distinguishable from low level
mutations that actually do exist in the repertoire.'*>!>* PCR biases can be introduced because of
primer binding properties, CG content, mispriming, non-specific binding, and errors during
replication.!3%13+136 A gpecific issue in targeting antibody gene segments is primer annealing
efficiencies since the gene segments that make up the murine IgH locus are similar, though not
identical.!® The biases inherent in the multiplex PCR can lead to false repertoire skewing, gene
118,122,124 The

frequency inaccuracies, and a less comprehensive view of the repertoire.

development of these multiplex primers, is highly challenging.'*°

Our results demonstrate some of the issues of assessing B-cell repertoires using

massively multiplexed PCR reactions. While reproducibility for technical replicates was

moderate to high, the correlations of these data sets to the unamplified KSU data sets were low to
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moderate, even when the same bioinformatics processing was employed. Of significant concern
is the Coml set failed to detect 26 V-gene segments, and the Com?2 set failed to detect 59 V-gene
segments that were detected by the unamplified KSU RNASeq data set. The absence of these
genes draws into question how one compares the various data sets with correlation coefficients
that are below 0.3. Although Carlson et al. argues that amplification methodologies can capture
the entire repertoire, there are concerns.'?® Even when we only looked at the V-gene families
detected at the highest frequency there were omissions. Of the 36 V-genes that we categorized as
“high frequency” (>1% of the repertoire), the Com1 data set failed to detect nine V genes, and
the Com2 data set failed to detect 13 V genes. These results suggest that those methods are
providing a false snapshot of the repertoire by missing those high frequency V-gene segments.
Interestingly, three of these gene segments that we detect that are missing from the amplified
data (V1S95, V1592, V1S108) are identified by IMGT as genomic DNA, but not known to be
rearranged.?>* Therefore, the inclusion of these V-gene segments in our analysis is debatable. We

have detected them in this and other works,*>%193

at frequencies above one-percent in many
samples and feel justified in their inclusion in our analysis. The Illumina sequencing protocols
also rely on oligo-dT selection, showing that these transcripts have poly-A tails. Therefore, they
appear to be functional messages. Even if these three genes are excluded from the analysis, the
Coml assessment failed to detect 33 V-gene sequences, and Com?2 failed to detect 10. Our
laboratory has previously examined the recapture of V-gene segments in multiple sequencings in
our laboratory.*> We sequenced two technical replicates of the same RNA and obtained a R? of

0.9645 (P=<0.0001) for V-gene segment usage.*’ This demonstrates that our workflow and

sequencing methodology show high levels of repeatability.
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The failure of primers to capture specific V-genes is not a new discovery, as primers
failed to adequately sequence hybridomas previously.!*”!3® “Universal” primers for the human
antibody repertoire do exist, but some questions remain if they cover the entire repertoire.'*® The
difficulty in developing a “universal” or even highly comprehensive primer set for the mouse is
likely due to their highly varied leader sequences, V-gene segments, and framework regions.
Primer design would have to rely on massively multiplexed reactions and/or degenerate primers.
Additionally, the most commercially viable amplification methods would need to amplify across
multiple common strains adding additional levels of complexity. Indeed, in our attempts to
design “universal” primers, we found a minimum of 11 primer sets would be needed to detect V-
genes associated for each isotype. Even then, there were still issues with matching PCR
conditions and efficiency. Methods to overcome the biases detected in amplification have been
developed, such as the use of 5> RACE!*133140 and using molecular barcodes or identifiers.!*-142
However, these methods are expensive and have their own draw backs. Replication of the entire
repertoire using 5’ RACE would still require the use of multiple constant region primers, leading

to the same multiplexing issues. Barcoding can have errors and chimeric reads making

repertoires difficult to reconstruct.'* This latter issue is not a problem with our RNASeq data.

While bias exists in the massively multiplexed amplification process, there may be some
sequencing errors in the unamplified KSU data set as well. While not specifically amplified for
antibody sequences, random hexamers and oligo-dT capture beads are used prior to sequencing
to generate the library?>> and some biases have been observed in random hexamer binding.>
The use of oligo-dTs can result in enhancement of the 3 end of transcripts.?>’ We do not think

this is particularly problematic since Illumina sequence methodology aims to reduce bias in their
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library preparations by combining the random hexamer and oligo-dT capture. Additionally,
while all libraries were sequenced on the Illumina platform, 3.19% of high-quality [llumina reads
contain false base calls, which are impossible to differentiate using normal bioinformatics
methods.'?* Over representation of specific dineuclotides can also be detected in sequencing
which are not related to primer usage.?>® Therefore, although we hope to reduce bias and
omission by doing RNASeq, we still have some technical issues that keep the data set from being
a perfect reflection of the repertoire. Multiple technical replications help reduce the impact of

this problem.

One analysis that was not pursued in this current investigation was the identification of
clonally related sequences. We were specifically interested in the functional antibody repertoire
present in the spleen and focused our analysis at the transcript level. We acknowledge that the
overrepresentation of some sequences may be likely within our data sets since we don’t use
barcoding or clonality analysis to collapse similar mRNA sequences. Nevertheless, the
overrepresentation of a specific sequence by an overly productive cell is also representative of

cellular activation of transcription, and likely, functional antibody protein the body.>>-*¢

The lack of amplification also results in varying sequence lengths in our data set. We
selected 40nt as our minimum cutoff to provide us enough information to detect V-, D-, and J-
gene segments. While some short sequences were included in the data analysis, our overall
average sequence length was 287nt, with productive sequences averaging 33 1nt and unknown

sequences averaging 270 nt (data not shown). Overall, less than 0.5% of the sequences analyzed
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where less than 100nt long (data not shown). Therefore, we do not think that sequence length is

an issue in this study.

Although there may be issues with antibody repertoires generated using massively
multiplexed PCR reactions, there are some advantages that may overshadow the disadvantages.
For example, there is increased sequencing depth (e.g. 1,260,000 reads vs. 11,200 complete
reads), more low frequency CDR3 detection (20-fold more unique CDR3 sequence than the
unamplified KSU data set), and sequencing costs can be lower than an Illumina MiSeq run (by

integrating multiplexing/barcoding).

Although amplification provides more detail in the CDR3 repertoire, if one is interested
in the B cell clones that are most prevalent, then RNASeq does not appear to be at a
disadvantage. CDR3 resampling was similar (20-32%) regardless of method. Additionally, when
examining high frequency CDR3s, the unamplified data set only failed to detect a single unique

CDR3 sequence, while the Com1 data set failed to detect four.

When preparing for antibody repertoire sequencing, multiple factors must be considered
within the framework of the specific biological questions being asked. This includes needed
coverage, cost, and starting material.!'” Additionally, it is important to consider that all repertoire
sequencing is merely a snapshot of a constantly shifting image.'** We will also never be able to
fully capture the full diversity of the B cell immunoglobulin repertoire, which is estimated to
range from 10%-107 possible unique rearrangements and mutations''*!?* to as much as 10'3.** The

failure of the KSU data set to detect rare clones compared to the amplified data sets is likely due
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to this; but even the amplified data sets only sampled a fraction of the total repertoire. Therefore,

one must decide how “deep” is adequate for the question being addressed.

During this investigation, we also had to address the issue that starting material may
influence the quality of one’s sequencing. mRNA as a starting template increased reads up to two
orders of magnitude. Furthermore, random hexamer primers and MMLYV reverse transcriptase
generally yielded higher read count results. Interestingly, the use of mRNA, with MMLYV reverse
transcriptase and hexanucleotide primers is most technically like that used in Illumina
sequencing. However, additional data will be needed to confirm our observations since we did
not pursue this aspect of the study in detail and the replicate number did not allow for robust

statistical comparisons.

In conclusion, we have demonstrated that sequencing of unamplified splenic RNA
provides a realistic snapshot of the total splenic B cell repertoire. We also have demonstrated that
a good understanding of the bioinformatics work flow and reporting of the methodology is
critical and cannot be understated. We understand that there are cellular biases and transcript
stability differences with in B cell subpopulations.?>* However, for the purpose of assessing a
whole tissue B cell repertoire, unamplified RNASeq can provide a glimpse of the most prevalent
B cell clones. The unamplified approach could just as well be applied to specific cell populations
when the application required it. Moreover, an unamplified data set may detect V-gene segments

that amplified data sets miss.
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Figures and Tables

Figure 3.1. R? values of sequencing technical replicates.

Com1 Com2
mRNA mRNA mRNA Total Total Total Total
AMV MMLV MMLV AMV AMV MMLV MMLV mRNA
Hex dT Hex dT Hex dT Hex
mRNA
AMV 0.9939 0.9244 0.9582 0.8941 0.9396 0.9640 0.9065
dT
mRNA
AMV 0.9183 0.9607 0.8960 0.9443 0.9639 0.9122
Hex
mRNA
MMLV 0.9377 0.8615 0.8230 0.9313 0.8186
dT
= | MRNA
g MMLV 0.8158 0.8923 0.9673 0.9427
o Hex
Total
AMV 0.8677 0.8386 0.7166
dT
Total
AMV 0.9136 0.8749
Hex
Total
MMLV 0.9301
| dr
~
E[ TrRNnA 0.9970
& ]

The percent of repertoire for each V-gene segment detected was compared between technical

replicates. The highest R? are dark read, the lowest R? are blue.
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Figure 3.2. Percent of repertoire for high frequency V-gene segments among data sets.

KSU| Coml|Com2
IGHV1-80 | 6.2] 6.1 6.3

IGHV2-6 | 3.7| 1.0
IGHV2-6-8 | 3.7| 4.5 1.5
IGHV1-26 | 3.4| 0.0 6.2
IGHV1-9 |3.0] 49 5.0
IGHV1-53 | 2.8 | 4.0 6.4
IGHVS-3 | 2.7| 2.8 0.9

IGHV1-18 | 2.6 2.1
IGHV1-55 [ 24| 2.0 | 4.2
IGHV1-50 | 2.4 2.0

IGHV6-3 | 24| 82 | 1.7
IGHV3-6 | 2.0] 3.1 | 49
IGHV1-64 | 1.9] 2.8 | 4.6
IGHV1-76 | 1.9] 3.1 | 4.0
IGHV6-6 | 1.9| 3.3 1.7
IGHV4-1 | 18] 0.0
IGHV1-82 | 1.7] 2.0 | 1.7
IGHV1595 | 1.7

IGHV1592 | 1.6

IGHV1-81 | 1.6| 2.1
IGHV1-72 [ 1.5] 2.3 | 23
IGHvE-8 | 1.5] 2.5 | 0.7
IGHV2-2 | 1.5] 2.0 | 0.7
IGHV5-17 | 1.5] 3.0 | 0.6
IGHv1-22 [15] 1.9 | 2.4
IGHV1-69 | 1.5] 1.0 | 3.4
icHv1s108| 1.5 |
IGHV7-3 | 1.4] 11 | 256
IGHV10-1 | 14| 2.2 | 4.2
IGHV10-3 [ 13] 15 | 1.7
IGHv2-3 [1.2] 2.0 | 23
IGHV14-4 | 12] 1.2 | 1.8
IGHV11-2 [ 12| 2.5 | 01
IGHV1-52 | 1.1
IHvo-1 | 1.1] 05 | 04
IGHv1-78 [ 1.0] 11 | 12

Percent of repertoire for the KSU, Com1 (mRNA-MMLV-hex), and Com2 (mRNA) are
displayed. The highest value percent of repertoire is dark read while the lowest are white. Black

boxes represent no detected reads (true zero). Rounded zeros are represented as 0.0.
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Figure 3.3. Overlap of CDR3 sequence detection between technical replicates.

KSU KSU KSU KSU
32-1 32-2 39-1 39-2

10,093 12,226

(28%) (24%)

Coml Com1l Com2 Com2
MRNA TRNA

143,426
(20%)

111,857

(24%)

CDR3 amino acid sequences were compared between technical replicates. Sequences unique to
one data set are displayed in the outer circles. Sequences shared between data sets are in the
overlap. Percent of shared CDR3 sequences is displayed in parentheses in the outer circles. (A)
KSU data sets 32-1 and 32-2. (B) KSU data sets 39-1 and 39-2. (C) Coml data sets mRNA-
MMLV-Hex and mRNA-MMLV-dT. (D) Com2 data sets mRNA and TRNA.
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Figure 3.4. CDR3 sequence capture among Com1, Com2, and KSU data sets.

Coml
(19%)

Com2
(24%)
145,481 111,488

KSU
(59%)

CDR3 amino acid sequences were compared among the Com1 mRNA-MMLV-Hex, Com2
mRNA, and the KSU data sets. Percent of the repertoire shared with at least one other data set is

listed in parentheses.
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Figure 3.5. High frequency CDR3s detected among the Com1, Com2, and KSU data sets.

KSU| Coml| Com2 KSU| Coml| Com2
CASVYDGYAFAYW [ 4.2] 01 [ 13 CTWDEGNYW 0.2 HE
CARGAYW 30| 02 | 23 CASWDFAYW 02] 01| 0.2
CAREYDGYPYAMDYW | 1.5] 0.1 | 1.3 CARSGGNWYFDVW 0.1] 00 | 0.2
CARRWLHYAMDYW | 09| 0.1 | 1.1 CASWEFAYW 02] 00 | 01
CARGGYW 08| 00 | 06 CTRFAYW 02] 00 | 01
CARDYYGSSWYFDVW | 0.7] 0.1 | 0.9 CARGDYW 02] 00 | 02
CARTIYYGSSWFAYW | 0.7| 0.1 | 0.2 CARDDPFAYW 02] 00 | 01
CAREELPHYFDYW | 0.5] 0.0 | 0.0 CARGGYYDYDWYFDVW | 0.2] 0.0 | 0.0
CARGGYDGYPHYAMDYW | 0.5| 0.0 | 0.1 CARGGFAYW 0.1] 00 | 0.0
CARGYYFDYW 05| 00 | 0.4 CARSHYSAWFAYW 01] 00 | 01
CAKDYYGSSWYFDVW | 0.4] 0.1 | 0.5 CARGFAYW 00| 00 | 00
CMRYSNYWYFDVW | 0.4] 0.0 | 0.0 CARGYFDVW Bl oo [ oo
CAREEGYYDWFAYW | 0.4] 0.0 | 0.0 CATYGSPFAYW 0.1] 00 | 0.0
CMRYSSYWYFDVW | 0.4] 0.0 | 0.0 CARGGYSDYDWYFDVW | 0.2| 0.0 | 0.0
CMRYGNYWYFDVW | 0.3| 0.0 | 0.0 CARDYGSSYDSYW 01] 00 | 01
CARRAHYYGSSYYFDYW | 0.3 0.0 | 0.1 CARSQNYWFAYW 0.1] 00 | 01
CASYSNYDYW 03] 00 | 03 CAKAPIYYDYDGVFYYAMDYW | 0.1] 0.0 | 0.4
CARGTYW 0.3 Il o4 CARSPDGYYAMDYW 02] 00 | 03
CARWRVYYGNWYFDVW | 0.3| 0.0 | 0.0 CARSGAYYRDYYAMDYW | 0.2| 0.0 | 0.3
CARDNWDWYFDVW | 0.3| 0.0 | 01 CARDGSHAMDYW 01] 00 | 03
CARLYYYGSHWYFDVW | 0.3| 0.0 | 0.1 CARGIYW 0.2
CARRDSNYLDYW 03] 00 | 0.2 CARQLYAMDYW 0.1
CASNAYYSNYVTPHFDYW | 0.2| 0.0 | 0.3 CARGSYW 0.2
CARWYYGSSYEGYFDVW | 0.2| 0.0 | 06 CARRLDYW 0.0

The top 25 CDR3s from each data set (48 total) were compiled and percent of repertoire

compared. Black boxes represent no detected reads (true zero). Rounded zeros are represented as

0.0.
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Table 3.1. Comparison of total productive reads among data sets.

KSU Com 1° Com 2°
mRNAP TRNAP mRNA® | TRNAP
AMV® MMLV® AMV® MMLV®
drd Hex! drd Hex! dT¢ | Hex? drd Hex!
T"talgg(‘;:"“ve 11,200 553,521 1,263,003 883,532 1,035,461 7,975 6867 208979 220,772 637214 766,075

a — Sequencing technique (Com1 and Com?2 are amplified data sets)

b — starting material (NRNA — Messenger RNA, TRNA — Total RNA)

c — reverse transcriptase (AMYV - Avian Myeloblastosis Virus, MMLV - Moloney Murine Leukemia Virus)

d — primer (dt — Oligo dT, Hex — Random hexamer)

e — an additional 27,896 reads were used for V-gene segment usage assessment. These sequences were not long enough for CDR3

detection.
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Table 3.2. Percent of reads assigned to non-C57BL/6 (B6) or pseudogene V-gene segments

Com 12 Com 22
mRNAP TRNAP mRNA® | TRNAP
AMV® MMLV® AMV® MMLV®
dT¢ | Hex? | dT¢ | Hexd | dT9 | Hexd | dT9 | Hex¢
0 -— -
7 Non-B6 V 1.64 183 200 144 106 199 2.16 4.4 3.1

Gene segments

a — Sequencing technique (Com1 and Com?2 are amplified data sets)

b — starting material (mMRNA — Messenger RNA, TRNA — Total RNA)

¢ — reverse transcriptase (AMYV - Avian Myeloblastosis Virus, MMLYV - Moloney Murine

Leukemia Virus)

d — primer (dt — Oligo dT, Hex — Random hexamer)
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Table 3.3. R? of V-gene segment usage to the KSU data set with read counts.

Com la Com 2a
mRNAb TRNAb mRNAb | TRNAb
AMVc MMLVc AMVc MMLVc
dTd Hexd dTd Hexd dTd Hexd dTd Hexd
R?to KSU Dataset ~ 0.5694 0.5733 0.4648 0.5728 0.4709 0.5710  0.5573 0.6154 0.5615 0.5574
Read Count 553,521 1,263,003 883,532 1,035,461 7,975 6,867 208,979 220,772 637,214 766,075

a — Sequencing technique (Com1 and Com2 are amplified data sets)

b — starting material (MRNA — Messenger RNA, TRNA — Total RNA)

¢ — reverse transcriptase (AMYV - Avian Myeloblastosis Virus, MMLV - Moloney Murine Leukemia Virus)

d — primer (dt — Oligo dT, Hex — Random hexamer)
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Table 3.4. Comparison of read count to unique CDR3 amino acid sequences

KSU  mRNA-MMLV-Hex (Coml) mRNA (Com2)

Read Count 11,200 1,035,461 637,214
Unique CDR3 Sequences 6668 180,266 146,231
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Table 3.5 Comparison of CDR3 frequencies in the whole repertoire and the unique
repertoire.

Whole Repertoire Unique Repertoire
KSU Coml Com?2 KSU Coml Com?2
Minimum 0.008758 0.000446 0.000221 0.008758 0.000446 0.000221
Maximum  4.1655 0.216969 2.259680 0.035032 0.005804 0.026044
Average  0.014997 0.000555 0.00684 0.008929 0.000478 0.00290
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Chapter 4 - Characterization of the naive murine antibody

repertoire using unamplified high-throughput sequencing

Abstract

Antibody specificity and diversity are generated through the enzymatic splicing of genomic gene
segments within each B cell. Antibodies are heterodimers of heavy- and light-chains encoded on
separate loci. We studied the antibody repertoire from pooled, splenic tissue of unimmunized,
adult female C57BL/6J mice, using high-throughput sequencing (HTS) without amplification of
antibody transcripts. We recovered over 90,000 heavy-chain and over 135,000 light-chain
immunoglobulin sequences. Individual V-, D-, and J-gene segment usage was uniform among
the three mouse pools, particularly in highly abundant gene segments, with low frequency V-
gene segments not being detected in all pools. Despite the similar usage of individual gene
segments, the repertoire of individual B-cell CDR3 amino acid sequences in each mouse pool
was highly varied, affirming the combinatorial diversity in the B-cell pool that has been
previously demonstrated. There also was some skewing in the V-gene segments that were
detected depending on chromosomal location. This study presents a unique, non-primer biased

glimpse of the conventionally housed, unimmunized antibody repertoire of the C57BL6/J mouse.

Citation: Rettig, T. A.,* Ward, C.,* Bye, B. A., Pecaut, M. J. & Chapes, S. K. Characterization
of the naive murine antibody repertoire using unamplified high-throughput sequencing. PLoS
One 13, 0190982, doi:10.1371/journal.pone.0190982 (2018). *Co-First Authors.
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Introduction

B cells are an important part of the adaptive immune system, arising from hematopoietic
stem cell precursors. These cells express surface immunoglobulin (Ig) receptors and secrete these
same proteins as antibodies into the serum after differentiation into plasma cells.®?%!

As B cells develop, they rearrange Variable- (V), Diversity- (D), and Joining- (J) gene
segments, which combine with a constant region to form the antibody structure.>2*> Antibodies
consist of heterodimers of heavy and light chains.?$? The heavy chain is formed from V-, D-, and

J-gene segments combined with a constant region,%> while light chains lack a D-gene

segment.5’264

There are three complementarity determining regions (CDR). CDR1 and CDR2 are
encoded in the V-gene segment. CDR3 consists of a combination of V-, (D-, heavy-chain), and
J-gene segments.”%> Of the CDRs, CDR3 contributes the most to binding specificity. Antibodies
are further characterized by the constant region, or isotype, which is influenced by the stage of

B-cell development and antigen specificity.?6®

The total collection of antibody specificities present within an individual is known as the
antibody repertoire. Diversity of the antibody repertoire results from four main components: the
initial germ line (inherited), diversity from recombination of that germline, the imprecisions
during V(D)J recombination, and somatic mutations.®”-!21:267 The antibody repertoire has been
examined in many studies by high-throughput sequencing (HTS) and fully mapped in the

zebrafish.26®
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Repertoires can serve as a fingerprint or snapshot of the current immune-system status

and these types of data have been used to explore the development of host defense to infectious

73,78,248,269-271 115,128,272,273 274,275

disease, cancer, autoimmune disease, and early disease detection.®’
With the development of HTS, we are now able to detect the differences between or among B-
cell repertoires such as B2 (adaptive antibodies) and B1 (natural antibodies) B cells®’ or memory

and naive repertoires.!”>?’® HTS has accelerated the characterization of the widely differing

277-281 14

human Ig haplotypes, and strain-specific gene segment usage in mice.
Our long-term goals are to investigate the repertoire of B cells in mice in space and how
it changes in response to antigen challenge. More specifically, our lab is interested antibody
repertoire dynamics within the context of spaceflight. Due to the cost of these experiments,
creating datasets that can be mined by our lab or others is important. The antibody repertoire is
traditionally assessed through the amplification of Ig sequences that have been isolated from
sorted B cell populations.'**> While these practices increase the likely hood of recovering rare Ig
sequences and allow for the dissection of the antibody repertoire by B-cell populations, cell
sorting may not be possible within the design of certain experiments. During the development of
methodology to assess Ig-gene usage by mice subjected to space flight we performed multiple
HTS runs to validate sample preparation, bioinformatic methodology, and reproducibility.*> We
also wanted some background data about the Ig repertoire in the normal B6 mouse population.

4458 and to

Knowing that there can be significant mouse-to-mouse variability in the Ig repertoire
minimize the impact any one mouse might have in the validation data set, we chose to pool

multiple mice specifically for these validation experiments.*> We now present these data on the

splenic repertoire of conventionally housed, unimmunized, unchallenged, adult C57BL/6J mice.
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Materials and methods

RNA extraction and sequencing

Tissue extraction and sequencing were performed as described previously (Rettig
2017).* Briefly, spleens were collected from three independent pools of four, specific pathogen-
free (based on the RADIL Advantage Basic profile), female, C57BL/6J mice nine-to-eleven
weeks old. Animals were euthanized with isoflurane overdose followed by cervical dislocation.
Briefly, mice were exposed to 400[JL isoflurane in a gauze-pad enclosed in a histopathology
cassette in a 450 mL chamber as was described by Huerkamp et al.?> Animals used in pool one
were raised in the Laboratory Animal Care Services (LACS) facility (breeder stock renewed less
than 2 years previous) in the Division of Biology at Kansas State University. Mice from pools
two and three were received directly from Jackson Laboratories and were house in the LACS
facility. Mice were fed LabDiet 5001 and had access to water and food ad libitum. Mice were
maintained on a 12/12 light/dark cycle. Mice for pools two and three were allowed to acclimate
in the vivarium for 22-31 days prior to sacrifice. Animal procedures were approved by the
Institutional Animal Care and Use Committee at Kansas State University. After euthanasia,
spleen tissue was processed immediately for RNA extraction with Trizol LS according to the
manufacturer's instructions. Pool one contained RNA from one-half of the spleen tissue while
pools two and three contained RNA extracted from complete spleens. Equal concentrations of
total splenic RNA (RIN>8) were pooled and mixed from each of the four mice, resulting in three
final pools. At least one microgram of RNA from each pool was submitted for size selection
(275-800 nucleotides) and sequencing on Illumina MiSeq at 2x300 nucleotides as described

previously (Rettig 2017). Sequencing was performed at the Kansas State University Integrated
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Genomics Facility using the standard Illuimna sequencing protocol, including oligo-dT-bead
selection of mRNA and reverse transcription to cDNA. A reduced fragmentation time (one
minute) was used to yield longer transcripts.* To avoid potential primer bias and maintain a
dataset that could be further mined, we did not amplify Ig sequences. The authors note that a
subset of mouse pool one data was used in a methods paper presented by our group. The context

and focus of that previous manuscript does not overlap with the current work.*’

Bioinformatics

Sequence selection, mapping, and final processing was performed as outlined
previously.* Briefly, sequences were imported into CLC Genomics Workbench v9.5.1
(https://www.qiagenbioinformatics.com/) and cleaned to obtain high quality reads using a quality
score of 97% of the sequencing containing a Phred score over 20. Both paired and merged
(overlapping pairs) were mapped to V-gene segments and the loci using a match score of +1 and
a mismatch score of -2 to identify potential antibody sequences. The sequences were collected
and submitted to ImMunoGenTics’s (IMGT) High-V Quest for identification.?®> Due to the
chances of collecting the same read multiple times through the mapping and identification
process, only one sequence per sequence ID was analyzed (procedure outlined in Rettig et al).*’
Productive and unknown functionality sequences were identified via IMGT and used for
subsequent analyses. Productive antibody sequences were defined as in frame and did not
contain a stop codon, however binding abilities were not assessed. Unknown sequences did not
contain enough sequencing information to determine functionality. Gene segments were
identified using IMGT’s nomenclature and using IMGT’s list of gene segments, including

functional and open reading frame-defined gene segments. We implemented two procedural
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changes to further define the repertoire that are different from the Rettig et al. paper.* In this
manuscript, when calculating the percent abundance in the repertoire, we also include V-gene
segments where one or two possible V-gene segments were detected. When one single V-gene
segment was detected in a sequence, it was assigned a value of one. When two potential V-gene
segments were detected each gene segment was assigned a value of 0.5. The totals were then
tabulated as described in Rettig et al.** Additionally, CDR3 sequences that did not fit the C-xx-
W motif for IgH (heavy-chain) were reclassified as unknown functionality, unless a class-
switched isotype (IgA, IgD, IgE) was detected. CDR3 sequences for Igk (kappa-chain) that did
not fit the C-xx-F motif were classified as unknown functionality. Sequencing reads containing
hyperlengthy (greater than 2x the average, or 18 amino acids (AAs)) k-CDR3 that fit the C-xx-F
motif were also removed from analysis as we believed they were falsely identified through
bioinformatic or sequencing errors.

T?% using portions of the germline

Initial nucleotide alignments were created with MAFF
and CDR3 nucleotide sequences provided by IMGT. Sequences were sorted by identity,
compared to the germline and the sequence order was then adjusted to group similarly-aligned

sequences. Nucleotide sequences of identical length were then isolated from the full alignment

and aligned with each other while retaining all previously-inserted gaps.

V(D)J pairing frequency
Pairing frequency was assessed in productive sequencing reads from both IgH and Igk
datasets. All pairing of V-gene segments was only assessed from productive IgH and Igk

sequencing reads, referred to as VH and V¥, respectively. Sequences identifying more than one
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possible V-gene segment were excluded from this analysis. For both IgH and Igk, J- and D-gene
segments designated as undetermined (U) were either not reported by IMGT, contained less than
six nucleotides, or multiple gene segments were assigned to a single sequencing read. Total
counts from V] pairings for heavy- and light-chains were tabulated and Circos graphs were

generated using Circos Online.?®

Statistical analysis and graphics

Linear Regressions were performed by comparing the percent of repertoire of V-gene
segment or V(D)J combinations from pools 1 vs 2, 2 vs 3, and 1 vs 3 using the linear regression
analysis tool in GraphPad (Version 6.0). Chi-square analysis of V-gene segment usage was
performed on raw sequencing read counts using R version 3.4.2 (https://www.r-project.org/). All
productive VH- and Vk-gene segments and open reading frames listed on IMGT for the B6
mouse were analyzed and gene segments not found in our datasets were assigned a read count of
zero. The IMGT productive list includes all gene segments detected in the NCBI annotation of
the mouse genome. The IMGT chromosomal locations were also used for any chromosomal
analysis, though not all gene segments have a defined chromosomal location. Gene segments that
were not defined by location in IMGT were excluded from any chromosomal analysis. These
analyses were performed on each mouse pool separately by comparing the observed raw-read
count values of V-gene segments to an expected theoretical number of reads which was based on
the null hypothesis that all V-gene segments will have the same number of raw reads. This value
was determined by dividing the total number of antibody reads observed in a mouse pool by the
number of possible gene segments. The analysis of gene-segment usage by chromosomal

location was performed by dividing gene segments into four quadrants based on nucleotide
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position. A quadrant was defined as one-fourth of the entire locus, as determined by number of
nucleotides in the locus. Gene segment location was defined as the first nucleotide of the gene
segment. A Chi-square analysis was performed on each mouse pool by summing the raw-read
counts of all gene segments containing a 5’ nucleotide position within each quadrant and
comparing the observed total reads within a quadrant to an expected theoretical number of reads
for each quadrant which was based on the null hypothesis that the number of raw reads is not

statistically different between defined quadrants.

Percent of repertoire values were determined by dividing sequencing reads corresponding
to each gene segment, constant region, or CDR3 length by the total number of gene segments,
constant regions, or CDR identified in each mouse pool for normalized comparison between
pools. Percent of repertoire for these variables were displayed as bar graphs, generated in
GraphPad v6.0, or as heat maps, generated in Microsoft Excel. In addition to visualization of
gene segment combinations through Circos graphs, the percent of repertoire for gene segment

pairings was also visualized using the bubble chart tool in Microsoft Excel.

Results

VH- and Vk-gene segment usage

We obtained between 8,714 and 11,200 IgH individual productive reads, and between
14,271 and 28,756 individual IgH reads of unknown functionality as identified by IMGT HighV-
Quest (Table 4.1). Between 11,968 and 18,643 individual Igk productive, and 12,602 and 39,410
individual Igk reads of unknown functionality were identified by IMGT HighV-Quest (Table

4.1). Overall, we identified 132 VH- and 109 Vk-gene segments within the repertoires of our
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mouse pools (Figure A.2). As a general trend, the three pools resulted in similar frequencies and
similar ranks for V-gene usage among groups. The ten most common V-gene segments from
each pool were compiled, resulting in a total use of 14 VH-gene segments and 17 Vk-gene

segments (Figure 4.1).

The most common VH-gene segment in pools one and two was V1-80 (Figure 4.1A,
Figure A.2A). V1-80 was the seventh most common gene segment used in pool three. V6-3 was
the most common VH-gene segment in pool three, but ranked seventh and sixth in pools one and
two, respectively (Figure 4.1B). V1-26 was the next most common VH-gene segment, ranking
second in pools one and two, and third in pool three. Among the top ten most common VH-gene
segments, most gene segments ranked between first and 17th within their pools, however, three
outliers were found within these groups. V1-50 ranked 23rd in pool one, but it was ninth and
second in pools two and three, respectively. V1-78 was ranked 31st in pool two, but ranked tenth
and 17th in pools one and three, respectively. V1-18 was ranked 32nd in pool three but third and
fourth in pools one and two, respectively. VH-gene usage between pools was well correlated (1

vs 2 R?=0.8427, 2 vs 3 R*=0.7054, 1 vs 3 R*=0.5842, all p=<0.0001).

Seventeen Vk-gene segments were among the top 10 most abundant Vk of the repertoire
in at least one of the three mouse pools, with five Vk-gene segments appearing in the top ten of
all three mouse pools (Figure 4.1, Figure A.2B). Pool one appeared enriched for V5-39,
comprising 10.33% of the repertoire as compared to 1.03% in pool two and 2.84% in pool three
(Figure 4.1C). Excluding this difference, V1-110, V1-117, V10-96, and V4-55 were the four

most abundant gene segments in all three mouse pools. The lowest ranking of the most abundant
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Vk in any of the mouse pools were V5-39, ranking 32nd in pool two, while ranking first and
seventh in pools one and three, respectively and V10-94, ranking 32nd in pool one, but fifth in
pool two and 13th in pool three. (Figure 4.1D). All top V« that showed any variation in
abundance among pools were still within the top 32 Vk-gene segments. Vk usage between pools
was correlated, although not as highly as VH (1 vs 2 R?>= 0.3684, 2 vs 3 R>=0.6700, 1 vs 3

R?=0.6414, all p=<0.0001).

With 113 productive VH and 93 productive Vi described in IMGT by chromosomal
location, each gene segment would be expected to appear as part of the repertoire roughly 0.84%
and 1.06% of the time for VH and Vx, respectively, if gene segment usage was random (Figure
4.2). When we assessed usage frequency, there was a non-random distribution of both VH-

(Figure 4.2A) and Vk- (Figure 4.2B) gene segments (Chi-square analyses; all pools p<0.0001).

We also assessed gene segment usage by chromosomal location in the IgH and Igk loci as
gene-segment spacing was not evenly distributed along the chromosome. Based on 5’ nucleotide
position, Q1-4 contained 22, 23, 33, and 33 VH-gene segments or 18, 21, 24, and 30 Vk-gene
segments, respectively. Since V-gene segment usage appears skewed, we tested whether the total
expression of V-gene segments within a quadrant defined by nucleotide position was randomly
distributed. We found that the expression within each quadrant was not randomly distributed, for
both IgH and Igk, suggesting that V-gene expression may be influenced by chromosomal

location (all pools, p<0.0001).

102



DH-, JH-gene segment and IgH constant region usage

We identified ten different D-gene segments used in our repertoires (Figure 4.3A). We
also added one additional category for our analyses, termed “undetermined”. This label was
applied to D-gene segments that were assigned by IMGT to non-C57BL/6J genes and antibody
sequences containing a V- and J-gene segment, but not containing an identifiable D-gene
segment. Due to the very short length of D-gene segments combined with alterations during

recombination, D-gene segments were bioinformatically difficult to identify.

For all three groups, the D1-1 gene segment was the most common segment identified
comprising 26-28% of the repertoire. Undetermined D-gene segments, however, made up a large
part of the D-gene segment repertoire, comprising 31-33% of the repertoire. D2-3, D2-4, D4-1,
and D2-5 were found in similar frequencies ranging from six to fifteen percent of the data set.
D3-2, D3-1, D6-3, D5-5, D5-2, and D6-4 were found at low levels in all data sets; comprising

under three percent of the total repertoire.

Four JH-gene segments were identified, with JH2 being the most common among all
three groups (Figure 4.3B). The remaining J-gene segments, JH4, JH3, and JH1, were found at

similar levels among groups totaling between 19% and 27% of the repertoire.

IgM was overwhelmingly the most commonly identified constant region making up

between 78% and 84% of the total repertoire (Figure 4.3C). IgG was the next most common

between seven and eleven percent of the total repertoire. IgA and IgD were rare totaling between
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two and six percent of the repertoire. IgE was only detected in pool three at less than one percent.

It was not detected in pools one and two.

Jk-gene segment usage

A total of four Jk-gene segments were identified, with similar distribution of Jk-gene
segments between mouse pools (Fig 3-10D). Due to the even distribution of the three most
abundant Jx, the ranking of each gene segment varied slightly among the three mouse pools.
Within each mouse pool, there was a small portion of Jk that contained too few nucleotides to be

assigned to a specific gene segment (0.03-0.38%).

IgH- and Igk- gene segment combinations

VH, DH, and JH family combination frequency was examined. Some preferential bias for
specific gene segments seemed to exist (Figure 4.4A). For example, the JH4/DH2 combination
appeared at a high frequency with VH1 (4.5% of repertoire), but not with any other VH gene
family to the same degree. IgH gene segment recombination frequency correlated with gene
segment abundance. VH1, which contains over half of all possible V-gene segments, also was
the most commonly used VH family, which is seen as the dominant band in the Circos plot

(Figure 4.4B).

The pairing of Vk families to individual Jk was also assessed (Figure 4.4C-D). Overall,
the pairing of Vk families with Jk appeared random, however, certain Vk families preferentially
paired with specific Jk-gene segments. For example, V4 paired less efficiently with J1, while V3
paired more efficiently with J1 (Figure 4.4C). Unlike VH, no single Vk family was exceedingly

dominant. Although V4 was the most represented gene family, its expression level was close to
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that of the second next most prominent gene families, which varied by mouse pool as shown in

the Circos plot (Figure 4.4D).

The percent of repertoire that each VJ-gene segment combination comprised within each
mouse pool was compared by linear regression. Mouse pools showed modest correlation levels
of VJ-gene segment recombination frequency in IgH (1 vs 2 R?>= 0.6055, 2 vs 3 R>=0.4419, 1 vs
3 R?=0.4399, all p=<0.0001) and Igk (1 vs 2 R?>=0.2340, 2 vs 3 R?>=0.3598, 1 vs 3 R?>=0.4607, all
p=<0.0001), with some enrichment for certain combinations within each mouse pool. V-(D)-J
combinations were within bubble charts generate a visual comparison of pairing (Figure 4.4A

and Figure 4.4C).

IgH and Igk CDR3

The average IgH CDR3 (H-CRD3) length of all three data sets was 11 amino acid (AAs)
long (Figure 4.5A). The lengths of the H-CDR3s followed a normal distribution except all three
groups were enriched for five AA H-CDR3s. H-CDR3 AA length ranged from one to twenty-
three amino acids in length with 11 AAs being the average for all three pools. Igk chain CDR3
length was conserved at nine AAs, comprising 87-90% of the repertoire (Figure 4.5B). While
nine AAs was the most frequent k-CDR3 length, one k-CDR3 with a length of seven AAs was
observed in the top CDR3 sequences. The distribution of CDR3 lengths was even among pools
for both IgH and Igk (Figure A.3). Four k-CDR3 sequences that fit the conserved kappa chain C-
xx-F motif identified within the mouse pools (data not shown), while no such hyperlengthy H-

CDR3 sequences fitting the C-xx-W motif were identified.
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Interestingly, many of these H-CDR3s, though found in all three pools, were not
necessarily common H-CDR3s. Only one H-CDR3, CARGAYW, was found among the top ten
most common H-CDR3s of each pool. One additional H-CDR3, CARDYYGSSWYFDVW, was
found in the top five of pools two and three. Of the 75 total H-CDR3s that appeared in all three
pools, frequencies varied drastically, from being the most common to only being detected once
(Figure 4.6A). Of the top five most common H-CDR3s in each data set, only three, CARGAYW,
CARGGYW, and CMRYSNYWYFDVW occurred in all three data sets (Figure 4.6B, Figure
A.4). CARGSYW occurred in pools one and two, CARRWLHYAMDYW in pools two and
three, and CARYAPYYFDYW in pools one and three. The remaining most common H-CDR3s

occurred in only one pool. A heatmap of all 75 shared H-CDR3 is shown in Figure A 4.

There were 3,217 total unique k-CDR3 amino acid sequences identified among all three
mouse pools (Figure 4.6C). While there were 2,345 individual k-CDR3 amino acid sequences
that were unique to the individual mouse pools, there were also 475 k-CDR3 shared among all
three pools. None of these 475 shared k-CDR3 were found within the top five k-CDR3s of all
three mouse pools (Figure 4-18D). There were 14 total k-CDR3 sequences that were found
within the top five k-CDR3 for each mouse pool (Figure 4.6D, Figure A.4). There were no

CDR3 sequences that were found within the top five k-CDR3 in all three mouse pools.

Comparison of alignments of CDR3s

To assess the heterogeneity in B-cell idiotypes created by the differential splicing of Ig

genes, we compared B cells that used the same V-, D- and J-genes. Two gene combinations
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containing complete V-, D-, and J-segments common to top 35 gene combinations found in all

three mouse pools were selected for this analysis (Figure 4.7A-C, Figure A.5).

One heavy-chain VDJ-gene combination displaying a CDR3 region of variable length
was selected from the 15 most common gene combinations among the three mouse pools and
aligned to its germline sequence. From the full alignment, one short (four to eight AAs, Figure
4.7A), one medium (11 AAs, Figure 4.7B), and one long (14 AAs, Figure 4.7C) selection of
nucleotide sequences were isolated and compared. Although the three groups were encoded by
the same V-, D-, and J-gene segments, gene segment representation across each sample was
variable. Most variability occurred in or around the D-gene segment, which could be due to
splicing, N- and P-nucleotide additions, and deletions during somatic recombination. D-gene
usage also appeared to be a factor determining CDR3 length. This was evidenced by increasing
D-gene representation across CDR3 selections of decreasing length compared to the relative
conservation of the V- and J-gene segments, though J-gene conservation seemed to decrease
among extremely short CDR3s. Overall, the V-gene segment appeared to remain the most

uniform.

While Igk contains mostly CDR3 sequences that are nine amino acids in length, many
highly abundant VJ-gene segment combinations (such as V110 and J2) contained CDR3s of
multiple lengths. Unlike IgH, the alignments of VI pairings were relatively uniform among Igx
as compared to the germline sequence in CDR3 sequences that were eight, nine and ten amino

acids in length (Figure 4.7D).
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Discussion

To our knowledge, these data are the first unamplified sampling of the normal mouse
antibody repertoire that has been described. Others have looked at Ig-gene segment usage with
other strategies*+!°6:19%-242.286 bt we wanted to determine if a straight-forward RNA-Seq
approach would provide us with a reasonable assessment of B cell Ig-segment use without the

limitations that amplification methods introduce (Rettig et al., this thesis).

To minimize potential single animal aberrations and repertoire skewing, we pooled
splenic tissue of four unimmunized mice in three biological replicates. This approach was
successful since we saw less variation with pooled samples compared to data sets that are made
up of single mice.’® Grieff et al. demonstrated that CDR3 and VDJ composition in pooled mouse
samples were less polarized than that of an individually sequenced mouse subjected to antigen
challenge.>** Therefore, our data are consistent with that study. We also did the technical
replication of material in pool one and found that there was good reproducibility (R? =0.7562).%°

Therefore, the data in the individual normal mouse pools and a compiled summary of those data

are a strong reflection of the normal mouse repertoire.

The most common VH-gene segment was V1-80, which was the most common in pools
one and two. V6-3 was the most common in pool three. In selecting the ten most common VH-
gene segments from each pool, we identified 14 different VH-gene segments, with heavy overlap
among pools. All VH-gene segments isolated comprised between 1% to 8% of the repertoire.
This VH V-gene variation is consistent with previous observations® but the pools ameliorated

the extreme variations that was reported by that group. We also saw that Vik-gene segment usage
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was comparable among mouse pools, with 17 gene segments comprising between 1% and 13%
of the repertoire. Although we have found that gene segment use among all three pooled sample
groups was similar, there were some differences. V5-39 was observed at a high frequency in
pool one (10%) as compared to pools two (1%) and three (3%). This skewing could be the result
of a mouse within pool one responding to a specific antigen that other mice did not respond to or
more likely, represents the natural variability of mice.** Nevertheless, even pooling samples
maintains the randomness of antibody gene selection and rearrangement and a pool of four
individuals still has relative uniqueness.

Some have suggested that V-gene segment usage may be skewed.!

Chi-square analyses
of VH- and Vk-gene segment use in our data set would support this contention since several VH
and Vk-gene segments were used more frequently than expected. Even though we have analyzed
three independent biological samples made of pools of four mice, we recognize that an even
larger data set will be needed to conclusively settle this discussion. Studies on humans have
revealed similar V(D)J usage in spite of them being outbred populations?’® which also supports
that there is some inherent selection in V-gene selection regardless of genetics. Additional
studies looking at epigenetic changes or other transcriptional regulatory elements such as the

characterization performed by Choi et al.?®” might also help understand mechanisms of V-gene

segment selection.

For the D-gene segment, three usage levels were detected. D1-1 was the most used gene

segment in all three pools; comprising around 26% of the total repertoire. Over 36% of D-gene

segments could not be identified, likely due to the short length of the D-gene segment.
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Nevertheless, we do see different populations of antibodies even when they do share similar D-
genes segments. Some have large D-gene segments where others have little recognizable

sequence.

JH-gene segment usage was relatively uniform. J2 was the most common among all three
pools, with over 32% use in the repertoire. J1, J3, and J4 were evenly represented among all
three pools totaling between 19-27% of the repertoire. Gene segments with less than six
nucleotides were unable to be identified and occur at less than 0.1% of the heavy-chain
repertoire. Jk-gene segment usage is somewhat evenly distributed among J1, J2, and J5
comprising between 25-32% of the repertoire, in agreement with the findings of Aoki-ota et
al.,*! Lu et al. found a slightly different Ji expression profile, possibly reflecting strain specific
usage of Jk.!” As paralleled in the heavy-chain data, gene segments with less than six

nucleotides were rare; occurring in less than 0.4% of the total repertoire.

Constant region usage in the heavy-chain was heavily dominated by IgM, which reflects
the “naive” status of our mice. Although IgM comprised over 78% of the total identified constant
regions we did see the expression of IgG, IgA and IgD. IgE was rare, being detected in only pool
three. However, when compared to serum data, even in naive mice, there was a high level of
circulating IgGs, which was not reflected in spleen tissue sequencing, which instead shows very
high levels of IgM.?® This could be due to a large B-cell population in the spleen that is not

secreting antibody at high levels into the bloodstream.**
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We looked at the common H-CDR3 sequences among the three mouse pools. There was
little overlap; with only 75 H-CDR3s detected in all three pools and between 92 and 163
common H-CDR3s when we just looked at two pools. We detected between 4.6k to 6.2k unique
sequences found only in each respective pool. While we sampled a small fraction of CDR3s
present in the total antibody repertoire, Lu et al. and Greiff et al. used primer amplification to
enrich for IgH transcripts and still found high CDR3 variability among individuals.**!%
Similarly, in a study comparing monozygotic twins, Glanville et al., also demonstrated that
CDR3 profiles between the individuals were quite diverse despite similar gene family usage

between the twins.?® Therefore, the pooling methodology that we employed did not significantly

diminish the detection of the unique CDR3 repertoires that individuals have.

When we examined the k-CDR3 usage among the three biological samples, there was a
higher proportion of common k-CDR3s. Unique k-CDR3s within each pool ranged from 688 to
832 CDR3 identified within all three pools and between 108 and 178 CDR3 identified in only
two pools. One explanation for light-chain CDR3 length homogeneity may be selection due to
light-chain editing that occurs during B-cell maturation and the need to be able to interchange the

light chains.

The small numbers of overlapping CDR3 sequences among our three pooled samples
suggests that significant variation in the idiotypes could develop, even within an inbred
population of mice and reinforces the idea of unique generation of B-cell diversity in inbred and
outbred populations.?’®*° Moreover, we were curious if the size of the total pool of B cells could
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be estimated from our data. Using a model of capture-recapture methodology,””” the Chapman
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estimator,?®! and the number of common heavy-chain CDR3 sequences seen in each of our
samplings, we estimated our B-cell pool to range from 1.5-14 x 106 cells. If we assume that there
are 5 x 106 B cells in a nine to eleven-week-old female C57BL/6J mouse spleen, and our mouse
pools were made up of four spleens, this estimate of the possible splenic B-cell pool is
reasonably accurate, especially if we take into account some of the CDR3 sequences were

detected multiple times (multiple B cells with the same IgH).

While CDR3 is commonly used to describe the antibody repertoire, many studies have
reported the combinations of the V(D)J.120:128.244.292.293 Compiling CDR3 nucleotide alignments
allowed us to visualize the significance of individual gene segment involvement with the CDR3
in the context of specific V(D)J combinations. Sequencing outside of CDR3 also reveals
biologically relevant information about antigen binding and allows for further characterization
and potential lineage determination. Our sequencing technique enabled the identification of
V(D)J-gene segments in addition to constant region, providing insight into pairing of V-gene

families with (D)J-gene segments.

The information about the unchallenged Ig-gene repertoire also has other uses. It
provides a comparative foundation when looking at host response to antigen®** and has been used
to isolated therapeutic antibodies. Antibodies for influenza in a mouse model and were a

valuable tool in the detection of antigen specific responses.!***7

While a lack of amplification may extricate primer bias, we knew that it would come at

the cost of potentially excluding rare B-cell clones. In humans, for example, a single clone may
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only comprise 0.1% to 0.3% of the repertoire.>>> We have explored the differences between
samples that have and have not been amplified and found a moderate correlation (R? = 0.5815,
0.5855, p<0.0001, Rettig et al., this thesis). While some of the differences arose from expected
depth-of-sequencing issues, we unexpectedly found that discrepancies also resulted from gene
segments being detected in the unamplified data set not detected in the amplified data sets
(Rettig et al., this thesis). It is also important to note that the number of immunoglobulin reads
detected in our RNASeq library equaled or exceeded those in other HTS studies (Boyd et al.

2009). Therefore, we are aware of the tradeoffs and benefits of the HTS strategy we have used.

Another issue which may affect the data presented stems from the use of whole spleen
tissue rather than isolated B-cell populations.'** Although our approach was necessary to

> we are aware that the inclusion of

accommodate requirements of a separate investigation,*
extraneous cells as result of using whole tissue could reduce the recovery of rare B-cell clones.
In addition, some bias might be introduced because of cell subpopulation stability and frequency
in whole spleen tissue.?>?® Nevertheless, in spite of the limitations of our methodology, it
appears that the repertoire we detected correlated with mouse studies that have used selection
and amplification methods of various kinds. For example, Collins et al. detected five of the same
VH genes that we detected among our highest 10 used VH-gene segments. JH2 was also the
most frequently detected in both of our studies.!* Yang and Kaplinski detected V-gene segment

use that paralleled our findings with V1-26 identified by them as the most frequently used.®”-?

Few studies have explored the light chain repertoire; however, more characterization will

be possible with increasing use of single cell amplification.”*?%¢27 While strain specificity has
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been reported,'*** many Vk-gene segments that were represented over one-percent of the time in
unimmunized BALB/c mice were also identified in our study.'®® Aoki-Ota et al. also noted V-
gene segment skewing in their assessment of unimmunized C57BL/6 mice.?*' These similarities
also suggest that the lack of amplification did not dramatically affect our assessment of the B-
cell repertoire, and the differences seen are likely due to mouse-to-mouse variation that still

manifests in our pooled samples.

In conclusion, we have presented an unamplified view of the conventionally housed,
unimmunized, antibody repertoire. It appears that an RNASeq approach without amplification
can provide an accurate assessment of V-gene use as well as a snapshot of the CDR3 present in
the population; and helps validate this as a reasonable scientific approach. In addition, we lay the
foundation for future work in our lab to characterize the unamplified whole tissue repertoire of

the immunized C57BL/6 mouse.

Data Availability
Raw FASTQ files are available through NASA’s GeneLab (https://genelab-

data.ndc.nasa.gov/genelab/) via accession number GLDS-141.
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Figures and Tables

Figure 4.1. V-gene segment usage among unimmunized mouse pools.
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Sequencing reads mapped to each individual gene segment were divided by the total sequencing

reads of all identified gene segments from each mouse pool for a normalized comparison
between pools. (A) The VH representing the ten most abundant gene segments from each mouse
pool are displayed. (B) The rankings of each gene segment contained within the top 10 most
abundant VH from at least one of the mouse pools are compared. The most abundant gene
segment is ranked as 1. Dark red indicates higher rank moving to white, of lower rank. Similarly,

the top 10 abundant V« are displayed (C-D).
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Figure 4.2. V-gene segment usage among unimmunized mouse pools for IgH (A) and Igk

(B) by chromosomal location
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Gene segments are shown in order of chromosomal position (5’ to 3”). The average value from

three mouse pools for each CDR3 length is shown. Distribution was assessed via Chi-square

analysis in R (version 3.4.2) (all pools, p<0.0001).
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Figure 4.3. Percent abundance of IgH D- (A) and J- (B) gene segments, IgH constant
regions (C) and Igk J-gene segments (D).
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Sequencing reads corresponding to each gene segment or constant region were divided by the
total number of gene segments or constant regions identified in each mouse pool for normalized
comparison between pools (left side). The most abundant gene segment is ranked as one (right
side). Dark red indicates higher rank moving to blue (A) or white (B-D), of lower rank.
Sequencing reads designated undetermined (undeter) where portions of a D- or J-gene segment

were identified but unable to be assigned to a specific C57BL/6J D- or J-gene segment.
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Figure 4.4. Combinations of V-gene families with DJ-gene segments for IgH (A) and J-gene
segments for Igk (C).
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Increasing pairing frequency of V(D)J is represented by larger circles. Sequencing reads in
which more than one C57BL/6 J-gene segment was attributed or too few nucleotides were
present in the J-gene segment for designation by IMGT have been classified as undetermined
(U). Pairing frequency is also represented by Circos graphs for IgH (B) and Igk (D). Circos Plot
Labels (starting at 12:00 position and the largest arc and continuing clockwise with occasional
color references)

B —JI (red), J2, J3, J4, U (yellow), V1, V2, V3, V4, V5, V6, V7 (Teal), V8, V9, V10, V11, V12,
V13, V14 (purple), V15

D —1J1 (red), J2,J4,]5, U, V1 (yellow), V2, V3, V4, V5, V6, V7 (black sliver), V8, V9, V10,
V11, V12, V13, V14, V15 (royal blue), V16, V17, V18, V19, V20 (black sliver, if present)
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Figure 4.5. CDR3 length for IgH (A) and Igk (B).
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The average percent of repertoire of each CDR3 amino acid length from three mouse pools is

displayed.
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Figure 4.6. Top CDR3 AA sequences and overlap of unique CDR3 sequences within mouse
pools.

A B
Pool 1 Pool 2 Pool 1 |Pool 2| Pool 3
CARGAYW 2.81 3.07 | 093
CARGGYW 061 | 0.86 | 0.30
CMRYSNYWYFDVW 0.39 | 0.34
CARGSYW 0.18
CARRWLHYAMDYW 0.88
CARYAPYYFDYW
CARESNWNYAMDYW
CASVYDGYAFAYW
CAREYDGYPYAMDYW
CASYDFDYW
CVRGGYYSNPGAMDYW
CARIYDGYFGDYW
CTRDPRANWDKGGAMDYW
Pool 3
C D

Pool 1| Pool 2| Pool 3
CQNGHSFPLTF | 551 | 043 | 2.77
CQQWSSYPLTF | 1.22 139 | 2.44
CSQSTHVPLTF | 0.31 | 421 | 0.41
CQQWSSNPPTF | 2.59 | 0.90 | 1.40
CQQWSSYPFTF | 162 | 219 | 0.79
CQQYNSYPLTF | 0.58 | 0.93 | 2.02
CQQSNSWPFTF | 241 | 0.31 | 0.69
CFQGSHVPLTF | 183 | 064 | 0.55
CQHHYGTPRTF | 0.26 | 2.41 0.16
CQQSKEVPWTF | 0.23 | 043 | 2.14
CHQRSSWTF | 0.10 | 0.20 | 2.33
CQQYSKLPWTF | 0.29 | 1.80 | 0.45
CQNGHSFPRTF | 2.08 | 0.08 | 0.12
CFQGSGYPLTF | 0.37 | 1.45 | 0.256

Pool 3

A Venn diagram displays the overlap of the number of unique CDR3 amino acid sequences
among mouse pools for IgH (A) and Igk (C). The percent of repertoire for the top five CDR3

amino acid from each mouse pool are shown for IgH (B) and Igk (D).
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Figure 4.7. Comparison of CDR3 alignments in gene segment combinations (IGHV1-26,
IGHD1-1, IGHJ1) coding for a predominantly short (A), median length (B), and long (C)
H-CDR3 region and k-CDR3 (IGkV1-110, IGkJ-2) (D).

A

B

Cc

CARVLLRYSYWYFDUW,
CARGFTTVDWYFDIW|
CARGFTTVVDWYFDWW|

CSQSTHVPYTF
CSQSTHVLYTF]
CSQSTHVPHTF,
CSQSTHVPYTF]

The germline nucleotide (G.L.) sequence is identified at the top of each alignment. Each
nucleotide sequence is labeled with its corresponding amino acid sequence. Nucleotide
sequences coding for identical amino acid sequences are labeled with numbers (1, 2, 3, etc.)
corresponding with the alignment order. The V and J-gene segments for each alignment are
labeled, however due to the variability in the D-gene segment it is not bracketed, but is
identifiable by the germline sequence provided.
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Table 4.1. Sequencing and mapping statistics from mouse pools 1, 2, and 3.

Pool 1 Pool 2 Pool 3

Total Reads 25.1 M*? 314 M 327M
Post Cleaning 12.0M 309 M 32.0M
Productive IgH 8,714 11,200 10,224
Unknown IgH 14,271 27,896 18,756
Productive Igk 11,968 18,643 16,293
Unknown Igk 12,602 39,410 36,624

AM: million
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Chapter 5 - Effects of spaceflight on the immunoglobulin repertoire

of unimmunized C57BL/6 mice

Abstract

Spaceftlight has been shown to suppress the adaptive immune response, altering the
distribution and function of lymphocyte populations. B lymphocytes express highly specific and
highly diversified receptors, known as immunoglobulins (Ig), that directly bind and neutralize
pathogens. Ig diversity is achieved through the enzymatic splicing of gene segments within the
genomic DNA of each B cell in a host. The collection of Ig specificities within a host, or Ig
repertoire, has been increasingly characterized in both basic research and clinical settings using
high-throughput sequencing technology (HTS). We utilized HTS to test the hypothesis that
spaceflight affects the B-cell repertoire. To test this hypothesis, we characterized the impact of
spaceflight on the unimmunized Ig repertoire of C57BL/6 mice that were flown aboard the
International Space Station (ISS) during the Rodent Research One validation flight in
comparison to ground controls. Individual gene segment usage was similar between ground
control and flight animals, however, gene segment combinations and the junctions in which gene
segments combine was varied among animals within and between treatment groups. We also
found that spontaneous somatic mutations in the IgH and Igk gene loci were not increased. These
data suggest that space flight did not affect the B cell repertoire of mice flown and housed on the
ISS over a short period of time.

Citation: Ward, C.,* Rettig, T. A.,* Hlavacek, S., Bye, B. A., Pecaut, M. J., Chapes, S. K.
Effects of spaceflight on the immunoglobulin repertoire of unimmunized C57BL/6 mice. Life

Science in Space Research 16, 63-75. doi: https://doi.org/10.1016/].1ssr.2017.11.003 (2018)
*Co-First Authors.
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Introduction

Spaceflight presents a unique set of challenges to the immune system. For example,
spaceflight alters T- and B-lymphocyte functions, including recall responses in astronauts aboard
the space shuttle and cytokine responses after missions to the international space station
(ISS).171:179:215,222,228,233,298.299 Ty addition to functional changes, lymphocyte subpopulations are
altered. CD8+ T-cell numbers were increased during flight while other T-cell subsets were
decreased.” Similar changes in phenotype also occur in animal and tissue culture systems

during spaceflight or ground-based spaceflight analogs such as anti-orthostatic suspension

(AOS) 164,165,237,300,301

Lymphocyte subpopulations change in response to spaceflight!7224-226.235.236.302-304 44
A0S.1763% Splenic T- and B-lymphocyte counts were decreased in mice flown on the 13-day
mission of the Space Shuttle Endeavor (STS-118) compared to ground controls.!”® In the AOS
model, Wei et al. found a reduced number of both T and B lymphocytes in the thymus and spleen
of hindlimb unloaded Balb/c mice compared to normal controls.’*® Reductions in the mass of
lymphoid organs has also been observed.!76:201,205:208.210.211,302.306.307 gy ceflight altered the
phenotype of immune cells in the bone marrow, the lymphoid organ in which hematopoiesis

occurs,'®® and AOS reduced the number of bone marrow B-cell progenitors.!”’

While many studies have characterized T-cell response to
spaceflight,!75:189.205.213.232.302.308-317 fayer studies have characterized the impact of spaceflight on
B-cell populations. The characterization of B-cell receptors, known as immunoglobulins (Igs), is

of particular interest due to the (IgH) and light chains, which are encoded on separate loci.?é? The
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heavy chain locus encodes multiple Variable- (V), Diversity- (D) and Joining- (J) gene segments,
while the functionally equivalent k (Igk) and A (IgA) light chain loci contain only V- and J-gene
segments (Early et al., 1980, Sakano et al., 1979). During early B-cell development in the bone
marrow, B cells undergo recombination of heavy and light chain Ig loci, in which only one of
each V(D)J-gene segment is selected for Ig use.’**> Random and palindromic nucleotide

insertion at splice sites adds to Ig diversity.3!8-3%0

In the Ig molecule, complementarity determining regions (CDR) confer binding
specificity. CDR1 and CDR2 are encoded entirely within the V-gene segment, while CDR3
contains a portion of the 3’ end of the V-gene segment, the entire D-gene segment, and a portion
of the 5> end of the J gene segment.?°%2622%5 Ag a result of somatic recombination, B cells

collectively express individual Igs that theoretically can bind virtually any pathogen.

An individual’s Ig repertoire can be characterized using high-throughput sequencing
(HTS) using either genomic DNA or messenger RNA sequences isolated from B-cell
populations.*>1*332! B cells will clonally expand after antigen-Ig receptor engagement, resulting
in a higher portion of target-specific Ig receptors within the B-cell population. There have been a
number of HTS-based Ig repertoire studies in human disease, ranging from infectious

TTT8125.271 autoimmunity,’#27°322 and cancer.!0%-116273323.324 Greiff, et al. developed a

disease,
profiling framework using the Ig repertoire as an indicator of an individual's immunological

status.®
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Some have explored the impact of spaceflight on Ig repertoires. In vitro challenge of
human B cells during spaceflight resulted in lower concentrations of secreted Ig (Fitzgerald et
al., 2009). There was no significant difference in pre- and post-flight Ig levels in peripheral blood
of astronauts who flew aboard the ISS.!**2!7:2%8 These samples, however, were not taken after
challenge with a specific antigen. Rats immunized intraperitoneally with sheep red blood cells
prior to spaceflight produced significantly less serum IgG compared to immunized ground

control animals.?"?

Although some have explored Ig gene segment changes in the context of spaceflight or
model analogs,'?!*%>-3?7 little has been done to characterize the impact of spaceflight on the Ig
repertoire in mice. Given that changes in B cells and Ig concentrations occur during spaceflight
conditions, we tested the hypothesis that spaceflight alters the Ig repertoire of mice flown on the
ISS. We examined individual Ig gene segment usage, gene segment combinations, CDR3
composition, and frame work and CDR mutations in 35-week-old, unimmunized, female

C57BL/6Tac mice flown aboard the ISS using high throughput sequencing.

Materials and Methods

Tissue Samples

RNA samples were provided by the NASA Ames Research Center. RNA was extracted
from the spleen and liver of 35-week-old female C57BL/6Tac mice that were either housed in
the ISS environmental simulator (ground control, n=5), or flown aboard the ISS via SpaceX-4
(n=5). Tissues from flight animals were collected on board the ISS 21-22 days post-launch in

flight animals while tissues from ground control animals were processed similarly on a four-day
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delay. Upon collection, spleens and livers were stored at 4°C in RNAlater (LifeTechnologies,
Carlsbad, CA) for at least 24 hours and then stored at -80°C. RNA extraction was performed
according to manufacturer's instructions with the RNeasy mini column (QIAGEN, Hilden,
Germany) and stored at -80°C. This was a secondary science experiment and the dissection and
timing of the experiment were dictated by the primary validation experiment. Animal care and
experimental procedures were approved by the Institutional Animal Care and Use Committee at

the NASA Ames Research Center.

Illumina MiSeq Sequencing

RNA samples were subjected to [llumina MiSeq sequencing at the Kansas State
University Integrated Genomics Facility as previously outlined in Rettig et al (Rettig et al.,
2017). Briefly, sequencing was performed using the standard MiSeq protocol which includes
oligo-dT-bead selection and reverse transcription of mRNA to cDNA. Ig-specific primer
amplification was not utilized. Additionally, fragmentation was limited to one minute to reduce
fragmentation and maintain longer reads. [llumina MiSeq with paired reads of 300 base pairs
was performed on size selected (275-800 nt) total RNA isolated from the liver and spleen of
three ground control and three flight animals based on highest RIN values (Spleen RIN:5.9-8.9,
Liver RIN: 6.2-7.8) (Ground animals: G1, G2, G3; Flight animals: F1, F2, F3). [llumina MiSeq
data from both spleen and liver are available by NASA GeneLab (https://genelab.nasa.gov,

GLDS-ID Pending).
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Bioinformatic Workflow

Illumina MiSeq sequencing reads were processed as described previously (Rettig et al.,
2017). Briefly, FASTQ files were imported into CLC Genomics Workbench v9.5.1
(https://www.qiagenbioinformatics.com/) and were quality trimmed and filtered to remove
sequences less than 40 nt in length to prevent false V-gene segment assignment. Paired-end
sequences and overlapping-paired (merged) sequences were mapped to both V-gene segment
references obtained from the InMunoGeneTics (IMGT) database (251 IgH segments, 135 Igk
segments), and to entire IgH and Igk loci obtained from NCBI (NC_000078.6, 113258768 to
116009954, and NC_000072.6, 67555636 to 70726754, respectively). Mapped sequencing reads
were submitted to the IMGT HighV-Quest tool for characterization of functionality and
junctional analysis. Only one sequence per sequencing cluster was retained for further analysis as
outlined in Rettig et al.* Briefly, per sequencing organization ID, the read with the most
information is saved for further analysis. Antibody sequences can differ by as little as a single
nucleotide and without a unique barcoding step during amplification, removing similar, but not
identical sequences, could limit the breadth of the repertoire sampled. Due to this, no further
filtering was performed on sequences. A motif search was performed in CLC on IgH sequences

that were identified by IMGT as productive to determine their respective constant regions.

Gene Segment Usage

Sequencing reads were analyzed using the IMGT HighV-Quest tool.?33 V-gene segment
usage was characterized as either productive or unknown functionality, where a read was
considered productive if it was in frame and did not contain a premature stop codon as defined

by IMGT. Sequences that did not fit the C-xx-W motif in non-class switched H-CDR3 or C-xx-F
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in k-CDR3 were assigned an unknown functionality. D- and J-gene segment, and constant region
usage was assessed in productive reads only. All gene segments considered functional by IMGT
(includes open reading frames and gene segments without full NCBI mapping) were included in
this analysis. Reads assigned to multiple C57BL/6 V-gene segments were tabulated using a
weighted distribution. Reads containing only one possible V-gene segment were assigned a
count of one. Reads containing two possible V-gene segments were assigned a count of 0.5 for
each potential V-gene segment. Reads containing more than two potential V-gene segments were
excluded from V-gene analysis. Multiple V-gene segment assignments likely resulted from reads
containing less than a full V-gene segment as a result of random hexamer priming. Reads
assigned to a single non-C57BL/6 D/J-gene segments or multiple C57BL/6 D/J-gene segments
were reclassified as undetermined and kept for analysis. J-gene segments in which less than six
nucleotides were identified were also classified as undetermined. Percent of repertoire was
determined for each individual animal by dividing the number of sequencing reads for each gene

segment by the total number of sequencing reads mapped to all gene segments.

Gene Segment Combination & CDR3 Analysis

Reads assigned to non-C57BL/6 V-gene segments or multiple C57BL/6 V-gene segments
were removed from our V(D)J combination analyses. V(D)J combination analyses were
performed on productive sequencing reads and visualized through the use of bubble charts
(Microsoft Excel) and/or circos graphs from Circos Online.?® Percent repertoire was used to
detail individual bubble charts and the average of percent repertoire was used when combining

mice from each treatment group for V(D)J bubble chart analysis. CDR3 amino acid sequence
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was presented as percent of repertoire as described above and by a highest to lowest ranking of

abundance.

CDR3 nucleotide alignments were created using the MAFFT multiple sequence
alignment program.?®* A V-D-J-gene segment combination was selected from the top ten percent
most-represented gene segments across all individuals for both heavy and light chain. From each
individual group, unique nucleotide sequences were isolated and aligned to their respective
germline sequences provided by IMGT. Individual alignments were then stacked within their

treatment groups and germline gaps were adjusted for consistency across treatment groups.

Complementarity Determining and Framework Region Mutation Analysis

Nucleotide substitution mutation data for complementarity determining and framework
regions for IgH and Igk were obtained from the IMGT HighV-Quest tool. Any mutations
involving degenerate bases were removed. Nucleotide range (in base pairs), number of reads
containing at least one mutation, total number of substitution mutations, and number of
mutations per base pair position were determined for each region. Comparative values for each
combination of region, Ig location, and treatment group were determined by calculating the

average of values contained in each combination’s respective replicates (n=3).

Statistical Analysis and Representation of Data
All statistical analyses were performed in GraphPad (version 6.0). Dot plots and bar
graphs were generated in GraphPad using mean values and standard deviation. Heat maps of

gene segment usage were generated in Microsoft Excel.
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Results

V-Gene Segment Usage

B cells originate in the bone marrow from hematopoietic precursors, traffic through the
periphery and enter the spleen where they are further selected and mature.*?® To view a snapshot
of the impact that spaceflight has on the splenic Ig repertoire of unimmunized mice, we
sequenced total splenic RNA isolated from three ground control animals and three animals flown
aboard the ISS. We assessed the composition of individual IgH and Igk sequences. In spleen,
between 104,135 and 149,675 IgH, and between 103,841 and 175,406 Igk sequencing reads of
productive or unknown functionality were detected in ground animals, while between 66,909 and

181,703 IgH, and between 81,889 and 107,928 Igk were detected in flight animals (Table 5.1).

The V-gene segment contributes to the combinatorial diversity of the Ig repertoire in part
due to the large number of possible V-gene segments that could be selected within an individual
B cell. Among the six study animals 133 VH- and 108 Vk-gene segments were detected. Overall,
the frequency of highly abundant V-gene segments and less frequently identified V-gene
segments were similar between treatment groups (Figure A.6). Despite a general similarity, a
pairwise comparison of animals within treatment groups showed low-to-moderate levels of VH-
gene segment correlation (Ground R*: 0.356-0.695, p-values:<0.001; Flight R*: 0.101-0.360, p-
values:0.0001-<0.0001) that demonstrates that there is animal-to-animal variation (Table 5.2). A
stronger correlation was seen in Vk-gene segments (Ground R?: 0.660-0.738, p-values <0.0001;
Flight R?: 0.465-0.606, p-values <0.0001) (Table 5.2). When comparing the average abundance
of V-gene segments from ground and flight animals an R? of 0.592 was observed in VH

(p=<0.0001) and 0.810 was observed in Vi (p=<0.0001) (Table 5.2).
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When comparing VH-gene usage among all animals, nine gene segments represented
over five percent of the repertoire in at least one animal (Figure 5.1A). No one gene segment was
found at over the five percent level in all six animals. V1-53 was found in over five percent in
five animals, V9-3 was over five percent in four animals, V1-26 and V3-6 in two animals, and

the remaining (V1-78, V6-3, V5-4, V1-15, V1-19) were found at high levels in only one animal.

Within Vx, six gene segments represented over five percent of the repertoire in at least
one animal (Figure 5.1B). The most abundant gene segment, V5-39 comprised over 16 percent
of Vi usage in all six animals. No other Vk represented over five percent of the repertoire in all
six animals. One gene segment, V3-4, was found at over five percent of the repertoire in four
animals (G1, G2, G3, F3). The remaining four gene segments (V2-137, V1-110, V4-61, and V6-
25) were found at greater than five percent in only one animal. There was no statistical
difference in top VH- or Vk-gene segment usage between ground and flight animals (student’s t-

test, p=0.6478-0.9609).

We also attempted to assess the antibody repertoire in the liver because of its role in fetal
B-cell development. Only 592 to 1,429 Igk sequencing reads were detected in ground control
animals and 425 to 543 Igk sequencing reads were detected in flight animals (Table 5.3). We did
not characterize the heavy chain in the liver due to the low number of IgH sequencing reads that
we detected. We assessed Vk-gene segments that represented over five percent of the repertoire
in the spleen or liver and found 11 gene segments. Only one gene segment, V5-39, was found in

the top five across both tissues (Figure 5.2). V3-4 was found in the top five for all animals and

132



tissues except flight mouse two’s liver sample, where it was ranked tenth. Overall, the average
usage of these top Vi-gene segments showed low to modest correlation between liver and spleen
in ground animals (R?= 0.4081, p<0.0001) and flight animals (R>= 0.2727, p<0.0001). Analysis
of statistical differences between individual Vk-gene segments representing over five percent of

the repertoire was not undertaken due to low read counts in the liver datasets.

D- and J-Gene Segment & Constant Region Usage

Heavy chain Ig diversity is also achieved by using, modifying and splicing of D-and J-
gene segments. To determine if space flight affected these processes we also assessed D- and J-
gene usage. The most commonly detected D-gene segment in both ground control and flight
animals was D1-1, comprising between 30.6% to 46.8% of the repertoire (Figure 5.3A, Figure
A.7A). D2-4, D2-3, D4-1, and D2-5 were detected at similar levels among ground control and
flight animals between 3.56% and 11.39% of the repertoire. D3-1, D3-2, D6-3, D5-5, and D5-2,
and D6-4 were detected the least often with levels between 3.6% and >0.003% of the repertoire.
Because of extensive modification of D-gene segments during IgH rearrangement, D-gene
segments were unable to be determined for between 24.4% and 36.6% of the repertoire for all
animals. There was no statistical difference in D-gene segment usage between ground and flight
animals (student’s t-test, p=0.1542-0.9840). D-gene segment usage was highly correlated

between ground and flight animals (linear regression, R*- 0.9935, p<0.0001).

Additional Ig variability is gained from the inclusion of different J-gene segments.

Within IgH, the distribution of J-gene segment usage was less uniform than D-gene segment

usage in both ground and flight animals. There was no consensus on the most abundantly
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expressed gene segment as each of the four JH-gene segments was the most abundant segment in
at least one ground or flight animal (Figure 5.3B, Figure A.7B). While there was no consensus
use of a particular J-gene segment, usage of any J-gene segment was between 13% and 40%,
showing that usage is relatively uniform. Student’s t-tests were performed to determine whether
differences in individual gene segment usage were significant. No significant differences were
found between ground and flight animals (student’s t-test, p=0.2060-0.8662). As the most
abundant Jk-gene segment, J5, comprises between 32.6% and 47.9% of the repertoire, and is the
most abundant gene segment all study animals (Figure 5.3C, Figure A.7C). Interestingly, J1
ranked second most abundant in all ground animals while it ranked third in all flight animals.
There were no statistical differences in individual JH- or Jk-gene segment usage between ground
control and flight animals (Student’s t-test, p=0.0977-0.9262). Linear regression revealed
correlation between JH usage of ground and flight animals for Igk (R?= 0.9928, p=0.0076) and

IgH (R?>=0.8147, p=0.0360).

Ig isotype composition can provide insight into the developmental stage of B cells.
Because animals in this experiment were specific-pathogen free, it is unsurprising that [gM
predominated with between 62.38% and 82.81% of the repertoire (Figure 5.3D, Figure A.7D).
IgG was the second most prominent isotype which trended towards a higher percentage of the
repertoire in flight animals although the difference was not statistically significant (Student’s t-
test, p=0.2150). Except for a relatively high expression of IgA in flight mouse two, IgA was
detected in between 1.43% and 4.58% of the repertoire, IgD and IgE were detected less than one

percent in all animals. There were no statistical differences in Ig isotype frequency between
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ground and flight animals (Student’s t-test, p=0.1075-0.8277). There was a high correlation

between ground and flight constant region usage (linear regression, R?= 0.9734, p=0.0019).

V(D)J Combinations

V(D)J family combinations were examined as another way to determine if recombination
of Ig gene segments was affected by spaceflight. We visualized V(D)J-gene segment
combinations using both bubble charts and circos plots for both IgH and Igk. IgH showed more
variation between ground control and flight animals compared to Igk when looking at the most
common gene family combinations. Circos plots allowed us to examine top V-gene families, J-

gene segments, and V/J pairing frequency in both IgH and Igk.

For ease of display, we first grouped together all V-gene segments into their respective
family. D- and J-gene segments remained as individuals. V1 was the most common IgH gene
family used in all mice comprising, on average 51% of the V-gene family use in ground animals
and, on average, 57% of the repertoire in flight animals (Figure 5.4A-B, Figure A.8A-F). In
ground-treatment animals, V9 was the second most common gene family in ground mouse one
and ground mouse two, while V2 was the second most common gene family in ground mouse
three (Figure 5.4A, Figure A.8A-C). In flight animals, the second most common V-gene family
used was unique among the three animals (flight one: V3, flight two: V2, and flight three: V9)
(Figure 5.4B, Figure A.8D-F). The third most common V-gene family was also unique among
the ground treatment animals being V2, V3, and V9 for ground mouse one, ground mouse two,

and ground mouse three respectively (Figure 5.4A, Figure A.8A-C). V5 was the third most
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common family in flight mouse one, V9 in flight mouse two, and V2 in flight mouse three

(Figure 5.4B, Figure A.8D-F).

We found that the most common V/D/J combinations were correlated with the most
frequently used gene families or segments within the repertoire. When averaging among
repertoires, the most common IgH combination in ground-treatment animals was V9/D1/J1
(8.66%), though this combination was only in the top five most frequent combinations in ground
mouse one and ground mouse two. The most common average combination in flight-treatment
animals was V1/D1/J4 (8.35%), though this combination was only detected in the five most
common combinations for one animal (Figure 5.4A-B, Figure A.9A-B). The V1/D1/J2
combination was shared among the top five gene family combinations in all mice; representing
5.94% of the repertoire in ground-treatment animals and 7.73% in the flight-treatment animals
(Figure A.9A-B). A notable difference between ground and flight treatment groups was the
usage of the V9-gene family. This family represented the top average VH-gene family used in
the ground-treatment animals as well as the top combination in ground mouse one and ground
mouse two (Figure 5.4A, Figure A.9), but only appeared once as the top gene family

combination used for flight-treatment animals (Figure 5.4B, Figure A.9B).

We also examined the top five V/J pairing frequencies for IgH (Figure 5.4A-B, Figure
A.8A-F, Figure A.9C-D). For ground animals, there were six unique pairings represented. The
V1 family was used for four of the six unique V/J pairings compiled. V9 and V2 were also used.
Of the six unique pairings, four were shared among all three mice (V1/J1, V1/J2, V1/I3, and

V1/J4). One was shared among two mice (V9/J1), and one (V2/J4) was found only in ground
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mouse three’s five most common combinations (Figure 5.4A, Figure A.8A-C, Figure A.8C). For
flight animals, seven unique pairings where found in the five most common pairs. V1 was again
the overwhelmingly most common V family with four of the seven unique pairings including it.
V3, V2, and V9 were all used by a single animal. Of the seven unique pairs, four were shared
among all three mice (V1/J1, V1/J2, V1/J3, and V1/J4). These pairings were also among the
most common in the ground-treatment group. Three (V3/J3, V2/J4, V9/J1) were found in a

single mouse’s five most common pairings (Figure 5.4B, Figure A.8D-F, Figure A.9D).

We undertook similar analysis for Igk sequences (Figure 5.4C-D, Figure A.8G-L, Figure
A.9E-F). The most common Vk-gene family expressed in all mice was V5, representing over
one-fifth of the repertoire. The second most common Vk-gene family in ground animals was V3
while in flight animals it was V6 or V4 (Figure 5.4C-D, Figure A.8G-L, Figure A.9E-F). The
third most represented Vk-gene families was V6 for ground mouse one, and V4 for ground
mouse two, and V2 for mouse three (Figure 5.4C, Figure A.7G-I). In flight animals, the third
most common Vk-gene family was V4 for flight mouse one, and V3 for flight mouse two and

three (Figure 5.4D, Figure A.9J-L).

Unlike IgH, Igk expressed more variety in V/J pairing variety. In Igk there were five
pairings in ground animals (V2/J4, V3/J2, V3/J5, V5/J1, V6/J2) that were not shared with the top
five flight-animal pairings (Figure 5.4C-D, Figure A.8G-L, Figure A.9E-F). There were also four
pairings (V1/J2, V4/12, V6/J1, V6/J4) found in flight animals not found in the top five ground-

animal pairings (Figure 5.4C-D, Figure A.8G-L, Figure A.9E-F).
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The correlation of the average percent of repertoire for V/J combinations between ground
and flight animals was higher in Igk, with a R? of 0.8795 (p<0.0001), whereas IgH had a R? of
0.3296 (p<0.0001) (linear regression). V/J combination usage among animals within each
treatment group also showed stronger correlation within Igk than IgH in both ground and flight

treatment groups (Table 5.4).

CDR3

CDR3 is important for conferring diversity in Ig specificity. Therefore, we assessed
whether spaceflight had an impact on several properties of CDR3 because changes in CDR3
could affect host ability to respond to antigen. We found that CDR3 length in IgH was highly
varied. The length ranged from one amino acid to 35 (Figure 5.5A). The average CDR3 lengths
for all the ground control animals was 12+0. The average CDR3 lengths for flight animals was
also 12+1. The CDR3 lengths were not normally distributed in the flight or ground animals
(flight p=<0.0001, ground p=0.0128) with the majority of CDR3 lengths falling between 11 and
14 AAs. We also examined the heavy-chain CDR3 length by isotype (Table 5.5) and by
treatment group. We found no significant difference by treatment group or by isotype (two-way

ANOVA, interaction p=0.8141, isotype p=0.4589, treatment p=0.6225).

Kappa-chain CDR3 length was conserved at nine amino acids with 90.3 to 94.2 percent
of all light chains having CDR3 rearrangements that were nine amino acids in length (Figure
5.5B). Only a small percentage of light chains had eight amino acids (2.8 to 6.9%), or ten amino
acid long (0.9-3.9%) CDR3s. Ground mouse one (0.9%), was an exception and was enriched for

11 amino acid CDR3s (2.3%) compared to other animals (0.2-0.7%). CDR3 lengths over 18
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amino acids were not displayed (20, 25, 27, 29, 32, 35, 36, 37, 39). CDR3 rearrangements of
these lengths were often only detected in one animal and expression of these lengths did not
exceed 0.01% of the repertoire. Additionally, these rearrangements may have been identified in

error as many of these rearrangements contain intervening phenylalanine residues within the

conserved kappa-chain CDR3 C-XX-F motif.

There was little overlap among IgH CDR3s regardless of treatment (Figure 5.6A, C). Of
the top five CDR3s found in each animal, we identified 26 unique CDR3 AA rearrangements. Of
those 26 CDR3s, four were found in all six animals. Two additional rearrangements were
identified in three animals. One of those rearrangements, CASHGSSYLAWFAYW, was found
in only flight animals and not found in any ground animals. Six CDR3s were found in two
animals, and the remainder were found in a single animal. The vast majority of CDR3
rearrangements detected were unique to each animal (6,661-9,270 rearrangements), though there
was a small amount of overlap among animals (103-163 CDR3 rearrangements). For flight
animals, 78 CDR3 rearrangements were found in all three animals and 70 were found in all three
ground animals. Of the rearrangements found in all three animals per treatment group, only 20

rearrangements were detected in all six animals.

There was considerable overlap in the top five Igk CDR3 rearrangements of each animal
(Figure 5.6B, D). Seventeen total top CDR3 rearrangements were identified and all CDR3
rearrangements were identified in every animal. One CDR3 was the most abundant
rearrangements in five animals (CQNGHSFPLTF), still ranking third in the remaining animal

(F1). Ground control and flight animals shared three rearrangements that ranked within the top
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20 CDR3 in all animals. Overall, between 1,590-2,933 unique CDR3 were detected in ground
control animals, and between 1,461-1,818 unique CDR3 were detected in all flight animals
(Figure 5.6). Of the 725 and 579 CDR3 shared in all three ground control and flight animals,

respectively, 446 were shared between all six ground and flight animals.

A CDR3 rearrangement nucleotide sequence alignment of one of the top V-D-J-gene
segment combinations demonstrates significant variability among mice such that any variability
between ground and flight treatment groups cannot be determined with confidence (Figure 5.7).

Additional data sets are needed in order to assess the effect of spaceflight on CDR3 formation.

Mutations in Complementarity Determining and Framework Regions

We also examined mutation frequencies in CDR and framework (FW) regions for each
animal because mutations can affect Ig specificity. Mutation frequencies were normalized by
animal and Ig region (FW1-3, CDR1-3) by dividing the percent of total substitution mutations
(total mutations/total productive reads) by respective region length (Figure 5.8). There were no
significant differences between the mutation frequencies of ground control and flight animals for
any of the Ig regions in both IgH (Student’s t-test, 0.1916<p<0.9978) and Igk (Student’s t-test,
0.3175<p<0.9865). When comparing the substitution mutation frequency across Ig regions, more
substitution mutations occurred in CDR3 compared to other regions in IgH and Igk (ANOVA; all

p<0.05).
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Discussion

Spaceflight and ground-based analog models induce phenotypic and functional changes
in T- and B- lymphocyte populations. Spaceflight also affects bone marrow, the site of B-cell
differentiation and development. Therefore, we wanted to know whether the stress and
physiological changes associated with spaceflight would affect the normal development of the
highly-diversified and highly-specific antigen receptors on B-lymphocytes. If so, the ability to
respond to pathogens might be affected. We characterized the antibody repertoire of

C57BL/6Tac mice flown aboard the ISS and ground control animals using HTS and RNA-Seq.

HTS studies of antibody repertoires typically employ polymerase chain reaction
amplification of Ig specific sequences from sorted B-cell populations. We assessed the B cell
repertoire in whole spleen tissue because of the limitations of the primary science, a verification
flight of mouse housing hardware. This precluded the sorting of cell populations. We previously
showed that similar data could be generated using whole spleen tissue compared to whole spleen

67242 we do measure

cell suspensions.*> Although we do not account for B-cell subpopulations,
the total splenic Ig repertoire. Additionally, since we did not use specific amplification of Ig
sequences the depth of sequencing was not as high as some have accomplished looking at Ig
gene usage.’”**3? We have compared of amplified and unamplified data sets by our lab show
reasonable correlations of the data, with more V-gene segments being detected in the
unamplified data sets (Rettig 2017, this thesis). Amplification with multiplex Ig specific primers
may introduce amplification bias as primers may bind with varying efficiency to V-gene

segments, although there have been recent advances in experimental approach to address

amplification bias.>?! We also found that the type of RNA-Seq analysis we are using in the
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assessment of younger C57B1/6J mouse Ig gene usage, correlated well with that of studies using
amplification.** Therefore, we feel we have a reasonable snapshot of B-cell receptors present in
the spleens of 35-week-old female mice. In addition, the sample preparation allows additional

data mining of valuable mouse samples.

In both humans and mice, early B-cell development occurs in the fetal liver prior to
postnatal development in the bone marrow. We attempted to determine the Ig repertoire within
the adult liver of the ground and flight animals in comparison to the splenic Ig repertoire.
Unfortunately, few Ig sequences were recovered in liver samples suggesting few B cells are
actually resident or circulating in the liver under normal, steady-state conditions. The liver kappa
chain V-gene repertoire did correlate some with the usage in the spleen and probably reflects
circulating B-cell Ig expression, but we did not confirm that. We focused our efforts on the
spleen data.

While previous analyses by our lab used splenic mMRNA pooled from four animals,*>!%
the current study assessed individual mice and exhibited significantly more mouse-to-mouse
variation than one might expect in inbred mice; even within treatment groups and compared to
pooled mouse samples. Overall, V-gene segment usage correlated when analyzed using pairwise
linear regression of animals within ground and flight treatment groups and there did not appear
to be an impact of spaceflight on B-gene segment use. It is possible that differences in gene
segment usage in ground and flight animals would be observed upon immunization. Studies on
the effects of spaceflight in an immunized amphibian model showed altered VH-gene family and

Ig class usage.'”!32°
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We performed a number of analyses to determine if the Ig gene rearrangement process
was affected by spaceflight. Averaged V-gene segment usage between the ground control and
flight animals was moderately to highly correlated (VH: R?>=0.5922, p<0.0001; Vk: R?>=0.831,
p<0.0001). Many of the most abundant V-gene sequences were shared in flight and ground
animals and there was no statistically significant difference in usage of individual top V-gene
segments between ground control and flight animals (Student’s t-test, p=0.06478-0.9609).
Similarly, no differences in D-, JH- or Jk-gene segment usage and IgH constant region usage was

seen between ground and flight animals.

We also examined whether spaceflight would affect the V/J-gene segment combinations
that normally occur in specific pathogen-free mice. These too, were not different between ground
control and flight animals for IgH and Igk. V/J-gene segment combinations were moderately to
highly correlated (IgH: R*=0.3296, Igk: R?>=0.8795, both p<0.0001). An assessment of the
impact of hypergravity on the similarly assembled T cell receptor repertoire of neonatal mice
showed low correlation of individual Beta chain V- and J-gene segment recombination
frequencies between control animals and animals subjected to centrifugation. 85% of gene V/J-
gene segment combinations were not shared among the two treatment groups*® and the
differences could be attributed to changes in somatic recombination machinery under altered

gravity conditions. %331

The combinatorial diversity of Ig was shown through the assessment of overall CDR3

sequence overlap among animals, as a large number of sequences were unique to only one

animal. Little overlap was observed in the top 5 H-CDR3 rearrangements within all six ground
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and flight animals which totaled to 26 CDR3 rearrangements. Thirteen of these CDR3
rearrangements were only identified in one animal. More overlap was observed in the top 5 «-
CDR3 rearrangements within all six ground and flight animals which totaled 17 CDR3

rearrangements, which were identified in all animals.

The mice studied in this investigation were not challenged and were housed under
specific-pathogen free conditions. Mutational frequency in Ig is normally associated with antigen
stimulation.**? Therefore, we did not expect that these mice were undergoing high amounts of
somatic mutations. The majority of the mutations detected occurred in CDR3 in both ground and
flight mice. It is possible that we will see differences in mutation frequency between ground
control and flight animals after experimental immune challenge. The frequency of somatic
hypermutations in P. waltl immunized in space was slightly lower than animals immunized on
earth.*® An experiment with antigen challenge of the Ig repertoire will be necessary to test this

hypothesis.

The animals used in this experiment were older (35 weeks). The expression of genes
necessary for Ig recombination do go down as mice age.*** Therefore, it may be possible that we
do not see differences between the treatment groups because the perturbations of spaceflight are
not enough to disrupt the reduced B cell differentiations occurring in 35-week-old mice under
normal steady-state conditions. Additionally, the half-life of B cells in secondary lymphoid
organs is between four and seven weeks.*** Given the brief time that the mice were subjected to

space flight (three weeks) it is likely that the exposure was not long enough to affect V/D/J
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recombination in the repertoire. Additional experiments, especially with young mice, will be

needed to test this hypothesis.

Animals in this experiment were older and supplied from a different vendor (Taconic)
than the 9-11-week-old C57BL/6J mice from Jackson Laboratories used in our previous
experiments.*>!%° To assess whether differences existed in the Ig repertoire, between the older
C57BL/6Tac mice and the younger C57BL/6J mice, we compared gene segment usage between
the two mouse cohorts. Because no differences in top V-gene segments, (D)J-gene segments, and
constant region usage were detected between RR1 ground control and flight animals, all six
animals were pooled and compared to the C57BL/6J cohort. We selected the 25 most abundant
V-gene segments from both RR1 and C57BL/6J cohorts, resulting in 33 top IgHV and 34 top
IgkV. We found that seven of 35 IgHV and eight of 32 IGkV were expressed at significantly
different levels within the repertoire between the two cohorts (Student’s t-test). These differences
are largely driven by gene segments that are highly expressed in the RR1 cohort such as IGHV1-
80, which represented 2.04 + 0.26% of the repertoire in RR1 animals and 6.6 + 2.40% of the
repertoire in the C57BL/6J cohort (Student’s t-test, p=0.0032). This is even more pronounced in
I1GxV5-39, which represented 21.41 + 7.50% of the repertoire in RR1 animals and only 4.73 +

4.93% of the repertoire in the C57BL/6J cohort (Student’s t-test, p=0.0109).

We also performed a linear regression of top V-gene segment usage, which showed poor
correlation between cohorts in both IgH (R* = 0.1568, p=0.0226) and Igk (R*=0.1681,
p=0.0160). D-gene segment usage was only significantly different IGHD1-1, which represented

39.7 £ 5.23% of the repertoire in RR1 animals and 26.49 + 0.94% of the repertoire in the
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C57BL/6J cohort (Student’s t-test, p=0.0040). We found that J-gene segment usage varied

between the two cohorts in three out of five IGkJ and no differences in IGHV were detected
(student’s t-test). IgH constant region usage was significantly different for IgD (RR1: 0.63 +
0.22%, C57BL6/J: 4.60 £+ 0.69%; Student’s t-test, p=0.0074) and IgG (RR1: 23.83 + 6.19%,

CS57BL6/J: 9.65 + 6.19% ; Student’s t-test, p=0.0074).

Although we cannot determine whether these differences are attributed to differences in
vendor or differences in age, it is likely that repertoire differences are driven by a more mature Ig
repertoire within the RR1 animals, as a higher percentage of IgH sequences demonstrate class
switching. Both cohorts were unimmunized and maintained under specific pathogen-free

conditions.

In conclusion, we have been able to successfully characterize immunoglobulin gene
segment usage and junctional diversity within the antibody repertoire of unimmunized
C57BL/6Tac mice flown aboard the ISS. Individual gene segment usage remained similar among
animals within and among treatment groups, with the most abundant gene segments being
conserved across all animals. Gene segment combinations and CDR3 sequences were highly
varied, demonstrating the combinatorial diversity of the antibody repertoire, but that variation
reflects the dynamics of individualized selection of Ig molecules and not any impact of
spaceflight. A larger sample size would help solidify this conclusion, but these data provide
preliminary suggestions that the recombinatorial processes that lead to the diverse Ig repertoires
in mice are not affected by a short trip to and stay on the ISS. These data do not preclude that

differences in the Ig repertoires of ground and flight animals will not be seen during active
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immunization or in younger, possibly more recombinatorily active mice. Current studies in our
lab aim to characterize antibody repertoire dynamics upon antigen challenge using a murine anti-

orthostatic suspension model and during a future space flight.
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Figures and Tables

Figure 5.1. Expression of Top V-Gene Segments
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(A) VH- and (B) Vk-gene segment usage for gene segments representing over five-percent of the
repertoire in at least one animal within ground and flight treatment groups. No significant
difference in individual gene segment usage was detected between ground control and flight
treatment groups (Student’s #-test, 0.1534<p-value<0.9609). Significant differences between
gene segment usage of combined ground and flight animals were found. In IgH, V1-53 was more
abundant than many of the top V-gene segments (V1-78, V5-4, V1-15, V1-19); (Student’s #-test,
all p<0.05). In Igk, V5-39 was more abundant than many of the top V-gene segments (V3-4, V2-
137, V1-110, V4-6, V6-2); (Student’s #-test, all p<0.05).
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Figure 5.2. Expression of Top-Vk Gene Segments from Spleen and Liver

LG1|LG2 LG3 LF1|LF2 LF3 SG1|SG2|SG3|SF1|SF2|SF3
V5-3901 | 4 4 V5-39*01
V3-4*01 | & 5 |10 ] 5 V3-4*01
V1-110*01|12 | 5 10|14 [ S5 | 8 | V111001 9 [ 10 [ 11 [14 | 9
V2-137*01| 16 | 9 11120 | 13| |V2-137*01| 16 | 9 8 |14 19
V3-2*01 31 /40| 4 | 15 V3-2*01 |19 | 8 | 21 |20| 8 | 14
V6-20*01 14 | 44 20|36 | 15 V6-20"01 | 13 | 37 | 32 | 15 | 29 | 23
V4-91*01 | 52 | 30 | 58 | 34 | 36 V4-91*01 | 47 | 40 | 33 [ 32 |18 | 7
V4-61*01 | 47 | 20 62 19 V4-61*01 48 | 57 | 55 37
V4-81"01| 8 | 4 V4-81*01
V6-25*01 | 6 58 V6-25*01 41 | 38 | 28 | 59 | 54
VB-14*01 V6-14*01 | 50 57

Vk-gene segment usage for gene segments representing over five-percent of the repertoire in at
least one animal from the liver or spleen of ground or flight animals are presented by rank. Liver
ground (LG) and liver flight (LF) rankings are shown to the left and spleen ground (SG) and
spleen flight (SF) rankings are shown to the right. V-gene segments are listed most frequent to

least frequent. Dark red indicates higher rank moving to blue, lower percent rank.
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Figure 5.3. Expression of D and J-Gene segments and IgH Constant Region Usage
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(A) D-gene segment, (B) JH-gene segment, (C) Jk-gene segment, and (D) IgH constant region
usage in animals within ground and flight treatment groups are presented as percent of repertoire.
No significant difference in individual gene segment usage was detected between ground control
and flight treatment groups (Student’s #-test, D: 0.1542<p-value<0.9840, JH: 0.2060<p-
value<0.8662, IgH Constant Region: 0.1075<p-value<0.8277, Jx: 0.0977<p-value<0.9262). D1-
1 was used at a significantly higher rate that all other D-gene segments (Students #-test, all
significant p<0.05). No significant differences between JH-gene segment usage was found
(Student’s t-test, all p<0.05). In Igk, significant differences in expression were found between all

gene segments except between J1 and J2 (Student’s #-test, all significant p<0.05).
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Figure 5.4. Gene Segment Combinations in Ground Control and Flight Animals
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(A, B) Average IgH V/D/J combinations (bubble chart) and the V/J combinations (Circos plot)
for ground treatment (A) animals and (B) flight animals. For bubble charts, V-gene family is
represented along the x-axis, the D-gene segment is represented along the y-axis, and the J-gene
segment is represented by a specific color. The size of the bubble corresponds to the average
percent repertoire of the specific gene combination. Circos plots are read clockwise starting at
the 12 o’clock position with J1 (red), J2, J3, J4, U, V1 (lime green), V2, V3, V4, V5, V6, V7, V8
(light blue), V9, V10, V11, V12, V13, V14, and V15 (sliver, no color). (C,D) Average Igk V/J
combinations for ground treatment (C) animals and (D) flight animals. For bubble charts, V-gene
family is represented along the x-axis and J-gene segment is represented along the x axis. The
size of the bubble corresponds to the average percent repertoire of the specific gene combination.
Circos plots are read clockwise starting at the 12 o’clock position with J1 (red), J2, J4, J5, U, V1
(yellow), V2, V3, V4, V5, V6, V7 (sliver, no color), V8, V9, V10, V11, V12, V13, V14, V15,
V16, V17, V18, V19 (light purple).
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Figure 5.5. CDR3 Length in IgH and Igk sequences
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(A) IgH and (B) Igk CDR3 amino acid length of ground control and flight animals as mean-

average with standard deviation.
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Figure 5.6. Top CDR3 Usage and Overlap of CDR3 Between Treatment Animals
A G2

@ @

Ground Flight
G1 G3
B G2 F2
1818 .
Ground Flight
G1 G3 F1 F3
C F2 D G1 | G2 G3 | F1 | F2 | F3
CATHYYGSSYWYFDVW CQNGHSFPLTF 5.56
CASHYYGSSYWYFDVW 2.44| CQQSNEDPRTF | 8.20 | 465 | 6.31 | 3.77 | 0.89 | 466
CARRVDYYAMDYW CQNGHSFPPTF | 2.49 | 1.37 | 4.37 0.67 | 0.87
CMRYSNYWYFDVW CMQHLEYPFTF | 0.27 | 0.64 | 9.441 0.78 | 0.53 | 0.53
CARWGFDGGNWYFDVW i CQQYHSYPYTF
CASHGSSYLAWFAYW CQNGHSFPWTF | 0.90 | 3.48 | 3.08 | 0.29 0.73
CAAQTGIPFW. CQQHYSTPYTF | 6.24 | 0.26 | 0.54 | 0.39 | 0.68
CARHEEGAYSNYFDYW CQQWSSYPLTF | 0.68 | 1.88 | 1.24 | 1.57 | 0.59 | 1.92
CARHAPITTVVGDFDYW CQQYSSYPLTF 0.30 [ 0.43 [ 6.39 | 0.35
CAKW CLQHGESPYTF | 1.44 | 1.96 | 0.60 | 0.28 | 1.15 | 1.03
CARHDYSNYYFDYW . CQNGHSFPFTF | 0.22 | 1.37 | 0.87 | 0.26 | 1.94 | 1.12
CARWGYYGSSLYWYFDVW CSQSTHVPPTF 4.98
CANSNYAMDYW CQQSNSWPLTF | 0.37 | 0.47 | 0.34 | 0.44 | 0.88 | 2.21
CFQGSHVPPTF | 0.39 0.39 | 2.74 0.44
CAEGYYGSSLYFDYW I CQQWSSNPFTF | 0.30 | 0.17 | 0.20 | 0.28 3.12
CAWGNYVPYFDYW CQQHYSTPWTF | 0.48 [0.18] 0.35 | 0.21 [ 2.75
CAKWGGNYGAWFAYW CQQHNEYPLTF | 2.54 0.18
CARTTTVVPYYAMDYW CQQSNSWPTFTF 227
CVSPDSNWYFDVW
CASCDYDSYYFDYW
CARRGGTPWFAYW
CASCDYDSYYFDFW
CVMALDYW
CAGPNWAFAYW
CTPEVGWEDYW
CARSDYYGSSSLDYW

Venn diagrams show the overlap of unique CDR3 sequences among and between ground control
(G1-G3) and flight treatment (F1-F3) groups in (A) IgH and (B) Igk. CDR3 sequences were
ranked within the top 5 most abundant rearrangements of any ground control or flight animals in
(C) IgH and (D) Igk. Dark red indicates higher percent of repertoire moving to blue, which

represents lower percent of repertoire.
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Figure 5.7. Nucleotide Alignment of CDR3 from top V-D-J Combination
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Nucleotide alignment of heavy-chain gene segment V1-26*01/D1-1*01/J1*03 across individuals
in ground (G1 - A, G2 - C, G3 - E) and flight (F1 - B, F2 - D, F3 - F) treatment groups. Brackets
in the germline region of the first individual in each treatment group delineate V- and J-gene

regions. These bracketed regions remain the same across all individuals in the treatment group.
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Figure 5.8. Substitution Mutations by Ig Region
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Total number of substitution mutations in FRs 1-3 and CDRs 1-3 were observed for both IgH
and Igk chains. Abundance was first normalized by region length and then by total number of
cleaned, productive reads in each respective data set and multiplied by 100 to attain percent

abundance.
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Table 5.1. Spleen Sequencing Read Counts in Ground (G) and Flight (F) Mice

Gl G2 G3 F1 F2 F3
Raw Reads®® 514M 452M 435M 405M 484M 558M
Cleaned™* 132M 314M 309M 146M 13.0M 141 M
IgH IMGT®¢ 124,102 104,135 149,675 85,802 66,909 181,703
Igk IMGTY¢ 175,406 140,963 103,841 107,851 81,889 107,928

“IM=Million

®Raw reads reflect unfiltered FASTQ files imported from the Illumina MiSeq personal

sequencing system.

“Cleaned reads were quality trimmed to remove the first 12 base pairs, reads with a Phred score

under 20, and sequences less than 40 nt in length.

dMapped Ig Sequencing reads of productive or unknown functionality were obtained from the

IMGT HighV-Quest tool.

“There is no statistical significance by student’s t-test in the number of reads mapped to IgH

(p=0.7215) and Igk (p=0.1424).
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Table 5.2. Comparison of Flight and Ground V-Gene Segment Usage

Comparison VHR? Vi R?
Glv G2 0.620 0.660

G2vG3 0.356  0.738
GlvG3 0.695 0.678
F1v F2 0.101 0.465
F2v F3 0.225 0.516
F1vF3 0.360 0.606

Mean GvF 0592 0.810

Pairwise linear regressions of VH- and Vk-gene segment usage were performed among ground
control (G) and flight (F) animals. A linear regression was performed on the mean-average V
gene segment of ground and flight treatment groups.

2All comparison groups were correlated (p<0.0001)
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Table 5.3. Vk Liver Sequencing Read Counts in Ground (G) and Flight (F) Mice

Gl G2 G3 F1 F2 F3

Raw Reads®® 439M 429M 384M 492M 483M 397M
Cleaned™* 188M 35M 31.5M 247M 182M 194M

Igk IMGT%¢ 1429 1267 592 543 425 438
aM=Million

PRaw reads reflect unfiltered FASTQ files imported from the Illumina MiSeq personal
sequencing system.

“Cleaned reads were quality trimmed to remove the first 12 base pairs, reads with a Phred score
under 20, and sequences less than 40 nt in length.

dMapped Ig Sequencing reads of productive or unknown functionality were obtained from the

IMGT HighV-Quest tool.
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Table 5.4. V-J Linear Regression Analyses

Comparison IgHR?> IgkR?

Gl vs G2 0.534 0.750
G2 vs G3? 0.124 0.7209
Gl vs G3? 0.256 0.657
F1 vs F2° 0.010 0.539
F2 vs F3? 0.067 0.598
F1 vs F3? 0.103 0.738

Gvs FAVG*  0.330 0.880

Pairwise linear regression analyses of IgH and Igk V/J-gene segment combination abundances
were performed among grounds control (G) and flight (F) animals. A linear regression was
performed on the mean-average V/J-gene segment combination abundances of ground and flight
treatment groups.

AComparison group was correlated (p<0.0001)

"Comparison group was correlated for IgH (p=0.035) and Igk (p<0.0001)
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Table 5.5. CDR3 Length by Isotype

CDR3 Amino Acid Length
Isotype Gl G2 G3 F1 F2 F3

IgA 10 13 12 13 11 12
IgDh 11 12 12 12 12 12
IgE 14 11 12 14 11 15
IgG 12 12 13 13 11 12
IgM 12 12 12 12 11 12

The mean-average CDR3 length of ground control (G) and flight (F) animals is displayed by
isotype. Assessment by two-way ANOVA revealed no significant differences in CDR3 length by
treatment group (p=0.6225), isotype (p=0.4589), or the interaction of the two variables
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Chapter 6 - Effects of tetanus toxoid and skeletal unloading on the

antibody repertoire of C57BL/6J mice

Abstract

Spaceflight is known to affect multiple aspects of the immune system, though while there
are many studies on the subject, many are inconclusive for both humans and mouse models. One
important part of the adaptive immune system is antibodies, which are vital for clearing
infectious agents form the host. Each B cell produces a unique antibody composed of two
identical heavy chains paired with two identical light chains. These chains are comprised of
variable (V), diversity (D, heavy chain only), and joining (J) gene segments combined with a
constant region. The gene segments are permanently rearranged in the germline and during
rearrangement variations in gene segment selection and the joining of those segments, diversity
is generated in the antibody repertoire. We assess the antibody repertoire response to
antiorthostatic suspension (AOS), a physiological model of spaceflight, tetanus toxoid (TT), and

CpG ODN (CpG).

We detected subtle changes in the repertoire after challenge with TT and CpG in both the
heavy and light chain. We detected changes to V-, D-, and J-gene segments with AOS, TT, and
CpG treatment. We also detected changes to V- and J-gene segment pairing for both heavy and
light chain. There were lower levels of IgG detected in AOS animals than in loaded animals and
increased levels of IgA in CpG treated animals. We also assessed class-switched heavy chain
antibody sequences and detected changes in V-gene segment usage and identified potentially TT-
specific CDR3 AA sequences. Our results demonstrate that small changes were detectable in the

total splenic antibody repertoire of mice subjected to AOS and challenged with TT and CpG.
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Introduction

The spaceflight environment has dramatic influence on various immune functions.

Studies in animals and humans have shown that spaceflight affects the total body, thymus and

189,201-204,206,208,210,211,335-337 210,212-215,217-219,337,338

spleen mass, circulating corticosterone, mitogen-

induced proliferation, cytokine production and reactivity,!”%18%-210.213,215.220.221,224,225,228-232,339-344
and lymphocyte subpopulation distributions.?!!233-236:343.345.346 While many of these changes are
dramatic, the spaceflight studies conducted to date are inconclusive with respect to how those
changes affect the ability of the host to resist an actual in vivo immune challenge. However,
given that spaceflight clearly disrupts immune cell population distributions and function in vivo

and ex vivo, it seems likely that the spaceflight environment is detrimental to an immune

response essential for the host to remain healthy during flight.

The ability of the host to resist infection is often related to the repertoire of activated B
cells and their secreted antibodies. The general selection process for antigen-specific idiotypes
has been known for some time.**’* The variable region of the immunoglobulin heavy chain is
encoded by variable (V), diversity (D), and joining (J) gene segments in the immunoglobulin
locus on mouse chromosome 12 or human chromosome 14 with separate loci for

immunoglobulin light chains.?>*-!

To date, there have been very few studies characterizing the impact of the spaceflight
environment on antibody responses. There are some indications that humoral responses are
down-regulated in flight. When immunized 8 days prior to flight with sheep red blood cells, rats

returning from an 18.5 day COSMOS flight had lower IgG concentrations compared to both
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immunized and non-immunized ground controls.?!* More recently, IgM production was virtually
eliminated in lymphocytes cultured and activated with pokeweed mitogen (PWM) on board the
International Space Station (ISS) when compared to similarly activated ground controls.
Furthermore, when B cells were activated in culture prior to flight, stored frozen, and then
resuspended and assayed in space, their [gM production was slower than similarly treated
ground-based controls.?*” In contrast, in another type of assay system, there were no significant
differences in immunoglobulin levels, regardless of isotype class, after the Skylab missions,**?
nor after short-duration (10-11 day) space shuttle missions.!***3? These data suggest individual
and assay-dependent impacts. There have also been at least three independent studies which
indicate that there may be an enhanced antibody response after flight. After Apollo missions 9-
11, there were increases found in circulating IgG and/or IgA levels after landing which may be
linked to an on-board infection.>*> After a 16-day space shuttle flight, total un-stimulated plasma
IgE levels were elevated compared to preflight values.**® After a 5-month stay aboard the ISS,
splenic transcription levels of IgY (the newt counterpart of IgA) generated in response to food
antigens was three times higher than similarly treated ground control values.**> Despite the

inconsistencies in these studies, the clear conclusion is that the humoral immune system is

responsive to the space environment.

Tetanus toxin is secreted by the gram-positive bacterium, Clostridum tetani. The toxin
interferes with neurotransmitter release causing systemic neuromuscular dysfunction. The impact
is seizures and disruption of the autonomic nervous system leading to death. The tetanus toxoid
(TT) is a formaldehyde-inactivated form of the toxin that has been approved for use as a vaccine

in humans by the Food and Drug Administration. In the United States, TT is usually given as
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part of a standard vaccination schedule during the first year of life and is often given in
conjunction with vaccinations for diphtheria and pertussis with booster shots given to adults

every 10 years.?>*

The antibody response to an antigen in a vaccine can sometimes be less than optimal. To
overcome this, immunologists have developed adjuvants. Although the mechanisms of action are
not fully understood, adjuvants generally prolong exposure and/or augment the innate response
during the initial exposure to the antigen, thereby increasing phagocytosis and antigen
presentation.>>> Adjuvants can also enhance responsiveness by activating signal transduction
through toll-like receptors although there are still some details to be determined.**® The adjuvants
may improve both cell-mediated and humoral responses and the development of immunological

memory.

Adjuvants come in many forms, ranging from components of inactivated bacteria and
viruses to oil emulsions, and aluminum salts.>>> Although there are an increasing number of
options available for adjuvants, we focused on a synthetic oligodeoxynucleotide (ODN)
containing unmethylated CpG motifs (CpG). CpG is a relatively stable dinucleotide sequence
that is found naturally and more frequently in viral and bacterial DNA than in vertebrates.*’
CpG motifs have been shown to appear with 20-fold greater frequency in bacterial DNA
compared to mammalian DNA **® This sequence is recognized and differentiated from similar
(methylated) sequences in vertebrate DNA by the innate immune system.*°2%* CpG ODN has
already been shown be an effective immune-stimulator in a few pre-clinical studies, either alone

or in combination with other therapies including vaccines, chemotherapy and radiotherapy.*¢!-¢2
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CpG acts through the TLR9 pathway.*®! TLR9 is typically found within the
endolysosomes of B cells and plasmacytoid dendritic cells.?**3¢*** However, the binding of
CpG to TLRO triggers a cascade of responses that includes the activation of innate populations
(e.g. macrophages and neutrophils), the upregulation of surface receptors critical to antigen
presentation (e.g. MHC-II and B7), the differentiation and proliferation of lymphocyte
populations (e.g. B and T cells), and the release of various cytokines (e.g. IFN-y, IL-6 & -12,
GM-CSF, and TNF-0..%633% Typically, this drives Th1-dominated immune responses,*®’
ultimately enhancing the expansion of antigen-specific B-and T-cell idiotypes, augmenting the
antibody response, and improving the development of immunological memory.*®! CpG has been
shown to improve TT-specific IgG production when given with inoculation, even above levels
generated when using alum, the only adjuvant actually FDA-approved for use in humans.*®> CpG
has also been shown to be effective in inducing memory B cells to proliferate, mature, and begin

secreting antibody after a previous exposure to TT.3¢®

In this investigation, we used antiorthostatic suspension (AOS) to induce some of the
physiological changes that are associated with spaceflight. This technique was originally
developed by Morey-Holton, et al.*®® (Morey-Holton and Wronski 1981) but has been used
successfully in mice, as well.'* We hypothesize that exposure to AOS will lead to a diminished
capacity to generate antigen-specific B cells. Specifically, we hypothesize that AOS will lead to
a diminished capacity of B cells to rearrange antibody genes which will affect both overall levels

of all immunoglobin (Ig) types, as well as antigen-specific IgG. We will detail TT-specific Ig
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levels, memory generation, V-, D-, and J- gene segment use, V/(D)/J combinations, and CDR3

characteristics and use.

Materials and Methods

Suspension, Inmunization, and TT specific IgG Analysis

Ten-week-old female C57BL/6J mice were unloaded using antiorthostatic tail suspension
(AOS). Ten animals were included in each treatment group. Two independent suspensions were
done (40 mice per experiment). Animals from each of eight treatment groups were randomly
sacrificed using 100% CO> followed by cervical dislocation on four different collection dates;
two consecutive collection days per experiment, 20 mice per day. Animals were subjected to
AOS for two weeks and then immunized with intraperitoneal injection of saline, 5 LF/mL
tetanus toxoid (TT), 0.4 mg/mL CpG ODN 1826 (CpG), or both TT and CpG. Treatment group
designation for this presentation will be by the convention (AOS, TT, CpG) with a — signifying
that the animal did not receive treatment and + signifying the animal did receive treatment. For
example, an animal receiving no treatments will be represented as (---) and an animal receiving
all treatments as (+++). A standardized collection assembly-line was used to euthanize the
animals and collect the tissue to minimize experimental variation. Blood, spleen and bone
marrow were collected first as primary science for this experiment with other tissues collected
thereafter. Blood was collected via cardiac puncture. Blood was allowed to clot, then centrifuged
at 10,000g for five minutes at 4°C, collected and frozen at -80°C. Tissues including spleen were
collected and snap frozen in LN>. Samples were stored in -80°C prior to analysis. Serum TT-
specific IgG was measured from the second set of 40 mice by ELISA per manufacturer’s

instructions (Alpha Diagnostic International, San Antonio, TX).
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RNA Extraction and Sequencing

Tissue extraction was performed as described previously.*'>> Briefly, spleen tissue was
processed with Trizol according to the manufacturer’s instructions. Thirty-two spleen samples
were sequenced, two from each AOS trial for a total of four animals per treatment group.
Samples were selected for sequencing based on highest RIN scores. Total RNA was sequenced
on the Illumia MiSeq 2x300 nucleotide platform at the Kansas State University Integrated
Genomics Facility using a reduced fragmentation (one minute) protocol to result in longer
sequences. Standard Illumina sequencing protocols include the use of oligo-dT selection for

mRNA sequences and reverse transcription using random hexamer primers.

Bioinformatics and Analysis

Bioinformatic analysis was performed as previously outlined.*!*° Briefly, Illumina
sequencing results were imported into CLC Genomics Workbench v10.2

(https://www.giagenbioinformatics.com/) and cleaned to assure high quality reads using a

Phred score of over 20 for 97% of the sequence. Paired and merged (overlapping pairs)
sequences were mapped to reference V-gene segments and their respective loci to collect
potential antibody sequences. These sequences were collected and submitted to
ImMunoGeneTic’s (IMGT) High-V Quest for bioinformatic analysis. One sequence per [llumina
sequence ID was analyzed as outlined in previous work.*=%1% Functionality was identified by
IMGT, using their definitions, but binding ability or specificity was not assessed. Functional
sequences are in frame and do not have a stop codon while unknown functionality sequences do

not contain enough information to determine functionality, a result of short sequences.
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Gene segment abundance was assigned as in Rettig et al.'>> with V-gene segments
matching only one possibility being assigned a value of one, and partial matches of two gene
segments a 0.5 value. Gene segments with more than one match were not included. CDR3 motifs

were also analyzed as in Rettig et al.!>®

with a C-xx-W motif or class switching (heavy chain) or
a C-xx-F motif (kappa chain) required for a functional assignment. V(D)J pairing was also assess
as outlined in Rettig et al.'> by identifying functionally productive sequences with a single
identified V-gene segment. D- and J-gene segments that were not reported by IMGT, contained
less than six nucleotides, or identified multiple sequences were reported as undetermined. Total

counts were used to generate Circos graphs using Circos Online.?®

For memory marker expression, sequencing results were mapped to the NCBI mouse
reference genome®’® and Transcripts Per Million (TPM) were generated for each animal using
CLC’s RNA-Seq tool. TPMs were then analyzed using Three-way ANOVA. Fold-change was

calculated by dividing the average TPM per gene by the average TPM in the negative control

(---) group.

Isolation of TT-Specific Heavy Chain CDR3s (H-CDR3s)
Eight-week-old conventionally housed, specific pathogen free female C57BL/6 mice

were challenged with 5 LF/mL TT and 0.4 mg/mL CpG three times. Challenges occurred
between two and three weeks after the previous vaccination. Two weeks after the final challenge,
animals were euthanized with isoflurane overdose followed by cervical dislocation (Huerkamp
2000) and spleen and bone marrow were collected. The spleen was homogenized through a
70um sieve to create a single cell suspension. The cell suspensions from two mice were pooled

for subsequent processing. Magnetic beads (Dynabeads M-270 Carboxylic Acid, ThermoFisher,
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Waltham, MA) were conjugated with TT (26uL of SLF/mL TT), per manufacturer’s instructions
and added to the cell suspension. Between 12.5x107 and 21.6x107 cells were incubated at 1x10’
cells/mL of isolation buffer for 20 minutes with the TT-coated magnetic beads per
manufacturer’s instructions. After the final purification wash step, Trizol was then added to the
cell-bead conjugates and RNA was extracted per the manufacturer’s instructions. RNA was
prepared for sequencing as outlined above and analyzed using our standard bioinformatic
workflow outlined above. Potential TT-specific H-CDR3s were collected by identifying
sequences that occurred in all three mouse pools and occurred in the top 100 of at least one pool.
The average H-CDR3 percent of repertoire of the potential TT-specific H-CDR3s was compiled
using previous results from normal mice that our laboratory outlined in Rettig et al. 2018.!%°> The
average of the potential TT-specific H-CDR3s was compared to the average of the normal mouse
H-CDR3 repertoire. H-CDR3 sequences meeting the criteria describe above and that occurred at
a two-fold or higher rate than detected in the normal mouse data were considered TT-specific H-

CDR3s.

Statistical Analysis
Three way ANOV As were analyzed by creating a linear model in R to analyzed the three

variables, AOS, TT, and CpG and their interactions in R. Post-hoc comparisons were analyzed
using a Tukey HSD function in R. Difference of least square means was analyzed by first
calculating variance for each gene segment (V, D, and J). Variation was calculated as (% of
repertoire per animal — Average % of repertoire)>. Whole mouse variation was determined by
summing that animal’s variance for all gene segments. Variances per animal where then

compared using Least Squared Means analysis in SAS v9.4. Linear regressions and correlation
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coefficients were calculated in Graphpad Prism v6.0. Graphs were generated in Graphpad Prism

v6.0. Circos graphs were generated using Circos Online.?®
Results

Read Counts

We obtained an average initial transcript read count between 38.4 and 44.5 million reads
per animal (Table 6.1). After cleaning, an average of 24.2 to 28.2 million reads remained for
analysis (Table 6.1). The average number of total assessed reads for the heavy chain was
between about 83,000 and 109,000 reads and about 65,000 and 85,000 reads for kappa chain
(Table 6.1). There were no significant differences among initial, cleaned, or final read counts for

any treatment for main effects or interactions (Three-way ANOVA, p>0.05).

TT-Specific IgG Response

TT-specific IgG was measured by ELISA in the serum to confirm seroconversion (Figure
6.1). Significant main effects were detected for TT and CpG (Three-way ANOVA, P=0.03) and
significant interactions were detected for TTxCpG (Three-way ANOVA, P=0.02). AOS status

did not affect the TT-specific IgG levels in either run.

Memory Markers

To analyze mobilization of B cells and memory cell formation, we assessed the level of
several phenotypic molecules thought to be regulated by B cell activation and/or the formation of
a memory response. Specifically, we did RNASeq (Table 6.2), on markers of B cells (B220),
plasma cells (CD138), activated B cells (CD80), naive B cells (CD19), memory B cells (CD27),
antigen-primed, resting B cells (CD44), and stimulated B cells (CD62-L). Only transcriptional
changes with a greater than two-fold change and P-value of <0.05 were considered significant.

Using this approach, there were no significant changes in response to any treatment group.
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VH Gene Usage

To understand whether AOS affected the normal process of immunoglobulin gene
rearrangement or if there were changes to the B-cell repertoire, we examined which V gene
segments were used in over 10% of the repertoire in at least one of the treatment groups (Figure
6.2A). Eleven V-gene segments (V1-26, V3-6, V1-80, V1-53, V6-3, V8-8, V8-12, V1-42, V54,
V9-4, V1-66) were detected at over 10% in at least one treatment group (Figure 6.2A). Of these
V-gene segments, only treatment with CpG had a significant effect on V-gene segment usage.
Treatment with CpG decreased the usage of the V1-80 gene segment (Three-way ANOVA,
p=0.02). When we examined all V-gene segments, there were significant treatment effects on
multiple V-gene segments. Unloaded mice showed increased levels of V10-3 and V4-1, but
decreased levels of V1-63 and V1-76 (Three-way ANOVA, p<0.05; Appendix A.10).
Administration of TT decreased expression of V1-31, V-74, V1-76, and V1-85 (Three-way
ANOVA, p<0.05). Treatment with CpG decreased expression of V10-3 and V1-36, but increased
expression of V11-2, V1-63 and V1-80 (Three-way ANOVA, p<0.05; Appendix A.10).
Significant interactions were observed between AOSXTT for V11-1, AOSxCpG for V1-12, V15-
2,and V1-63, and TTxCpG with V10-3, V1-12, V1-64, and V1-69 (Three-way ANOVA,
p<0.05; Appendix A.10). A significant interaction effect on V14-1 was also detected for
AOSxTTxCpG treatment group. To determine if AOS had some impact on V gene use, we also
compared V gene segment usage between the loaded PBS only control animals (Negative
Control) and the unloaded (AOS) TT+CpG animals. Only one V-gene segment, V1-76, showed a
significant change, a decrease in the AOS treatment group (Three-way ANOVA, p=0.03;
Appendix A.10). There was no significant difference in the variation of V-gene segment usage in

the heavy chain by treatment group (Difference of Least Square Means, P>0.05).
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We also used linear regression to assess how well various treatment groups compared.
The coefficient of determination (R?) (Table 6.3, all p=<0.0001) ranged from 0.5563 to 0.8858
and showed moderate to high levels of correlation by variable (Table 6.3). The average
correlation for the heavy chain in the AOS treatment group was 0.7284, TT was 0.7103, and

CpG was 0.7013.

Vi Gene Usage

Complete antibodies require light chains in humans and mice. Therefore, we also
examined the Vk-gene segments that comprised over 10% of the repertoire for the kappa chain
(Figure 6.2B). Six V-gene segments (V5-39, V4-55, V8-30, V3-4, V6-23, V4-71) were used in
over 10% of the repertoire in at least one treatment group (Figure 6.2B). Of these V-gene
segments, V5-39 showed increased usage when CpG was administered while V4-55 usage
decreased (Three-way ANOVA, p<0.05; Appendix A.11). V4-55 showed decreased usage with
AOS+CpG treatment, TT+CpG treatment, and AOS+TT+CpG treatment. V5-39 showed
increased usage in TT+CpG animals when compared to TT+NoCpG animals (Three-way
ANOVA, p<0.05; Appendix A.11). V8-30 showed increased usage in NoTT+NoCpG animals vs
NoTT+CpG animals and in HLU+NoTT+CpG animals when compared to all other treatment

groups (Three-way ANOVA, p<0.05; Appendix A-11).

When examining all V-gene segments, significant treatment effects were observed.
Unloaded mice showed an increased usage of V1-132 and V4-86 (Three-way ANOVA, p<0.05;
Appendix A.11). TT treatment decreased the usage of V12-46 and V4-70 (Three-way ANOVA,

p<0.05; Appendix A.11). Treatment with CpG increased usage of V5-39, V5-48, and V8-19, but
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decreased usage of V4-55 (Three-way ANOVA, p<0.05; Appendix A.11). Significant
interactions were observed with TTxCpG for V4-57, V4-62, V6-14, V5-48, and V8-30 (Three-
way ANOVA, p<0.05; Appendix A.11). There was no significant difference in the variation of
V-gene segment usage in the kappa chain by treatment group (Difference of Least Square

Means, P>0.05).

The R? for Vi usage was assessed as was done for the heavy chain (Table 6.3, all
p=<0.0001). R? ranged from 0.1849 to 0.8164 and generally showed moderate to high levels of
correlation by variable, though it appeared that the V gene correlation between the control and
the use of CpG in the presence of TT (-+- vs -++) was drastically lower at 0.1849 (Table 6.3).
The average correlation for AOS in the kappa chain was 0.6297, TT was 0.5947, and CpG was

0.4586.

D, JH, Jk and IgH Gene Usage

We also assessed D- and J-gene segment usage in the repertoire. Regardless of treatment,
D1-1 was the most commonly used D-gene segment (Figure 6.3A). This was followed by D2-4,
D2-3, D4-1, and D2-5 (Figure 6.3A). Undetermined D-gene segments comprised a large amount
of the repertoire, as seen previously (Figure 6.3A).!% Administration of TT caused a decrease in
usage of the D5-5 gene segment. Significant interactions were detected for AOSXTT for D3-1
(Three-way ANOVA, p<0.05; Appendix A.10), but no other significant differences were
detected for main effects or interactions. JH-gene segment usage was similar for all gene
segments, but administration of TT decreased the level of JH2 usage (Figure 6.3B), (Three-way
ANOVA, p<0.05; Appendix A.10). Significant interactions were detected for JH2 with AOSxTT

and AOSxCpG for JH3 (Three-way ANOVA, p<0.05; Appendix A.10). Isotype switching in
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response to antigen challenge suggests an active host immune response. Constant region usage
was predominated by IgM regardless of treatment group (Figure 6.3C), but AOS treatment
animals had increased IgM usage and decreased IgG (Three-way ANOVA, p<0.05; Appendix
A.10). Animals treated with CpG showed higher levels of IgA (Three-way ANOVA, p<0.05;

Appendix A.10).

Jx showed similar usage levels of Jk1, Jk2, and Jk5, but lower levels of Jk4 (Figure
6.3D). Treatment with TT significantly decreased the number of undetermined Jk-gene
segments, but no other significant main effects or interactions were detected (Three-way
ANOVA, p<0.05; Appendix A.11). There was no significant variation in D, JH, or Jkx usage

among all treatment groups (Difference of Least Square Means, P>0.05).

Gene segment combinations

Recombination and combinatorial diversity are hallmarks of the immunoglobulin
molecule. Changes in how gene segments are combined could impact the Ig repertoire and the
ability of a host to respond to antigen. To assess the impact of AOS, TT and CpG on V/(D)/J
assembly, we compiled the top five most common V/(D)/J combinations in each treatment
group. Using this approach, there were 29 unique V/D/J combinations detected for the heavy
chain among our eight treatment groups and 22 for the kappa chain (Figure 6.4). The most
common V/D/J combination found in all eight groups was V1-26/D1-1/J1. It ranged from being
the first to the eighth most common combination among our eight treatment groups.
Nevertheless, other combinations such as V1-80/U/J3 and V1-55/D1/J1 were also present in all
eight treatment groups (Figure 6.4A). Some combinations however, such as V5-9-1/D2/J4, were

more restricted and were only detected in three treatment groups (---, +--, +-+) and only at a high
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level in one (+--) (Figure 6.4A). Two other combinations (V1-47/D2-5/13, V1-43/U/J4) were

found in seven of eight treatment groups (Figure 6.4A).

Due to the high variation in D-gene segment usage among our mice, we also examined
how well V/J pairings correlated between treatment groups (Table 6.4). Correlations were lower
than the V-gene segment correlations, ranging from 0.6140 to 0.1414 (Table 6.4). AOS
significantly increased the frequency of V1-12/J2, V1-22/J1, V1-55/U, V1-77/J4, VH3-8/J2, and
V8-4/J2 (Three-way ANOVA, p<0.05; Appendix A.12). AOS significantly decreased the
frequency of VH1-76/J1, VH1-76/J4, VH2-3/J4, and VH9-2/J4 combinations (Three-way
ANOVA, p<0.05; Appendix A.12). TT treatment significantly increased the frequency of V3-
8/J2 and V6-3/U pairings but decreased the frequency of VH4-1/J1, VH1-76/J1, V1-85/U, and
V2-3/J4 pairs (Three-way ANOVA, p<0.05; Appendix A.12). CpG treatment significantly
increased the frequency of V10-3/J2, V1-53/J2, V1-53/J3, V1-74/J2, V5-17/J1 and V9-2/J4
pairings (Three-way ANOVA, p<0.05; Appendix A.12) but it decreased V11-2/J1, V1-26/U,
V15-2/J1, V1-53/J4, and V5-15/J1 pairing frequency (Three-way ANOVA, p<0.05; Appendix
A.12). We also present the V/J combinations by family to provide a more generalized view of

V/J recombination (Circos graphs presented in Figure 6.5A).

We also assessed V/J combinations for the kappa chain (Figure 6.4B). The most common
V/J combination found in all eight treatment groups was V5-39/J5; ranging from the first to the
fifteenth most common combination. Many other combinations (V10-96/J1, V1-117/J1, V1-
110/J1, V4-55/J4, and V4-55/J5) were also commonly found ranking between first and fifteenth

in usage their respective treatment groups (Figure 6.4B). Unlike the heavy chain, all light chain
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gene-segment combinations were found in all eight treatment groups, but light chain gene-
segment combinations such as V1-117/J4, V8-30/J1, V-80/J4, V8-30/J2, and V1-122/J4 were

found commonly only in one treatment group (Figure 6.4B).

V/] pairing frequencies in the kappa chain were generally lower than heavy chain pairing
frequencies (Table 6.4) ranging from 0.6440 to 0.1439. AOS significantly increased the
frequency of pairings for V10-95/U, V4-51/U, V4-63/J5, V6-14/U, V4-58/J4, and V4-86/U but
decreased frequencies for V14-111/J2, V19-93/U, and V4-91/J5 (Three-way ANOVA, p<0.05;
Appendix A.13). TT treatment significantly increased frequency of V4-73/U, V4-86/J4, V6-
25/J1, V6-29/J4, V8-18/J4, and V4-58/J4 pairings (Three-way ANOVA, p<0.05; Appendix
A.13). It also significantly decreased the frequencies of V12-46/J5, V14-100/U, V2-109/J2, V3-
7/J1,V7-33/U, and V8-21/U pairs (Three-way ANOVA, p<0.05; Appendix A.13). CpG
treatment significantly increased V11-125/U, V3-12/U, V4-53/]5, V4-58/J1, V4-73/U, V5-39/]1,
V5-48/J1, V6-17/15, V8-21/12, V8-21/U, V8-24/J4, V9-123/]5, and V8-16/J1 pairing
frequencies (Three-way ANOVA, p<0.05; Appendix A.13). We represent the V/J combination

by family in Figure 6.5B.

CDR3 Length

CDR3 length has been shown to change in response to vaccine challenge (Poulsen,
Meijer et al. 2007). The average heavy chain CDR3 length was 11 AAs for treatment groups --+,
+--, and +-+ and 12 AAs for treatment groups ---, -+-, -++, ++- for (Figure 6.6A). The average
CDR3 length for all treatment groups in kappa chain was 9AAs (Figure 6.6B). In the heavy
chain, AOS treatment decreased the number of 14 AA CDR3s and CpG decreased very short

3AA CDR3s (Three-way ANOVA, p<0.05; Appendix A.10). Also, in the heavy chain, AOSXTT
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and TTxCpG interactions affected 9 AA CDR3s (Three-way ANOVA, p<0.05; Appendix A.10).
In the kappa chain, TT treatment decreased the number of 7 AA CDR3s (Three-way ANOVA,
p<0.05; Appendix A.11). Interactions were detected for HLUXTT with 10 AA CDR3s and with

8AA CDR3s for HLUXTTxCpG (Three-way ANOVA, p<0.05; Appendix A.11).

Assessment of Changes in CDR3
Previous studies (Greiff, Menzel et al. 2017, Rettig, Ward et al. 2017, Rettig, Ward et al.

2018, Ward, Rettig et al. 2018) have shown that CDR3 repertoires are highly unique. The data
from this experiment are consistent with those observations (Table 6.5). Over 91% of the heavy
chain CDR3 AA (H-CDR3) repertoire and 65% of the kappa chain CDR3 AA repertoire were
found in only a single treatment group (Table 6.5). Only 560 (0.16%) of the H-CDR3s, and

3.68% of k-CR3s were shared among all eight treatment groups (Table 6.5).

We also assessed the overlap of CDR3s between treatment groups. Both the loaded (non-
AOS) and the AOS-treated mice shared 11% of their heavy chain repertoire (20,649 CDR3 AA
sequences) (Figure 6.7A). The non-TT and the TT treated animals also shared 11% of their
heavy chain repertoire (20,472 CDR3 AA sequences) (Figure 6.7A). The non-CpG and CpG
treated animals only shared 4% of their heavy chain repertoires (8,043 CDR3 AA sequences)
(Figure 6.7A). The kappa chain shared more CDR3s between the treatment groups (Figure 6.7B)
than seen in the heavy chain. The non-AOS and AOS mice shared 43% and 44% of their
repertoires respectively (7,625 CDR3 AA sequences) (Figure 6.7B). The non-TT and TT treated
animals also shared 43% and 44% of their repertoires respectively (7,648 CDR3 AA sequences)
(Figure 6.7B). The non-CpG and CpG animals shared 45% and 42% of their repertoires,

respectively (7,558 CDR3 AA sequences) (Figure 6.7B).

177



Due to the lower overlap of CpG animals seen in the heavy chain, we assessed the
overlap of the TTxCpG interaction in both heavy (Figure 6.8 A and kappa chain (Figure 6.8B). In
the heavy chain, between 15% and 17% of the repertoire was shared among treatment groups
(Figure 6.8A). In the kappa chain, between 29 and 30% of the repertoire was shared (Figure
6.8B). There appears to be no difference in CDR3 sharing among the TT and CpG treatment

groups.

Assessment of Class Switched (IgG/IgA) Sequences

In effort to narrow down the TT-specific response, we focused our analysis on class
switched sequences, hypothesizing that these sequences were most likely to be TT-specific. As
only the heavy chain can perform class switching, these analyses are limited to only heavy chain
sequences with an identifiable constant region. We analyzed V-gene segments comprising over
five percent of the repertoire in at least one treatment group (Figure 6.9). We detected 11 VH-
gene segments. Of these 11 gene segments, six (V1-80, V1-26, V3-6, V8-8, V9-4, and V-16)
were detected in our whole-repertoire analysis (Figure 6.3A, Figure 6.9). Statistical analysis
revealed that of these 11 gene segments, significant changes were only seen in V4-1, which was
used at higher levels in AOS animals than loaded animals (Three-way ANOVA, P=0.02). When
looking at all V-gene segments, AOS treatment increased usage of the V14-3, V1-81, and V4-1
gene segments, and decreased usage in V-10-1 and V2-2 (Three-way ANOVA, P<0.05). TT
challenge increased the usage of V2-5 and decreased usage of V1-85 and V5-9 (Three-way
ANOVA, P<0.05). Treatment with CpG increases usage of V1-81 and V5-9, but decreased usage
of V1-84 (Three-way ANOVA, P<0.05). Significant interactions were seen for AOS x TT for

V1-23, VI-5, V1-9, V2-2, and V8-5 (Three-way ANOVA, P<0.05). Interactions were also seen
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for AOSxCpG in V15- and V2-3 (Three-way ANOVA, P<0.05). TTxCpG interactions were
found for V1-64 and V8-11 and AOSXxTTxCpG were found for V1-12, V1-55, V1-72, and V5-15

(Three-way ANOVA, P<0.05).

We also assessed CDR3 overlap within the class switched antibodies, as we did
previously with the whole repertoire (Figure 6.10). While the AOS and TT treatment groups
showed decreased levels of sharing, down to 3-4% from 11%, the CpG treatment group showed
similar levels of sharing remaining at 3-4% (Figure 6.7A, Figure 6.10). We also analyzed the
CDR3 overlap of the animals with and without TT and CpG treatment with class switched
CDR3s (Figure 6.11). Interestingly, we see high levels of sharing among all treatment groups

(42-53%) compare to analysis of the whole repertoire (15-17%) (Figure 6.8 A, Figure 6.11).

We also analyzed likely TT-specific CDR3 sequences that were selected from B cells
collected from hyperimmunized animals. To be considered likely TT-specific, a CDR3 had to be
detected in all three animal pools and occur in the top 100 most frequent CDR3s in at least one
pool. We identified 19 potential CDR3s and analyzed their frequency in our data set. Only one
CDR3, CARPNWDRYFDVW, showed significant changes, increasing frequency in animals
treated with TT, and decreasing in frequency in animals treated with CpG (Three-way ANOVA,
P=0.04). However, this CDR3 was only detected in six of our 16 total TT treated animals, so the
biological significance of this finding maybe low. We also detected a significant interaction

affects for the CDR3 CARGYYW in AOSxCpG animals.
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Discussion

Space flight is known to have multiple, but individually disparate impacts, on the host
immune response. However, little is known about the overall impact on the ability of a host to
survive a pathogen challenge. To begin to address this, we used an experimental design to
include an experimental challenge with a common vaccine antigen, TT, and skeletal unloading
using AOS. Serum TT-specific IgG antibody concentrations in conjunction with the adjuvant
CpG indicated a robust IgG response to antigen even in the context of AOS. Therefore, there was
a successful immunization as measured 14 days after challenge. To parallel this, we
characterized the antibody transcriptome response in the spleen. There were no significant
impacts on total transcript reads and final antibody sequence reads (heavy chain and the kappa
chain) which suggests that treatment did not significantly affect our ability to assess the
repertoire and that there was no treatment group bias in our transcriptome. The number of
transcripts that we were able to assess actually improved from our previous attempts to assess the
repertoire of normal, conventionally-housed mice'®® or normal mice that were flown to the
international space station.>® We were able to successfully assess memory markers, the V-, D-,
and J-gene segment repertoires, gene segment combinations, and CDR3 length and overlap in the

current paper.

We identified eleven VH-gene segments that occurred at over 10% of the repertoire in at
least one treatment group. Of these eleven gene segments, five (V1-26, V3-6, V1-80, V1-53, and
V6-3) were detected at high levels in the normal conventionally-house mice from our previous
study,!®® but none were detected at above 8% of the repertoire. These data are consistent with

other studies of the immunoglobulin gene repertoire. Of our eleven gene segments, seven were
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also detected at high levels by Collins et al.'* Treatment with CpG significantly decreased levels
of V1-80, likely due to increased expression of other V-gene segments, V10-3 and V1-36.
Interestingly, treatment with tetanus toxoid didn’t increase expression of any VH-gene segment
but did decrease expression of five V-gene segments, suggesting they are not used in the TT
response. This pattern is consistent with the impact of an adjuvant that stimulates all the B cells
vs. a smaller number of clones that respond in an antigen-specific response. Although it is not
clear what the cells are responding to when just given CpG, the mice were not in a germ-free

372

environment. Therefore, the number of environmental antigens that mice*’! or humans*’? can

respond to under normal living conditions is considerable.

There were some subtle changes in V-gene usage with AOS. Unloaded animals used less
V1-63 and V1-76, but more V10-3 and V4-1. When we examined the homology of the gene
segments whose expression went up, there was 69% homology between V10-3 and V4-1. There
was 90% homology between V1-63 and V1-76. There was only 47% homology between the
genes that increased in frequency and those which decreased, suggesting that there was some
selection of V-gene usage in response to AOS. Consistent with this, there was greater change in
V-gene use in situations with multiple treatments. Significant interactions for AOSxTT,
AOSxCpG, TTxCpG, and AOSxTTxCpG were also detected for multiple VH-gene segments.
These statistically-different subtle changes to the repertoire suggests that complex perturbations
can impact the B-cell repertoire. Unfortunately, it is still not clear if there is a functional impact
on the ability of the mice to survive a virulent pathogen. Given that there was also no statistically

significant variation among treatment groups for over all VH-gene segment usage, it is unlikely
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that the host response would be modified significantly. AOS, TT, or CpG showed moderate to

high levels of correlation in their V-gene use (R? = 0.5563 to 0.8858).

We found six highly expressed Vk-gene segments in at least one treatment group. Three
of these gene segments (V5-39, V4-55, and V3-4) were also found at high levels in the other
normal mouse groups that we have examined in the past in the spleen and liver with V5-39
reaching over 10% of the repertoire.’®!> V5-39, V4-58, and V8-19 also increased with the
administration of CpG, while V4-55 was decreased. Unloaded mice showed increases in V1-132
and V4-86. TT animals also did not show specific Vk-gene segment elevations, but rather
decreases in V12-46 and V4-70, suggesting that these V-gene segments are not important to the
TT response. Significant interactions were observed for TTxCpG, but no others and there was no
significant variation among treatment groups. Correlations (TT vs. no TT, CpG vs. no Cpg, AOS
vs. no AOS) were lower than those found in VH-gene segment usage ranging from 0.1849 to
0.8164 which is consistent with the lower importance the light chain plays in determining

specificity.??®

As found previously with mice flown to the ISS,8 there were few differences in D-, JH-,
and Jk-gene segment usage in response to AOS. D-gene usage was consistent with normal
C57BL/6J mouse usage with the most common D-gene segments (D1-1, D2-4, D2-5, D4-1, and
D2-5).1% TT treatment did increase the use of D5-5, a low frequency gene segment, and
significant interactions were detected for AOSXTT for D3-1. TT administration also increased
JH2 usage and interactions were detected for AOSXTT and AOSxCpG for JH2. These data also

support the hypothesis that complex physiological changes can alter the B cell repertoire.
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There was a discrepancy between the impact of AOS on mouse IgG protein in serum and
splenic transcript levels in our experiment. Although mice subjected to AOS had lower numbers
of IgG transcripts and higher numbers of IgM transcripts, the level of circulating TT-specific IgG
was not changed. This difference most likely reflects the kinetics of the cellular response to
antigen and the longer lasting IgG protein levels compared to IgG transcripts. This would be
consistent our methodology and the kinetics of a B cell response. Two weeks after immunization
would have been past the peak in transcriptional activation in response to antigen. Suspended
animals also showed a decreased amount of CD138, a plasma cell marker,*’”* suggesting that

AOS was shutting the activated plasma cells down sooner.

We looked at expressed CDR3s as a surrogate to B cell idiotypes present in the
repertoire. The length of the CDR3s in heavy and light chain also suggest that there are subtle
alterations in the B cell repertoire; especially with multiple physiological challenges. Overall,
there was little difference in the average CDR3 length was similar among treatment groups (11
or 12AAs) for the heavy chain, and 9AAs for kappa chain which was similar to our previous
normal mouse data.’®!”> AOS decreased 14AA length H-CDR3s and CpG decreased 3AA H-
CDR3s. Interactions were observed for 9AA sequences with AOSXTT and TTxCpG. Kappa
chain showed treatment with TT decreasing the frequency of 9AA k-CDR3s and interactions for

10AAs with AOSXTT and 8AAs for HLUXTTxCpG.

Another way to assess the impact of individual treatments was to assess the number of

CDR3s shared between treatment and control groups (Figure 6.7). That is, changes in the CDR3
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overlap could reflect that a treatment is affecting the repertoire. The overlap in CDR3 usage
between normal mouse pools in previous experiments averaged about 5%.!°> CDR3 overlap
among normal mice in this experiment ranged 6-8% normal, untreated mice (---) (data not
shown). The increased overlap could be due to increased sample size increasing the possibility of
detecting low frequency CDR3s in multiple treatment groups. The current data sets contained up
to 40 times more unique CDR3s than our previous data sets. Mice subjected to AOS or TT had
slightly more CDR3 overlap compared to normal mice. This might suggest that the treatments
narrowed the repertoire of B cells present in the population. It also supports the hypothesis that
the treatments were narrowing the B cell repertoire, a phenomenon that was seen previously in
antigen-stimulated plasma cells.** CpG treatment also had a strong impact which is consistent the
mechanism by which CpG works; a non-specific activation of B cells through the TLR9 receptor
and expansion of activated B cells. Interestingly, V-gene segment overlap went down with CpG
treatment. If the CpG-treated mice were responding to a discreet environmental antigen, this
could explain the diminished overlap of the V-gene repertoire after CpG. In contrast, there were
no changes in shared CDR3s in response to any of the treatments light chain V-genes. This

reaffirms the importance of the heavy chain in determining antibody specificity.

Due to the lower percentage of shared CDR3s and the lower V-gene segment usage R? in
the CpG- treated animals, we also assessed the compounding effects of TT and CpG treatment,
without the influence of AOS. There was no difference in CDR3 sharing of the unique H-CDR3s
(15-17%) or the k-CDR3s (29%-30%) when including both the TT and CpG variable. While
there were no differences in CDR3 sharing in the TT+CpG treatment animals, the combined

results show that CpG’s affect V-gene segment usage and CDR3 usage.
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Previous studies in mouse and human have shown that the TT response generates many
divergent idiotypes.’”!*>%%° The anti-TT H-CDR3 repertoire is estimated between 50 and 100
unique CDR3s.%%% We attempted to isolate TT-specific CDR3s by analyzing the class-switched
repertoire, hypothesizing that these sequences were more likely to be antigen specific. We did
find shifts in the VH-gene segment usage of class switched compared to non-class switched
repertoire, though none of the major VH-gene segments showed statically significant differences
with TT administration. We also looked at CDR3 sharing in only class switched sequences and
found decreased sharing among AOS and TT treated animals when examining only a single
variable, however when we examined both TT and CpG treatment, we found increased sharing
compared to the whole repertoire, even among untreated animals. We also detected as single
CDR3, CARPNWDRYFDVW, that was found at higher levels in TT animals, but lower in CpG
treated animals. However, due to the low prevalence in the repertoire (6/16 TT treated animals),

there is some question about the biological significance of the change.

Overall, our data suggest that AOS, TT and CpG treatments had subtle impacts on the B
cell repertoires of the treated mice. Changes were exacerbated by multiple treatments but still
were subtle. Since animals were only vaccinated a single time we are only assessing the early
host response. We realize that ground-based studies would benefit from looking at antigen-
specific cell populations. However, this experiment was done preliminary to an experiment to be
done on the ISS where cell isolation and selection methods will not be possible. Later follow-up
studies looking at the primary and secondary response during spaceflight have been planned and

may show a larger impact.
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Figures and Tables

Figure 6.1. Impact of AOS on Serum Tetanus Toxoid-specific IgG.

Main Effect: Main Effect: Main Effect: Interaction: Interaction:
1 dess HLU TT CpG TT x CpG HLU x TT x CpG
4E TG
1.2e+5 -
1.0e+5
E8.09+4 b &
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4.0e+4
0.0 = T T
NoHLU HLU NoTT TT NoCpG CpG NoTT T No HLU HLU
[ No CpG B FPBS
A CpG B CpG only
[ TT only
E=E TT+CpG

Values represent mean = SEM. N= 3-5 mice/group. Three-Way ANOVA was done as described
in the methods; *= P<0.05 for a Main Effect.
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Figure 6.2. Assessment of High Frequency V-Gene Segment Usage Among Treatment
Groups.
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V-gene segments comprising over 5% (average) of the total repertoire in at least one of the
treatment groups are presented mean + SEM (n=4 mice per treatment group). Red coloring
indicates statically significant (P<0.05) differences between similarly treated AOS vs. control
animals. (A) Eleven VH-gene segments were detected at over 5% of the repertoire. (B) Six Vk-

gene segments were detected at over 5% of the repertoire.
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Figure 6.3. Impact of AOS, Tetanus Toxoid and CpG on V, D, J and constant-gene usage.
Immunoglobulin heavy chain D- (A), JH- (B), Constant Region (C) and Jk-Gene Segment
(D) Usage are presented by Treatment Group.
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All gene segments are represented, displayed by average and SEM. Red coloring indicates
statically significant (P<0.05) differences between similarly treated AOS vs. control animals.
Gene segments that are unable to be identified by IMGT because of sequence ambiguities are

considered undetermined (U).
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Figure 6.4. Ranking of High Frequency V-/D-/J-Gene Segment Combinations for Heavy
(A) and V-/J-Kappa (B) Chain.
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The top five most common V(D)J combinations (average) per treatment are shown by rank. Heat
map frequencies range from dark red reflecting the more common (higher ranking) to blue

reflecting the less common (lower ranking). Black signifies that the combination was not found.

189



Figure 6.5. Circos Plots of V/J Combinations by Treatment Group of Immunoglobulin
Heavy (A) and Kappa (B) Chain

Each band represents a V/J pairing with more common V/J pairings being colored and having
wider bands. Circos plot labels (starting at 12:00 position proceeding clockwise with occasional
color references for reader orientation) (A) J1 (red), J2, J3, J4, U (yellow), V1, V2, V3, V4, V5,
V6, V7 (Teal), V8, V9, V10, V11, V12, V13, V14 (purple), V15 (B) J1 (red), J2, J4,J5, U, V1
(yellow), V2, V3, V4, V5, V6, V7 (black sliver), V8, V9, V10, V11, V12, V13, V14, V15 (royal
blue), V16, V17, V18, V19, V20 (black sliver, if present).
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Figure 6.6. Determination of CDR3 Amino Acid Length for Immunoglobulin Heavy (A)
and Kappa (B) Chain.
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Selected CDR3 AA Length (based on highest usage) are displayed by mean = SEM (n=4 mice
per treatment group). Red color indicates statistically significant (P<0.05) differences between

similarly treated AOS vs. control animals.
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Figure 6.7. Overlap of Unique CDR3 Amino Acid Sequences by Variable for Heavy (A) and
Kappa (B) Chain.

A

No AOS AOS No CpG CpG No TT T

168,836 171,358 170,329 170,042

11% 11% 11% 11%

182,263 8,043 196,946
4% 4%

No CpG CpG

B No AOS TT

NoTT
10,064 7,648 9,763
43% 44%

The overlap of unique CDR3 sequences is displayed in Venn Diagrams. The total number of

AOS
9,676
44%

unique CDR3s is displayed by variable group with the percent of the shared repertoire shown in

italics below the number of unique amino acid sequences.
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Figure 6.8. Overlap of Unique CDR3 Amino Acid Sequences for TT and CpG Treatment
Groups for Heavy (A) and Kappa (B) Chain.

A No TT CpG TT No CpG

No TT No CpG

No TT No CpG

The overlap of unique CDR3 sequences is displayed in Venn Diagrams. The total number of
unique CDR3 sequences in each treatment group, regardless of AOS status, with the percent of

the shared repertoire shown in italics below the number of unique amino acid sequences.
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Figure 6.9. Assessment of High Frequency VH-Gene Segment Usage in Class-Switched
Antibodies.
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VH-gene segments found in over 5% (average) of the class switched (IgG/IgA) repertoire are
displayed by mean + SEM (n=4 mice per treatment group). Red coloring indicates statically

significant (P<0.05) differences between similarly treated AOS vs. control animals.
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Figure 6.10. Overlap of Unique CDR3 Amino Acid Sequences Overlap by Variable for
Class-Switched Antibodies.

No AOS AOS

The overlap of unique CDR3 sequences is
displayed in Venn Diagrams. The total number of
unique CDR3 amino acid sequences is displayed
for each variable group with the percent of the
shared repertoire shown in italics below the

number of unique amino acid sequences.

NoTT T

Mo CpG CpG
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Figure 6.11. Unique CDR3 Amino Acid Sequence Overlap for TT and CpG Treatment
Groups for Class-Switched Antibodies.

No TT CpG TT No CpG

No TT No CpG JTCrG

The overlap of unique CDR3 amino acid sequences is displayed in Venn Diagrams. The total
number of unique CDR3 amino acid sequences in each treatment group, regardless of AOS
status, with the percent of the shared repertoire shown in italics below the number of unique

amino acid sequences.
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Table 6.1. Average number (= SEM) of reads obtained per treatment group

Avg Initial
Reads (M)?

Avg Cleaned

Reads (M)°

Avg IgH
Productive®
Avg IgH
Unknown®

Avg IgH
Total Reads?

Avg IgK
Productive®
Avg IgK
Unknown®
Avg IgK
Total Reads?

No AOS AOS
No TT TT No TT TT
No CpG CpG No CpG CpG No CpG CpG No CpG CpG
44.5 42.6 422 38.4 42.9 39.3 39.1 38.6
+ 1.6 +0.7 +3.1 + 0.6 +34 +1.1 +1.1 +1.0
26.2 26.1 24.8 26.5 243 28.2 27.3 279
+3.8 +3.3 +2.8 +2.9 +1.9 +2.3 +3.0 +4.0
38,111 42,863 47,824 57,220 39,759 56,958 53,450 49,469
+2,816 +9,371 +£10912 +£15,734 +9,865 +12,905 +£16,204 +15,726
44,687 45,998 54,503 48,999 42,896 52,150 47,944 38,941
+1,604 +£6,591 +£10,072 £12,974 £5,799  £9,586 +9,847 +£10,437
82,798 88f61 10,2327 10,6219 82,655 10,9107 10,1394 88,410
+ 3,316 15.822 +20,148 +£28,565 +31,080 +£22,721 £26,008 +£26,047
37,695 37,563 51,674 53,621 38,748 49,146 37,894 44,435
+3,178 £6,783 £13,051 £15,019 £7,956  +£8,989 +9,357 +10,659
27,630 27,918 33,042 29,314 27,617 30,816 24,148 26,910
+ 1,887 +£3,260 £7,584 +£7441 + 1,692 + 3,428 +5,528 +7,380
65,325 65,481 84,716 82,934 66,365 79,962 62,042 71,345
+4,746 +9,896 +20,303 +£22,269 +9,533 +12,147 +£14,805 +£17,720

(M) = Million

a — Number of sequences obtained from Illumina MiSeq sequencing

b — Number of sequences after quality control steps

¢ — Number of sequences identified by ImMunoGenetTics as productive of unknown sequences

d — Total of productive and unknown sequences
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Table 6.2. Impact of AOS, Tetanus Toxoid and CpG on lymphocyte phenotype by fold-
change.

No AOS AOS
No TT TT NoTT TT

NoCpG | CpG | NoCpG | CpG | NoCpG | CpG | NoCpG | CpG
B220 1.00 0.93 0.95 1.01 0.93 1.07 1.15 1.09
CD62-L 1.00 0.95 0.91 0.98 0.82 0.99 1.04 1.11
Cd44 1.00 0.92 0.81 0.94 0.78 1.00 1.04 0.92
Cd27 1.00 0.79 1.00 0.88 0.85 0.91 1.27 0.96
Cd19 1.00 0.99 1.02 1.06 0.99 1.08 1.07 1.16
CD138 1.00 0.89 1.23 0.98 0.83 1.00 0.77 0.82
Cd80 1.00 0.97 0.89 0.95 0.86 1.07 1.05 0.85

All P>0.05
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Table 6.3. Assessment of Coefficient of Determination (R?) of V-Gene Segments.
VH* | Vi
AOS
(---) vs (+--) 0.8858 0.8011
(--H)vs (+-+)  0.7510 0.6067
(+)vs (++-)  0.7026 0.6504
(-++) vs (+++)  0.5745 0.4606
TT
(-=-) vs (-+-) 0.7752 0.6461
(—+H) vs (++)  0.7086 0.5572
(+-+) vs (+++)  0.5793 0.4255
(+--)vs (++-)  0.778 0.7501
CpG
(=) vs (--1) 0.8338 0.8164
(-+)vs (++)  0.6594 0.1849
(+-) vs (+-+)  0.7557 0.4507
(++) vs (+++)  0.5563 0.3824

AOS on
TT+CpG

() vs (-++)  0.7027 0.4415
() vs (+++)  0.6500 0.4297

a - R? values were determined by variable to measure variations between treatment groups for
immunoglobulin heavy variable gene usage

b - R? values were determined by variable to measure variations between treatment groups for
immunoglobulin kappa variable gene usage

Treatment groups are represented by absence (-) or presence (+) of a treatment by (AOS, TT,
CpG). An untreated animal is represented by (---) while an animal receiving only TT and CpG is

represented as (-++)
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Table 6.4. R? of V/J Pairing Correlation by Variable
VH-JH? | Vi-Ji®
AOS
(---) vs (+--) 0.6140  0.5905
(--F) vs (+-1) 0.3881  0.5896
(-+-) vs (++-) 0.4247  0.4669
(-+t) vs (+++)  0.1510  0.4203
TT
(---) vs (-+-) 0.4649  0.4879
(=) vs (-++) 0.3857 0.5361
(+-+) vs (+++) 0.1412 0.4278
(+--) vs (++-) 0.3534 0.4969
CpG

(---) vs (1) 0.5533  0.6440
(-+-) vs (-++) 0.3685 0.1439
(+--) vs (+-+) 0.3791 0.3480
(++-) vs (+++) 0.1414 0.3133

AOS on TT+CpG
(---) vs (-++) 0.3536  0.3893
(---) vs (+++) 0.3025  0.4242

a - R? values were determined by variable to measure variations between treatment groups for
immunoglobulin heavy variable gene usage

b - R? values were determined by variable to measure variations between treatment groups for
immunoglobulin kappa variable gene usage

Treatment groups are represented by absence (-) or presence (+) of a treatment by (AOS, TT,
CpG). An untreated animal is represented by (---) while an animal receiving only TT and CpG is

represented as (-++)
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Table 6.5. Shared Unique CDR3 Amino Acid Sequences

Shared® Count® Percent®

Heavy
1 331642 91.91
2 18568  5.15
3 5194 1.44
4 2268 0.63
5 1318 0.37
6 777 0.22
7 516 0.14
8 560 0.16

Kappa
1 18095  65.86
2 3494 12.72
3 1758 6.40
4 1211 4.41
5 814 2.96
6 630 2.29
7 460 1.67
8 1012 3.68

a — Number of treatment groups containing a unique CDR3 sequence
b — Number of unique CDR3 sequences in each shared pool

¢ — Percent of unique samples shared in each shared pool
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Chapter 7 - Conclusions

The spaceflight model serves as a model of both a high-stress environment and as a
model for non-weight bearing humans, such as those on bedrest or confined to wheelchairs.
High-stress environments, regardless of weight bearing have been shown to depress the immune
system. Additionally, as humans age and become less mobile, effects from aging and
confinement will impact the immune system. Understanding changes to the immune system will

help physicians be better able to tackle treatments for patients.

Our works have shown that we have developed a successful workflow for the analysis of
the murine antibody repertoire from animals who have flown aboard the ISS and housed on the
ground. This workflow (Chapter 2) was created and validated because most repertoire analyses
have used some method of cell sorting to isolate B cells and then used amplification methods to
select for specific Ig loci for the repertoire analysis. For the experiments on the ISS, single cell
suspension preparation is not currently possible. Therefore, validation and ground-based studies
were based on whole tissue sequencing. In addition, we did not use amplification for our data
sets. The original decision to avoid amplification was to avoid sequencing biases, the difficulty
in designing and implementing primer sets that would represent the entire Ig repertoire (see the
following paragraph) and generate a data set that would allow for additional data mining, which
is available for public use. We did explore some available methods to generate focused,
amplified datasets and found drastic differences in results which were surprising and

unacceptable of inclusion in our works (Chapter 3).
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I explored the possibility of using primer amplification of immunoglobulin genes.
Originally, I attempted to make my own set of degenerate primers. Using a phylogenetic tree, I
developed “groups” of similar V-gene segments and attempted to design degenerate primers that
would amplify these V-gene segments. We discovered that a high number of primers would be
required (11 groups were created via analysis, each with at least one degenerate primer set). |
successfully amplify IgM transcripts from whole spleen tissue with one set of degenerate primers
but the amplification conditions among all the different primer sets were drastically different.
Therefore, amplification efficiencies, template fidelity and reproducibility dissuaded us from
using this method. During this process, we explored commercial sequencing options with two
companies who used V- and J-gene segment or V-gene segment and constant region primers to
amplify antibody gene sequences. Although the commercial methods used the Illumina
platforms, as we do, there were different results which showed that V-gene segment usage was
very different between identical KSU unamplified samples the amplified samples. After analysis
of the amplified raw data through our bioinformatic pipeline, these extreme differences were still
present so we hypothesize that these differences were caused from amplification bias. The failure
of the amplified datasets to include a number of V-gene segments detected in at high frequency
the KSU data was a concern. Therefore, we chose not to use the amplification approach. To our
knowledge, we are the only group exploring the B cell immunoglobulin gene repertoire using an

unamplified data set.

The main method of combating amplification bias is to use 5 RACE, a technique which

uses a primer specific to the 3’ end of the transcript that adds a poly A sequence to the 5’ end

after sequence duplication. The poly-A sequence is included in subsequent rounds of
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amplification to amplify 5° variable transcripts. However, even when using the in 5° RACE
technique, studies to date have focused only on a single isotype (usually IgG). For a complete
picture of the Ig repertoire, multiple primers would be needed. This is an expensive technique
and still has limitations of 3° primer bias and optimization requirements. Other methodologies
include the addition of molecular barcodes to mRNA sequences to amplify 5° variable
transcripts. It also allows for cluster generation so sequencing errors can be removed from the
antibody sequences. This method prevents many of the issues associated with straight
amplification, but there are still amplification pitfalls. Chapter 3 of this thesis was presented to

address a problem which is often ignored in B cell receptor amplification studies.

While amplification failed to provide high fidelity V-gene reproducibility, it did provide
an increased depth of sequencing for CDR3 detection; detecting over 100x more CDR3s than our
original analysis. While the goal of our project was to analyze the entire repertoire, which more
heavily weights the importance of V-gene usage, there are situations where depth of sequencing
becomes the more important factor such as in cancer detection or specific goals to identify rare

clones.

With a validated workflow, we assessed the repertoire of three different groups of
animals; the conventionally housed, unchallenged “normal” C57BL/6J mouse (Chapter 4),
“normal” C57BL/6Tac mice flown aboard the ISS (Chapter 5), and C57BL/6J mice subjected to
AOS and challenged with TT and CpG (Chapter 6). For each of these mouse populations, we
examined multiple aspects of the repertoire including V-, D-, an J-gene segment usage, constant

region usage, CDR3 length, and CDR3 overlap.
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There was high similarity among pools of mice. Our results are similar to those presented
by Greiff et al.** who showed some level of genetic determination in the normal repertoire, but
detectable changes in the repertoire due to antigen exposure. This predetermination could be due
to a variety of factors including histone deposition, epigenetic effects, or even mutations in the
RSS sequences. All have been shown to play a role in control of VDJ recombination.*#464
However, while the gene segment usage among the different mouse populations correlated well,
there was lower correlation among V/J pairing and CDR3 usage. These data suggest that while
genetic usage may be predetermined, CDR3 generation is still unique to the individual as splice
formation, and N- and P- nucleotide additions are still randomly generated. This has also been

shown in human twin studies.?®’

There were no changes in the repertoire between mice flown aboard the ISS for a short
duration (~21 days) and ground animals. This may be due to the turnover time for B cells (about
five to six weeks), so that approximately half the repertoire hadn’t changed from during the
experimental period. The flight animals are likely undergoing V/D/J recombination with strong
genetic influences, so it may take even longer than five to six weeks to see noticeable differences
in the repertoire. Interestingly, the V-gene segment usage in these animals differed greatly from
that found in normal, 9- to 11-weekold C57BL/6J mice. These differences could be due to age
(9-11 weeks vs 32 weeks) or due to sub-strain (Tac vs. J) differences. These mouse substrains
have been separated for several decades with concomitant genetic drift. Additional experiments

will be necessary to tease out whether age or strain differences are responsible. Grieff noted that
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differences between C57BL/6 mice and Balb/c mice were minimal in V gene usage.** Therefore,

this might suggest age does influence the repertoire.'>”

In the AOS study we examined the effects of skeletal unloading and the concomitant
physiological changes in the mice on the challenged murine antibody repertoire. Eight treatment
groups included a 2x2x2 experimental design with AOS, tetanus toxoid and CpG as the three
possible treatments. Our results show small changes to gene segment usage and pairing, and
constant region usage. There are multiple reasons why we may not see a dramatic shift in the
repertoire, even though a robust immune response was measured by TT-specific IgG. We only
challenged animals once, measuring the primary response. As this study was designed to be part
of a larger study that later examined the secondary response, this decision was a logical option.
We also collected samples two weeks after antigen challenge. We may be seeing a decrease in
the transcript levels of anti-TT specific antibodies as the antibody proteins have already been
made and cleared from the animal. Also important is the antigen chosen. While TT is a human-
relevant vaccine, it also is a large molecule, and multiple known epitopes. Some have
hypothesized that the TT-specific repertoire is comprised of between 50-100 idiotypes and that
these repertoires may vary greatly from individual to individual and from experiment to
experiment.’>%® This may preclude the formation of a dominant idiotype or CDR3. To support
this hypothesis, when we attempted to enrich for TT-specific B cells using magnetic beads we
still did not select for a single or group of dominant idiotypes among three independent

biological samples; even when examining only class switched antibodies.
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The data generated from the sequencing of over 40 independent biological samples is
considerable. Multiple questions remain to be explored. We have not addressed heavy/light chain
pairing. We can make some assumptions on heavy/light chain pairing based on overall frequency
of sequence usage. However, previous work has shown that the same heavy chain can pair with
multiple light chains.’! Developing an algorithm to predict possible heavy/light chains pairs
combined with 3D modeling to confirm binding ability and frequency may provide some insight
into heavy/light chain pairs. There has been some work on heavy/light chains pairings in TT
responses’® by using single-cell sequencing techniques, but little bioinformatic work on how to

pair heavy and light chains that were not paired during amplification or sequencing.

Another question which could be explored is what are the mutation rates within V-gene
segments and specifically the impact of AOS and antigen challenge on that process? Somatic
hypermutation is known to occur at specific hot spots, specifically in CDR regions.** Does this
change with AOS and antigenic challenge? Since CpG causes random activation of B cells,
mutational changes may occur differently than we may see in an antigen-specific response.
Additionally, there may be effects from AOS. While our lab is already examining mutational
rates, we are looking at overall and location effects, rather than examining effects by each V-
gene segment specifically. Mutational rates could increase in one V-gene segment, but not in

another.

Another interesting question to explore is what are the common CDR3s among all our

individual biological samples? We have multiple CDR3s that occur in these datasets. Are these

particular idiotypes vital to the immune system? How important is it to maintain these antibodies

207



in the repertoire? CDR3s such as CARGAYW, CARGSYW, CARGGYW, which share highly
similar sequences, are detected in most of our datasets, and some, such as
CMRYSNYWYFDVW are found even across strains. Other commonly detected CDR3s include
CARESNYNYAMDYW and CARYAPYYFDYW which occur in high frequencies in multiple
data sets. It is likely since they occur in multiple samples, from animals housed in multiple
locations and fed different foods, that they are important. One hypothesis is that they are reacting
to some form of self-antigen, a ubiquitous antigen, or a common member of the microbiome.
Further examination of these CDR3s could include V-, D-, and J-gene segment usage to
determine if multiple V/D/J combinations create the same CDR3s. Additional analysis on these
CDR3s, and other CDR3s we have detected, such as the suspected anti-TT CDR3s, could include
isotype analysis. We have briefly examined isotype/CDR3 pairing in one set of hyper-vaccinated
TT+CpG mice but we have not further explored this. It may prove particularly useful interesting
to detect likely anti-TT idiotypes that occur in both the IgM and class-switched populations and

do some comparisons.

The decision not to amplify our cDNA samples leaves a complete RNASeq library at our
disposal. These data have been or will be deposited in the NASA Genelab and will be available
to others. Other potential questions to explore include looking at the expression of stress-
associated or cytokine-related transcripts. Previous work has shown changes in cytokine levels in
response to spaceflight and/or AOS.!3%!"! We have only briefly explored cytokine levels in some
of our samples and have yet to explore them in our AOS datasets. These measurements could

occur both in blood and tissue level analyses. Examination of the T cell receptor (TCR)
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repertoire is also a possibility. Changes to T-cell populations have been noted in spaceflight and

AOS studies, so it is possible that we may see shifts in the TCR repertoire.'”

One of the important lessons learned from this work, is that TT produces a wide ranging,
and diverse antibody response. While TT is an important human vaccine, and its use is justified,
the large surface area of the molecule with multiple epitopes is difficult to characterize. A single
epitope antigen, such as 4-hydroxy-3-nitro-phenylacetly conjugated to hen egg lysozyme (NP-
HEL) as has been used by Greiff et al** might generate dominant idiotypes that can be identified
in multiple animals. At least the Greiff group was able to identify related if not identical clones
among several animals. Other antigens such as ovalbumin and hepatitis B surface antigen are
also candidates. These antigens are all significantly smaller (under 300A As, compared to the

almost 1,000AA of the TT) and would likely cause a more narrowed antibody response.

Tied to the difficulties of TT-specific responses, additional experiments could focus on
the isolation of TT-specific CDR3s from hyper-vaccinated animals. Additional technologies will
be necessary on the ISS before these experiments become practical. However, single cell
isolation and sequencing technologies are being developed and may not be too far in the future of

space flight.

While we were able to detect subtle shifts, our works do not approach the biological
significance of these shifts. More research, specifically those involving challenge of either
unloaded animal or animals in flight, would provide more conclusive results. Due the large size

of the TT molecule, multiple binding epitopes that do not provide a neutralization effect are
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likely present. If the subtle changes detected to impact binding to one of the neutralizing
epitopes, those changes would have high levels of biological significance. The high variability in
anti-TT responses would likely limit this to single animal responses, rather than a population
level effect. However, decreased responses to one antigen could easily decrease responses to

other antigens, which has further reaching implications.

While our studies include animals housed at a variety of locations (Manhattan, KS, Loma
Linda, CA, Kennedy Space Center, FL), multiple strains, and fed different foods, we do not have
adequate controls to account for any variation in response due to these differences. While we see
little differences across high frequency V-gene segments (Figure 7.1) we do find some
significant variations in usage. Biological relevance and cause of these shifts are currently

unknown and would require additional research.

Future work also includes the assessment of the bone marrow B cell repertoire from the
AOS animals described in my work. In addition, an experiment to parallel the AOS study is
tentatively scheduled to be done aboard the ISS in 2019. The secondary response is also planned
during that mission. We hypothesize that the second challenge will further narrow the B-cell

repertoire and show a stronger repertoire shift.

In conclusion, this work has laid the foundation for future studies of repertoire
assessment on Earth and in space. We take a unique approach in sequencing unamplified whole
tissues. We have also exposed a potential issue with repertoire studies using primers for

amplification. Our ground-based models have provided a starting point for direct comparisons
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between AOS and flight data, a rare opportunity. The development of high through-put
sequencing has revolutionized our ability to make repertoire assessments and continued

refinement of technology will improve our understanding of the biology.
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Figures

Figure 7.1. High frequency V-Gene segment usage between young C57BL/6 and aged
C57BL/6Tac mice
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V-gene segments found in the top ten most common of C57BL/6J mice (three normal mouse
pools (Chapter 4) plus four untreated animal from the AOS study (Chapter6)) and C57BL/6Tac
mice (Chapter 5) represented by mean with standard error. *P<0.05, **P<0.01, ***P<0.001.
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Appendix A - Supplemental figures

Chapter 3 Supplemental Figures

Appendix A.1. Comparison of V-gene segment usage with original and KSU/IMGT

bioinformatics.
KSU Coml| Coml |Com 2| Com 2 KSU Coml| Coml |Com 2| Com 2
(Orig) | (IMGT) | (Orig) [ IMGT) (Orig) | IMGT) | (Orig) [ IMGT)

IGHV1-80 [ 62| 61 | 29 | 63 | 65 IGHV5-4 |08 11 | 13 | 12 | 13
iGHv2-6 |3.7] 1.0 | 02 N 00| [ cHvi7 (o8] 07 | o9 | 11| 11
IGHv2-6-8 [3.7] 45 | 02 | 19 | 2.0 ichv2o-1 | 08| 06 | 12 |00
IGHV1-26 | 3.4 000 3.0 | 62 | 64 IGHv1-39 [08] 1.7 | 20 | 03 | 04
IGHv1o [3.0] 49 | 32 | 50 | 52 IGHV1-75 [07] 1.3 | 14 | 10 | 11
IGHV153 [ 2.8 40 | 44 | 64 | 6.7 IGHV5-16 [ 07] 0.9 | 05 | 04 | 04
IGHV93 27| 28 | 26 | 09 | 09 IGHV14 | 06| 04 | 04 | 10 | 10
IGHV1-18 | 2.6 29 | 21 | 22 IGHV92 | 06] 05 | 04 | 02 | 02
IGHV1-55 [2.4] 20 | 23 | 42 | 43 IGHV3:8 | 06| 07 | 05 | 04| 01
IGHV1-50 | 2.4 11 | 20 | 20 icHv2-5 | 0.6 [ os
IGHV63 |24 572 | 33 | 17 | 18 IGHV1-12 [05] 0.7 | 04 | 04 | 04
IGHV3 6 |20 31 | 27 | 49 | 51 IGHV14-1 [ 05] 04 | 07 | 02 | 02
IGHV164 | 19| 2.8 | 35 | 46 | 47 IGHV14-3 | 05] 0.6 | 07 | 05 | 05
IGHV176 [19] 31 | 12 | 40 | 42 IGHv154 [05] 07 | 1.1 | 03 | 03
IGHv66 |19 33 | 19 | 17 [ 18 IGHv1-42 [05] 09 | 1.1 | 05 | 06
IGHV4-1 | 1.8 0.6 IGHV9-4 | 05| 0.4 | 0.4 |NOWN| 01
IGHv182 |17] 2.0 | 30 | 17 | 18 IGHV15 |04] 0.7 | 08 | 05 | 05
IGHV1S95 | 1.7 IGHV3-1 | 04| 0.4 | 05
IGHV1592 | 1.6 IGHV1-66 [04] 07 | 1.0 | 07 | 07
IGHV1-81 [16] 2.1 | 23 0.0 IGHv1-84 [04] 03 | 04 | 02 | 03
IGHV172 [15] 23 | 31 | 23 | 24 IGHV2-4 |04 02 | 02 | 03 | 03
IGHV88 15| 25 | 1.0 | 07 | 07 IGHv85 (03] 05 | 03 | 02 | 02
IGHv22 15| 20 | 23 | 07 | 07 IGHV5-6_| 0.3 11 [ 01| o1
IGHV5-17 | 15| 3.0 | 29 | 06 | 06 IGHV5-9-1 | 0.3 03 | 02| 03
IGHV122 [15] 1.9 | 23 | 24 | 25 IGHv1-85 [03] 0.5 | 08 | 06 | 06
IGHv169 [ 15| 1.0 | 10 [ 34 | 35 IGHv158 [ 03] 0.5 | 03 | 03 | 03
icvisios| 1.5 (GGG |G i623[03| 01| o1
IGHV73 |14 11 | 08 | 26 | 27 IGHv35 (03] 04 [ oa | 02 [ o2
IGHV10-1 [14] 22 | 19 | 42 | 44 IGHV1596 | 0.3
IGHv10-3 [13] 1.5 | 11 | 17 | 1.8 IHv120 [03] 02 | 03 | 02 | 02
IGHV23 [12] 20 | 13 | 23 | 24 IGHV1-47 | 03] 03 | 0.4
IGHV144 | 12| 12 | 19 | 18 | 18 IGHV1S5_| 0.2 | 1010
IGHv112 [12] 2.5 |0 [0 | 01 IGHV1-62-2[ 02| 10 | 06
IGHV1-52 | 1.1 0.4 IGHV1-71 | 0.2 06 01| 01
IGHV9-1 [11] 09 | 06 | 04 | 05 IGHV1-63 [02] 04 | 05 | 02 | 02
IGHV178 [1.0] 1.1 | 07 | 12 | 1.2 IGHV5-15 | 02| 0.4 |0 | 05 | 06
IGHV142 | 10| 1.3 | 1.9 D0 | 04 IGHV12:3 | 02| 0.2 | 0.
IGHV29 |09 07 | 09 | 08 | 09 IGHV132 [ 02] 03 | 0.2 0.0
IGHv8-12 [09] 1.2 | 07 | 05 | 06 IGHv1-11 [02] 03 [od | o1 | 04
IGHv1-19 |09 1.6 | 17 | 16 | 17 IGHV5-9 [02] 04 | 04 | 02 [ 02
IGHv1-61 | 0.8 [l 04 [ o5 | os IGHV1-36 |0.2] 03 | 04 | 02 | 02
IGHV1-74 | 0.8] 0.9 | 06 | 09 | 09 icHvi-3a | 0.2 I 30 [o1 | o1
IGHv1-15 [0.8] 0.7 | 1.4 H 0.0 IGHv1-77 |02] 03 | 04 [ 02 | 02
IGHV1-59 [ 0.8 |00 11 | 03 | 03 IGHvs-12 [0.2] 03 | 03 [ 02 | 02
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Coml| Coml |[Com 2| Com 2
(Orig) | (IMGT) | (Orig) | (IMGT)
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0.2
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0.1
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0.1

0.1
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0.1
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0.1
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0.1
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0.1
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0.1

IGHV15100

0.1
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0.1

IGHV1S65

0.1

IGHV1-31

01f 01| 02

IGHV15-2

0.1

IGHV8-11

0.1

IGHV3-3

0.1 | 0.0 |

IGHV7-4

o] o1 ] o1 | o2 ] 02

IGHV2-7
IGHV16-1
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IGHV8-6
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IGHV6-7
IGHV1-14
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IGHV8-13
GHV1-62-1
GHV5-12-4
IGHV8-9
IGHV5524
GHV1-17-1
IGHV6-5
IGHV13-1
IGHV1-24

0.1

Coml and Com2 V-gene segment usage with
company specific bioinformatics (original) and
after processing through the KSU bioinformatic
pipeline (IMGT). The highest value percent of
repertoire is dark read while the lowest are white.
Black boxes represent no detected reads (true

zero). Rounded zeros are represented as 0.0.
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Chapter 4 Supplemental Figures

Appendix A.2. V gene segment rankings among the three mouse pools for both IgH (A) and

Igk (B).
A

Pool 1| Pool 2| Pool 3 Pool 1| Pool 2| Pool 3
V1-80°01 34 V5-6'01_| 0.39 | 037 | 054 V5-9°04
V12601 | 4.29 | 3.96 | 3.86 V1501 | 025 | 0.51 | 041 V65701
V6-3'01 | 291 | 2.74 Vi-84'01 | 060 | 0.26 | 0.41 | [Vi3-1°01
V1-53'01 | 3.80 | 296 | 2.7 V8-501 | 043 | 0.32 | 0.39 | [Vi-17-1°01
V1-55'01 | 3.57 | 2.40 | 3.3 V13-2'01_| 0.69 | 0.24 | 0.30 | [V5S24°01
V3-6'01 | 2.68 | 2.28 | 3.81 Vi4-1'01_| 032 | 052 | 0.28 | [Vi-24'01
V1-9°01 | 3.00 | 3.54 | 1.85 | [__ve-201_| 044 | 032 | 0.56
Vi-18'01 | 4.05 | 3.09 | 1.21 V582101 | 007 | 041 | 0.70
V9301 | 2.46 | 2.72 | 2.46 V1-47°01_| 0.34 | 0.28 | 0.2
Vi-50°01 | 143 | 2.32 | 389 V158'01 | 0.35 | 0.29 | 0.2
V1-64°01 | 1.88 | 2.08 | 364 Vi34'01_| 030 | 0.22 | 0.3
V6-6'01 | 2.72 | 2.22 | 1.51 V3-5'01_| 0.27 | 033 | 02
V1-82°01 | 2.06 | 197 | 196 V2-4'01_| 027 | 0.38 | 0.15 |
V8801 | 2.22 | 1.74 | 1.94 Vi20'01_| 0.19 | 0.31 | 0.24
Vi-78'01 | 2.66 | 1.17 | 1.51 V12-3'01 | 0.30 | 0.25 | 04
VA-81°01 | 1.76 | 1.7 | 1.24 V5-12°01_| 047 | 0.47 | 0.32
V7-301 | 168 | 1.64 | 1.45 Vi-77°01 | 0.20 | 0.19 | 0.19
Vi72'01 | 1.32 | 1.41 | 1.90 V1596°01_|R0WAN| 0.18 | 0.36
V10-1°01 | 1.62 | 162 | 1.37 | | Vi-622°01 | 013 | 0.40 | 0.32
V1-22°01 | 150 | 177 | 124 Vi71'01_| 0.13 | 0.10 | 0.32
V517701 | 1.38 | 175 | 137 V5901 | 0.23 | 047 | 044
V2-2:01_| 1.16 | 1.75 | 1.40 V1-36'01 0.23
V14-4'01 | 150 | 1.30 | 143 Vi-11°01 0.23
V1-76°01 | 0.87 | 222 | 1.11 V162301
V2-3'01 | 154 | 1.40 | 1.24 V5-15'01
V4101 | 1.08 | 2.05 | 1.02 V5-2°01
V159201 | 143 | 0.99 | 1.49 V8-2°01
V11201 | 150 | 1.39 | 086 V1S5°01
V1S95°01 | 1.35 | 0.97 | 1.50 VBS3°01
V1-69'01 | 0.86 | 140 | 140 V16701
V1-39°01 | 1.04 | 0.85 | 1.36 V7-401
Vi-52°01 | 0.77 | 098 | 146 V3401
V1-15°01 | 1.05 | 0.96 | 1.06 V1S87'01
V10-3'01 | 0.78 | 147 | 0.80 | [ViS103'01
V2-9°01 | 139 | 0.6z | 0.83 V1565701
Vi-75'01 | 1.30 | 072 | 089 V15-2'01
V2-9-1°01 | 0.93 | 0.78 | 1.13 V1-49°01
Vi-19'01 | 0.74 | 1.07 | 1.01 V13101
V14201 | 1.03 | 0.99 | 0.80 V1-56'01
V8-12°01 | 1.03 | 1.00 | 078 | [visio7'01
V1-66'01 | 0.35 | 047 | 192 V11-1'01
V1-56"01 | 0.91 | 053 | 1.20 V3-3'01
V5-4'01 | 099 | 0.91 | 0.65 | [visio0'0
V5-16'01 | 0.89 | 0.83 | 0.74 V1-43'01
V1701 | 080 | 0.88 | 0.76 Vi-23'01
V1510801] 0.8 | 0.74 | 157 V81101
V5-9-1'02 | 0.31 | 030 | 1.74 V2701
V1-74-01 | 045 | 062 | 1.18 V13701
V2-6'01 1.98 | 024 V16-1'01
V26801 198 | 023 V6701
Vo101 | 043 | 0.79 | 0.93 V1S67°01
Vi-6301 | 1.69 | 0.23 | 0.97 V1568701
Vi-42°01 | 0.77 | 044 | 0.80 V7-2'01
Vo-4'01 | 1.06 | 0.62 | 0.41 V3S7°01
Vi-61"01 | 0.44 | 060 | 087 V8-601
V3101 | 092 | 0.44 | 0.51 V8-401
Vi-54'01 | 0.82 | 047 | 059 V6-401
V14301 | 0.60 | 058 | 068 V8-9°01
V1401 | 056 | 0.68 | 0.43 | [Vi-62-101
V2-5'01 | 039 | 0.67 | 0.54 Vi-14'01
V3801 | 045 | 0.67 | 0.41 V88101
Vi-12°01 | 0.54 | 062 | 034 | | V5-12-4°01
V185701 | 067 | 0.30 | 045 V8-13'01
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Pool 1| Pool 2| Pool 3 Pool 1| Pool 2| Pool 3
V1-110"01 | 4.80 V12-98*01 0.23 | 047 0.29
V1-117*01 V4-71*01 0.39 | 0.55
WVE-39*01 V4-74*01 0.34 0.33 | 0.28
W 10-96"01 V4-80"01 0.23 | 0.32 | 0.36
Wd-55*01 4.20 3.87 3.62 VE-14"01 0.38 0.22 | 0.29
W1-135"01 | 3.62 250 | 533 V4-50"01 0.32 0.26 | 0.30
V3-4*01 3.40 2.11 2.71 \V1-88"01
WVE-43*01 325 1.71 1.53 V7—§3‘D1
V10-94*01 | 0.97 3.45 | 2.04 V4-73*01
WVE-15*01 1.50 1.84 3.00 V11-125%01
V14-111*01] 2.02 2.28 1.97 VE-32*02
WV12-44*01 | 1.67 3.09 1.41 V4-58"01
V3-2*01 2.24 1.23 | 2.69 V1-133"01
V18-93*01 | 2.17 2.36 1.63 V4-69"01
2—1 370 1.99 1.44 | 2.50 V10-95"0
[ vi2-46°01 | 2.22 | 233 | 135 V9-129'0
WVB-30*01 1.60 1.85 | 2.40 V4-78*01
WV4-59*01 1.92 1.59 1.98 V3-1*01
WVB-24*01 2.25 1.57 1.35 VE-18*01
V9-120"01 | 1.76 1.58 1.70 WV12-38"01
Wa-72*01 2.05 1.08 1.21 V4-90*01
WVE-23*01 1.04 1.68 1.59 WV8-23-1"01
VE-17"01 A4 1.55 28 V4-62"01
V14-126°01 63 1.38 22 V8-34"01
WV4-70*01 0.65 112 | 2.37 V12-e*01
V15-103*01] 1.02 1.87 1.23 V4-81*01
WVB-27*01 1.39 1.33 1.09 WV8-123"01
Wa-5701 2.20 0.65 0.78 V14-130701
WE-48*01 1.10 0.92 1.21 V3-3*01
V16-104°01] 1.02 0.96 1.15 V4-51*01
V2-109*01 | 0.99 0.94 0.90 V3-9*01
V17-127°01] 1.06 | 082 | 0.92 V1-131°01
VE-32*01 0.72 1.06 0.92 VZ2-a*01
WVd-53*01 1.01 1.02 0.63 V4-52*01
WVB-21*01 0.38 0.61 1.66 V4-54*01
WB-19*01 0.86 0.92 0.81 V4-92*01
WE-25*01 0.73 0.63 1.23 VE-29"01
V17-121°01] 0.97 0.68 0.80 WV1-132°01
WV4-68*01 0.58 1.04 0.82 V53701
V9-124*01 | 0.83 0.95 0.62 WV18-36"01
V4-86*01 0.53 1.07 0.80 VE-26"01
V12-89*01 | 0.96 0.65 0.75 V20-101-2*01
V12-41*01 | 0.66 0.58 1.06 VE-c*01
WVa-91*01 0.68 0.58 0.78 VE-d*01
V3-5*01 0.65 0.54 0.80 V1-35*01
V4-63"01 0.45 1.30 | 0.22 VE-b*01
WV3-12*01 0.41 0.78 0.74
WV3a-10*01 0.54 0.55 0.81
V2-112*01 | 0.40 1.05 0.40
VB-28*01 0.68 0.49 0.51
WE-20*01 0.53 0.72 0.38
V4-57-1*01] 0.41 0.57 0.54
V14-100°01] 0.54 0.51 0.46
WVE-13"01 0.30 | 0.26 0.81
V1-122"01 | 0.51 0.32 0.50
WVE-45*01 060 | 0.31 0.39
V3-7°01 027 | 055 | 0.38
Va-61*01 0.61 0.29 0.31
WV13-85*01 | 0.28 0.36 0.50
WB-16*01 0.28 0.49 0.32
W1-99*01 0.61 0.22 | 0.25
WV4-79*01 0.20 | 0.23 0.64
V13-84"01 | 0.29 0.41 0.36

The most abundant gene
segment is ranked as one. Dark
red indicates higher rank

moving to blue, of lower rank.



Appendix A.3. CDR3 length for IgH (A) and Igk (B) by pool.
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The percent of repertoire CDR3 lengths from each mouse pools are displayed.
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Appendix A.4. Rankings of CDR3 sequences shared by all three mouse pools were uniform

in both IgH (A) and Igk (B).

A
Pool 1] Pool 2] Pool 3 _ Pool 1| Pool 2| Pool 3
CARGAYW CARSYYFDYW 464 449
CARDYYGSSWYFDVW CAREGDYDYDWYFDVW
CMRYSNYWYFDVW CARDYYGSSGYFDVW
CARGGYW CTRVAYW 192
CARGTYW CTRWDYW 192
CMRYGNYWYFDVW CARYAMDYW 192
CARGYYFDYW CARDYYGSSFOYW 299
CARGDYW CARYSNYFDYW 299
CARDSNWYFDVW CANYGSSYWYFDWVW 301
CARGPYW 158 CARSLDYW 301
CARDNWDWYFDWW 89 CASELGGFAYW 301
CMRYSSYWYFDVW 89 CASPNWDWYFDVW 301
CARW 25 73 170 CAREDYW 189
CARGGFAYW 97 158 137 CARDGFAYW 266
CAKKGYAMDYW 97 79 299 CARKLDYW 464
CARDYYGSSYWYFDVW | 266 192 CARNWDYAMDYW 464
CARRLDYW 189 228 170 CARYYYGSSYWYFDVW 464
CMRYGSSYWYFDVW 266 299 CARSGTDYW 413
CTTVRYW 125 301 170 CARDFDYW
CARPYDYW 301 299 CARDGSSYWYFDVW
CAQMRGFAYW 125 464 CARDYFDYW
CARRFDYW 413 228 CARESNYYFDYW
CMRYGSSWYFDVW 25 192 449 CARRDWYFDVW
CARDDGYYWYFDVW 89 301 299 CARSYYYAMDYW
CARRYYGSSYWYFDVW | 125 464 219 CARYGNYAMDYW
CTTLRYW 266 112 449 CARYSNYAMDYW
CAKNWDYW CATGFAYW
CARDYDYWYFDVW CTGLYYFDYW
CARRDYGSSYWYFDVW CTYYYGSSDFDYW
CARYGPYYFDYW
CARIYYYGSYWYFDVW
CARDEWFAYW
CARHYYGSSYWYFDVW
CARDWDYWYFDVW
CARGDGFDYW
CARHYGSSYWYFDVW
CARGYYW 449

CAKGDYGSSWFAYW 266 130
CARLYYGSSYWYFDVW | 97 30
CTRGYYFDYW 158 | 449
CARGDGYYFDYW 464 | 219
CARGGDYW 464
CARGAMDYW 189 | 464
CARYDGYFDYW
CTVYYGSTWFAYW
CARRDYW
CARSYYFDYW
CAREGDYDYDWYFDVW
CARDYYGSSGYFDVW
CTRVAYW
CTRWDYW
CARYAMDYW
CARDYYGSSFDYW
CARYSNYFDYW
CANYGSSYWYFDVW
CARSLDYW
CASELGGFAYW
CASPNWDWYFDVW
CAREDYW
CARDGFAYW
CARKLDYW
CARNWDYAMDYW
CARYYYGSSYWYFDVW
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Pool 1| Pool 2| Pool 3
CQOWSSYPLTF 13 6 2
COQAWSSNPPTF 2 18 7
COQWSSYPFTF 6 3 24
COQQHYSTPLTF 12 | 16
COOGNTLPWTE 2 7 12
CQOSMNEDPRTF 1 21 10
CFQGSHVPWTE 17 12 18
CFQGSHVPYTF 16 9 22
CQQAQHYSTPYTF 24 14 13
CQQYSSYPLTF 6 | 15 | 11
CQQYNSYPLTF 15 |5 |
CQQSNSWPLTF 20 26 8
CQONGHSFPLTF 1 55 1
CQQSNEDPYTF 14 25 25
CLOHGESPYTF 19 17 29
CLOYDEFPYTF 7 10 | 20
CSQSTHVPYTF £ 23 21 |
CLOYASSPYTF 2 24 26
CFQGSHVPLTE 5 30 38
CLQYDNLWTEF 18 18 37
CSQSTHVPWTEF 23 20 31
CQQYNSYPYTF 45 22 16 |
CMQHLEYPYTF 40 9
COQWSSNPLTF 39 26 28 |
CQQHYSTPWTE 35 33 32
CQQSNSWPYTE 29 46 27
CQQWSSYPPTF 28 40 34
CQQAQGNTLPYTF 27 34 42
CQQSNSWPFETF 3 | 89 | 30
CQAQWNYPLITE 94 8 22
CMQHLEYPFTF 30 43 59
CQQYSKLPWTF 82 4 52
CLQYDNLYTF 69 38 33
CQQGNTLPRTF 34 44 63
CLOSDNMPLTF 53 44
CSQSTHVPLTF 77 1 65
CQQHYSTPRTE 71 34 39
CQQOSNEDPWTEF 82 51 15
CLOHGESPFTF 48 31 73
CWQGTHFPWTEF 77 40 35
CQQSKEVPWTEF 55 4
CWQGTHFPYTE 52 71 39
CWQGTHFPRTF 43 67 54
CHQYLSSWTE 47 48 70
COQHHYGTPYTF 60 53 53
CONGHSFPYTF 15 94 57
CQQGQSYPLTE 7 38
COQQWSSNPYTE 73 37 59
CWQGTHFPQTF 58 64 48
COQHHYGTPLTE 39 73 59
CAQYYSYPWTEF S6 | 1031 14
CFQGSGYPLTFE 66 5 103
CFQGSHVPFTF 47 | 70 |
CHQYLSSYTF 35 62 78 |
CQQHYSTPFTF 66 61 48
CLQYASSPWTE 52 59 65
CONDYSYPLTF 52 73 54
CQQWSSNPFTE S0 55 77
CQHFWGTPYTE 8 70 638
CQQGQSYPWTEF 73 32 83
CQQYSGYPLTFE 97 48 45
CQQSKEVPRTF 7 51 | 138
CMQHLEYPLTF 52 72 74
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Pool 1| Pool 2| Pool 3
CQQSNEDPFTF 120 | 48
CLOSDNMPYTF 60 76 69
COHFWGTPWTEF 41 69 97
CQQRSSYPLTF 68 96 42
CQQWSSYPYTF 3 5 1124
CFQGSHVPRTF 82 97
CLOSDNLPLTF 68 79 63
CSQSTHVPETF 60 96 67
CQQAQGNTLPPTF 87 36 | 103
COQHFWGTPLTFE 1 10 |11
CAQMLELPWTF 50 93
COQOHMNEYPWTE [+ 86 =
CQHHYGTPRTF 94 2 144
CLOYASYPRTF 50 78 | 122
CQQHMEYPLTF 84 76 93
CAQQYSSYPYTF 97 | 101 2
COQYNSYPFTF | 131 | 91 6
COQYYSYPLTF 56 93 | 130
CLQSDNLPYTF 97 1103 ] 80
CLQYDEFPLTF 106 | 82 93
CQQYYSYPYTF 128 | 73 g0
CQAHNEYPYTF 110 | 87 85
CQQYSKLPYTF 8| 100 | 74
CFQGSHVPPTE 2 31 78
CQQDYSSPYTF 136 | 67 80
CQQRSSYPFTFE 12 | 1431 130
CLQYASSPFTE 87 91 | 112
CONGHSFPFTE 198 | 90
CSQSTHVPPTE g 10| 97
COQSKEVPYTF T 12 ] 103
CQQSNEDPLTF 102 | 131 | 70
CHQRSSWTFE 1751 126 3
CQQASNSWPHTF 117 | 64 | 124
CLQYASSPLTE 128 | 103 | 83
CQQSNSWPTTFE 22 111 ] 85
CWQGTHFPFTFE 50| 58 | 113
CGQSYSYPYTF 106 | 120 | 103
CHQYLSSRTF 94 | 1121 130
CQQHYSTPPTE 122 ] 123 | 92
CQAQGQASYPYTF 144 | 63 | 138
CQHFWGTPRTF 7 138 | 130
COHHYGTPWTEF 117 31| 100
CWQGTHFPHTF 91 | 1381 122
CONDHSYPYTF 73 | 163 ] 117
CSQSTHVPRTE 110} 126 | 117
CWQGTHFPLTF 84 | 1591 110
CQAGSSIPLTF 28 12
COQHFWSTPWTEF 12 88 | 57
CQHHYGTPFTF 117 ) 131 ] 113
CQQYWSTPYTE 144 | 129 | 88
CQQYSSYPFTF 1751 143 | 46
CAQNLELPYTF 112 ) 138 | 117
CONVLSTPYTF 64 143 | 160
CONDHSYPLTE 136 | 109 | 124
CQQGSSIPRTF 97 | 191 ] 93
CQQDYSSPLTE 144 | 108 | 130
CQHFWGTPPTE 102 | 89 | 196
CVQYAQFPYTF 131 ) 112 | 144
COHFWGTPFTFE 117 | 96 82 |
CONGHSFPRTF 4 224 67
CHQYLSSLTFE 158 | 131 | 107
CQHSRELPLTF 225 | 87 85
CQQDYSSPWTE 136 ] 149 | 117




Poal 1] Pool 2| Poal 3
COONNE 138 | 128
COMNVLSTPFTF 87 2] 138 |
CONYLISTEWTE 153 | 149 | 107
CLOYDEFPWTE 169 | 82 1 160
CLOQYDEFPFTE 170 | 163 |
CLOYDMNLRTF 144 | 103 | 167
COHFWSTEYTF 31 102
COQLVEYPFTE 163 223
YPETF 3611291 150
COOSKEVPPTE 175 88
CLOSDMNMPFTE 151 | 1
- COOWSSNPWTE 12211981 111
COONN DF‘EI'F ] 198
COHSRELPYTE 5 51 144
CLOSDMLPETE 53] 166 ] 138 |
1311 176
F 214 | 238
CHORSSYBWTE 821150
COOGMTLPLTE 22 | 147 | 196
CLOYASYPYTFE 158 | 159 | 150
T 214 11241 130
NGHSFPPTF 239 | 158
CFOSMYLPYTE 3 1791 223
COMDYSYPYTF 169 | 96 | 213
COHHYGTPPTE 188 1 1311 3
COONMNEDPYTF 175 | 166 | 138
CSOSTHYPPWTE 1 63 | 128
COOSNEDPPTE 150 1 1591 171
COHFWVTPRTE s8] 217 | 107
COORSSYPPTE 58| 17 3
COOLVEYPYTE 243 1 1191 130
CAQMLELWTFE 243 1 13 ]
F 271 uﬁ
COQGSSIPFTF 69 | 170 ] 155 |
CLOHWMNYPLTE 63 ] 179 | 155
COOYWSTPLTE 203 1 1701 124
YPLTE 214 1 170 1 117
CLOYDMLLTFE 10 98 | 196
COOMNMEDPRTE 3] 12 223
CLOYDMNLLYTE 203 | 112 | 188
COOYHSYPLTE 41 224 | 238
COMDYSYPETE 150 [ 198 | 158
CLOYDMLLWTE 2141 82 | 21
CLOYASYPWTE 163 | 198 | 150
TE 112 | 198 | 203
CHOWSSYPLTF 243 | 239 |
COOYWSTPWTE 169 196
CLOGTHOPWTE 175 | 143 | 203
CLOVTHVPYTE 175 | 159 ] 188 |
CVOYAQFPWTF 188 | 163 76
CLOYDMNLETE 79 | 214 ] 238
COOLYSTPYTE 243 | 112 | 182
COORSSYPYTE 188 | 191 | 163
CSOSTHVPPYTE 63 | 182 | 203 |
CLOYASSFPTF 175 | 208 | 167
COHSWEIPLTE 243 1 95 | 213
CLOYASSPRTFE 188 | 182 | 182
HORSSYTF 188 | 28 | 339
COOGMTLPFTE 188 | 188 | 182
COOHMNEYPETE 243 | 264 | 54
COHSWEIPYTF 225 | 166 | 182
COQSNSWPRTF 221191 261
CLOHGESPWTF 12| 217 | 251
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Paol 1| Pool 2| Pool 3

FT TE 203 [ 182 | 19
COOYYSYPFTE 336 | 101 | 144

COOWSSMPRITFE 03 | 217 1 17
COOYSELPPFTE 112 1 271 [ 223

CSOSTHWPTE 136 | 257

COOYSKLPRTF 304 | 239 ] 74
COHSRELPFTF 203 | 2391 176
CGOSYSYPETE 304 | &4 | 261
H PWTE 304 | 124 | 203 |
COOQGQSYPFTE 243 | 112 | 278
COODYSSPFTF 224 | 223
CFDSNTLF’LTF 188 | 252 | 203
LRETF 203 | 224 | 273
Cme?ST PLTF 304 70 | 188
CHORSSYPYTE 252 | 223
CHOWSSYPTE 243 1 170 | 261
YPTE | 214285 176
COOYWSTRFTE 271 JO | 238
CVOYAQFPRTF 243 | 239 [ 203
CLOYDEFPRTE 225 | 252 | 213
PLTE 336 | 191 | 163 |
CLOYASYPFTE 336 | 8O | 278
COQYSKLPFTE 243 1191 | 261
CKQSYNLYTF 243 | 285 1 171
P 51 198 | 278
CKOSYMLFTF 271 | 130 ] 312
COOSNSWEWTFE 271 | 214 | 223
CAQMLELPRTFE 214 1 285 | 213
TE 304 | 208 | 203 |
CHOWSSYPYTF 225 ] 3211 171
COQLVEYPRTE 188 | 321 | 213
COQLYSTPWTE 2251 239 | 261
CHOYHRSPLTE | 175 | 239 | 312
COHSRELPPTE 374 31| 223 |
COOYYSYPPTE 225 | 233 | 278
CKOSYMNLLTE 211 252 | 223
E 442 | BO | 238
COHFWSTPRTE 188 | 239 | 339
COOGSSIPYTE 203 | 224 | 339
COODYSSPPTE 2251 264 | 278
F 6| 154 | 278
CONYLSTPPTF 374 | 264 | 130
COHSWEIPWTE 225 | 285 | 261
CLOYDEFPFTE 243 1 217 | 339
FPETE 136 | 147 | 518
COOFTS5PWTE 243 | 321 [ 238
CSOSTHVPPLTE 304 | 208 | 290
KVPWTE 336 | 208 | 261
COOYSSYPWTE 24451 208 | 373
CLOHWNYPFTF 117 | 387 | 312
COOYSKLPLTE 2710 2331 312
COOYSGYPYTE 243 | 285 | 290
FLTE 304 | 26 251
CLOYDEFPRYTF 163 | 321 ] 339
COOYHSYPETE 271 ] 321 ] 238
CHOWSSYPPTE 304 |1 271 | 261
COOYWSTPPTE 304 | 271 Bl
NVLSTPRTE | 175 [ 239 | 425
CFOGSGYPFTF 271 | 233 | 339
CHOWSSYPWTE 336 | 271 | 238
COHFWDTFRTF 214 | 321 1 312
DYSSPRTE | 225 | 285 | 339
CSOSTHVPPFTE 374 | 239 | 238




Pool 1| Pool 2] Pool 3
YPETE 203 | 427 | 223
COQOYWSTPRIF__| 243 | 321 | 290
CYVOYAQFPLTE 2711 27 312
COOYMNSYPETE 374 | 285 1 196
TPLTE 2711 252 | 339
CEOAYDVPYTE 304 | 299 | 261
EYTE 203 | 154 | 518
COOQYSSYPRTE 2431 32 312
CLOVTHYPLTE 131 | 473
CHOYHRSPPTF 225 | 285 | 373
COOWMNSYPLTE 2711 472 44
CSOSTHVWTE 336 | 299 | 261
TLRTE 374 150
CLOHSYLPYTE
COOWMSGYPYTE

H PYTF

COMDHSYPFTE 223 |
CHOYHRSPWTF 304 [ 191 | 425 |
COQGNTLYTE 2711 224 1 425
PWTE 336 | 299
COOWTYPLITF 336 | 217
COOYMNSYPWTF 442 | 299
COHFWSTPRETE 2711 321
1 321
COOWSMNYPYTF 442 | 154
COHFWSTPLTF < 387
CVOYAOFPFTE 336 | 387
4] 299
CHOWSSYRTF 374 | 239
COOWSSYPRTF 271 | 357
COOWSSYPWTE 336 1 321
F 304 | 357
COQWSSSPFTE 243 | 357
COOSKEVPLTE 442 | 357
CFOGSHVFTE 304 | 252
COOYSGYPETE 304 | 387
CLORNAYPLTF 374 | 321
COQRSSYPWTF 442 1 299
COOSNSWPOYTE | 271 | 357
T TE 1] 357
COOYSSSPLTF 374 | 208
CLOHWNYPYTE 1751 3
COCFTSSPSTE 31472
CAQMLELPFTE 442 | 387
COOMMNEDPETE 442 | 264
COOLYSTPRTF 4 299
271
COQSNSWPOTF | 374 | 357
CHOWSSYPFTF 75 | 427
CLOHGESPLTF 4 357
COOYHSYPRTE 374 | 427
CLOFYEFPLTE 374 | 299
CLOYASYPLTE 442 | 321
COOSREVPYTE 4 321
A4 299
COOSNSWPTLTE 304 | 387
COOYSGYPWTF 357
COOHYSTPTE 374 | 321
YMNYPLTF 271
COOFTSSPETE 321
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Pool 1| Pool 2| Pool 3
COOQYSSYRTE 163 | 427 | 518 |
CHOYLSLFTF 299 | 3731
COOWSSYPITE 243 | 518
COHSRELPRTE 442 1 472 1 213 |
COOSYSYPPTE
CAOMNLELPPTF

CHORSSYPLTE
CLORNAYPYTF
CLOGTHOFPTE 12 | 387 |
COOWSNYPETF 225 | 233
COHSWEIPETE 442 | 427 | 290
COHFWNTPYTF 472 | 251
CFOGSHVPHTFE 442 | 7299 | 425
CLOYDELYTF 243 [ 561 | 373
336 | &
MSWPOLTF 336 | 472 | 373
COOYHSYPYTE 427 | 312
CHOYLSSETE ﬁ 357 | 251
271 | 339 |
COOGQSYPRTF 442 | 321 | 425 |
COOYSSYLTF 442 7| 373
CHORSSYPCTE 304 |
T | 374 | 151 ﬂ
CVOGTHFPYTF 374 | 321 | 518 |
COOWSSYPPITF 442 | 357 [ 4
CWOGTHERTE 442 | 357 | 4
COOWNYPYTE 2711 271
CALWYSNHWWF 304 | 23
COHFWSTPPTF 7 | 518
COORSSYPRTE ﬂ 295 | 373
COOYHSYPWTE 169 | 561 | 518
WESSPPTF 442 | 472 | 339
COOWNYPLYTF 442 | 3 425
| 518 |
¥YPTE 21| 373 |
CAQOLLELPYTF 373 |
COQLYSTPFETF 472
CLOGTHOPFTF 304 |
TE 4 | 285
CLOFYEFPYTF 374 | 387 | 518 |
COOWSSNPPYTE 2| 427 | 4
| COOWSSNPPTWTE 357 | 373
CEQSN 12
COOYMNSYLTFE 4 7 ]
CHOYLSSHTFE 518
COQWSSDPETE 225 | 4
CHOYLSYTF 4
COOHYSSPLTE 271
427 | 339
COOYSSYYTE F ]
COOYYSYPTE /

CLOVTHVPPTE

v
CROSYMNLPTF

COOYSGYPLITE
CLOVTHVEFTE 339
COOYSSYPLFTE 339




Pool 1| Pool 2| Pool 3 Pool 1| Pool 2| Pool 3|

YYSY COOWSSYPLITE
COOWSTYPFTE 264 CALWYSNHFWWF
CWOGTHFPF 336 | 1 COQHLHIPPTE
4
CHORSSYPT ki CGOASYSYPRTE
CKOSYMLRTE . CLOHGESPF
CLOHSYLPLTE 4 CLOSDMMYTE
CAQMLELPTE 442 | 4
COQYSKLWTF 447 1 47 | COOWSSNPPWT
YOVPLTFE 374 [ 3 CFOGSHGPWTF
CHOYHRSPRT
CSOSTHIPWT TF
CLOYDMLLPWTE REEVPWTF
COHSWEIPRTE 21 425
11 339
CVOGTHFPLTE ] COOQYSKITWTFE
COOYMELPWTF CFOSMNYLPLYTE
COOGSSIPRITE CLOYDEFPPLTF 44
COHHYGTWTFE 4
COOSRKVPSTE COOYNTYPLT A4
CLOYDMLLLTF CCOGSHYPYTE
COOYYTYPWTE CLHYDEFP'WTF
COOYYSYRTE 274 CLOGTYYPRTE
CFOGSHVEP 3 COMNDHSYPRTE
CLOYASSLTF COOHLHIPPLTF
COOYTSYPLTF
COOHLHIPFTE 204 6l
PE. 4
THVPHTF 299 MSWPALTF
CCOGSHVPLTE 1] 425 |
611 425
b1 | 425
N PPTE 1] 425 YW YTF
CHOWSSYHTF : .
2 ﬁ The most abundant CDR3 sequence is ranked as
WNYPLTF one. Dark red indicates higher rank moving to
CWOGTHFPTE 3
| CHQYHRSPPITE 442 blue, of lower rank.
COORSSYPE 447
COOWNMNYPLTF 4432
CSQSTHVPF 4
COQOGSSSPYTE 2442 | 4
MPOYTE | 4432 [ 4
COOYYSYPF 447 1 4
CAQHYSTPE
COOYNSYPE 274
CONDYSYPPTE | 374
COOSNEDPPWTE | 374
CLOYDEFPF 214
11518
CLOYDMLTWTF 1] 518 |
CMOHLECPYTE 1] 518 |
11518 |
COQHYSTWTE
COOYMSYPLAF
COQYSGYPRTE
HOYLSSTF
CLOYDMLLPTE
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Appendix A.S. Full CDR3 nucleotide alignment of IgH gene combination examined in
Figure 7 IGHV1-26, IGHD1-1, IGHJ1).

CARDYYGSSWYFDVW (2)
Ke: CARDYYGSSWYFDVW (4)
CARDYYGSSWYFDVW (3)
CARDYYGSSWYFDVW (8]
CYRDYYGSSWYFDVW
CASDYYGSSWYFDVWY
CARDYYGSSWYFDVW (1)
CAREYYGSSWYFDVW
GARDYYGSSWYFNWWY
CARDYYGSSWYFDVW (3]
o Gap CARDFYGSSWYFDVW |
_— CARDYYGSSWYFDVWW (8)
CARDYYGSSWYVDVW
CARHYYGSRWYFDVWY|
CARDYYGSSWYFDIY|
CARDYYGSSWYFDVW (5)
CARDYYGSSWYFDVW (7)
CAKDYYGSSWYFDWA (1)
CARYGSSYWYFDYW
CARYGSSPWYFDWWY
CAKDYYGSSWYFDVW (2)
CAKDFYGSSWYFDVVY|
CAKDYYGSSRYFOVW
CARSYYGSRRWYFDVW
CARYYYGSSYWGYFDVWY|
CARGFVYYGSSYWYFDNW
CAKDYYGSNWYFDVW (1)
CARGPYYYGSSFYWYFDVW|
GAREEHYYGSRDWYFOVWY/
CARDYYGSSWFFDYW
CAKDYYGSSWYFDVW (3)
CAREDGSSYWYFDVWY|
CAHYYGSNYWYFDWW
CTKDYYGSSWYFDVW|
CVKDFYGSSWYFDOVW|
CARSYYGSRRWFFDVW (1)
FTTVVDWYFDVW
CARGGYYGSSYDWYFDVWY)
CARSYYGSRRWFFDVW (2)
CERDYYGSRWYFOVWY|
CAKDYYGSNWYFDVW (2)

CAKEYYGSNWYFDVW|
CASSFYGSRRWYFDVW|
CARRDYGSSYDWYFDVW
CARWYYGSSYGYFDVW|
CASHYYGSSYVYFDVW|
CARAHYYGSSYGYFDVW|
CARGGYYYGSYWYFDVW|
CARVLLRYSYWYFDVW|
CARADYYSNWYDVW|
CARTHYGRSYWYFDVW|
CARTPYGSSPYWYFDVWY
CASSFYGSRRWYWDVW|
CARYYGSSYDYW|
CASLOYGSSYGYFDVW|
CARSGYYGSSYRPYFOVW
CARRYYGSKDYW,
CATPHYGSPSYWYFDVW|
CARSGYYSNYLWYDVW|
CARKHYGSSYDYW|
CARGITTVWATNYRYDYW|
CARDYYGMGDYW
CARSITTVVPDYW|
CARLNYGSSYDYW,
CASEEDYGSSRGYDYW|
CARGGYSNGVYWYDVW (1)
CARSYNNGIVWYDVW|
CARGGYSNBYYWSDVW
CARGBYSNGVYWYDVW (2)
CARRGFYYYGSSYGGENVW|
CARSERYYYGTAW
GSTMVTTEGLOYW|
CAKGGVIYYDYDGGYYFOYW
CARRGSYYYGSGGYW|
CARRPVATVAVDYW
CARGTYYDGPYW|
CARSSDYMRVWYYDYW|
CARSSVYMRVWYYDYW|
CAKLLRYWYFDVW|
CARYTTVWATGEYYDYW|
CAYGNYWYYFDYW|
CARSYGRGDYW|
GAREDYIRGYFGYW|
CARSAFFSYWYFDVW|
CARERGWLLQGDYW|
CARGGITSVDYW
CARERDDYDGOYW|

CARGVYYGYYDYW (2)
CARGWYYGYYDYW (1)
CARSPYYGWYVDVW|
CARSPYYGWYFDVW (2)
CARSGDGYYHNYDYW|

GARSPYYGWYFOVW (1)
CARGGWLPPYYDYW
CARWSNDWYDVWY
CARRTGRRYDVW
CARPOLVYWYDVW|
CAKNWDHWYFDVW|
CARTYSYFDVW|
CARFYGYFDYWY|
CARWSNYGYDVW|
CARRGITRGYDVW|
CALTGWYFDVW|
CARGYDVW|
CARDGNYDYW|
CARGSGNSSDYW|
CARGGNLYYDYW|
CAINWYHFDYW|
CARGYGNYDYW|
CARGILLHYDYW|
CAREDSPDYW
CARPGSYYDYW
CAINLPFDYW
CARWVYYDVDYW|
GARLRYYGOYW|
CAGGDEVYFOYW|
CARGGEGGYW|
CARRVYGDYW|
CARRPYGSYW
CASPPFSNYW|
CARGTTPDYW|

CAVLDFOYW|
CARSGSWDW|
CARRGGLGW (2)
CARRGGLGW (1)
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Appendix A.6. V-Gene Segment Heat maps

A

Chapter S Supplemental Figures

G1 | G2 | G3 | F1 | F2 | F3| [AvgG|Avg FlAvgT G1]G2| G3| F1] F2] F3
V1-53°01 |12.78] 8.74 | 23.71]10.15| 4.99 | 8.83 15.08] 7.99 | 11.53 Vi-ssar 121121211
V9-3°01_|10.07]22.08] 5.81| 2.79| 3.10 |7.88] | 12.65]| 459 | 8.62 ve3ol | 2|12 8f6]2
V126701 | 3.87 | 3.20 | 3.88 | 9.70| 3.32 [5.63 3.65 | 6.22 | 4.93 vi2601 | 4|65 4[a[5]4
V3-6'01 | 3.24 | 5.20 | 4.56 [ 41.29] 1.86 [ 2.07 434 | 5.07 | 471 vae0ol | 6| 3|3 1|42
V178701 | 0.72] 0.73| 0.90] 0.69 [16:68]1.75 0.78 | 6.36 | 3.57 V17801 | 36[ 3128341 |17
\V6-3°01 | 3.40 | 2.35] 2.13 | 1.49 | 4.30 [7.48 2.63 | 443 | 353 V6301 | 5] 9| 11|13 3]3
V5-4"01 | 0.96 | 1.10 | 1.38 | 5.45] 1.30 [1.26 1.15 | 2.67 | 1.91 vs-4'01 | 30| 21|16 5 [20] 19
W1-15701 | 0.25| 1.04]| 0.90| 6.46 | 1.09 [0.68 073 | 275 | 1.74 V11501 | 64| 23| 27| 4 | 29] 36
V1-19°01 | 5.98 | 0.42 | 0.71] 0.42 | 0.810.83 2.35 | 0.69 | 1.52 V11901 | 8| 52[37] a7 ] 36] 31
V1-55701 | 2.53 | 3.64 | 2.71| 2.96 | 1.84 |4.76 2.96 | 3.19 | 3.07 V15501 |0 4| 7] 7]15]5
V1-82701 | 1.63 | 1.63| 2.83 | 2.44 | 2.88 [2.83 2.03 | 272 | 2.37 V18201 [ 17|13 6 [10] 7 | 10
V1-9°01 | 1.97 | 1.83 | 2.44 | 3.56 | 1.24 [1.21 2.08 | 2.00 | 2.04 V1901 | 18| 10| o [ 6| 23]24
V180701 | 1.65 | 1.72 | 2.16 | 2.42 | 1.81 [1.99 1.81 | 2.07 | 1.94 v1-80'01 |20 1110 11 ] 16] 15
V1-72°01 | 1.83 | 1.28 | 1.95] 1.45 | 2.43 [2.02 160 | 1.96 | 1.83 Vi-72°01 | 15| 18| 13[16] 9 | 13
V2-2'01 | 1.13] 1.05] 2.92| 1.36 | 1.25[3.18 170 | 193 [ 1.82 v22'01 | 26| 22| 6 [17[22] @
V1-64°01 | 1.86 | 2.50 | 1.26 ] 1.04 | 2.18 [1.68 1.0 | 163 | 1.77 V1-64°01 | 14| B | 18] 2411 18
v1-81701 | 117 0.69 | 0.84 | 1.07 | 1.19[3.74 0.90 | 2.00 | 1.45 V18101 | 25[32[31[22]25] 6
V174701 | 2.7 | 0.76 | 0.81] 0.96 | 0.53 |2.57 151 | 1.35 | 1.43 V17401 | 7 | 29| 32[26] 53] 11
V9-1'01 | 157 | 2.75] 0.77| 0.19 | 2.28 [0.64 170 | 1.03 [ 1.37 vo-1'01 | 18| 7 | 34| 67 [10] 39
V1-62-2°01] 2.58 | 0.44 | 0.23| 0.19 | 0.68 |3.31 1.00 | 139 | 124 | |Vvi622°01] 8|50|65]|65|42| 7
V171701 | 2.58 | 0.44 | 0.23] 0.19| 0.68 [3.31 1.08 | 1.39 | 1.24 V17101 | 8 | 51[66]65]42] 7
V5-6'01 | 1.66 | 0.85 ] 141 0.96 | 1.27 [1.25 1.31 | 1.16 | 1.23 V56 01 | 16| 27 | 15| 27| 21| 20
V112701 | 1.57 | 1.49| 0.77 ] 1.07 [ 1.31[1.13 1.28 | 1.17 | 1.22 v11-201 | 19 15[ 34 [ 23] 19] 27
V2-9-1°01 | 0.43 | 1.46 | 0.96 | 0.47 | 1.94 [2.01 0.95 | 1.47 | 1.21 V2-9-1°01 | 48| 16| 26| 45| 13| 14
V14-4"01 | 1.25] 0.54 | 0.96 | 1.56 | 0.78 [1.91 092 | 142 | 1.17 V14401 | 23| 40 25[92] 37| 16
V152701 | 1.9 1.19| 1.17 | 1.13 | 1.19 [1.08 1.19 | 1.13 | 1.16 V1-52°01 | 24| 20| 19] 20| 24| 29
V176701 | 048] 0.40 | 1.12 | 1.49 | 2.74 |0.55 066 | 1.59 | 1.13 V1-76'01 | 46| 55 [ 20 14 8| 45
V2-3°01 | 2.22 | 0.39| 0.98 | 0.57 | 1.64 |0.80 1.20 | 1.00 | 1.10 V2301 | 11| 56 | 24| 37 | 17| 33
v4-1'01_| 0.84] 0.51 ] 0.34| 0.36 | 4.10 [0.30 056 | 1.59 | 1.07 v4-1'01 | 32| 45|57 [ 51 4|56
V14-2°01 | 0.81] 0.51 | 2.61 ] 1.20 | 0.67 |0.60 131 | 0.83 | 1.07 V14-2°01 | 33| 44 [ 8| 18] 45| 40
V1-75701 | 0.86 | 0.79 | 1.63 ] 0.93 | 0.87 [1.21 1.09 | 1.00 | 1.05 V17501 | 31| 28] 14 28] 33| 22
V122701 | 0.32 | 1.58 | 0.65 | 2.51 | 0.68 |0.52 0.85 | 1.24 | 1.04 V1-22°01 | 58 | 14| 42| 8 [ 41 47
V5-17-01 | 0.56 | 1.33 | 1.98 ] 0.62 | 1.05 |0.67 120 | 0.78 | 1.04 V5-17°01 | 43| 17 [ 12 36| 32| a7
V9-2°01 | 1.38 | 3.00| 0.71 | 0.07 | 0.15]0.41 1.70 | 0.21 [ 0.95 vo-2°01 | 21| 6 | 36| 83 [ 73[ 49
v1-39"01 | 0.55] 0.94 | 0.60 | 1.45 | 1.08 [0.94 070 | 1.16 | 0.93 V1-30'01 | 44 [ 24 43 15] 30 30
V1-50°01 | 0.99 | 1.24| 0.78 | 0.81 | 0.87 [0.75 1.00 | 0.81 | 0.91 V1-50'01 | 29| 18] 33[32] 34| 34
V8-8"01 | 212 | 0.47 ]| 057 | 1.11] 0.59 |0.26 1.05 | 0.66 | 0.85 ve-8'01 | 12| 48| a5 [ 21| 50] 61
V1-69701 | 1.00 | 0.62 | 0.87 | 0.63 | 0.66 [1.21 0.83 | 0.83 | 0.83 V1-69'01 | 28| 34 29[ 35| 46| 23
V6-6"01 | 0.68 | 0.59 | 1.12| 0.54 | 1.17 |0.71 0.80 | 0.81 | 0.80 v6-6'01 | 40| 36| 20| 38[ 27 35
V5-16701 | 1.12 | 0.52| 0.42] 0.47 | 1.06 [1.19 0.69 | 0.91 | 0.80 V5-16'01 | 27| 43[ 53[43]31] 25
V1-7°01 | 069 ] 0.28] 0.53| 0.84 | 2.00 [0.26 0.50 | 1.07 | 0.78 vi7°01 | 39| 67| a6 [ 31 [ 12] 60
V1-1801 | 0.33] 0.76 | 1.34 | 0.97 | 0.71 |0.53 0.81 | 0.74 | 0.78 V1-18*01 | 56 | 30 17 ] 25| 39| 46
V142701 | 0.71] 0.54 | 1.00] 0.91 | 0.65 |0.81 0.75 | 0.79 | 0.77 V14201 | 38| 41[23[29] 47| a2
V8-12°01 | 1.31] 0.59 | 1.00] 0.52 | 0.46 |0.57 0.97 | 0.52 | 0.74 V8-12'01 | 22| 37 22[39] 57| 44
v5-9-1702 | 0.28 | 0,66 0.37 | 0.28 | 1.45[1.16 0.44 | 0.96 | 0.70 v59-1702 | 62 33] 55 58 [ 18] 26
V1-5901 | 0.64 | 0.92 | 0.87 | 0.35 | 0.68 [0.57 0.81 | 0.54 | 0.67 V1-50"01 | 41| 25] 30 54| 44| 43
V161701 | 0.77 | 0.59 | 0.67 | 1.18 | 0.44 [0.32 0.67 | 0.65 | 0.66 V1-61°01 | 34| 37| 41 [ 19] 59| 54
V2-9°01 | 0.35] 0.49] 0.36 0.45| 1.16 [1.13 0.40 | 0.91 | 0.66 V2-9°01 | 54| 46| 56| 46| 28] 28
V7-3'01 | 0.76 ] 0.59 | 0.43 | 0.35| 0.78 [0.65 0.59 | 059 | 0.59 V7-3°01 | 35| 39| 51|55 38 38
V2-5°01 | 0.18] 1.64 ]| 0.17| 0.49 | 0.46 [0.27 0.67 | 0.40 | 0.53 v25°01 | 68| 12| 71| 42| 58] 59
V14-3701 | 0.31] 0.53 | 0.50 | 0.85 | 0.59 [0.36 0.45 | 0.60 | 0.52 V14-3'01 | 59| 424930 51 50
V3-1°01 | 0.52 | 0.41] 0.51 0.76 | 0.50 |0.35 0.48 | 0.54 | 0.51 V3-1°01 | 45| 54| 48| 33| 54 [ 51
v10-1701 | 0.33 ]| 0.60 | 0.53 | 0.38 | 0.61 [0.50 0.49 | 050 | 0.49 V10-1"01 | 57| 35| 47 ] 49| 48] 48
V94701 | 019 0.14 ] 0.22| 0.14 | 0.69[1.23 0.18 | 0.69 | 0.43 Vo-4'01 | 66| 79| 67| 73| 40] 21
Vi1-54701 | 0.41] 0.39 | 0.29 ] 0.27 | 0.82 [0.31 0.36 | 0.47 | 0.41 V1-54'01 | 49| 5760 60] 35] 55
V10-301 | 0.35] 0.27| 0.70] 0.52 | 0.21[0.22 0.44 | 032 | 0.38 V10-301 | 55| 68| 39 41] 65] 64
V177701 | 0.36 | 0.31| 0.18] 0.28 | 0.48 [0.50 0.28 | 0.45 | 0.37 V1-77°01 | 53| 65| 69 59 56| 41
V1-3401 | 0.71] 0.33 | 0.39 | 0.34 | 0.19 [0.21 0.48 | 0.25 | 0.36 V13401 | 37| 61| 54 56| 67 65
V14-1701 | 0.59 | 0.48 | 0.57 | 0.20 | 0.16 [0.14 0.55 | 0.17 | 0.36 V141701 | 42| 47 [ 44 [ 64 [ 72] 71
V512701 | 0.12] 0.31] 0.14 | 0.09] 1.19 [0.22 0.19 | 0.50 | 0.34 V5-12°01 | 74| 64 | 74| 78| 25 63
V1-12701 | 0.29 | 016 | 0.27 [ 0.39 | 0.49 [0.29 0.24 | 039 | 0.32 V1-12°01 | 60| 73| 61 [ 48] 55| 57
V3-8701 | 0.46] 0.39] 0.21] 0.37 | 0.28 [0.16 0.35 | 0.27 | 0.31 V3-8°01 | 47| 57| 68| 50 61] 70
V1-47°01 | 0.14] 0.35 | 0.13] 0.26 | 0.55 [0.34 021 | 038 | 0.29 V1-47°01 | 72| 60| 76| 61] 52| 52
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G1 (_;2 G3 F1 Fg F3 Avg G Azg F Avg T G_1 G2 ES F1| F2] F3
V1-85*01 | 0.11 ] 0.24 | 0.49 ]| 0.23 | 0.09 ] 0.58 028 | 0.30 | 0.29 V1-85*01 | 77| 70| 50| 62| 76 | 42
V1-66*01 | 0.15] 0.18] 0.25]| 0.562 | 0.23 |]0.27 0.19 | 0.34 | 0.27 V1-66*01 | 71] 71| 63| 40| 63| 58
V1-20°01 | 0.18] 0.32| 0.43 | 0.08 | 0.17 | 0.33 031 | 0.20 | 0.26 WV1-20"01 | 67| 62| 51| 77| 71| 53
W1-5*01 D.21 | 0.28 | 0.25 V1-5*01 | 74| 69| 64| 44| 70| 66
W1-36"01 0.23 W1-36"01 | 78| 26| 84 | 69| 80| 80
V1-31*01 - 0.22 | W1-31"01 | 50| 72| 40| 91] 94 | 86
V1-58*01 i 0.22 V1-68*01 | 79] 49| 58| 63| 75| 75
W1-4*01 027 | 015 | 0.21 V1-4*01 | 52| 66| 72| 80| 68| 68
V1-83°01 0.21 WV1-63*01 | 81| 86| 38| 79| 78 | 67
VE-9*01 0.19 V5-9*01 | 73 Zﬁ F0l 70| 6O) 73
V1-84*01 ¥ 2 0.18 V1-84*01 | 61| 74| 62| 82| 66| 76
V1-62-3701] 0.40 | 0.31 - 018 | [|w1-62-3*01] 51] 63| 59 | 88 | 100| 89
V1-11*01 | 0.09 | 0.36 : f 0.15 WV1-11*01 | 83| 59| 85| 85| 74 | 62
V13-2°01 | 0.27 g‘fl 0.16 | 0.15 | 0.15 WV13-2°01 | 63| 83| 80| 76| 64 | 77
V8-5*01 | 0.23 0.—.12 0.15 | 0.15 | 0.15 _ia—ﬁ'm 65 §1 78| 75| 69)] 74
V2-6*01 | 0.15] 0.14 014 | 0.14 | 0.14 V2-6*01 | 69| 78| 73] 52| B3| 90
V2-6-8*01 0.14 | 0.14 | 0.14 V2-6-8*01]| 70| 80 75] 52| 83 ] 80
W3-5*01 0.12 | 016 | 0.14 V3-5*01 | 74| 77| B3| 81| 62| 72
W3-4*01 0.23 | 0.13 V3-4*01 | 94| 94| 99| 86] 49| 83
V12-3"01 0.11 ] 0.14 | 012 ﬂ-s'm 86| 82| 77| 71 TZ B9
V2-4*01 0.18 0.12 V2-4*01 | 82| 53] 9084|8779
V5-15*01 0.10 W5-15'01 [ 87 | 88| 79| 74| 79 ] 78
V1-37°01 0.13 W1-37°01 | 99| 85| 86| 57 ] 86 ] 83
V1-23*01 W1-23"01 | 91| 84 | 82 | 68| 85| B7
V1-56°01 | 0.11 W1-56"01 | 85] 74| 80| 95| 98 | 96
V5-2*01 V5-2*01 89|88 72| 92] 82
VE-2*01 VE-2*01 | 80| 91 |105] 92| &1 ] 85
VB-11*01 WE-11"01 | 84| 90| B7 | 86| 95 99
V1-49°01 WV1-49°01 | 92| 87 | 91| 98| 92 ﬁ
WV1-43*01 V1-43*01 | 88 92 | 80 m 84
A0 W7-4*01 [103]101] 95| 98| 89| 81
V1-67°01 V1-67*01 | 86 97| 93] 82] 88
V15-2°01 W15-2*01 | 951100 94 | 89] 99| a7
V1-8*01 V1-8*01 | 89 102] 95| 90| 92
Va-3'01 V3-3*01 | 105] 103} 103] 93 | 88
WV8-9*01 VE-9*01 [100] 91| 1 101
V1-21-1*01 V1-21-1*01] 93 89 i
WVE-7*01 V6-701 97 | 103] 104] 102] 103
V2-701 Va2-7*01 |1 103 90 | 99
V1-17-1"01 WV1-17-1"01 91| 96
V7-2*01 VT-201 107 97 | 103] 98
WV16-1*01 W16-1"01 99 | 1051011
V1-16°0D1 W1-16"01 94 | 100
V1-27°01 W1-27*01 | 86 93
V1-24*01 W1-24"01 96 101
WV8-6*01 V8-6*01 | 98| 98 102
V1-14*01 V1-14*01 | 80 10
WVE-4*01 VE-4*01 101] 96
WVE-4*01 V8-4*01 98 | 97
V5-12-4"01 W5-12-4*01] 101} 102 103
V11-1*01 V11-1*01
V1-51*01 WV1-51*01 | 101 1
V1-62-1701 WV1-62-1*01 A
V1-48°01 V1-48*01 98
WVE-5*01 VE-5*01 95
V5-21°01 V5-21*01 99
V5-1*01 V5-1*01
W3-7*01 V3-7*01
V1-13*01 WV1-13*01
V1-19-1"01 W1-19-1"01
V1-32°01 V1-32*01
V1-35°01 V1-35*01
V12-2°01 WV12-2*01
W1-60"01 WV1-60"01



G1 | G2 | G3 | F1 | F2 | F3 Avg G| Avg F] Avg T G1]G2][ Ga[ F1] F2| F3

V5-30"01 | 17.87]35.97]21.10{ 16.89] 17.08| 20.64 2498 ] 18.20] 21.59 V5-39*01 1111111111

V3-4'01_ |15.33] 8.62 | 12.80] 4.70 | 3.43 | 9.05 12.25] 573 | 8.99 va4ol |2 2f2]s5[s5]2

V1117701 | 2.42 | 2.23] 2.34 [ 8.60] 4.03 | 1.97 2.33 | 4.87 | 3.60 vi-i7ol | el 7l 7121210
W2-137°01 | 1.57 | 1.86 | 12.18] 2.54 | 1.71 ] 1.37 520 | 1.87 | 3.54 V213701 | 16| 9| 3] 8 [13] 19
V111001 | 2.15| 1.84| 1.88 | 1.98 | 2.68 | B.65 1.96 | 4.44 | 3.20 vi110'01 | @ [10] 11|14l 8|3
V10-96°01 | 2.39] 2.37 | 2.04 | 5.31] 3.29| 1.90 2.27 | 350 | 2.88 vio-g601 | e[ 6|10l 4] 6|12
V4-61"01_| 0.25] 0.41] 0.28 | 0.30 | 13.91] 0.56 0.31 | 492 | 2.62 V461701 | 55| 49| 55] 54| 2| 37

v4.55*01 | 0.96] 2.84 | 2.27 [ 4.33] 0.50 | 1.24 2.02 | 2.02] 2.02 v4-55'01 |24 3 B 6| 44]21

Vv14-111701 | 240 | 1.26 [ 2.16 | 2.43 [ 1.04 | 2.67 1.94 | 2.05 | 1.99 V14111701 | 7 | 13| 9 | 11] 24| 6
V6-25"01 | 9.26] 0.54 | 0.56 | 0.79 ] 0.26 | 0.30 3.45 | 0.45] 1.95 v6-25'01_| @ | 38| 35| 29 57 54

V14-126-1"01] 2.50 | 2.54 | 1.25| 1.49] 1.86 | 1.74 210 | 1.69 | 1.90 | [vi4-126-1"01). 5 | 5| 18] 19] 12| 16
VB-15'01 | 1.16] 2.61] 1.39| 2.13] 1.55 | 1.95 172 | 1.88 | 1.80 ve-15'01_|20] 4 [ 17131 16] 11

V3-2'01_ | 1.48]| 2.04]| 0.96] 1.34] 3.01| 1.88 149 | 2.08 | 1.79 V32701 |19] 8 |21] 20| 7 [13

V12-44°01 | 1.98 ] 1.21] 1.05 | 2.47 | 1.64 | 1.66 142 | 1.92 | 1.67 vi2-4401 |10 15] 20 9 [ 15] 17
V4-68°01 | 0.50 | 0.67 | 3.27 | 0.54 | 1.20 | 3.70 148 | 1.81 | 1.65 va-58'01_ 40|33 4] 37[21] 2

V6-17°01_| 154 | 0.98 | 0.61] 1.58 | 3.99 | 0.80 1.04 | 2.12 | 1.58 ve-17'01_| 18] 20] 3217 4] 31

v1-135'01 | 1.13 | 1.12] 272 0.8 217 1.30 1.66 | 1.45 | 1.56 v1-135701 | 21|16 5] 26 10] 20
V4-57-1°01 | 0.95]| 1.39]| 2.40] 1.03] 1.20] 2.18 1,58 | 1.50 | 1.54 v4-57-1'01 | 25 [ 12] 6 | 23[ 17| @
19-93°01 | 1.88] 0.96] 0.83 [ 2.56 [ 0.84 | 1.04 123 | 1.48 | 1.35 v19-93*01 | 11|21 24] 7 [32] 286
W8-24°01 | 0.89] 0.75| 1.40 | 2.46 | 1.66 | 0.94 1.01 | 1.69 | 1.35 ve-24'01_| 26| 28| 16| 10| 14] 27

V6-13°01_| 0.34 | 0.19 [ 011 6.98 | 0.13 | 0.08 D.22 | 2.39 | 1.30 V6-13'01_| 51| 65| 67| 3 | 74| 75

v3501 | 1.75] 158 0.82[ 150 0.66 ] 1.21 138 | 1.12 | 1.25 v3-501 | 14| 11| 26] 18] 39]22

W4-59°01 | 068 0.75| 1.49] 1.08 | 2.54 | 0.87 0.98 | 150 | 1.24 v4-59'01 | 31| 27 [ 14| 22|87 29

V6-20'01_| 1.85]| 0.64| 065] 1.77 | 0.88 ] 1.15 1.05 | 1.27 | 1.16 v6-20'01_| 12| 35| 29| 15| 28] 23

Vv16-104'01 | 3.47 | 0.47 [ 0.40] 0.90 [ 0.89 ] 0.65 144 [ 081 ] 113 V16-104°01 | &4 [ 43 43| 25] 28] 34
V5-43'01_| 065 0.93 | 0.65] 0.51 | 0.68] 3.03 074 | 1.41] 1.08 V54301 | 32| 22[ 30| 38| 38| 5

V6-23°01 | 0.45] 0.83 | 1.43 | 2.15] 0.91 0.51 0.91 | 1.19 ] 1.05 V6-23'01 | 44| 25] 15| 12| 27| 38

V12-46°01 | 0.62 ] 0.99] 1.16] 0.61] 1.08 [ 1.75 0.93 | 1.15] 1.04 vi2-46'01 [ 3319 19] 34| 22]15
v4-91"01_| 0.44 | 052 063 ] 062] 1.28 | 266 053 | 1.52 | 1.03 V4-01°01 | 45| 41] 31| 33| 18| 7

Vv17-127701 | 0.60 | 1.06 | 0.80] 0.85 [ 0.84 ] 1.79 0.82 | 1.16 | 0.99 V17-127701 | 34 | 18] 27| 27| 31] 14
ve-32°01_J 0.75| 0.68| 082 | 063 [ 2.12] 0.78 0.75 | 1.18 | 0.96 ve-32'01_| 28] 32| 25] 32|11 33

v9-120°01 | 1.55] 0.69] 0.90 [ 0.80] 1.03 | 0.82 1.05 | 0.88 | 0.95 V9-120°01 | 17| 31| 22| 28] 25| 30
v4-53°01_| 048 0.92[ 035] 026 1.04] 2.58 058 | 1.29 | 0.94 V4-53'01 | 42| 23] 49| 58] 23] 8

V3-12-1°01 | 1.60] 0.73 [ 0.56 | 0.92] 0.54 | 1.08 0.96 | 0.85] 0.90 V3-12-101 | 15] 29 34| 24] 41 24
V9-124°01 | 0.23] 0.54 | 1.62 ] 1.25] 0.75 ] 0.92 0.80 | 0.87 | 0.89 vo-124'01 | 58] 39| 93] 21 36| 28
V17-121°01 | 0.45] 1.09 [ 0.34 [ 041 [ 1.26 | 1.47 0.63 | 1.05] 0.84 Vv17-121701 | 43 [ 17| 50| 47| 20 18
V13-85°01 | 1.07 | 0.42] 1.69 | 0.42 | 0.53 | 0.47 1.06 | 0.47 | 0.76 V13-85°01 | 22| 48| 12| 45 43| 42
v3-10'01_| 0.71| 059 083 [ 0.46 | 1.26 | 0.51 0.71 | 074 | 0.73 v3-10'01_| 29| 37| 23| 43| 18] 39

v10-94°01 | 0.34 ] 0.61] 0.49[ 1.70] 0.53 | 0.40 0.48 | 0.88 | 0.68 v10-94'01 | 5236 40] 16 42| 46
v8-30°01_] 0.52 | 0.65] 0.56 ] 0.70 [ 0.82] 0.30 058 | 0.61 | 0.59 V8-30'01_| 38| 34 33| 31| 34] 53

ve-19°01_| 078 | 0.70| 0.40] 0.28 | 0.71] 0.59 0.63 | 053 | 0.58 V8-19'01 | 27| 30 44| 57| 37] 36

v2-100°01 | 0.51] 0.54 | 0.55 [ 0.50 | 0.78 | 0.34 0.53 | 0.54 | 0.54 v2-109'01 | 39| 40 37 39 35| 48
V37°01_ | 0.23] 0.38] 0.73| 0.26] 0.83 ] 0.78 0.44 | 0.62 | 053 V3-7701_| 57| 51| 28] 58] 33 32

v4-72°01_| 042 1.23[ 041 048] 0.31] 0.31 0.69 | 0.37 | 053 V4-72°01 | 47 | 14| 42| 41| 54| 50

va-27'01 | 053] 0.44 [ 051]0.32] 0.86 0.49 0.49 [ 056 | 0.53 ve-27°01 | 37| 45 38| 52| 30] 41

v13-84°01 | 0.70] 0.90| 0.21 ] 0.40] 0.47 | 0.42 0.60 | 0.43 | 052 v13-84'01 | 30 24| 59] 49 46| 44
V6-29°01 0.46 | 0.56 | 0.55] 0.62 | 0.61 0.34 | 0.60 | 0.47 V6-29'01_| 98] 44| 36] 36 40 35

V15-103°01 | 0.25 | 0.24 [ 0.44 | 0.47 [ 0.92] 0.46 0.31 | 0.62 ] 0.46 V15103701 | 56| 59| 41] 42 26| 43
v4-63'01_| 1.04| 0.78 [ 093] 0.19] 0.39 [ 0.17 0.65 | 0.25 | 0.45 V46301 | 23| 26| 62]64] 49]63

V4-86"01 | 0.29| 0.44 | 033 0.39| 0.50] 0.41 035 | 0.43 ]| 039 V4-86"01_ | 53| 46| 51] 50| 44| 45

v4-70'01_| 043 0.37 [ 039 0.32| 0.34] 0.48 0.40 | 0.38 | 0.39 V4-70°01_| 46| 53| 45| 53| 53] 40

v8-28'01_] 0.54 | 0.28[ 039 0.36 | 0.35] 0.36 0.40 [ 0.36 | 0.38 V82801 | 36| 57| 46] 51 52 48

v8-18°01_| 1.79 | 0.04 | 0.05| 0.07 | 0.04] 0.05 0.63 | 0.06 | 0.34 VE-18'01_| 13| 84| 77| 75| 83| 80

Vv14-100701 ] 0.29] 0.29 [ 0.31] 0.30 [ 0.43 ] 0.26 0.30 | 0.33 [ 0.31 V14-100701 | 54 | 54 [ 53| 55] 47 56
V12-41°01 | 0.19] 0.38] 0.21] 0.41] 0.42] 0.19 0.26 | 0.34 | 0.30 V12-41701 | 62| 52| 58] 48] 48] 60
v12-98°01 | 0.22 | 0.0 0.38 [ 0.74 | 0.08 0.14 0.23 [ 0.32 ] 0.28 v12.98'01 | 61] 74| 48] 30] 78] 68
V9-123°01 | 0.41 0.02 | 0.09] 0.08] 107 0.15 | 0.40 | 0.28 vo-123°01 | 48 [ 82| 87| 73| 86| 25
v4-80°01_| 042 0.23 [ 0.30] 0.50 | 0.28 [ 0.21 0.22 [ 033 ] 0.28 v4-80'01_| 69| 60| 54| 40 56| 59

v12-89°01 | 0.18] 0.21] 0.27 [ 0.57 | 0.23 | 0.16 0.22 [ 032 ] 0.27 V12-89°01 | 63| 61] 56] 35] 59| 66
v5-4501_]| 0.16 | 0.42 [ 041 ] 0.22 0.38 ] 0.30 0.23 [ 0.30 | 0.27 V54501 | 64| 47 | 69] 61] 50| 52

ve-21°01_] 0.16 | 0.29| 0.33 [ 0.23 | 0.16] 0.36 0.26 | 0.25 | 0.26 V8-21"01_| 64| 56| 52| 60| 66 47

v1-99°01_| 0.36 | 0.47 [ 041 ] 0.16 | 0:11] 0.19 0.31 | 0.16 | 0.23 v1-99'01_| 50| 42 66| 66| 76] 61

V6-14'01_| 0.41]| 044 0.23 [ 0.13] 0.31 [ 0.16 0.26 | 0.20 [ 0.23 V6-14'01_| 49| 69| 57| 69 55| 66
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Gl G2 | G3| F1 | F2 | F3 [ Avg G| Avg F| Avg T| G1|G2]G3| F1| F2[ F3
V4-74*01 0.25] 0.12] 0.21 ] 0.14 0.28 | 0.15 | 0.22 v4-74*01 | 41| s8] 65] 63| 69] 74
/8-16*01 0.30] 0.18] 0.13] 0.17 0.22 | 0.20 | 0.21 ve-16*01 | 71| 50| 61| 68 64 | 51
V2-112701 | 0.14 0.51] 0.22] 0.16 0.26 | 0.17 | 0.21 v2-112*01 | 67| 73] aa] 62| 67| 72
v4-79*01 | 0.55] 0.15 0.26 | 0.15 | 0.20 v4-79*01 | 35| e8] 75] 70| 77| 57
\/1-88*01 0.39 0.13 0.18 | 0.18 | 0.18 vi-88*01 | 72| 81] 47| 71| 71] 55
\V18-3601 020 017 ] 0.22 012 | 0.18 | 0.15 V18-36*01 67] 60] 65] 60] B5
V4-50*01 0.15 | 0.14 | 0.15 V4-50*01 ss|72] 73] 62| 70
V3-101 0.23 | 0.14 V3-1%01 80] 64| 56 [ 61] 62
V1-122701 0.17 0.13 v1-122*01 [ 60| 66] 71| 78] 65] 79
V1-133701 0.18 | 0.13 v1-133*01 [ 76| 7] 73] 7l 51 ] 73
\/4-69*01 011 | 0.14 Vv4-69'01 | 73] 62 80| 73] 58
V9-129701 0.17 v9-129°01 [ 79| 70 46 | 79
V7-33*01 0.13 v7-33'01 | 70| 76| 7ol 78| 63 ] 71
v4-58*01 | 0.12] 011 | 0.11 v4-58*01 | 68 72| 67| 81 70] 69
V14-130%01 0.21 0.11 Vv14-130701 | 78| 63| 74| 67| 72| 82
Vv11-125*01 | 0.15 | [ 0.12 | 0.12 v11-125°01 | 66 | 77| 63| 76| 75] 76
V4-54*01 0.17 V4-54*01 44 85
4-90*01 0.12 v4-90'01 | 84| 85] 76| 83| 68 64
\12-38°01 [ 0.19 | v12-38*01 | 81] 64] 7o) 82] 82| 77
\10-35701 v10-95*01 | 75| 78] 84| 72| 79| 83
V3-9'01 | 0.23 Vv3-9701 | 59 78 85
W4-71*01 \V4-71*01 83 58
V4-62*01 v4-62+01 | 77| 79 78
V/8-23-1701 v8-23-1*01 | 85] 75 81
W4-51*01 v4-51*01 | 79 81 81
V5-37°01 v5-37*01 | 85| 82| 83 84
V4-81*01 V4-81*01 85 84
V3-3*01 V3-3%01 82
V4-78%01 v4-78*01 | 83 85
V4-92*01 V4-92*01 84
/8-34*01 V8-34*01 85
/1-35*01 V1-35*01 80
V4-73*01 V4-73"01
V1-132°01 V1-132*01
V1-131701 V1-131701
V/8-26"01 v8-26'01 | 82

V20-101-2*01

V20-101-2*01

(A) VH- and (B) Vk-gene segment usage in animals within ground (G) and flight (F) treatment

groups are presented as percent of repertoire and rank. V-gene segments are listed by rank order

(most frequent to least frequent). Dark red indicates higher percent of repertoire or rank moving

to blue, lower percent of repertoire or rank. V-gene segments with identical ranks are displayed

as ties.
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Appendix A.7. D- and J-Gene Segment and Constant Region Heat maps

A
Gl | G2 G3| F1 ] F2 | F3 Avg Gl Avg F| Avg T G1|G2|G3|F1]F2|F3
D1-1*01 30.60 D1-1*01
Undeter| 25.84] 24.02 25.36] 31.09] 24.74 28.82 | 27.06| 27.94 Undeter] 2 | 2 2lz2]2
D2-4*01] 8.61 [ 5.58 | 7.43[10.19] 4.51 | 6.80 721 | 747 | 7.19 D401l 3] 5] 4]3l5]5
D2-3*01] 510 | 6.63 |11.39] 6.71 | 4.44 | 8.53 771 ] 656 | 7.13 D2-3*01] 6] 4] 3] 5] 6]3
D4-1*01] 7.83 | 531 ]| 526 | 792 7.83 | 7.25 6.13 | 7.66 | 6.90 D4a-1*01] 4] 6] 5] 4] 3] 4
D2-5*01] 682 | 7.02]| 356 | 485] 4.64 | 6.22 580 | 524 | 552 D2-5*01] 5] 3] 6] 6l 4]8
D3-1*01] 3.64 | 1.75] 240 ] 187 ] 263 ] 2.83 263 | 244 | 254 p3-1ro1]l 7l 8l 7l8al7]7
D3-2702] 230 | 177 | 187 ] 208 ] 258 | 1.77 1.98 | 214 | 2.08 D3-2r02] 8] 7] 8] 7l&8]a
DB-2+02 De-2*02) 9] @ El
D5-1*01 D5-1*01
D5-5*01 D5-5*01
B
Gl | G2 | Ga| F1 ] F2 | F3 Avg G| Ava F| Avg T G1|G2|G3|F1]F2|F3
J2*01 27 .01 27.19 Joro1 2] 2] 2 2
J1*03 19.77| 19.68] 20.69] 24.88 21.75 | 25.92 J1%03 4]3]3]2
Ja*01 |19.66]13.0a] 22 60] 18.92 18.78 18.45 | 24.13] 21.29 Ja01 [ 4] 4] 3] 4 3
J3*01 |20.69] 19.49 26.03] 16.58] 15.90 22.99] 19.50] 21.25 J3*01 | 3| 3 2] 4] 4
U 0.04 | 016 ] 0.08 [ 0.11] 0.84 | 0.01 0.00 | 0.32 | 0.21 <6 |5]5]5]5[5]5
C
Gi | G2 G3 | Fi | F2 | F3 Avg G| Avg F[ Avg T G1]G2]G3[F1[Fz][F3
J5°01 |ay.27 32 56] 39.64] 31.87[40.19 J5°01 A
J2+01 | 25.08] 20.37] 20.98] 23.99] 33.69] 27.43 2215 28.37| 25.26 Jzr01 3] 3]3]2 2
J1-01 | 26.74] 21.43] 28 76] 21.02] 21.59] 20.09 2564 | 2090| 23 27 Jiror [ 2]2]2|3]3]3
J4:01 | 9.77 | 8.45 [15.71] 13.49] 10.65] 10.54 11.31] 1156 11.44 Jio1 4] 4] 4a]4]4] 4
U 114|168 199 186] 220] 1.76 160 | 1.84 | 1.77 u 5|5]5]5]5]5
D
g1 | G2l Gi| Fi ] F2] F3 Avg Gl Avg Fl Avg T G1|G2|G3[F1]F2[F3
IgM Igh!
lgG | 12.27]17.66] 29.61] 28.82] 25.56] 29.08 19.85 | 27.82] 23.83 G l2l2l2]2l2]2
lgh | 4.58]1.35] 232 2.54 |11.26] 2.08 2.75 | 5.29 | 4.02 gh | 3]3lafl3]als
gD Jo031]o95]056] 053] 0.79] 0.64 0.61 | 0.66 | 0.63 gD [ 4]4]4]4l4]4
IgE ] 0.04 [ 0.02] 0.07 ] 0.03] 0.01] 0.02 0.04 | 0.02 | 0.03 gt | 5] 5[5[5]5]5

(A) D-gene segment, (B) JH-gene segment, (C) Jk-gene segment, (D) IgH constant region usage
in animals within ground (G) and flight (F) treatment groups are presented as percent of
repertoire and rank. Dark red indicates higher percent of repertoire or rank moving to white,

lower percent of repertoire or rank.
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Appendix A.8. V/J Combinations of Individual Animals

(A-C) IgH V/J pairings from G1, G2, and G3 respectively. (D-F) IgH V/J pairings from F1, F2,
and F3 respectively. Circos plots are read clockwise starting at the 12 o’clock position starting
with J1 (red), J2,J3,J4, U, V1 (lime green), V2, V3, V4, V5, V6, V7, V8 (light blue), V9, V10,
V11, V12, V13, V14, and V15 (sliver, no color). (G-I) Igk V/J pairings from G1, G2, and G3
respectively. (J-L) Igk V/J pairings from F1, F2, and F3 respectively. Circos plots are read
clockwise starting at the 12 o’clock position with J1 (red), J2, J4, J5, U, V1 (yellow), V2, V3,
V4, V5, V6, V7 (sliver, no color), V8, V9, V10, V11, V12, V13, V14, V15, V16, V17, V18, V19

(light purple).
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Appendix A.9. Top V(D)J Gene Family Combinations

G3 %
VU3

SD Shared among 3 mice |
4.63 Shared among 2 mice |
. 3.46 Unigue to 1 mouse
97] 6.17
. 1.22

2.45

A G1 % G2 %o
0

V1/D2/J2

AvgF | % | SD
V1/D1/J4]| 8.27 | 10.44
7.68] 2.93
538] 0.75
468 1.86
VA/U/J3 [366] 1.06

V1/D1/J4
V1/U/J3 WO/D1/J1

V1/D21J2
V1/D1/J3

Avg G % sD
24.31 9.02
10.7 ) 3.09
4.86] 4.90
481] 1.59
4.05] 2.74

% sD
22.21 3.40
7.43] 7.30
7.31] 1.64

4.88| 209
4731 2.02

V4/J5

(A, B) Top 5 V/D/J combinations for IgH ground (A) and flight (B) mice with average and
standard deviation (SD) per treatment group. (C, D) Top 5 V/J combinations for IgH ground (C)
and flight (D) mice. (E, F) Top 5 V/J combinations for Igk ground (E) and flight (F) mice with
average and standard deviation (SD) per treatment group. Gene combinations are color coded to
show overlap within the top five most common combinations per treatment group. Combinations
found within all three mice are blue, within two mice are green, and unique to a single mouse as

white.
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Chapter 6 Supplemental Tables

Appendix A.10. Average V-, D-, and J-Gene Segment, Constant Region Usage, and CDR3

AA Length for Statistical Differences Among Treatment Groups

V11-2°¢

V1-12¢f

V1-15¢

V1-31°

V1-36°

V14-18

V15-24

V1-63°

V1-64F

V1-69°

V1-74°

V1-76%"4

V1-78¢

No AOS AOS
NoTT TT NoTT TT
NoCpG | CpG | NoCpG | CpG | NoCpG | CpG | NoCpG | CpG
VH Gene Segment Usage (Avg = SEM)

0.55 0.51 0.51 0.31 0.48 0.41 0.58 0.35
+0.06 +0.14 +0.03 +0.04 +0.08 +0.05 +0.06 +0.08
0.46 0.34 0.29 1.08 0.69 0.35 0.39 0.48
+0.08 +0.01 +0.04 +0.30 +0.09 +0.04 +0.07 +0.09
1.19 0.88 0.7 0.96 0.66 0.7 1.47 1.97
+0.09 +0.11 +0.14 +0.21 +0.02 +0.08 +0.42 +0.84
0.06 0.14 0.07 0.06 0.14 0.09 0.04 0.06
+0.02 +0.05 +0.02 +0.01 +0.05 +0.02 +0.01 +0.01
0.15 0.56 0.15 0.21 0.2 0.24 0.17 0.31
+0.02 +0.19 +0.03 +0.06 +0.03 +0.04 +0.02 +0.08
0.13 0.26 0.62 0.12 0.45 0.27 0.17 0.61
+0.02 +0.07 +0.21 +0.02 +0.27 +0.04 +0.05 +0.23
0.04 0.04 0.03 0.05 0.06 0.03 0.08 0.05
+0.00 +0.01 +0.01 +0.01 +0.02 +0.01 +0.01 +0.01
0.8 0.17 0.6 0.19 0.15 0.19 0.25 0.15
+0.32 +0.02 +0.22 +0.03 +0.01 +0.01 +0.08 +0.03
2.37 2.71 3.33 2.45 2.47 2.63 2.74 1.97
1038 +0.06 1039 1017 +0.23 +0.35 +0.48 +0.12
1.81 0.87 0.9 1.4 1.32 1.14 0.85 0.81
+0.31 +0.14 +0.21 +0.19 +0.29 +0.16 +0.07 +0.10
1.01 0.93 0.40 0.57 0.67 0.74 0.68 0.64
+0.23 +0.21 +0.06 +0.06 +0.10 +0.17 +0.11 +0.12
1.16 0.97 0.63 0.45 0.44 0.60 0.53 0.57
+0.18 +£0.18 +£0.16 +£0.08 +008 +006 +0.06 +0.09
2.15 1.46 1.19 1.11 0.73 0.83 1.14 1.38
+ 0.64 +0.14 +0.31 +0.20 +0.10 +0.10 +0.19 +0.39
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V1-80°

V1-85°

V2-34

V3S7¢

V4-1¢

D3-14

D5-5%

1264

J3¢

IgA®

IgG*

IgM?

5C

7b,d,e

138

5.48 5.89 7.54 4.87 7.11 4.32 7.29 2.78
+0.90 +0.86 +1.95 +1.52 +0.89 +0.67 +1.54 +0.74
0.68 041 0.26 0.23 0.44 0.24 0.27 0.21
+0.31 +0.04 +0.05 +0.02 +0.06 +0.06 +0.02 +0.03
2.84 1.06 0.95 0.84 0.98 0.80 2.30 1.01
+0.62 +0.14 +0.11 +0.11 +0.12 +0.19 +1.34 +0.13
0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.01
+0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00
1.58 1.08 1.53 1.19 1.81 2.26 1.87 2.78
+0.26 +0.12 +0.25 +0.07 +0.50 +0.50 +0.57 +0.81
DH Gene Segment Usage (Avg = SEM)

3.64 2.37 2.18 2.02 2.14 2.59 3.07 2.94
+0.98 +0.19 +0.18 +0.29 +0.15 +0.03 +0.42 +0.39
0.30 0.22 0.18 0.15 0.38 0.2 0.17 0.16
+0.09 +0.04 +0.04 +0.02 +0.11 +0.05 +0.01 +0.03
JH Gene Segment Usage (Avg = SEM)

28.06 29.66 28.33 35.35 28.52 38.95 27.24 27.06
+1.09 +1.06 +1.33 +2.87 +2.65 +4.32 +1.11 +292
18.68 22.24 17.49 19.34 19.62 17.63 19.98 15.05
+0.86 +1.07 +1.64 +3.06 +0.95 +0.95 +0.89 +1.34
Constant Region Usage (Avg + SEM)

3.66 6.74 3.02 8.81 3.18 4.32 341 4.62
+0.72 +1.24 +0.61 +2.11 +0.25 +1.06 +1.62 +1.47
10.85 11.83 12.48 12.01 8.99 8.66 7.18 10.41
+0.90 +2.25 +2.15 +1.06 +0.98 +0.25 +0.72 +2.26
82.58 78.67 81.74 76.27 85.00 84.47 86.13 81.95
+1.72 +2.71 +1.89 +3.34 +0.84 +1.09 +3.00 +2.84
H-CDR3 AA Length (Avg £ SEM)

3.37 4.08 7.66 3.76 5.72 3.27 5.77 2.13
+0.98 +0.45 + 1.86 +1.33 +0.63 +0.54 +1.22 +0.42
4.45 6.87 3.20 3.52 3.92 3.92 4.05 3.96
+0.70 +0.67 +0.27 +0.34 +0.34 +0.29 +0.15 +0.17
7.94 8.13 5.08 7.36 6.97 6.59 6.12 8.88
+0.19 +0.67 +0.49 +0.35 +0.35 +1.13 +0.30 +1.41
11.44 13.09 14.55 11.18 13.84 10.48 10.87 10.38
+ 0.81 +0.46 +1.26 +1.47 +1.54 +0.51 +1.30 +0.34
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15.17 13.95 17.09 17.07 13.72 10.63

14 1183 +055 4231  £309 +£192 +1.26

a - P<0.05 for a main effect of AOS

b - P<0.05 for a main effect of TT

¢ - P<0.05 for a main effect of CpG

d - P<0.05 for an interaction effect of AOSxTT

e - P<0.05 for an interaction effect of AOSxCpG

f - P<0.05 for an interaction effect of TTxCpG

g - P<0.05 for an interaction effect of AOSxTTxCpG
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11.33
+1.78

8.66
+0.57



Appendix A.11. Average V- and J-Gene Segment Usage and CDR3 AA Length for

Statistical Differences Among Treatment Groups

VI1-132¢

V12-46°

V4-55°¢

V4-57-1F

V4-62f

V4-70P

V4-86°

V5-39¢

V5-48°

V6-14°

V6-25°

V8-19°¢

V8-23-1¢

V8-30f

No AOS AOS
No TT TT No TT TT
NoCpG | CpG | NoCpG | CpG | NoCpG | CpG | NoCpG | CpG
VK Gene Segment Usage (Avg + SEM)

0.03 0.03 0.02 0.02 0.04 0.04 0.03 0.04
+0.00 +0.00 +0.01 +0.00 +0.01 +0.01 +0.01 +0.01
2.52 1.87 1.39 0.94 2.73 2.23 2.11 1.00
+0.46 +0.16 +0.17 +0.12 +1.02 +0.53 +£0.34 £0.05
7.02 4.55 13.47 3.95 10.51 4.53 7.39 2.07
+2.18 + 0.85 +3.59 +1.74 +2.06 +1.24 +£1.81 +0.46
1.27 0.50 0.40 0.61 1.93 041 0.64 1.02
+0.25 +0.08 +0.06 +0.11 +1.06 +0.06 +£030 =£0.18
0.08 0.06 0.04 0.05 0.11 0.04 0.05 0.08
+0.01 +0.00 +0.00 +0.01 +0.04 +£0.00 =£0.02 =£0.00
2.75 2.92 1.64 0.41 1.7 1.45 1.80 0.62
+0.99 +0.70 +0.33 +0.08 +0.38 +0.74 +£057 £0.06
1.12 0.86 1.41 1.02 1.97 2.22 1.54 2.86
+0.27 +0.12 +0.43 +0.21 +0.56 +£0.53 045 +£0.81
3.73 4.59 1.62 13.78 2.62 6.49 1.95 6.62
+1.75 +1.82 +0.46 +4.86 +0.76 +239 +£060 =£4.13
1.02 2.20 1.08 1.40 1.16 1.38 1.13 1.22
+0.08 +0.28 +0.16 +0.30 +0.15 +043 +0.11 =+£0.16
0.31 0.38 0.46 0.27 0.22 0.54 0.39 0.30
+0.07 +0.04 +0.13 +0.09 +0.05 +£0.16 =005 =<£0.11
0.51 0.74 1.17 0.80 0.54 0.78 1.13 0.47
+0.08 +0.24 +0.35 +0.16 +0.05 +023 028 £0.06
0.59 0.79 0.51 0.76 0.55 0.84 0.62 0.60
+0.06 +0.08 +0.12 +0.06 +0.04 +0.13 +0.07 +0.09
0.11 0.11 0.07 0.08 0.07 0.08 0.12 0.14
+0.03 +0.03 +0.02 +0.01 +0.01 +0.01 +0.01 =+£0.04
0.99 1.36 1.49 1.56 1.01 8.7 1.49 1.11
+0.18 +0.35 +0.50 +0.32 +0.18 +337 025 £0.09
JK Gene Segment Usage (Avg £ SEM)

0.76 0.99 0.67 0.85 0.97 1.05 0.84 0.68
+0.08 +0.13 +0.04 +0.06 +0.05 +0.11 +0.20 £0.03
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K-CDR3 AA Length (Avg + SEM)

b 2.23 3.46
+0.85 +0.67

o 8.33 6.02
+1.05  +0.66

L8 2.97 2.94
+£049  £0.29

U — Undetermined gene segment

a - P<0.05 for a main effect of AOS
b - P<0.05 for a main effect of TT
¢ - P<0.05 for a main effect of CpG

1.86 0.89 2.03
+£0.37 +£0.08 £0.44

6.27 6.94 5.71
+0.51 +090 +0.37

1.7 2.16 1.68
+032 +£036 +£037

d - P<0.05 for an interaction effect of AOSxTT

e - P<0.05 for an interaction effect of AOSxCpG

f - P<0.05 for an interaction effect of TTxCpG

g - P<0.05 for an interaction effect of AOSxTTxCpG
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2.20
+0.84

7.40
+1.54

2.28
+0.16

2.08
+0.56

7.09
+0.65

2.17
+0.41

0.91
+0.09

5.42
+0.38

2.98
+0.35



Appendix A.12. Average V/J Pairings for Heavy Chain for Statically Different Pairings

Al\g)S AOS NoTT TT No CpG CpG
VIOINX  [yGe S00s <004 £005 £00 008
VIOl 0 Som Som <002 <002 <002
VIIUZ G0 So0s 4004 <005 <004 008
vt s oty Lot <014 <009 015
VI2OU 000 Cons <004 <003 005 <001
VI S om <o <00 <007 <00
V15201 j(:)(())%) iob(.)gl iob(.)gl iob(.)gl iob(.)gl ﬂ(:)(())%)
VISE Ny oae Sose <oa6 <ots <00
V1-33/13° io(.)§156 i065.170 ioé)éf6 i065.170 iobs.;)o i06?114
V1-53/34° il(.)?gl il(')z.;g 116?764 i161.§9 izi(.)g4 i06§364
V1-55/0° io(')(.)(}o ioé(.)g 1 iob(.)g I iob(.)g 1 iob(.)g 1 iob(.)go
V1-63/12* iob(.)gz iob(.)g 1 iob(.)gz iob(.)gz iob(.)gz iob(.)g 1
VI [l S007 1009 2006 <004 <009
V1-76/J1%° i063.127 io(.;gz i063.117 io(.;gz :tO(')%156 :I:O(.)%g9
VIO 0T L0 <01 2007 <010 <009
VIS0 oo <001 <001 <001 o0
V1-85/U° 0.00 0.00 0.01 0.00 0.01 0.00

+£0.00 £0.00 +0.00 +0.00 +0.01 +0.00
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V2-3/J4%b

V3-8/J22b

V5-15/J1¢

V5-17/J1¢

V6-3/U°

V8-4/J22

V9-2/14%¢

U — Undetermined J-gene segment

a - P<0.05 for a main effect of AOS
b - P<0.05 for a main effect of TT
¢ - P<0.05 for a main effect of CpG

0.99
+0.63

0.10
+0.03

0.03
+0.02

0.27
+0.08

0.04
+0.02

0.00
+0.00

0.04
+0.02

0.41
+0.09

0.16
+0.06

0.05
+0.03

0.31
+0.13

0.03
+0.02

0.01
+0.01

0.02
+0.01

0.99
+0.63

0.09
+0.02

0.03
+0.02

0.28
+0.08

0.02
+0.01

0.01
+0.00

0.03
+0.01

04
+0.09

0.16
+0.06

0.05
+0.03

0.30
+0.13

0.05
+0.02

0.00
+0.00

0.04
+0.02
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0.94
+0.64

0.12
+0.06

0.06
+0.04

0.20
+0.06

0.04
+0.02

0.00
+0.01

0.02
+0.01

0.46
+0.11

0.13
+0.06

0.02
+0.01

0.37
+0.13

0.03
+0.02

0.01
+0.01

0.04
+0.02



Appendix A.13. Average V/J Pairings for Kappa Chain for Statically Different Pairings

NoAOS AOS NoTT TT No CpG CpG
0.00 0.00 0.00 0.00 0.00 0.00

VIO9SUT 1000  £000 £000 =000 £0.00 +0.00
VILISUS 00 000 £000 000 2000 0,00
vizaon S0 S0 Son6 1006 4026 =005
vizgons S0 55 Son L003 <039 +006
Vialoowe 001 001 001 000 001 00l

+0.01 +0.01 £0.01 +0.00 +0.01 +0.01

0.94 0.63 0.91 0.66 0.87 0.70
+0.29 +0.11 +£0.28 +0.15 +0.28 +0.16

1.25 1.20 1.27 1.19 1.61 0.85

V14-111/J2%

VIO 054 1043 +052 <045 +0.61 +0.19
visosr S0 S0 S So00 b1 4000
vatoon - SR S A oo a006 <010
vizws o S0 B e Sate —a00 ol
V3-7/]1b 0.11 0.09 0.13 0.07 0.07 0.12

+0.06 +0.03 +£0.06 +0.01 +0.02 +0.06
V4-51/U iob(.)(())o iob(.)éO iob(.)éO iob(.)éo ioé(.)éo iob(.)éo
vasiis 0o S Soas oos bas <006
vassis e B0 A s e Lo
V4-55/U° 106%39 106%36 io(.)%(?S 106%19 0 i062.39 iobl.(())4
vassme SO0 S0 S Do ceor wbon
V4-58/14%° 106933 io(.)%(é)‘S iob(.)gS io(.)%gS 106933 iobl.gé
VA-63/]52 0.13 0.44 0.23 0.34 0.28 0.29

+0.06 £027 £0.13 £0.26 +0.16 £0.25
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0.00 0.00 0.00 0.00 0.00 0.00

VAU 000 £000 £0.00 £000  £000 0.0
VAU S0 0% s0d0 035 024 2033
VASOU 00 Loln 002 002 002 4001
vaorss SN Jo0s 1001 4006 2008 +0.09
vsome o S sk 19 2007 200
Vs4sit ST Coo6 000 4004 2002 S0
VeLU TN Co01 001 +000 <000  +001
VOIS 00 1009 4009 4007  +004  +0.10
veasnte S S Somr aods ao1s a0
VeI SN0 L0l0 +000 000 +000  +0.00
VIS 0 1000 £000 +000 000  +0.00
VIO S0 00 1004 <002 £001 =004
VSIS0 LS00 4000 000 2000 +0.00
V8-21/12° iO(.ﬁgS io(')%g2 i061.34 106%32 io(')%(())Z 106%34
vsaiure - S0 iob(.)(())o iob(.)(())o £0.00 iob(.)(())o 0,00
V8-24/J4° i062.§7 iobz.f 2 J_ro(')z.(; :I:O(.)2.13 2 i06%33 1063.? 2
Volgzgse 004 006 005 005 003 007

+0.02 £002 +0.02 £0.03 +0.01 £0.03

U — Undetermined J-gene segment

a - P<0.05 for a main effect of AOS
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b - P<0.05 for a main effect of TT
¢ - P<0.05 for a main effect of CpG
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Appendix B - Standard operating procedures for repertoire analysis

Part I — Illumina Sequencing Import to CLC and Quality Cleaning

1. Import sequences from Illumina reads as paired (Save as Initial Import)

[

B llumina High-Throughput Sequencing Impert

File Edit View Download Toolbox Workspace Help

EJE,;

Show  New

I3

Standard Import...
Tracks...

SAM/BAM Mapping Files...
Roche 434...

lllumina...

SOLID...

Fasta Read Files...

Sanger...

lon Torrent...

i i e i e 2 e O

Select files of types Illumina files (.txt/ .fasta/ .fa/ .gseq)
1. Import files and options

Lookin:

Mouse 1 - Index 2

¥ -

Recent Items

Desktop

=

Documents

1‘1 Formme

Netwark

Files of type:

Tllumina files {.txt/ .fastq/ .fq/ .qseq)

General aptions
Paired reag

Paired read\gformation
[ Discard riffid names

Tiumina op
Remov
[ miseq d

Previous

BM-01_51_L001_R1_001.fastq.gz" Lib1-AO5-BM-01_51_L001_R2_001.fastq.qz"

() Mate-pair (reverse-forward)
Maximum distance | 1000

&L5anger or Tlumina Pipeline 1.8 and later

~

Finish Cancel

2. Generate Sequencing Report (Save into Reports Folder)

Toolbox

(G| Create Sequencing QC Report

ﬁ Ingenuity Pathway Analysis

Ly Classical Sequence Analysis

3] Molecular Biology Tools

Eg' BLAST

NGS Core Tools

- ;Sample Reads

|

: _f Merge Overlapping Pairs

Q’ Trim Seguences

e Demultiplex Reads

¢ Map Reads to Reference

: Local Realignment

~[H] Create Detailed Mapping Report

3 't Merge Read Mappings

Remove Duplicate Mapped Reads
-l Extract Consensus Sequence

- Track Tools

[3

[#-fpy Resequencing Analysis
EJ--F_;’:-J Transcriptomics Analysis
[+-fgh Epigenomics Analysis
[#-fal De Movo Sequending
£l Workflows

E]--@) Legacy Tools

Select sequencing reads
1. Select sequencing reads

Navigation Area

Selected elements (1)

£ CLC_Data
- COptimized Import 2-12 - Spleen Cells

ﬁ Import QC Report
- Second Cleaning
ﬁ Map Reads to Reference - Try 2
- Map Reads to New V FASTAs
3 Irrelevant

Spleen Cells Imported un-mapped reads [Libs;
Spleen Cells Imported un-mapped reads [Libs|
-5 FASTA

ﬁ Optimized Import 2-21 - Spleen Tissue

i= Spleen Cells Imported

£ Workflow 1 3
ﬁ Primer Design
-F Combined Sequence Lists 4
[ Motif Searches
4= Mew sequence list

£ >

Q. | <enter search term> =

[ Batch

? = Mext

» Cancel
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Remove 12 5’ bps

a. Select the trim sequences tool
b. Select the imported reads to clean

Deselect quality and ambiguous reads

Qutput options
Create graphical report

Result handling
() Open
(@) Save

Log handling
[] Openlog

Create supplementary report

[ create duplicated sequence list

Toolbox

-3 Ingenuity Pathway Analysis
[y Classical Sequence Analysis

Molecular Biology Tools

BLAST

IG5 Core Tools

% Sample Reads

- Create Sequencing QC Report
= ;Z Merge Overlapping Pairs

&

3o Demultiplex Reads

Map Reads to Reference
--3EE Local Realignment

[H] Create Detailed Mapping Report
%=}, Merge Read Mappings

[-Fal Track Tools

[E) Eﬁ Resequencing Analysis
[E) @ Transcriptomics Analysis
[-[Zgh Epigenomics Analysis
[-[] De Novo Sequending
-] Workflows
[E) % Legacy Tools

E_ Remove Duplicate Mapped Reads
F& Extract Consensus Sequence

Quality trimming
|:| Trim using quality scores

[] Trim ambiguous nudeotides

Maximum number of ambiguities:

Lirnit:

0.05

ra
1k

c. Deselect adaptor
trim

Trim adapter list

|Use color space

[ ] search on bath strands

d. Select removal of 5’ bases

e. Settoremove 12 5’ bases

f. Create report and save
with appropriate
name/folder (Save as “-12
bp)

Trim bases
Remove 5 terminal nudeotides

[ ] Remove 3 terminal nudeotides

Filter on length
[ ] Discard reads below length
[ ] Discard reads above length

12

-
1505

1,000 =

QOutput options

= [] 5ave discarded sequences
[ ] 5ave broken pairs

Create report

4k

Result handling
() Open

(®) Save
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Log handling
[]openlog




3. Generate QC Sequencing Report =

- Ingenuity Pathway Analysis

a See ltem 2 {;“, Classical Sequence Analysis
' @

[#-{z5] Molecular Biology Tools

b. Select newly generated -12bp sequencing set LasT

? Sample Reads
E Create Sequencing QC Report
_f Merge Overlapping Pairs

*
3o Demultiplex Reads
=F Map Reads to Reference

4. Quality Trim/Adaptor Trim/Remove Sequences e ree
" rea etailed Mapping Report
a. Select the trim sequences tool Verge Read Happings
b. Select the -12bp sequence set

Remove Duplicate Mapped Reads
- Extract Consensus Sequence
-l Track Tools

[#1-{5yy Reseguencing Analysis

EJ'-@ Transcriptomics Analysis

[-fza Epigenomics Analysis
e
e
e

Tl @ De Novo Sequencing
i-{5l Warkflows
3"@ Legacy Tools

c. Select and set quality trim to 0.03 and trim  |Quality trimming

ambiguous nucleotides at 2 Trim using quality scores
Limit: |0.03

Trim ambiguous nudeotides

Maximum rumber of ambiguities: 2=

d. Select the _ - _ .
. Trim adapter list = Adapter List @
appropriate

Use color space

adaptor list

(this number is

provided by

our sequencing | prevew

pel’sonnel) Mumber of reads | 1,000 Mumber of nudeotides | 216,938 Avg. length |216.9
MName Matches found Reads discarded Mudeotides removed  Avg. length
Universal 15 ] 27 216.7
Index 5 30 1 515 216.6
Index 19 30 1 515 216.6
PolyA-Removal 66 0 399 216.5
Short Index 5 9 0 41 216.9
Short Index 19 15 ] 50 215.9
Total 129 1 1,255 215.9
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e. Select discard any sequences less than | Trim bases

40bps ‘ [ | Remove 5' terminal nudeatides 1215
f. Deselect the remove 5’ terminal

nucleotides box

4k

[ | Remove 3' terminal nudeotides 1

Filter on length
Discard reads below length 40
[ | Discard reads above length | 1,000 2

4

g. Create a report and save with
appropriate name/folder (Save as Mouse X — Quality
Cleaned (paired)

Qutput options
[ ] 5ave discarded sequences
[ ] save broken pairs
Create report

Fesult handling
() Open

(@) Save

Log handling
[ ]COpenlog

THIS DATA FILE WILL BECOME YOUR FILE USED FOR ALL SUBSEQUENT
DATA
Once the mapping is confirmed, the initial import and -12bp data files can be deleted

5. Generate Sequencing Report
a. Seeitem 2
b. Select newly generated “cleaned” sequencing set
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6. Merge Overlapping Reads

a. Select the merge overlapping reads tool Toclbox

b. Select the cleaned sequencing data set i Ingenuity Pathway Analysis
[#-fy Classical Sequence Analysis

[-f25] Molecular Biology Tools
-2 BLAST
=157 NGS Core Tools
"% Sample Reads
Create Sequencing QC Report
~Z
‘g? Trim Sequences
- Ju€ Demultiplex Reads
= Map Reads to Reference
-EE Local Realignment
IEI Create Detailed Mapping Report
=-_t Merge Read Mappings

"E Remove Duplicate Mapped Reads
E Extract Consensus Sequence
-fa] Track Tools
[+-f53 Resequendng Analysis
EJ--@ Transcriptomics Analysis
EJ--@ Epigenomics Analysis
£
£
£

J--@ De Movo Seguendng
i Workflows
j—-@) Legacy Tools

c. Use default settings Alignment scores
Mismatch cost 215
(zap cost e =
Maximum unaligned end mismatches (1] =
Minimum score 81

d. Generate report and save with appropriate name/folder QOutput options

Save as “Mouse X — Quality Cleaned (paired
¢ Quality (paired) Create report

e. Discard any unmerged reads

:= Spleen Cells Imported -15bp-1 merged Result handiing

&= Spleen Cells Imported -15bp-1 not merged — (") Open

~[ W] Spleen Cells Imported -156p-1 overlapping pairs

(@) Save

Log handling
[ ] Open log
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Part II — Mapping Cleaned Sequences to V Gene Segments and Locus for

IMGT Submission

1. Map paired reads to “V alleles”
a. Select the map reads to reference
tool

b. Select the “cleaned” data file (paired)

c. Select all V allele FASTA files

References

Toolbox

1

MGS Core Tools
- % Sample Reads
Create Sequencing QC Report
_f Merge Overlapping Pairs

:E’ Trim Sequences
- Demultiplex Reads
=
-4£E Local Realignment
~[® Create Detaied Mapping Report
=—_"ﬁ Merge Read Mappings

- £ Remove Duplicate Mapped Reads
E Exfract Consensus Sequence
H-Cal Track Tools
H-fjps Resequencing Analysis

IOCESEES

:l_@ Transcriptomics Analysis
Toolbox i

TR TOTT AT

=5 CLC_Data
FASTA
+ ﬁ Primer Design
EIE Sequencing
-5 Aug 15
Size Selected Imported
Size Selected Imported -15bp (paired)

Size Selected Fully Cleaned (merged)

Sequences for FASTA
Mapping

5 Dec 14

References 2 Selected 251 elements.

Reference masking

Select single genome track or reference sequences

Selected elements (251)

(@) Mo masking
() Exclude annotated
() Indude annotated only

Masking track

£

El

a3

R RRHR AR HR RN AR RN RRHRR

i Locus

A

Chain

unctional

IGHV5-6_01(F)_ACO90887_
IGHV1592_01(F)_L26931_
IGHV15108_01(F)_L33947_
IGHV1-72_05(F)_L 26878_
IGHV3-6_01(F)_ACO73590_
IGHV1S61_01(F)_D14634_
IGHV15134_01(F)_AF304554_
IGHV1-54_03(F)_AF304553_
IGHV1540_01(F)_M17575_
IGHV1583_01(F)_L26832_
IGHV1-11_01(F)_AC020843_
IGHV2-2_03(F)_J00502_
IGHV2-6-8_01(F)_BNDD0&T72_
IGHV9S7_01(F)_L 14367_
IGHV1531_01(F)_X02463_
IGHV1S70_D1(F) L26867_
IGHV1-72_03(F) L 26868 _
IGHV1-77_01(F)_AC160473_
IGHV1522_D1(F)_X02063_
IGHV15132_01(F)
IGHV5-12_01(F)_AC030887_
IGHV1S127_01(F)_AF304546_
IGHV1-84_01(F)_AC1603990_
IGHVS-12_03(F)_AF120465_
IGHV1S121 01(F)_AF025445_
IGHV1549_01(F)_M34379_
IGHV1541_01(F)_X06868_
IGHV1-49_01(F)_ACO79181_
IGHV1-85_01(F)_AC160330_
IGHV11-2_01(F)_ACO73563_
IGHV1534_01(F)_X02467_
IGHV1-62-1_01(F)_BND00872_-1
IGHV15120_02(F)_AF025448_

«

Q- | <enter search term>

EEEEEEREEEREE RN R EEEREREEERERER AL

IGHV1525_01(F)_X02458_
IEHY =18 N2(F) 1 3395

I

¥ Cancel

W OK
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d. Use default mapping settings

e. Select Output options and save
with appropriate name/folder (ex.
“Cells Dec 14 V Aligned Paired
Mapped)

f. Select create stand-alone read
mappings

g. Select create report

2. Map merged reads to “V alleles”
a. Follow the above steps using the
cleaned merged file.

Mapping options
Read alignment
Mismatch cost 2

(@) Linear gap cost
() Affine gap cost

Insertion cost

LW

Deletion cost

=}

Insertion open cost
Insertion extend cost |1
Deletion open cost 5]
Deletion extend cost |1
Length fraction |0.5
Similarity fraction 0.8
[] Global alignment
| Color space alignment
Color error cost |3

Auto-detect paired distances

Mon-specific match handling
() Map randomly

(®) Ignore

Output options
() Create reads track
(®) Create stand-alone read mappings
Create report

[] Collect un-mapped reads
Result handling

() Open

(®) Save

Log handling
[] Openlog

3. Map Merged and Paired Reads to “IgH Locus”
a. Follow instructions as above but select the IgH locus FASTA file for 1¢ for both

paired and merged files

4. Repeat steps 1 to 3 for any additional mapping (IgK, IgL)
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5. Extract the sequences that have mapped and
save with appropriate name/folder
(ex. “Cells Dec 14 V Aligned Paired)

a.

b. Select the extract sequences tool and extract

Select all of the mapping results

to new sequence list

6. Combine Lists

a.

Highlight the extracted sequences and
select new sequence list

Toolbox

El---f_-.:‘, Classical Sequence Analysis
F;’:'—= Alignments and Trees
EIE General Sequence Analysis
‘i} Extract Annotations
i
%3¢ Shuffle Sequence

----- % Create Dot Plot

-{le]| Create Complexity Plot
IEI Create Sequence Statistics
ﬁ Join Seguences

----- ﬁ Pattern Discovery

----- Motif Search
- Create Motif List

Processes | Toolbox | Favorites

E CLC Genomics Workbench 10.1.1
File Edit View Download Toolbox Workspace Help

CCESS £ 00

Show MNew Swve Impon Expon Graphics Print launch Undo  FRiedo

&0

Pae D
Ll

Cut Copy
Mavigai Enzyme List...
| % B Folder..

Sequence...

Ctrb+ShiftN v

Cul+N "
Sequence List...
Track List...
Tiim Adapter List
Mot List
Metadata Table
Workflow

B o B B I & i

cation

(7] Mapping Reports
({7 Sequence Lists

Mouse 03
] Mopse 12

7. Break the mapped reads into sets of <500k sequences for IMGT Submission
Double click the new sequence list to show the results

a.
b.

Use the show table button to obtain the list

of sequences
The total number of sequences in the list
will be displayed at the top of the table
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M00161:3:000000000-B9BW3:1:11158: 14838: 14108 1:M:0:1/M001
M00161:3:000000000-B9BW3:1:11158:21615: 14873 1:M:0:1/M001
M00161:3:000000000-B9BW3:1:1119: 11467:4233 1:N:0:1/M00 16
M00161:3:000000000-B9BW3:1:2102: 17833: 21248 1:M:0:1/M001
MO01A 1: 3:000000000-RARW 3: 1: 2103 4868: 10941 1:N:0:1/M0N 16

Tl to split view)

(Press




d. If>500k sequences, select multiple sequences using the shift button and press the
create new sequence list button.

e. Check that this new list has <500k sequences

f. Save the list as “mouse X — pt X

3:000000000-B9B
MO0 161: 3:000000000-B98

MO0 161:3:000000000-B96

M00161:3:000000000-898W 3:

M00161:3:000000000-B9BW3:1: 1116:22865:9808 1:N:0:1/M00161:3:000000000-896W 3: 1:1116:22865:9808 2:M:0:1
MO0161:3:000000000-B96\W 3:1: 2109: 7077: 14305 1:M:0:1/M00161:3:000000000-B9BW 3: 1:2109: 7077: 14305 2:M:0: 1
MO0161:3:000000000-B9B\W 3:1: 2110: 23040: 22942 1:N:0:1/M00161:3:000000000-B98W 3: 1: 2110:23040: 22942 2:N:0:1
MO0161:3:000000000-B9B\3: 1:2114:27184: 14851 1:N:0:1/M00161:3:000000000-B9B\W3: 1: 2114:27184: 14851 2:N:0:1
MO0161:3:000000000-B9B\3:1:2115:9085: 13632 1:N:0:1/M00161:3:000000000-B9BW 3: 1:2115:9085: 13632 2:M:0: 1
M00161:3:000000000-B9B\W3:1:2113:3527:12941 1:N:0:1/M00161:3:000000000-89BW 3: 1:2113:3527: 12941 2:M:0: 1
M00161:3:000000000-B9BW3:1:2114:8795: 3496 L:N:0: 1/M00161:3:000000000-B9BW3:1:2114:8795: 3496 ZiN:D: 1
MO0161:3:000000000-B96WW 3:1:2119: 14231: 4173 1:N:0:1/M00161: 3:000000000-B9BW 3: 1:2119:14231:4173 2:N:0: 1
M00161:3:000000000-B9B\W3:1:2101: 2040 1: 20157 1:N:0:1/M00161:3:000000000-B9B\W3: 1: 2101:20401: 20157 2:N:0:1
MO0161:3:000000000-B9BV3: 1: 1119: 26635: 12083 1:N:0:1/M00161:3:000000000-B9BWW3: 1: 1119: 26635: 12083 2:M:0:1
M00161:3:000000000-B9B\3: 1: 1106: 20879: 7359 1:N:0:1/M00161:3:000000000-896W 3: 1:1106:20879: 7359 Z:M:0:1
MO0161:3:000000000-B9BVW3:1:2116:22315: 17774 1:N:0:1/M00161:3:000000000-B9B\W3: 1: 2116:22315: 17774 2:N:0:1
M00161:3:000000000-B9BW3:1: 1101:29436: 12624 1:N:0:1/M00161:3:000000000-B9BW3: 1: 1101:29436: 12624 Z:M:0:1
MO0161:3:000000000-B96\W3:1: 1102:19117: 5401 1:M:0:1/M00161:3:000000000-B9BW 3: 1:1102:19117:5401 2:M:0: 1
M00161:3:000000000-B9B\W3:1: 1113:7345: 7041 1:N:0: 1,M00161: 3:000000000-B9BW 3:1:1113:7345: 7041 Z:N:0: 1
MO0161:3:000000000-B9BV3: 1: 1119:28050: 17213 1:N:0:1/M00161:3:000000000-B9BWW3: 1: 1119: 28050: 17213 2:N:0:1
M00161:3:000000000-B9B\W3:1:2102:24833: 9497 1:N:0:1/M00161:3:000000000-89B6W 3: 1:2102:24833:9497 2:M:0: 1
MO0161:3:000000000-B9BVW3:1:2113:18939: 18600 1:N:0:1/M00161:3:000000000-B9B\W3: 1:2113: 13939: 13600 2:N:0:1 W
£ >

| Create New Sequence List

8. Export FASTA File G~

a. Select the Sequence liStS to File Edit View Download Teolbox Workspace Help

export EJE: = I

b. Select the export button I:'w New Swve impor] Bpon foronics  Prin Unco i cey
c. Select FASTA format for
export
d. Save to location (on the = — -
computer, rather than in = P F——
CLC) AGP Spit scaffolded contigs with scaffold meta data in AGP format [sgp, fasta]  No
Fasta alignment Export alignments in fasta format [fa, fsa, fasta] No

+ Select X cancel

THIS IS THE FILE THAT WILL BE SUBMITTED TO IMGT FOR FUTHER
PROCESSING
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Part III — Submission of FASTASs to IMGT and retrieval of IMGT Results

1. Submission of files for V, D, J
identification

a. Select the High-V quest

IMGT tools

ence alignment software for IG and TR)
¥ S High-Throughput analysis of IG and TR)
doc) (for human and mouse |G and TR)

link
Log in

i IMGT/Allele-Align
¢ IMGT/PhyloGene (doc)

IMGT/DomainDisplay (doc) (Amino acid sequences)

Name file (files will be

deleted after a few weeks, so a complicated name is not required)

Select species Mus musculus (house mouse)
Select locus as IGH

Select yes for sequences are from a single
individual

Select exported FASTA file from CLC
Select e-mail notifications

In Detailed View — select “check all”
This only applies to <150k sequences

In Files in CSV — select “check all”
Leave Advanced parameters as default
Submit file by clicking “Start”

)

g.
h.
1.
i,
k.
L.
m.

Please login here
E-mail * tretig@ksu.edu
Password LIITTTY
[ ]
[Type ihe text | Privacy & Terms
Lagin MNewuser Forgot password?

Analysis title: | Type Name Here (50 characters or less) I

Species Mouse - |

Receptor type or locus: | IGH v I

Yes v

Sequences are from a single individual:

g ccess to a local file (in simple text format)
file selected

your in FASTA format (from 1 up to 500000 sequences)

MGT/HighV-QUEST submissions =150 000 sequences, the individual files are not provided.

Isem! me an e-mail notification: (¥ when analysis is queued when analysis is submitted when analysis is completed

| pefore the results are removed All | MNone I

( Start ’

A. Detailed View

1. [ Alignment for \-GENE

2. [ Alignment for D-GENE

3. ¥ Alignment for J-GENE

4. Results of INGTMunctionAnalysis
with full list of eligible D-GENEs
withoutlist of eligible D-GENES

©m o m

B. Files in CSV

Include individual resultfiles: ® Yes O

8 Sequence of the JUNCTION (nt and AA
V-REGION slignment
REGION translation
V-REGION protein display
5 V-REGION mutation and AA change table

No Nb of nucleotides perline in alignments:| 60+ Mb of aligned reference sequences: 5 v

10. W-REGION mutation and AA change statistics

11. [] \-REGION mutation hot spots

12. [ gequences ofV=- \-J- or V-D-J- REGION (nt and AA) with gaps in FASTA
13. [ Annotation by IMGT/Automat

None | Default

Mone | Defsult

1. ¥ Summary 7. ¥ V-REGION-mutafion-and-AA-change-table
2. [¥] mGT-gapped-nt-sequences 3 REGION-nt-mutation-statistics
3. ¥ pt-sequences 9 REGION-AA-chanqge-statistics
4. [¥ MGT-0apped-Ar-sequences 10. [¥] V-REGION-mutation-hot-spats
5 Af-sequences 1. ¥ Parameters
6. [+ Junction
Advanced parameters
Selection of IMGT reference directory set F+QRF+ in-frame P v ® with all alieles ) With allele *01 only
Search for insertions and deletions @ Yes ) No

Parameters for IMGTiJunctionAnalysis

Nb of accepted D-GENE in JUNCTION | default v

NBb of accepted mutations: | default v in 3V-REGION
default v in D-REGION

default v in 5J-REGION

Parameters for "Detailed view"

Nb of nuclectides to exclude in 5 of the V-REGION for the
evaluation of the nb of mutations (in results 9 and 10)

Nb of nuclectides to add (or exclude)in 3’ of the V-REGION for the evaluation of the alignment
score (in results 1)
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2. Download data from IMGT
a. Login to the HighV-Quest page
b. Select analysis history
c. Download files
d. Save files in folder “1 — IMGT Output”

Here is information about your analysis history
Title User Status Submission date Hb of sequences IMGT/V-QUEST reference directory Actions
Species Receptor type (or locus)

55 Paired queued l) 2015-08-26 15:14:35 CET 74868 Mus_musculus IGH Not completed “
S5 Merged queued @ 2015-08-26 15:11:30 CET 33291 Mus_musculus 1GH Not completed ﬁ
S5 All Sequences completed 0 2015-08-25 21:06:17 CET 74268 Mus_musculus 1GH (33.63 MB, 74884 fileg “
5SSV Gene completed ) 2015-08-25 21:04:14 CET 28926 Mus_musculus IGH (26.88 MB, 28940 files) m “
55 IgH completed ) 2015-08-25 21:03:04 CET 46130 Mus_musculus 1GH (5.17 MB, 46145 files) [}a “
S5 IgH Paired (real) completed %) 2015-08-25 20:56:09 CET 467130 Mus_musculus 1GH (5.16 MB, 46145 files) BB “
S5 IgH Paired completed #) 2015-08-25 20:18:52 CET 48019 Mus_musculus IGH (3.53 MB, 48034 files) E% “
SS IgH Merged completed ) 2015-08-25 20:17:41 CET 22709 Mus_musculus IGH (2.46 MB, 22723 files) [% “
S5V Merged queued [ 2015-08-2518:38:18 CET 13329 Mus_musculus 1GH Not completed “
55V Paired completed () 2015-08-25 18:36:53 CET 29046 Mus_musculus I1GH (27.06 MB, 29060 files) @ “
Al Tissue completed #) 2015-06-08 17:48:06 CET 58950 Mus_musculus 1GH (22.44 MB, 58965 files) E% “
All Cells completed 0 2015-06-08 17:46:08 CET 39398 Mus_musculus 1GH (17.88 MB, 39412 files) @ “
Hote: this table is not dynamic, please click here to refresh the table
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Part IV — Determination of Constant Region (IgH Only)

1. Generate a new FASTA file for

a.

Open the 1 Summary file
the IMGT output in Excel and

delineate on tab

Use the sort function to select
only sequence IDs and

Sequences from functionally

productive antibodies

Fl or Mu

CLC
from

— o M|

@=9 =

Repeat this step until you have

compiled all of the productive

mouse

2. Generate a new worksheet with the
following data

a.
b.

3. Format the FASTA File
a.

b.

Column A ->

Column B - Sequence 1D
(copy and paste)

Column C - =A2&B2
Column D - Sequence (copy
and paste)

a |
‘i Add Level X Delete Level a Copy Level Dpoons. My data has headers
Senby  Funchonaslty v Values v AwWZ v
sequences for the
&) & 9 - - A
Home  Insert  Pagelayout  Formulas | Data | Review  View

By B y ) (3 connections | T \f =]
@ 9 3 ST U =
From From From From Other  Existing  Refresh %) Sort | Fiter Te
Access Web  Text Sources~ Connections | Allv = # Advanced | coly
Get External Data Connections Sort & Filter

D23 -

JFx  gtttccaggaaacaaactggaatggatgggctacataagetacgatggtageaatad

A B

ARV ERVERVERVIRY]

[N ENRE- T R TR

2111:11321:19496_1:N:0
2106:10911:13957_1:N:0
2117:14975:6400_1:N:0:
1112:22502:7631_2:N:0:
2102:13533:17668_1:N:0
2105:23230:7358_1:N:0:
1114:24265:15785_1:N:0

€

>2111:11321:19496_1:N:0
>2106:10911:13957_1:N:0
>2117:14975:6400_1:N:0:
>1112:22502:7631_2:N:0:
>2102:13533:17668_1:N:0
>2105:23230:7358_1:N:0:
>1114:24265:15785_1:N:0

ctttcagtagctatggcatgtcttgggttc|
tgtgcagectctggattcactttcagtag:
ctccagacaagaggctggagtgggtcg

caggaaacaaactggaatggatgggct
gecagtttccaggaaacaaactggaat
ggaactggatccggceagtttccaggaaq
tggctactccatcaccagtggttattact)

Copy columns C and D to
notepad-++
Highlight the gap between
the sequence ID and the
sequence
Use the replace tool
(Control + H)
Replace the highlight with
\r
1. Make sure the
extended search

ttggtgcagtctggacctgagectgaagaagectggagagacagtcaagatctectgeaaggettetgggtal

agt Replace ncttc
Find  Replace Find in Files Mark

cect aatal
Find what :| V| Find Mext

tct Jgat

Replace with :| \r Vl Replace

999 tagg|
In selection Replace All

cac agcc

Replace All in All Opened

Documents

ggg  []Match whole word only aaca|

[Imatch case Close

999 [~ wrap arcund gaca

gag  Search Mode Direction [ Transparency tatg|
ONnrma\ OUP ©On losing focus

ca Cct

924 | @ Extended (\n, \r, \, \0, \x..) @ Down O Aways e

cag () Regular expression matches newlin¢ 1 ctga

agg tgaa

ggctccaggaaagggtttcaagtggatgggcatgatatacaccgacactggagageccaacatatgetgaag

mode is on
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4. Save as a .fasta file

File name: | mouse42-rerunfasta v

Save as type: | All types (*#)

~ Hide Folders

Cancel

Save

5. Import the new FASTA file in CLC
a. Select the import fasta read files tool

File Edit View Download Toolbox Workspace Help

LB 5

+
Show Mew Szve Import Export Graphics Print Undo  Redo

Navigation Area % Standard Import...
}ﬁ E‘Lr’ '(J E% Tracks...

-5 CLC_Data E

m-E5 FASTA

[ Primer Dey 2
[ Constant 2

E Constant )
-5 Sequendir Eg S0LD...

b aug 162 Fasta Read Files...
i R-iE S0

| E§ Sanger...

lon Torrent...
Fod Bl

SAM/BAM Mapping Files...
Roche 454...

lumina...

e TengrasAl

Toolbox

6. Run the motif search
a. Select the file you wish to search and
then the motif search tool
b. Select next on the first screen to
confirm file

Bf;‘, Classical Sequence Analysis

(-5 Molecular Biology Tools
E]--E% BLAST

P_; Alignments and Trees

E General Sequence Analysis
-Gy Extract Annotations
-5 Extract Sequences
%3¢ Shuffle Sequence
% Create Dot Plot

-{l=] Create Complexity Plot
{EI Create Seguence Statistics
-ﬁ Join Sequences

ﬁ Pattern Discowery
2

g Create Motif List
E}-@ Nudeotide Analysis

E}-ﬁ Protein Analysis

B[ RNA Structure

c. Select motiflist

Motif Search Parameters

d. Select the constant
region motif list

Motif Search Type |MotifList

Search String

ress Shift + F1 for options

USG 80% accuracy E Constant Region Motifs

Motif List

Accuracy (%) 80

Search For Reverse Motif
[] indude negative strand

Exclude Unknown Regions
[[] Exdude matches in N-regions for simple motifs
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f. Check Create Table and Add Annotations to Sequences

Oulput oplions
[ Creme= Tabl=
[+] Add arnatations to sequences
Reault handing
1 Ooen
) Save
Lag harding
[ ooen kg
7. Export the motif data file to Excel |E
a. SeleCt the expOI‘t button File Edit View Download Toolbox Workspace Help
= [ = 0D [x
Show  Mew  Sazve Iy Export [Rraphic= Print Undo  Redo  Cut  Copy Paste Delete
Navigation Area 4] | EH cells Motif s,
b B O Y
S-Ea aC bata ‘ 23054:9045_1

b. Select the

format as
annotatlon Name Description Extension supported format —
Excel 2010 ’
Annotation Excel 97-2007 Export annotations on sequences in Excel format [xls] fes
Annotation tab delimited text  Export annotations on sequences in tab delimited format [txt] ‘Yes
oLC Export data in rich CLC format. All information and folder struct... [dd] ‘fes
CcT Export RMA secondary structure information in CT format [ct] fes
Col Export RMA secondary structure information in Col format [col] ‘fes
DNA Strider Export sequences and sequence ligts in DNA Strider format [strider, str]  Yes
EMEL Export sequences in EMBL format [emb, embl] Yes
Excel 2010 Export tabular information in Excel format [dsx] ‘fes
Excel 97-2007 Export tabular information in Excel format [xls] fes
Fasta Export sequences and sequence lists in fasta format [fa, fsa, fasta] Yes w
' Select X cancel
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c. Select your files and hit next
i.  You may combine multiple
motif search tables into
one Excel file

d. Name your file and select next, then
finish

SAVE POINT - Save this file as “Mouse X” in
Folder “Motif Search Results”
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Select Basic Sequences

1. Select Basic Sequences
Navigation Area

Selected elements (1)

= Qc_pata ~ = ssProdunknown
=5 FasTA

3 Whole Locus

4 PhiX

£ v Heavy chain

{7 Constant Regions

7 K Light Chain

£5 ponor use

£ L light Chain

{7 Light Kappa-+Lambda BL6
[ Primer Design

+£3 Aug 15 «

[ sequences for FASTA

5 Mapping

¢ = v sligned Paired
= v dligned Merged
"= IgH Merged mapping

{7 IgH Paired mapping

B+ (£ Motif Searches - Cleaned Sequences

TissueProdUnkonn
§= CelsProdandlinknown

Q- | <enter search term>

"<

[]Batch

< Previous > Mext +/ Finish X Cancel

Basic export parameters
Output as single fle
Use compression None v

Export all columns

File name

Output file name | SSProdUnknown. xlsx

custom file name (02
Press Shift + P for optans

€ Previous

+ Finish X Cancel




Part V — Reformatting of IMGT Data, Duplicate Removal, and Functionality

Assignment

1. Combine the columns from the multiple IMGT outputs outlined in Appendix 6 for

productive and unknown reads

only.

a.

C D E F H I 1 K L
| Text Import Wizard - Step 1 of 3 7 x
Open the ﬁles eXtraCted | The Text Wizard has determindd that your darta is Delimitad
from the Zipped IMGT | Mhis & conredt, choose Mext Or choose the data Type That bl desonbes your data,
. | origial data type
output in Excel | chos th et st dscibes por i
. 1 !:;.‘h'nlt‘d - Characters such as commas or tabs separate each field
Select the finish button to | O Fard a1t - Fetin e st o with poces e sch i

properly format the data
Make sure that you .
carefully maintain the | Iy s nence
correct sequence IDs with | |

Start import atpow: | 1 +| File origine

437 : DEM Unibed States

the correct results

Cancel « Back fesct > Einish

2. Reset the sequence numbers

a.
b.
C.

Fill down the first three numbers

Select all three cells

Double click the small square at the bottom right
of the bottom number to fill down

A B C D [f

Sequence | Seguence  Functional V-GEMNE ar V-RE!

1| MOD161:3 unknown | Musmus [
2| MO 612 unknown | Musmus [
J;Ml:ﬂ:l]{.] Hunknown | Musmus i
FAT VD61 unknown | Musmiuas
788 MOO161-M unknown [ Musmus 1
789 MOO161:3 unknown | Musmus |
790 MO 613 unknaown | Musrmius 1
791 MOO161: 3 unknown | Musmus [

SAVE POINT - Save this file as “Mouse X — Raw Data” in Folder “2 —

IMGT Raw Data”
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3. Create the truncated ID column
a. Duplicate the Sequence ID column and rename Trunc ID

b. Add one empty column

to the right of the Trunc ID column

o1a -
A 8 c o 3
1 [Sequence {sequence 1D Trunc 1D Functional V<G|
2 1/M00161:204:000000000-AWNEY:1:1118:13432:12043_2:N: |M00161:204:000000000-AWNEY:1:1118:13432:12043_2:N: unknown ( Mus
3 2{M00161:204:000000000- 2318 2:N: NEY:1:2105:24964:12318_2:N: unknown { Mu:
4 3{M00161:204:000000000- AWNEY:1:2116:17468:4600_2:N:0 £ IE 1 _2N:O unknown { Mu:
5 787 M00161:204:000000000- AWNEY:1:2101:3760:17582_2:N:0 | M00161:204:000000000-AWNEY:1:2101:3769:17582_2:N:0 unknown ( Mu:
6 788,M00161:204:000000000-AWNEY: 1:1104:7310:12989_2:N:0 ¥:1:l 2N:0 unknown ( Mu:
7 11 _2n0 11 _no unknown ( Mu:
[ 790/M00161:204. 2 _2n0 11:1109:7421:21630_2:N:0 unknown ( Mu:

Select the Trunc ID column and use the find and replace tool to replace the
Illumina specific code associated with the run. Leave the “Replace With” box
empty.

Trisha Rettig

Insert  Draw Review

P_— = N o o n | Foan B
, o6 Cut -l - KA T = EPWiap Text - —E # | Normal Bad Good = =< E e %Y p
U1 B copy - Z] - . = 3] Fill -
Paste B I U- | o-A-lm == EMerge &iCenter ~ § ~ % » Conditional Format as' Neytral m Insert Delete Format Sort & [Find &
¥ Format Painter s = “ N Formatting = Table - I S
— — e syle ol D e
ab
a - fo | TruncID % Replace.
2 &
A B C D £ F otae (o
1 [sequence iSequence ID Trunc ID Functional V-GENE arv- epiace (Ctrl+H)
2 307} M00161:204:000000000- AWNEY:1:1118:13432:12043_2:N: unknown { Musmus I€
3 539!M00161:204:000000000-AWNEY:1:2105:24964:12318_2:N: unknown { Musmus I€
4 5481M00161:204:000000000-AWNEY:1:2116:17468:4600_2:N-0 unknown { Musmus I€
5 7871M00161:204:000000000- AWNEY:1:2101:3769:17582_2:N:0 unknowm { Musmus I€
3 788!MO00161:204:000000000-AWNEY:1:1104:7310:12889_2:N:0 unknown { Musmus I€
7 7891M00161:204:000000000-AWNEY:1:1106:1 _2:N:0 unknown { Musmus I€
8 7901M00161:204:000000000- AWNEY:1:1109:7421:21630_2:N:0 unknowm { Musmus I€
B 7911MO00161:204:000000000-AWNEY:1:1109:3314:13352_2:N:0 unknown { Musmus I€
o 7921M00161:204:000000000-AWNEY:1:2118:13404:20258 : unknown { Musmus I€
i1 723!M00161:204:000000000 AWNEY:1:2102:24387:24166 2:N: MO0161:204:000000000 AWNEY:1:2102:24387:24166 2:N: unknown { Musmus IC
" e
2! Find and Replace ? X
b4
2 Find Replace
ho
ba| Find what IMOO161:204:000000000-AWNEY: 1 v
LO|  Replace with: >
b2
hs Options >>
2
PS| = Replace Al Replace Find All Close

d. Use the text Bs oot 1summary - b
toc Olu ns Fle  Home Insert Draw Pagelayout Formulas Review View ACROBAT  Q Tell me whatyou want to do
[ Queries & Connections Clear e O E —
F s ER ! =
tool to B L& ©) S [ properties LEr | S
Get From From FromTable/ Recent  Existing  Refresh . z| Sort fFilter Textto Flash Remove  Data  Con
Data- Text/CSV Web  Range Sources Connections All - inks W Advanced  Gojymns  Fill Duplicates Validation -
remove the Get & Transform Data Queries & Connections Sort & Filter Data Tools
t . 1 . = . — Text to Columns
railing Split  single column of text into
. . A B c multiple columns
lnformatlon 1 [Sequence 1Sequence ID Trunc ID
2 307 M00161:204:000000000-AWNEY:1:1118:13432:12043_2:N: |1118:13432:12043_2:N: FO" exa’”‘f"fe“‘y"“ can separate a
1( it
3 539 M00161:204:000000000-AWNEY:1:2105:24964:12318_2:N: |2105:24964:12318_2:N: cotumn O full names into separate
first and last name columns.
4 548 MO00161:204:000000000-AWNEY:1:2116:17468:4600_2:N:0 |2116:17468:4600_2:N:0
5 787 MO00161:204:000000000-AWNEY:1:2101:3760:17582_2:N:0 |2101:3769:17582_2:N:0 You can choose how to split it up
6 788 M00161:204:000000000-AWNEY:1:1104:7310:12089_2:N:0 |1104:7310:12989_2: fixed width or split at each comma,
7 789 MO00161:204: - AWNEY:1:1106:1 _2:N:0 |1106:13834:6405_: period, o other character.
8 790 MO00161:204:000000000-AWNEY:1:1109:7421:21630_2:N:0 |1109:7421:21630_2:N:0 @ Tell me more
9 791 MO00161:204:000000000-AWNEY:1:1109:3314:13352_2:N:0 |1109:3314:13352_2:N:0
10 792 MO00161:204:000000000-AWNEY:1:2118:13404:20258_2:N: |2118:13404:20258 2:N:
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Convert Text to Columns Wizard - Step 2 of 3 ? X

1' S eleCt delllrllted This screen lets you set the delimiters your data contains. You can see how your text is affected in the preview below.

ii. Delimit using “other” and e

type an underscore (_) [ semicolon [ Treat consecutive delimiters as one

[ comma

ii1.  Select finished DOlspace

other: | _

Text qualifier: |* v

e. Delete the column containing the
trailing IDs - =

4. Remove “ (see comment)” from the entire worksheet
a. Make sure to include the space in the removal

IGH ONLY STEPS - light chain proceed to save point

5. Copy in the CLC generated motif search as in step 1
a. Organize all of the results into two columns on a single page
1. A = Sequence
ii. B = Description
1ii. Any other columns may be discarded

6. Align the motifs to their corresponding sequence ID
a. In the raw data tab create two new columns
1. One labeled Constant Region
ii. One blank

b. In the Constant Region column  [frwoosgmens ) e x
use the VLOOKUP function to s e
ID the constant regions to their o [ e s - o
sequence 1D T - euse
1. Lookup value = the ok st 1 e s i i e o sl By 0 0
sequence ID on the raw D e e O
data page
ii. Table array = the two e
Columns Where the data Y LI TO9 97 IO T Ny T IUS o997 T T unKmown VST TC

is stored in the motif search page
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iii. Col Index num = the column’s data that you want reported (in this case
the description)
iv. Range lookup = false (only return this data if the lookup value is found)
c. Add an “IFERROR” function to the outside of the established VLOOKUP

forumla
i. =IFERROR(VLOOKUP('Raw Data''B2,'Motif Search''A:B,2,FALSE),"")
1. This tells excel to return a TR AR
blank cell if a constant region ; i i
isn’t found R e
d. Fill the equation down using the box in the e R o o =
bottom right corner of the cell (Note: this is a ko —— 1
time/processor heavy equation step) Eg e
¢. CONFIRM THAT THE EQUATION HAS | "o mee
FILLED ALL THE WAY DOWN g S
f.  Use the paste values function to paste the trbmomn L k!
VLOOKUP results (Note: this is a e v e —
time/processor heavy step) ’;ESSEZEQZZ o Eﬁ:::: E ZE Eﬁ:::ii
g. Delete the column containing the VLOOKUP 'p’kdw o 35 o= s
results unknown Musmus I¢ 80

SAVE POINT - Save this file as “Mouse X — For Sort” in Folder “3 — For Sort”

7. Perform sort on sequences ; - \
Sort ? X
a. TruncID (A = Z) 9 E
b Constant Region (A 9 b *a) add Level || X Delete Level || B3 Copy Level || & Options... My data has headers |
) 3; Column Sort On Order :
Z) P4 |Sort by | Trunc D ~ | |values ~| |atoz ¥ B
C. Functionality (A 9 Z) )f Then by | Constant Region ~ || Values v |AtoZ |l
d V R . S )f Then by Functionality ~ | |Values v | AtoZ >
. - eglon core ; Thenby |y-REGION score ~ | |values ~ | Largest to Smallest v B
(Largest 9 Smallest) N Then by  Orientation ~ | |values ~ :ZtuA b
e. Orientation (Z 2> A) b .
p4
g ==
TUUUUUUUUU=AWNE Y IZITY I0UUDISZZ0_ZINU_ [ZIIYTIDUUOISZZ0 Tprouucuve gV

80 RemOVe H - - 1_Summary - Excel

Du pli C at es File  Home Inset Draw Pagelayout Formulas Review View ACROBAT  Q Tell me whatyou want to do

-
& DD Dé D D D D D?'uenef itunnemuns 8 Y % E‘E 4 E":‘

Get From From FromTable/ Recent  Bxsting  Refresh gL St Fikter o Textto Flach |Remove  Data  Consolidate Relations
Data~ Text/CSV Web  Range  Sources Connections  All - dit ¥ Advanced  Columns Fill  Duplicates Validation ~

Get & Transform Data Sort & Filter Data Tools
AL - fc | sequence number Remove Duplicates
Delete duplicate rows from a sheet.

4 A B c D E ]
1 [sequence [Sequence ID Trunc ID Functionality | Constant Region |V-G '©U 2N pick which columns should oyl
2 | 295238 M0OO161:204:000000000-AWNEY:1:1101:10025:14106_1:N: 1101:10025:14106 productive Mu ﬁ;ﬁ:;ﬁimr duplicate 04 nt
3| 295230 M00161:204:000000000-AWNEY:1:1101:10025:14106_2:N: 1101:10025:14106 unknown Mu . 30nt
4| 192636 M00161:204 AWNEY:1:1101:10035:15252_1:N: _ 1101:10035:15252 unknown MusmusIC___ 1080 100 216/216 nt

a. Highlight the entire sheet
b. Use the remove duplicate tool
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2

Remove Duplicates ? X P

2

To delete duplicate values, select one or more columns that contain
duplicates.

4= select ll | | 3= Unselect All My data has headers

c. Select remove duplicates based on the Trunc ID
Column colums

[[] sequence number

-~

[] sequence 10
Trunc ID
[] Functionality

SAVE POINT - Save this file as “Mouse X —Dups Removed” [ O corsan segon -

R R EF R E R REER

in Folder “4 — Dups Removed” _

9. Repeat steps 7 through 9 with the “For Sort” data file to confirm the same duplicate
removal results were accurate
a. Ifresults agree, continue, if not continue to determine correct duplicate removal
results
b. Delete the Trunc ID column and the V-Region Score column in the duplicates
removed file

. . . T ;
10. Adjust functionality R \ . ..
1 Sequence ID Constant Region AA JUNCTION First Last
a. Create new Spreadsheet 2  MO00161:204:000000000-AWNEY:1:1101:10025:14106_1:N: CTTPYYYGSRGGYYFDYW
. 3 M00161:204:000000000-AWNEY:1:1101:10066:2743_2:N:0  IgM CVRERSGYFDVW
1. A = Sequence 4 M00161:204:000000000-AWNEY:1:1101:10100:23467_2:N:  IgM CARRLDYW
5 M00161:204:000000000-AWNEY:1:1101:10122:7262_2:N:0  IgM CARTAYGSRSAMDYW
ID 6 M00161:204:000000000-AWNEY:1:1101:10173:2119_2:N:0 CTKRAWFAYW
7 M00161:204:000000000-AWNEY:1:1101:10181:5129_2:N:0 CASLYYGNPVEGYFDYW
.o 8 M00161:204:000000000-AWNEY:1:1101:10414:17265_2:N:  IgM CASYSNSDVW
11. B = Constant 9 MO0161:204:000000000-AWNEY:1:1101:10503:7393_1:N:0 CARHDDYLWFAYW
10 M00161:204:000000000-AWNEY:1:1101:10504:18026_1:N: CAQMRGFAYW
Region (IgH 11 M00161:204:000000000-AWNEY:1:1101:10617:19985_2:N: IgM CARLYYYGLMDCW
12 M00161:204:000000000-AWNEY:1:1101:10677:23211_2:N: IgM CARDALYGNFVDYW
13 MO0161:204:000000000-AWNEY:1:1101:11040:4580_2:N:0 CARLIYFDYW
Only) B oo

iii. C = AA Junction
iv. D =First
v. E = Last
vi. F = Adjusted Functionality
b. Remove “ (see Functionality comment)” from the AA Junction column using the
replace tool as in step 4. Be cuse to include the space before the parentheises.
c. Generate the First column
1. =LEFT(C2,1) where C2 is the AA Junction sequence
d. Generate the Last column
1. =RIGHT(C2,1) where C2 is the AA Junction sequence
e. Fill results down
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f. Select one column and use the conditional formatting tool to ID non-standard

file |[QCECNSM insert Draw  Pagelayout Formulas Data  Review View ACROBAT  Q Tell me whatyou wantto do
== X Cut - = o = e
e Calibri -l - K= - EPWrap Text General ¥ # | Normal Bad Good €= X
B3 Copy - ) .B =
Paste o~ CA. = == . -9 €0 mw  Conditional Formatas lzl Insert Delete
S ¢ rormatpamter B 1 U - U D-A- === &E3= [BMege&Center - $-% 9 | 53 2 B o Neutral Calculation . o 8
Clipboard ~ Font ~ Alignment ~ Number ~ F Styles Cells
Highlight Cells Rules »
< Highlig
D1 - fe | First
A B T Top/Bottom Rules b £ F
1 |sequence ID Constant Region AAJUNCTION | First Last Adjusted Functionality
2 | M00161:204:000000000-AWNEY:1:1101:10025:14106_1:N: CTTPYYYGSRGGYYFDYW Data Bars , c w
3 | M00161:204:000000000-AWNEY:1:1101:10066:2743_2:N:0  1gM CVRERSGYFDVW c w
4 |M00161:204:000000000-AWNEY:1:1101:10100:23467_2:N: _ 1gM CARRLDYW [:] Color Scales , c w
5 | M00161:204:000000000-AWNEY:1:1101:10122:7262_2:N:0  1gM CARTAYGSRSAMDYW c w
6 | M00161:204:000000000-AWNEY:1:1101:10173:2119_2:N:0 CTKRAWFAYW lcon Gets ) c w
7 | M00161:204:000000000-AWNEY:1:1101:10181:5129_2:N:0 CASLYYGNPVEGYFDYW ; c w
8 | M00161:204:000000000-AWNEY:1:1101:10414:17265_2:N:  1gM CASYSNSDVW £ New Rule c w
9 | M00161:204:000000000-AWNEY:1:1101:10503:7393_1:N:0 CARHDDYLWFAYW B Clear Rules K c w
10 | M00161:204:000000000-AWNEY:1:1101:10504:18026_1:N: CAQMRGFAYW - c w
11 [ M00161:204:000000000-AWNEY:1:1101:10617:19985_2:N: IgM CARLYYYGLMDCW [E] Manage Rules.. c w
12 | M00161:204:000000000-AWNEY:1:1101:10677:23211_2:N: 1gM CARDALYGNFVDYW c w
1. First=C o . x
2- LaSt = W 4| Add Level || X Delete Level || Ef Copy Level Options... My data has headers
ii. Light Chain Motif oo soron s

motif and set the format to a -
color (doesn’t matter which color)
h. Repeat for the other part of the motif
i. Fill the “adjusted functionality” column with ™ ™™™ L
“productive” R
j- Sort the data by cell color in the first column |z moen e
with the no cell color cells on top RPN ——
k. Rows that do not fit the motif are labeled —
“Unknown” Cell Value v [equarto v [c 1
. Repeat for the “last” column labeling -
anything that does not fit the motif as —r
“Unknown”
IGH ONLY STEPS - light chain proceed to step 11
m. Sort the cells - e T
i. Adjusted functionality (Z = [| st | Xoowetow | B o [+ < avion e |
A) i o (st 5] vies 5] o a1
ii. Constant Region (Z > A) T o o =l
n. Any unknown sequence that has a : |
constant region of IgG, IgE, or IgA g |
should be switched to productive o

o Ich Color

v I No Cell Color | ¥ IOn Top

1. First=C

2. Last=F
Set the new rule to format cells
that do not contain equal to the

adjusted functionality.
1.
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72 |M00161:204:000000000-AWNEY:1:2114:24626:17225_1:N: IgM WMRYGSSYWYFDVW w w Unknown
73 |M00161:204:000000000-AWNEY:1:2115:8927:18892_2:N:0 IgM SARRAYDYDAHYAMDYW S w Unknown
74 |M00161:204:000000000-AWNEY:1:2118:9819:11685_1:N:0 IgM WARDYYW W w Unknown
75 |M00161:204:000000000-AWNEY:1:1112:24099:21499_2:N: IgG CARLYYYGLMDCC Cc C Productive
76  M00161:204:000000000-AWNEY:1:2105:6169:13078_2:N:0  1gG CARWGYYRGYFDVC C C Productive
77 |M00161:204:000000000-AWNEY:1:2111:8198:21563_2:N:0  1gG CARSTYCNYPQGYFYVC c C Productive
78 'M00161:204:000000000-AWNEY:1:1105:3623:9027_1:N:0:  1gG GAQMRGFAYW G w Productive
79 |M00161:204:000000000-AWNEY:1:1107:17685:5846_1:N:0 1gG YGSRGGYYFDYW A w Productive
80 | M00161:204:000000000-AWNEY:1:2111:25384:7799_1:N:0 IgG YGSRGGYYFDYW Y w Productive
81 ' M00161:204:000000000-AWNEY:1:2105:25867:8382_2:N:0  1gD CAQKGGDVGAMDYC Cc C Unknown
82 ' M00161:204:000000000-AWNEY:1:2102:18146:22211_2:N: gD RTRVGVRWYFDVW R w Unknown
83 | M00161:204:000000000-AWNEY:1:2117:21153:7722_2:N:0 IgA CARDSDWAFAYC c C Productive
4 asnnagaong ALV 900 AL Cocunvoananw L Lol

11. Reassign the Adjusted Functionality
a. Created 2 new columns, one labeled adjusted functionality and one blank
b. Use the VLOOKUP function to reassign the correct functionality to the sequence
ID

Lookup value B2 x = "MO00161:204:000000000-AWNEY:1:1101:10025:...
Table array | SheetSIAF | =
Col_index_ num 6 + = 5
Range lookup | FALSE T = FasE
= ‘"Productive”

i. Lookup value = Sequence ID on the main sheet
ii. Table array = The entire table in the adjusted functionality sheet
iii. Col _index num = 6 (“adjusted functionality” column)
iv. Range Lookup = FALSE
c. Add an IFERROR function to keep unknown functionality as unknown
i. =IFERROR(VLOOKUP(B2,Sheet5!A:F,6,FALSE),"Unknown")
d. Spot check to make sure that some of the productive cells have become unknown
in the “adjusted functionality” column
1. Use of a capitol letter for the adjusted functionality helps make this check
easier, IMGT’s output uses a lowercase letter.
e. Use the paste values in 6F to copy and paste the column with the VLOOKUP in it
into a blank column
f. Delete the old “functionality” column and the column containing the VLOOKUP

equation
A B C D
1 Sequence |Sequence ID Adjusted Functionality Constant Region V-g
2 295238 M00161:204:000000000-AWNEY:1:1101:10025:14106_1:N: Productive Mul
3 192636 M00161:204:000000000-AWNEY:1:1101:10035:15252_1:N:  Unknown Mul
4 254002 M00161:204:000000000-AWNEY:1:1101:10041:16805_1:N:  Unknown Mul
5 174468 M00161:204:000000000-AWNEY:1:1101:10048:13224_1:N: Unknown Mul
6 62471 M00161:204:000000000-AWNEY:1:1101:10066:2743_2:N:0 Productive IgM Mul
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SAVE POINT - Save this file as “Mouse X —Final” in Folder “5 - Final”

This is the file you will use for all further analysis. Depending on the analysis required, it
may be easiest to copy and paste the data out of this file that you need into new workbooks.
Work to minimize the number of equations, conditional formatting, and pivot tables
running in your workbooks. This will increase the speed at which Excel functions and
reduce crashes. Once an equation is complete, copy and paste special (values) the data to

make processing run smoother.
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Part VI — Characterization of Data (V, D, J, Constant, Functionality, CDR3

Length)

1. Copy the required data into a new workbook in Excel
a. Copy the sequence ID data with the data you wish to analize to a new workbook
b. All reads are used for assessing V gene segment usage
c. Productive only reads are used for assessing D, J, and CDR3 Length

17 = I
A B c D E F G
1 Sequence ID Adjusted Functionality Constant Region V-GENE and allele J-GENE and allele D-GENEandallele  CDR3-IMGT length
2. Calculate the 2 | M00161:204:00000000( Productive Musmus IGHV14-1*01 F Musmus IGHI2*01F  Musmus IGHD1-1%01 F 16
3| M00161:204:00000000( Unknown Musmus IGHV1-50*01 F X
number Of 4 |M00161:204:00000000( Unknown Musmus IGHV1-7%01 F X
. 5 | M00161:204:00000000( Unknown Musmus IGHV1-64*01 F, or Musmus IGHV1-64*02 [F] X
productlve and 6 | M00161:204:00000000( Productive 1gM Musmus IGHV10-3*01 F Musmus IGHI1*03 F  Musmus IGHD1-1%01 F 10
7 | M00161:204:00000000( Unknown Musmus IGHV1-18*01 F X
unknown 8 | M00161:204:00000000( Unknown Musmus IGHV1-80*01 F X
9 | M00161:204:00000000( Productive 1gM Musmus IGHV1-22*01 F Musmus IGHJ4*01F  Musmus IGHD1-2%01 F 6
fllnctiOIlalit 10 |M00161:204:00000000( Unknown Musmus IGHV1-9%01 F X
y 11 |M00161:204:000000001 Productive 1gM Musmus IGHV2-2*01 F Musmus IGHJ4*01F  Musmus IGHD1-1%01 F 13
12 |M00161:204:00000000( Unknown Musmus IGHV1-50*01 F X
I‘eadS 13 |M00161:204:000000001 Productive Musmus IGHV6-6*01 F Musmus IGHJ3*01F  Musmus IGHD3-2*01 F 8
14 |M00161:204:00000000¢ Productive Musmus IGHV1-26*01 F Musmus IGHI2*01 F, or Musmus IGHD2-1*01 F 15
15 |M00161:204:00000000( Unknown Musmus IGHV1-50*01 F X
16 |M00161:204:00000000( Unknown Musmus IGHV1-78*01 F X

a. Highlight the Constant Region column

Draw Pagelayout Formulas Data  Review

E? D ’_—‘EI ’;\ ) Shapes~ g Screenshot -
. = 5 7 Icons
PivotTable Rffommended Table  Pictures Online s
ivotTables Pictures " SmartArt
Tables lllustrations
c1 - S Constant Region
A B €
1 |sequence ID Adjusted Functionality |Constant Region V-GE
2 [MO00161:204:00000000 Productive Mus
3 [MO00161:204:00000000( Unknown Mus
4 | M00161:204:00000000t Unknown Mus
5 [M00161:204:00000000¢ Unknown Mus
6 |M00161:204:00000000( Productive 1gM Mus

VTSI TOMTV 50U T

Create PivotTable ? X

Choose the data that you want to analyze o

b. Insert a pivot table © skt s oo nge

Table/Range:  Sheet6!$C:SC £
0
O Use an external data source
Choose Connection. 0
Connection name:
Use this workbook's Data Model o
Choose where you want the PivotTable report to be placed 0
@ New Worksheet
O pxisting Worksheet
-

Location
Choose whether you want to analyze multiple tables

Add this data to the Data Model

304



c. Set Adjusted Functionality as . : *| PivotTable F. ~  x
the row and values e feonste [ -
. . . ow Labels | - | Count of Adjusted Functionalr —
i. Click on the adjusted roducte e E
. . . Unknown 27677 V] justed Functionalit
functionality in the top leny ] R
. Grand Total 36287 Viore Tables..
box and drag it down for
rows and value
Drag fields between areas below:
Filters Columns
3. Copy and paste the working list of = T
strain specific gene segments into the Adused. 7l Countor
workbook
a. See Appendix 8 to 11 for the
gene segment lists into its own tab
A B C D E
1 Sequence ID V-GENE and allele
2 M00161:204:000000000-AWNE' 1101:10025:14 Musmus IGHV14-1*01 F
3 | M00161:204:000000000-AWN! 1101:10035:15 Musmus IGHV1-50*01 F
4 M00161:204:000000000-AWNEY:1:1101:10041:1€ Musmus IGHV1-7*01 F
5 M00161:204:000000000-AWN! 1101:10048:13 Musmus |GHV1-64*01 F, or Musmus IGHV1-64*02 [F]
6  M00161:204:000000000-AWN! 1101:10066:27 Musmus IGHV10-3*01 F, or Musmus IGHV10-3*02 F or Musmus IGHV10-3*03 F
7 | M00161:204:000000000-AWNEY:1:1101:10086:64 Musmus IGHV1-18*01 F
4. Assess V Gene Segment USAZE | riooirx0:000000000 awerriior o ssnames it 201

10 M00161:204:000000000-AWNE

a. Copy the Sequence IDS 11 M00161:204:000000000-AWN

12  M00161:204:000000000-AWNEY:

and V Gene Segments tO 13 | M00161:204:000000000-AWN!
14 ' M00161:204:000000000-AWN!
a new worksheet

1101:10109:16 Musmus IGHV1-9*01 F
1101:10122:72 Musmus IGHV2-2*01 F
1101:10139:2C Musmus IGHV1-50*01 F
1101:10173:21 Musmus IGHV6-6*01 F

:51 Musmus IGHV1-26*01 F

16 M00161:204:000000000-AWNFY:1:1101:10220:42 Musmus |GHV1-

15 M00161:204:000000000-AWNEY:
b. Remove extra characters

from the V gene segment A s c o
1 |sequence ID V-GENE and allele
columns IIl thlS OI‘der LISII’lg 2 | M00161:204:000000000-AWNEY:1:1101:10025:14106_1:N: 1GHV14-1*01
3 | M00161:204:000000000-AWNEY: 1:1101:10035:15252_ IGHV1-50*01
the replace tOOl 4| MI00161:204:000000000-AWNEY:1:1101:10041:16805_1:N: IGHV1-7*01
5 | M00161:204:000000000-AWNEY: 1:1101:10048:13224 _ 1GHV1-64*01 1GHV1-64*02
i Remove the WOI‘dS 1GHV10-3*01 IGHV10-3*02  1GHV10-3*03
. 7 | M00161:204:000000000-AWNE : . IGHV1-18*01
“M 9 8 | M00161:204:000000000-AWNEY: 1:1101:10092:14574_ IGHV1-80*01
usmus 9 | M00161:204:000000000-AWNEY: 1:1101:10100:23467_ 1GHV1-22*01
.. 10 | M00161:204:000000000-AWNEY: 1:1101:10109:16249_ 1GHV1-9%01
11. Letters = o,r, f’ P 11 | M00161:204:000000000-AWNEY: 1:1101:10122:7262_2 1GHV2-2*01
12 | M00161:204:000000000-AWNEY:1:1101:10139:20232_2:N:  IGHV1-50*01
111. A Slngle Space 13 | M00161:204:000000000-AWNEY:1:1101:10173:2119_2 1GHV6-6*01
14 | M00161:204:000000000-AWNEY: 1:1101:10181:5129_2:N:0  1GHV1-26*01
iV S b 1 — () [] and a 15 | M00161:204:000000000-AWNEY:1:1101:10196:17711_1:N:  IGHV1-50*01
. ymbols s Lls 16 | M00161:204:000000000-AWNEY:1:1101:10220:4230_1:N:0  IGHV1-78*01
17 | M00161:204:000000000-AWNEY:1:1101:10226:10809_1:N: IGHV1-80*01
comma 18 | M00161:204:000000000-AWNEY:1:1101:10283:7934_1:N:0  IGHV14-4*01
1GHV1520%01 1GHV1521%01
v. IgK/IgL only — T o221
. 21| M00161:204:000000000-AWNEY:1:1101:10346:7237_2:N:0  IGHV1-64*01
replace musspr Wlth 22 |M00161:204:000000000-AWNEY:1:1101;10347:13086_L:N:  IGHV1-80*01
23 | M00161:204:000000000-AWNEY:1:1101:10414:17265_ 1GHV3-6%01
mussp 24 |M00161:204:000000000-AWNEY:1:1101:10503:7393_1:N:0 IGHV5-2*01 1GHV5-2*02
25 | MI00161:204:000000000-AWNEY:1:1101:10504:18026 1:N: _IGHVE-5*01
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T
c. Select the V Gene column and use Convert Tt 0 Columns Wicar - St 2013 T X
the tGXt tO COlul’nn tOOl Outllned 11’1 T:\j\s‘s(rjen lets you set the delimiters your data contains. You can see how your text is affected in the preview below,
Part V Step 3d o
. [ semicolon [ Treat consecutive delimiters as one
d. Delineate on the letter r Qeme g | .
7gmer q
Note: Any characters remaining in attached to the V| cesee
gene assignments will break the VLOOKUP so E:;::; i
Ses Tomo 5oL E, o |Memas IO 3107 £ 2 |Musmas TEI0 3005 £ o
make sure to do a quick visual check | S
I
e. Align all of the V gene ) ; - -

sequence ID
2 |MAOD161:204:000000000 AWNEY:1:1101:10025:14106_1:N:
3 |M0O161:204:000600000 AWNEY:1:1101:10035:15252_1:N: M
4 |MOTIA1:206-000000000-AWIEY:1-1101:10041:16ROS_T:N: M
5| MO0161:201:00000000C-AWNE Y- 11101 10048:13221_LiN: - W
& |MOD161:204-000000000-AWNEY:1:1101:10066:2743_2N'0
7 |MOD161:204-000000000 AWNEY-1-1101:10086:6446 2:N-0
8 | MOD61:704:000000000-AWNEY:1-1101:10092:14578_1:N:
9| MOD161:20 000CODO00-AWNE ¥:1-1101:00100: 73467 _2:N
10| MOU161:208-000COD000-AWNE -1 1101-10109: 16249 _1:N:
11 |M00161:204:000600000- AWNEY-11101:10122:7262. 2N
12 | MO0161:204-000600000- AWNEY-11101:10139:20232. 2
13 |M0D141:202:000COD000-AWNFY-1-1101:10173:7118_3:N:0 M
14| MOD161:204:000COD00C-AWNEY:1:1101:20181:5229 2N0 Mu
15 |M00161:204:000000000- AWNEY:1:1101:20106:17711_LiN:
16 |M00131:204:000600000 AWNEY:11101:10220:4230 1:N:0
17 |M0D161:204:000600000-AWNEY:1:1101:1026:10809_1:N: M
18 | M00181:207:000C0000C-AWNEY:1:1101:20283:7839_LiNG M
15 | 400161:204 -000CON000-AWNEY:1:1101:10301:12026_2:N:
£ AWNEY:1:1101:10328:20861_L:N:

want to, but 1 R

segments with their
corresponding IDs into
two columns

Note: You can do

Musmus IGHVL-64402

Musmus IGHV10-3°02 F & Musmus IGHV10-3°03 F

this however you

Musmus IGHV1521°01 F

Musmus 1GHV1 22701 F

LGNl agtOlE

have found this method to be by far the least time consuming

i. Sort by the last column that contains data (for this example, column N).
This will put everything that has data in this column at the top
ii. Highlight the ENTIRE ROW containing data in this last column
iii.  Copy and insert these rows right below where the last row containing data
in column N is
iv. In column N highlight all of the cells you just inserted
v. Cut these cells and paste them in in column A corresponding to their
sequence IDs
Repeat this process with this segment of cells with the data in M until all
of the data is in a single column.
Once all of the data is in a single column, delete the information in above
in columns C through N.
Restart at the sorting step with data in column M.
Repeat until all of the V gene data is in a single column.

V.
Vil.

Viil.
1X.

f. Perform VLOOKUP for B6 —

specific genes
i. Lookup Value = Cell g 2] - o rorsb O
containing V' gene oy 5 e
i1. Table array = column - sawror

Looks for a value in the leftmost column of a table, and then returns a value in the same row from a column you specify. By default, the table
must be sorted in an ascending order.

containing B6 specific
V genes

Col _index num =1
Range Lookup = False

Range_lookup s a logical value: to find the closest match in the first column (sorted in ascending order) =
TRUE or omitted:; find an exact match = FALSE.

Formula result = IGHV1-11%01

1il.
1v.

Help on this function Cancel
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v. Fill this formula down for all V genes in column

V111.

g. Use the COUNTIF function to determine if a single sequence :

Copy the sequence IDs and VLOOKUP
results to two new columns using the
paste values function

Select the newly pasted sequence ID and
VLOOKUP values. Select both columns
and and use the sort function on the
VLOOKUP column and sort A = Z to
find results with an #N/A result

Delete all sequence IDs with an #N/A in
their VLOOKUP result

ID has multiple VLOOKUP results

1.

11.

=COUNTIF(E:E,E2)

1. E:E =the column of all sequence IDs to

search in

2. E2 =the sequence ID being searched for
Fill down for all sequence IDs (Note: this

time/processing power intensive step)

h. Generate two new columns for pivot table
construction

1.

ii.

111.

Frequency Column

1. =1/G2 where G2 = the result of

the COUNTIF Function

V Gene Column

1. =F1 where F1 =the V Gene
Fill down for all sequence IDs (Note:
this may be a time/processing power
intensive step)
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A
1 [sequence ip

B

V-GENE and allele VLOOKUP

G

may be a

93240 IGHV10-1*01

1304 IGHV10-1*01
232274 I1GHV10-1*01
232332 IGHV10-1*01
157120 IGHV10-1*01
157079 IGHV10-1*01
172365 IGHV10-1*01
93237 IGHV10-1*01
157331 IGHV10-1*01

8442 1GHV10-1*01
172287 I1GHV10-1*01
92954 IGHV10-1*01
87114 I1GHV10-1*01
180178 IGHV10-1*01

1290 IGHV10-1*01
257676 IGHV10-1*01

1293 IGHV10-1*01
257665 IGHV10-1*01
180051 IGHV10-1*01
180120 IGHV10-1*01

1334 IGHV10-1*01

1319 IGHV10-1*01
180090 IGHV10-1*01
257677 IGHV10-1*01

2 |M00161:204:000000000-AWNEY-12105:20019:13004_IN: IGHVI-11%01  IGHVI-11°01
3 | MO00161:204:000000000- AWNEY:1:2106:12794:0768 N0 IGHVI-50°01  IGHV1-50°01
4 |M00161:204:000000000-AWNEY-1:1103:18201:24645 2:N:  IGHV1-18°01  IGHV1-14°01
5 | M0B161:204:000000000-AWNEY:1:2108:1615¢:2806_LN:0 _ IGHV1-4*02 ANA
6 | MO00161:204:000000000- AWNEY:1:1101:24887:2802_2N:0  IGHV1-12°01  IGHV1-12401
7 |M00161:202:000000000-AWNEY-11101:180812184_1:N-0 IGHV1-53°02  ©  #N/A
& | M00161:204:000000000- AWNEY:1:2116:4066:15509_2:N:0  IGHV1-19°01  IGHV1-19°01
9 |M00161:204:000000000-AWNEY1:1114:25121:13576 2:N: IGHVI-1301  ~  #N/A
10 | M00161:204000000000-AWNEY1'1110:16462:20980_2N:  IGHVI-18"02 | #N/A
11 |MOB161:204:000000000-AWNEY:12115:18298:9906_2:N:0  1GHV2-2-1701 " #N/A
12 | M00161:204:000000000-AWNEY:1:2115:14008:3622_ZN:0  IGHVIG-1°01  IGHVI0-1°01
13| M00161:20:000000000-AWNEY-1:11 10:18805:6562_2:N:0  IGHVS-12°01  IGHYS-12°01
14 |MO0161:204:000000000-AWNEY:1:1107:3457:10651 N0 IGHVS-12-1°01 " #N/A
15 | M00161:204:000000000-AWNEY:1:1114:7124:10620_LN:0  IGHVS-12"03 | #N/A
16| M00161:204:000000000-AWNEY:1:2105:19069:14787_2:N: _ IGHVS-12.201 AN/A
17 | M00161:204:000000000-AWNEY:1:211824460:2655_2:N:0  IGHVI-82°01  IGHVI-82°01
18 | M00161:204:000000000-AWNEY-1:1101:10025:14106_LN: IGHVI4-1°01  IGHV14-1°01
19| M00161:204:000000000- AWNEY:1:1101:10041:16805_LN:  IGHV1-7°01 IGHV1.7701
20| M00161:204:000000000-AWNEY:1:1101:10048:13224_1N:  IGHVI-64"01  IGHV1-64°01
21| MO00161:204:000000000- AWNEY:1:1101:10066:2743 N0 IGHVIG-3°01  IGHV10-3%01
22| MO0D161:204:000000000-AWNEY:1:1101:10086:6446_2N0  IGHVI-16"01  IGHVI-18°01
23| M00161:204:000000000- AWNEY:1:1101:10092:14574_1N:  IGHV1-80°01 | IGHV1-80*01
24| MO0161:204:000000000-AWNEY:11101:10100:23467_2N:  IGHV1-22°01 | IGHV1-22701
25| M00161:204:000000000-AWNEY:1:1101:10109:16249_1N:  IGHV1-8%01 IGHv1-9°01
26 MO0161:204:000000000- AWNEY:1:1101:10122:7262_2:N:0  IGHV2-2°01 1GHV2-2%01
27| M0B161:204:000000000-AWNEY:1:1101:10173:2119_2:N:0  IGHVE-6%01 1GHVE-6°01
28| M00161:204:000000000- AWNEY-1:1101:10181:5129 N0 IGHVI-26%01 | IGHV1-26%01
29| M00161:204:000000000-AWNEY:1:1101:10220:6230_LN:0  IGHV1-78"01  IGHVI-78701
30 | M00161:204:000000000-AWNEY:1:1101:10285:7934_LN:D | IGHVI4-4°01  IGHV14-4°01
31 |M00161:204:000000000-AWNEY:1:1101:10301:12026_2N:  IGHV1S20°01 " #N/A
32| M00161:204:000000000-AWNEY:1:1101:10414:17265 2N:  IGHV3-6°01 16HV3-6°01
33| M00161:204:000000000-AWNEY-1:1101:10503:7393_L:N:0  IGHVS-2°01 1GHVS 2701
34| M00161:204:000000000-AWNEY:1:1101:10504:18026_LN:  IGHVE-5701 1GHVE-501
35| M00161:204:000000000-AWNEY:1:1101:10546:3050_L:N:0  IGHVS-2701 IGHvS 2701
36 | M0D0161:204:000000000- AWNEY:1:1101:10566:7008_I:N:D  IGHVS-81502  IGHVS-8-1%02
Mo016] 11101710617-19985 2N GHVe 101 GHya 0]
F G
Seq ID V Gene COUNTIF

T T A RET. AT VI I R URS PRI FUR RS U I

E F G H
Seq ID V Gene COUNTIF

93240 IGHV10-1*01

1304 IGHV10-1*01
232274 IGHV10-1*01
232332 IGHV10-1*01
157120 IGHV10-1*01
157079 IGHV10-1*01
172365 IGHV10-1*01
93237 IGHV10-1*01
157331 IGHV10-1*01

8442 IGHV10-1*01
172287 IGHV10-1*01
92954 IGHV10-1*01
87114 IGHV10-1*01
180178 IGHV10-1*01

1290 IGHV10-1*01
257676 IGHV10-1*01

1293 IGHV10-1*01
257665 IGHV10-1*01
180051 IGHV10-1*01
180120 IGHV10-1*01

1334 IGHV10-1*01

1319 IGHV10-1*01

PR R R R R R R RN ANN R R R e R e

Frequency V Gene

J

1 IGHV10-1*01
IGHV10-1*01
IGHV10-1*01

IGHV10-1*01
IGHV10-1*01
1 IGHV10-1*01

1
1
1 IGHV10-1*01
1
1

0.5
0.5
0.2
0.2
0.166667
0.166667

IGHV10-1*01
IGHV10-1*01
IGHV10-1*01
IGHV10-1*01
IGHV10-1*01
IGHV10-1*01

IGHV10-1*01
IGHV10-1*01
IGHV10-1*01
IGHV10-1*01

IGHV10-1*01
IGHV10-1*01
IGHV10-1*01
IGHV10-1*01

1
1
1
1
1 IGHV10-1*01
1
1
1
1




1.

Create a pivot table as outlined in step 2b
with the frequency and V gene columns
i. Rows =V Gene
ii. Values = Frequency
iii.  Filters = Frequency
iv. Change the value setting from
COUNT of frequency to SUM of
frequency by clikcing on the down
arrow and selecting Value Field
Settings
v. Select sum

P Q

Frequency (Al -

Row Labels | * | Count of Frequency

IGHV10-1*01 132
IGHV10-3*01 71
IGHV11-1*01 6
IGHV1-11*01 26
IGHV11-2*01 66
IGHV1-12*01 71
IGHV1-13*01 15
IGHV1-14*01 22
IGHV1-15*01 109
IGHV1-16*01 15
IGHV1-17-1*01 21
IGHV1-18*01 411
IGHV1-19*01 96
IGHV1-19-1*01 3
IGHV1-20*01 58
IGHV12-1*01 8
IGHV1-21*01 20
IGHV1-21-1*01 16
IGHV12-2*01 5
IGHV1-22*01 131
IGHV12-3*01 21
IGHV1-23*01 25
IGHV1-24*01 16
IGHV1-25*01 37
IGHV1-26*01 409
IGHV1-27*01 36

PivotTable F.. = X

Choose fields to add to
report:

Search 2

Frequency
V Gene

More Tables..

Drag fields between areas below:

Filters Columns
Frequency ¥

Rows Values
VGene ~ ||| CountofF..~

Defer Layout Upda..

Value Field Settings

Source Name:  Fraquency

Custom Name: | Sum of Frequency

Y Move to Report Filter
= Move to Row Labels

Wl Move to Column Labels

X Remove Field

Summarize Values By Show Values As

Summarize value field by

Choose the type of calculation that you want to use to summarize
data from the selected field

[F§ Value Field Settings

V Gene -

Count of F.. ¥

-
Count

Average

Max

Min

Product v

Number Format

Isolate frequency of 1 and 0.5 V Genes for
tabulation
i. Click in the down arrow at the top by
the frequency filter
ii. Check the select multiple items box
at the bottom
iii.  Check only the 0.5 and 1 options
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o P Q P Q
T ) Frequency (Multiple Items) | ¥
Search

Row Labels |~ Sum of Frequency

+[o42a57142857143 IGHV10-1%01 127
[ 0.166666665666667

[ Des IGHV10-3%01 66

Coas IGHV11-1%01 3

: [10323333333233333 IGHV1-11*01 9

+¥os IGHV11-2%01 63

: (‘mam IGHV1-12%01 335

IGHV1-13%01 3

Select Multiple lters 1GHVL-14*01 05

IGHV1-15%01 89

Cancel IGHV1-17-1*01 35

omvatre o1 voseaors | 16HVI-18%01 3855

1GHV1-19%01 68

IGHV1-19-1*01 2

IGHV1-20%01 a1

IGHV12-1%01 8

IGHV1-21%01 1

IGHV1-21-1*01 a5

IGHV12-2%01 5

1GHV1-22%01 100.5

IGHV12-3%01 18

1GHV1-23%01 35

IGHV1-24%01 1

IGHV1-25%01 5




k. Copy the two resulting columns out of the pivot table and into A B

. 1 |V Gene Freq % of Rep
the Excel worksheet and calculate the % of Repertoire Qoo | a1 crmers
i. Column C =(B2/B$161)*100 B viite | o o

IGHV11-2*01 63 0.832232
IGHV1-12*01  33.5 0.442536
IGHV1-13*01 3 0.03963

1. B2 =Freq of the V Gene
2- B 1 61 = Sum Of a—ll Freq IGHV1-14*01 0.5 0.006605
a. $ to hold the cell static QG vi7-0 ] ooems

12 IGHV1-18*01 385.5 5.09247
13 IGHV1-19*01 68 0.898283
14 1IGHV1-19-1*0 2 0.02642
15 1IGHV1-20*01 41 0.541612

® ~ o

©

16 IGHV12-1*01 8 0.10568

5. Assess J Gene Segment usage iomizro] s oases
: . b : 18 IGHV1-21-1*0 9.5 0.125495

a. Proceed as with step 4 with two minor alterations 1B GV 2170 95 0125495
. . . 113 . 20 [IGHV1-22*01 109.5 1.446499

1. Replace all cells containing “Less than six 2 Gz 8 023778

. . 22 |IGHV1-23*01 3.5 0.046235

nucleotides aligned P or F” to 2% ieviaeor 1 oot

24 |IGHV1-25*01 5 0.06605

25 |IGHV1-26%01 308 4.068692

Undetemined 26 |IGHV1-27*01 1 0.01321

27 |IGHV1-28*01 17.5 0.231176

28 |IGHV13-1*01 1 0.01321

ii. Only filter for J gene segments that have a
frequency of 1

6. Assess CDR3 Lengths
a. Delineate the “CDR-IMGT lengths” column on “.” to separate. The last number is
the CDR3 length
b. Delete the first two columns
c. Generate a pivot table as outlined previously in Step 2 using the CDR3 Length
column

IGH ONLY STEPS - light chain proceed to Save Point

7. Assess D Gene Segment usage O B @ | o ableF. - X
a. Copy the Sequence IDs and D Gene iono1 1701 e Choosefielistosddio [ -
column into a new tab ooa 301 e 2
b. Clean the D gene segments as in step 4d a2 = N
c. Sort both columns by the D Gene column Eaggzgi 1:%
d. Any sequence ID that does not have a D ooz o

gene identified label as “Undetermined” e [ ]

e. Perform the VLOOKUP as outlined in step o
4g with the D gene segments e Mo

f. Copy and paste the results into two new
columns as paste values

g. Find and replace any #N/A cells with
“Undetermined”

Rows Values

D Gene - Countof.. ¥
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h. Generate pivot table as in step 41 using only the D gene column
i. Calculate the % Repertoire as outlined in Step 4k

8. Assess Constant Region Usage
a. Generate a pivot table as outlined previously in Step 2 using the Constant Region
column

SAVE POINT - Save the data in small enough work books to be manageable and still contain
the data required for processing. Typically we save V, D, J, Constant, and CDR3 length in the

same workbook.

310



Sub Appendix A — Programs Required

CLC Genomics Workbench
o https://www.qiagenbioinformatics.com/products/clc-genomics-workbench/
Notepad++
o https://notepad-plus-plus.org/
Microsoft Excel
o Windows based program
PeaZip
o http://www.peazip.org/
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Sub Appendix 2 - List of Resources

CLC User Manual

o http://resources.qiagenbioinformatics.com/manuals/clcgenomicsworkbench/753/1

ndex.php?manual=Introduction CLC Genomics Workbench.html

Notepad++ User Manual

o http://docs.notepad-plus-plus.org/index.php/Main_Page
Immunogenetics

o http://www.imgt.org/
NCBI

o IgH Locus - https://www.ncbi.nlm.nih.gov/gene/111507

o IgK Locus - https://www.ncbi.nlm.nih.gov/gene/243469

o IgL Locus - https://www.ncbi.nlm.nih.gov/gene/111519
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Sub Appendix 3 — Current Naming and Sorting Conventions for CLC

File Generation Naming Convention

First file imported into CLC for cleaning (will
Initial Import

be deleted)
Initial Import minus 5 12bp -12
-12 after quality cleaning Mouse X — Quality Controlled (paired)
Quality Controlled file after merging Mouse X — Quality Controlled (merged)
‘ IgH/IgK/IgL Paired, IgH/IgK/IgL. Merged, V
Mapping results and reports
Paired, V Merged
Combined list of extracted mapping reads Mouse X in folder “sequence lists”
Broken down lists of mapped reads to IMGT
Mouse X —pt 1

Submission

Example of final folder after completing cleaning reads in CLC
E}E Mouse 01
::: Mouse 1 - Quality Cleaned (paired)
-§= Mouse 1 - Quality Cleaned {merged)
EIEEl Quality Reparts

[EI Mouse 1 Initial Import - graphical QC report
@ Maouse 1 Initial Import - supplementary QC report
@ Mause 1 Trim Report
@ Mause 1 -12 bp - graphical QC report
@ Mouse 1 -12 bp - supplementary QC report
@ Mouse 1 - QC Trim Report
@ Mause 1 - Quality Cleaned - graphical QC report
@ Mouse 1 - Quality Cleaned - supplementary QC report
[EI Mouse 1 - Merge Report

Example of folder set up for CLC processing after cleaning for IgH

=5 Mouse %

ﬁ IgH Merged
£ IgH Paired
-3 V Merged
ﬁ V Paired

£ Mapped Reads
ﬁ Mapping Report
ﬁ Sequence Lists
£ Motif Search
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Sub Appendix 4 — Current Naming Conventions for IMGT Processing

Folders
1 — IMGT Output The zipped files downloaded directly from
IMGT
2 — IMGT Raw Data The combination of all productive and

unknown reads with all of the IMGT Raw
Data

3 —For Sort The adjusted IMGT files with constant
regions attached (IgH only) and Trunc ID
column

4 — Dups Removed The results after duplicates have been
removed

5 — Final The results after duplicate removal and
functionality assessments (This is the file that

will be used for analysis)
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Sub Appendix 5 — Important IMGT Links

IMGT HighV-Quest
o http://www.imgt.org/HighV-QUEST/login.action

Heavy Chain V Gene Segments by Strain
o http://www.imgt.org/IMGTrepertoire/index.php?section=LocusGenes&repertoire
=genetable&species=Mus_musculus&group=IGHV_strains

Kappa Chain V Gene Segments by Strain
o http://www.imgt.org/IMGTrepertoire/index.php?section=LocusGenes&repertoire
=genetable&species=Mus musculus&group=IGKV strains

Lambda Chain V Gene Segments by Strain
o http://www.imgt.org/IMGTrepertoire/index.php?section=LocusGenes&repertoire
=genetable&species=Mus musculus&group=IGLV

Base for identifying gene segments
o Contains information on chromosome location, strain specificity, etc.
o http://www.imgt.org/IMGTrepertoire/LocusGenes/
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Sub Appendix 6 — Data Collected from IMGT Output

Output 1: Use all EXCEPT F-I, K-M, 0-R, V,
X, Z, AD (delete the following)

Output 6: Use columns J-AD (include the
following)

(F) V-REGION identity %

(J) 3'V-REGION

(G) V-REGION identity nt

(K) P3'V

(H) V-REGION identity % (with ins/del events)

(L) N-REGION

() V-REGION identity nt (with ins/del events)

(M) N1-REGION

(K) J-REGION score

(N) P5'D

(L) J-REGION identity %

(0) D-REGION

(M) J-REGION identity nt

(P) P3'D

(O) D-REGION reading frame

(Q) P5'D1

(P) CDRI1-IMGT length

(R) D1-REGION

(Q) CDR2-IMGT length

(S) P3'D1

(R) CDR3-IMGT length

(T) N2-REGION

(V) JUNCTION frame

(U) P5'D2

(X) Functionality comment

(V) D2-REGION

(Z) J-GENE and allele comment

(W) P3'D2

(AD) Deleted n nt

(X) N3-REGION

(Y) P5'D3

Output 2: Use columns J-R (include the
following)

(Z) D3-REGION

(J) FR1-IMGT

(AA) P3'D3

(K) CDRI-IMGT

(AB) N4-REGION

(L) FR2-IMGT

(AC) P5'J

(M) CDR2-IMGT

(AD) 5'J-REGION

(N) FR3-IMGT
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(0) CDR3-IMGT

Output 7: Use columns F-K (include the
following)

(P) JUNCTION

(F) FR1-IMGT

(Q) J-REGION

(G) CDRI-IMGT

(R) FR4-IMGT

(H) FR2-IMGT

(I) CDR2-IMGT

Output 3: Not used

(J) FR3-IMGT

(K) CDR3-IMGT

Output 4: Not used

Output 8: Not Used

Output 5: Not used

Output 10: Not used

Output 11: Not used
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Sub Appendix 7 — Checklists for Data Processing

Part 1

Task

Initial

Date

Import sequences from Illumina Read file

Generate sequencing report

Remove 12 5' bps

Generate sequencing report of new file

Quality Trim/Adaptor Trim/Remove Sequences

Generate sequencing report of new file

Merge overlapping reads

Part 11

Task

Initial

Date

Map paired reads to V gene sequences

Map merged reads to V gene sequences

Map paired reads to locus

Map merged reads to locus

Repeat mapping as needed (IgH, IgK, IgL)

Extract mapped sequences from each mapping and combine in new list

Break new list into parts <500k sequences

Export list parts as FASTA files

Part 111

Task

Initial

Date

Submit files to IMGT High-V Quest

Download Files from IMGT
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Part IV

Task Initial Date

Create FASTA Tags in Excel

Copy sequence IDs and sequences of all productive (any type) sequences

Generate a New Worksheet

Column B = Sequence IDS

Column D = RNA Sequence

In column A fill down the > symbol

In column C enter the equation =A1&B]1 and fill down

Finalize FASTA Formatting

Copy columns C and D to Notepad++

Replace the "Tab" break between the sequence and the name with \r

Save file as .fasta

Motif Search

Import Fasta to CLC

Run Motif search

Save results at excel 2010 file
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PartV

Task

Initial

Date

Remove Duplicated Reads

Combine all productive and unknown functionality reads from all

IMGT files

Set new sequence numbers

SAVE POINT - NEW FILE

Create truncated ID column

Remove " (See Comment)" throughout the worksheet

Align the Motif Search results (IGH Only)

CONFIRM FORUMULAS HAVE COPIED CORRECTLY AND ALL ADDITIONAL

CHARCTERS AND SPACES ARE REMOVED

SAVE POINT - NEW FILE

Sort sequences

Truncate (A -> Z)

Constant Region (A -> Z) (IgH Only)

Functionality (A -> Z)

V Gene Score (Large -> Small)

Orientation (Z -> A)

Remove Duplicates

SAVE POINT - NEW FILE

Repeat Duplicate Removal from last save point to confirm removed

duplicates correct

IF REMOVAL MATCHES, CONTINUE BELOW, IF NOT, DETERMINE ERROR

Adjust Functionality

Copy CDR3 AA sequences and their sequence IDs from all productive

functionality sequences to new page

Copy Constant region associated with CDR3s to the new page (IgH

Only)
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Remove (See Functionality Comment) from CDR3s

Create one column with the first letter in the CDR3

Create one column with the last letter in the CDR3

Use the Conditional Formatting to isolate CDR3s not matching the C-
xx-F Motif (IgK Only)

Use the Conditional Formatting to isolate CDR3s not matching the C-
xx-W Motif (IgH Only)

Create "Adjusted Functionality" Column

Any CDR3 matching the C-xx-F Motif is termed "Productive" (IgK
Only)

Any CDR3 not matching the C-xx-F Motif is termed "Unknown" (IgK
Only)

Any CDR3 matching the C-xx-W Motif is termed "Productive" (IgH
Only)

Any CDR3 not matching the C-xx-W motif of IgA, IgE, or IgG

constant region is termed "Productive"

Any CDR3 not matching the C-xx-W motif of IgD or IgM constant

region or NO constant region is termed "Unknown"

Use the Vlookup to reassociate the new "Adjusted Functionality"

column back into the main spreadsheet

Delete old "Functionality" column

SAVE POINT - NEW FILE (Use this file for all following steps)
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Part IV

Task Initial Date

Determine Productive and Unknown Read Numbers

Create a pivot table of the Adjusted Functionality Column

Total Productive and Unknow Numbers Collected Here

Import current B6 gene list

Confirm gene segments are in A -> Z order

V Gene Segment Usage

Arrange all productive and unknown V gene segments into single column

with Sequence ID

Perform VLookup for B6 V gene segments

Create Pivot table of V gene segments

Weight V gene usage with 0.5 (2 possibilities) or 1 (1 possibility) only

Calculate % of Repertoire

J Gene Segment Usage

Arrange all productive J genes into a single column with Sequence ID

Convert all <6 nucleotide P or F statements to "undetermined"

Perform VLookup for B6 J Genes

Create pivot table of J gene segments

Calculate % of Repertoire

Calculate CDR3 Lengths

Deliniate the CDR3 Length column on "."

Create pivot table

Calculate % of repertoire

D Gene Segment Usage (IgH Only)

Arrange all productive D genes into single column with Sequence No

Label all empty cells “undetermined”

Perform VLookup for B6 D gene
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Label all N/A results “undetermined”

Create Pivot Table of D Gene Segments

Calculate D gene % of Repertoire

Constant Region Usage (IgH Only)

Arrange all productive constant regions into a single column

Create pivot table

Calculate % of repertoire
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Sub Appendix 8 — Functional Heavy B6 Gene Segments (IMGT)

V10-1*01
V10-3*01
VI11-1*01
VI1-11*01
V11-2*01
V1-12*01
V1-14*01
VI1-15*01
VI1-16*01
V1-17-1*01
VI1-18*01
VI1-19*01
V1-20*01
V1-22*01
V12-3*01
V1-23*01
V1-24*01
V1-26*01
V13-1*01
VI1-31*01
V13-2*01
V1-34*01
V1-36*01
V1-37*01
V1-39*01
V1-4*01
V14-1*01
V14-2*01

V1-42*01
V14-3*01
V1-43*01
V14-4*01
V1-47*01
V1-49*01
V1-5*01
V1-50*01
V15-2*01
V1-52*01
V1-53*01
V1-54*01
V1-55*01
V1-56*01
V1-58*01
V1-59*01
V16-1*01
V1-61*01
V1-62-1*01
V1-62-2*01
V1-62-3*01
V1-63*01
V1-64*01
V1-66*01
V1-67*01
V1-69*01
VI1-7*01
V1-71*01

V1-72*01
V1-74*01
V1-75*01
V1-76*01
V1-77*01
V1-78*01
V1-80*01
V1-81*01
V1-82*01
V1-84*01
V1-85*01
V1-9*01
V1S100*01
V1S103*01
V1S107*01
V1S108*01
V1S5*01
V1S65*01
V1S67*01
V1S68*01
V1S87*01
V1S92*01
V1S95*01
V1S96*01
V2-2*01
V2-3*01
V2-4*01
V2-5*01
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V2-6*01
V2-6-8*01
V2-7*01
V2-9*01
V2-9-1*01
V3-1*01
V3-3*01
V3-4*01
V3-5*01
V3-6*01
V3-8*01
V3S7*01
V4-1*01
V5-12*01
V5-12-4*01
V5-15*01
V5-16*01
V5-17*01
V5-2*%01
V5-4*%01
V5-6*01
V5-9*%01
V5-9*04
V5-9-1*02
V5S21*01
V5S824*01
V6-3*01
V6-4*01

V6-5*01
V6-6*01
V6-7*01
V7-2*%01
V7-3*01
V7-4*01
V8-11*01
V8-12*01
V8-13*01
V8-2*01
V8-4*01
V8-5*01
V8-6*01
V8-8*01
V8-8-1*01
V8-9*01
V8S9*01
VO-1*01
V9-2*01
V9-3*01
V9-4*01

D1-1*01
D2-3*01
D2-4*01
D2-5*01
D2-6*01
D2-7*01
D2-8*01
D3-1*01
D3-2*02
D4-1*01
D5-2*01
D5-3*01
D5-4*01
D5-5*01
D5-6*01
D6-1*01
D6-2*01
D6-3*01
D6-4*01

J1*03
J2*01
J3*01
J4*01



Sub Appendix 9 — Functional Heavy B6 V-Gene Segments in Chromosomal
Order (NCBI Order)

5S'End VI-59 VI1-18 V3-4 V2-6-8
VI1-85 V1-58 VI1-17-1 V74 V2-9-1
V1-84 V8-8 VI-15 V3-3 V5-12-4
V1-82 V1-56 Vi-14 V14-4 V5-9-1
V1-81 VI1-55 VI1-12 V7-3 V2-6
V1-80 V1-54 VI-11 V9-3 V5-12
V1-78 V8-6 VI1-9 V9-2 V2-5
V1-77 V1-53 V15-2 VO9-1 V5-9
V1-76 V1-52 V1-7 Vl1e-1 V2-4
V1-75 V1-50 V10-3 V14-3 V5-6
V1-74 V8-5 VI1-5 VI11-12 V23
V1-72 V1-49 Vi1-4 V3-2 V5-4
V1-71 V§-4 V10-1 V4-2 V2-2
V8-12 V1-47 V6-7 V14-2 V5-2
V1-69 V1-43 V6-6 VI11-1 3' End
V1-67 V1-42 V6-5 V3-1

V1-66 V1-39 Vo6-4 V4-1

V8-11 V1-37 V6-3 V14-1

V1-64 V1-36 V12-3 V7-2

V1-63 V1-34 V13-2 V7-1

V8-9 V1-31 V3-8 V2-9

V1-62-3 VI1-26 V9o-4 V5-17

V1-62-2 VI1-22 V3-6 V5-16

V1-62-1 VI-20 V13-1 V5-15

V1-61 VI1-19 V3-5 V2-7
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Sub Appendix 10 — Functional Kappa B6 Gene Segments in Chromosomal

Order
5' End V10-95 V4-58 V8-24
V2-137 V10-94 V4-57-1 V6-23
V1-135 V19-93 V4-57 V8-21
V1-133 V4-92  V4-55 V6-20
V1-132 V4-91 V4-53 V8-19

V14-130 V4-90 V4-51 V6-17
V17-127 VI12-89 V4-50 V8-16
V14-126 VI1-88  V5-48 V6-15
VI11-125 V4-86 VI12-46  Vo6-14

V9-124 V13-85 V5-45 V6-13
V9-123 V13-84 VI12-44  V3-12
V1-122 V4-81 V5-43 V3-10
V17-121 V4-80 V12-41 V3-9
V9-120 V4-79  V5-39 V3-7
VI-117 V4-78  V12-38  V3-5
V2-112 V4-74  V5-37 V3-4
V14-111 V4-73 V1836 V33
VI-110 V4-72 V18-34  V3-2
V2-109 V4-71  V7-33 V3-1

V16-104 V4-70  V6-32 3' End
V20-101-2 V4-69 V8-30
V14-100 V4-68  V6-29

V1-99 V4-63  V8-28
V12-98 V4-61  V8-27
V10-96 V4-59  V6-25
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Sub Appendix 11 — Functional Lambda B6 Gene Segments in Chromosomal

Order

5’ End
V2*02
V3-02
V1*01

]2
J4
I3
J1
3’ End
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Appendix C - Copyright Releases

Chapter 3 Copyright Release

From Jamie Foster <jfoster@ufl.edu>
Subject Re: Copyright Release Form for Doctoral Dissertation
To Trisha Rettig

Hi Trisha

+ Reply

= Forward

&3 Archive

Just heard back from the old editor and since this is for a non-commercial purposes no copy right form is needed.

so happy dissertation publishing

Cheers
Jamie

On Mar 14, 2018, at 2:12 PM, Trisha Rettig <trettig@ksu.edu> wrote:

Hello Dr. Foster,

Please let me know if you have any questions or concerns.
Thank you,

Trisha

-—--——- Forwarded Message --—--—
Subject:Copyright Release Form for Doctoral Dissertation
Date:Tue, & Mar 2018 19:47:14 -0600

From:Trisha Rettig <trettizs@ksu.edu=
To:jffoster@ufl.edu

Dear Dr. Foster,
Station” by Rettig, TA et al. as a chapter in my Ph_D. dissertation.

Thank you in advance, and please let me know if you have any questions.
Thank you,

Trisha

Trisha Rettig
Graduate Teaching Assistant PhD Candidate
Kansas State university 242 Chalmers

<Copyright Release - GSR.docx>

328

| am following up on the message below as a copyright release is required for graduation.

| have included a more complete letter and a generic copyright release form as an attachment.

| am a graduate student in the laboratory of Stephen K. Chapes at Kansas State University. | am writing to request a copyright released to include the
published article entitled “Validation of Methods to Assess the Immunoglobulin Gene Repertoire in Tissues Obtained from Mice on the International Space

© Junk (& Delete  More
3/14/2018 2:34 F
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From plosone <plosone@plos.org> 1 4 Reply = Forward 3 Archive { Junk & Delete  More ~
Subject FW: Copyright Release Form for Doctoral Dissertation [ ref: 00DUOIfis._5000BhjmSh:ref | 3/9/2018 6:10 PM
To Trisha Rettig

Dear Dr Rettig,

Thank you for your message. PLOS OME publishes all of the centent in the articles under an open access license called "CC-BY.™ This license
gllows you to downlead, reuse, reprint, medify, distribute, and/or copy articles or images in PLOS journals, so long as the original creators
are credited (e.g., including the article's citation and/or the image credit). Additional permissions are not required. vou can read about our
open access license here: hitp://Journals.plos.org/plosone/s/licenses-and-copyright

There are many ways to access our content, including WTML, XML, and PDF versiens of each article. Higher resclution versions of figures can be
downloaded directly from the article.

Thank you for your interest in PLOS ONE and for your continued support of the Open Access model. Please do not hesitate to be in touch with
any additicnal guestions.

Kind regards,
Guzyal cabitova

PLOS | OPEN FOR DISCOVERY

Guzyal cabitova | Publications assistant

1188 Battery Street, Suite 225, San Francisco, CA 94111
geabitova@plos.org

plos.org | Facebook | Twitter | Blog

Case Number: @SEEEETE

--------------- original Message ---------------
From: Joerg Heber [iheberiples.org]
Sent: 3/6/2818
To: ploscne@ples.org
Subject: Fw: Copyright Release Form for Doctoral Dissertaticn

From: Trisha Rettig «<trettig@ksu.edux

Date: Tuesday, March 6, 2818 at 17:38

To: Joerg Heber <ijheberiplos.crgs

subject: Copyright Release Ferm for Doctoral Dissertation

Dear Dr. Heber,

I am a graduate student in the laboratory of Stephen K. Chapes at Kansas State university. I am writing to request a copyright released to
include the published article entitled "Characterization of the naive murine antibody repertoire using unamplified high-throughput seguencing™
by rettig, T.A. et al. as a chapter in my Ph.D. dissertation.

I have included a more complete letter and a generlc copyright release form as an attachment.

Thank you in advance, and please let me know if you have any questicns.

Thank you,

Trisha

Trisha Rettig
Graduate Teaching Assistant | PhD Candidate

Kansas State university | 242 Chalmers
ref:_aepUeIfis._seeashjmsh:ref
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From Tom Hei <tkh1@cumc.columbia.edu> 4 Reply = Forward {3 Archive @ Junk @ Delete  More
Subject Re: Fwd: Copyright Release Form for Doctoral Dissertation 3/15/201810:19 A
To Trisha Rettig

Dear Trisha: Tust heard from our Journal Manager:

" Elsevier authors retain the right to include their work within their dissertation or thesis (so long as it is not published commercially), along with certain
other personal uses, without the formal need to seek permission from the publisher. Elsevier only requires that authors include a full acknowledgement

and, if appropriate, a link to the final published version of the paper hosted on Science Direct. For further information, theauﬂ:lmcaﬂrefettothe Journal
Author Rights section of the copyright policy page of the Elsevier website (https:'wwnw elsevier com/about ‘our-business ‘policies/copyright).”

I hope that this is helpful Once again, congratulations on the completion of vour thesis work.

Tom Hei

Corumaia UNIVERSITY

et  MEeDICAL CENTER

Tom K. Hei, Ph.D.,

Professor and Vice-Chairman of Radiation Oncology
Associate Director, Center for Radiological Rescarch
Professor of Environmental Health Sciences

630 West 168th Street, VC11-205

New York, NY 10032

Phone: (212)-305-8462, Fax: (212)-305-3229

Ern:ul lkh E [@eurnc. cclumbm edu

0On 3/15/2018 10:50 AM, Tom Hei wrote:

Dear Trisha: My sincere apology for the delay in getting back to vou as I was at the NCI for an intramural program review for the past few days and
had just been back last night I have forwarded your request to our Publisher in Amsterdam for her to sign off . I do not believe that there will be
any problem with the request.

My heart felt congratulations to vour upcoming graduation, Dr. Trisha Rettig.  Well done !

Regards, Tom Hei

On 3/14/2018 2:11 PM, Trisha Rettig wrote:

Hello Dr. Hei,
| am following up on the fellowing copyright release form, as | am need of this for graduation requirements.

Please let me know if you have any guestions or concerns.

Thank you,

330



	Abstract
	Copyright
	Abstract
	Table of Contents
	List of Figures
	List of Tables
	Acknowledgements
	Chapter 1 -  Introduction
	Basic Overview
	B Cell Development and VDJ Recombination
	Repertoire Development and Change
	Repertoire Responses
	Sequencing the Repertoire
	Effects of Spaceflight on the Immune System
	Study Objectives
	Figures

	Chapter 2 -  Validation of methods to assess the immunoglobulin gene repertoire in tissues obtained from mice on the International Space Station
	Abstract
	Introduction
	Materials and Methods
	Results
	Discussion
	Acknowledgements
	Figures and Tables

	Chapter 3 -  A comparison of unamplified and massively multiplexed PCR amplification for murine antibody repertoire sequencing
	Abstract
	Introduction
	Materials and Methods
	Results
	Discussion
	Figures and Tables

	Chapter 4 -  Characterization of the naïve murine antibody repertoire using unamplified high-throughput sequencing
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgements
	Figures and Tables

	aM: million
	Chapter 5 -  Effects of spaceflight on the immunoglobulin repertoire of unimmunized C57BL/6 mice
	Abstract
	Introduction
	Materials and Methods
	Results
	Discussion
	Figures and Tables

	Chapter 6 -  Effects of tetanus toxoid and skeletal unloading on the antibody repertoire of C57BL/6J mice
	Abstract
	Introduction
	Materials and Methods
	Results
	Discussion
	Figures and Tables

	Chapter 7 -  Conclusions
	Figures

	References
	Appendix A -  Supplemental figures
	Chapter 3 Supplemental Figures
	Chapter 4 Supplemental Figures
	Chapter 5 Supplemental Figures
	Chapter 6 Supplemental Tables

	Appendix B -  Standard operating procedures for repertoire analysis
	Part I – Illumina Sequencing Import to CLC and Quality Cleaning
	Part II – Mapping Cleaned Sequences to V Gene Segments and Locus for IMGT Submission
	Part III – Submission of FASTAs to IMGT and retrieval of IMGT Results
	Part IV – Determination of Constant Region (IgH Only)
	Part V – Reformatting of IMGT Data, Duplicate Removal, and Functionality Assignment
	Part VI – Characterization of Data (V, D, J, Constant, Functionality, CDR3 Length)
	Sub Appendix A – Programs Required
	Sub Appendix 2 - List of Resources
	Sub Appendix 3 – Current Naming and Sorting Conventions for CLC
	Sub Appendix 4 – Current Naming Conventions for IMGT Processing Folders
	Sub Appendix 5 – Important IMGT Links
	Sub Appendix 6 – Data Collected from IMGT Output
	Sub Appendix 7 – Checklists for Data Processing
	Sub Appendix 8 – Functional Heavy B6 Gene Segments (IMGT)
	Sub Appendix 9 – Functional Heavy B6 V-Gene Segments in Chromosomal Order (NCBI Order)
	Sub Appendix 10 – Functional Kappa B6 Gene Segments in Chromosomal Order
	Sub Appendix 11 – Functional Lambda B6 Gene Segments in Chromosomal Order

	Appendix C -  Copyright Releases
	Chapter 3 Copyright Release
	Chapter 4 Copyright Release
	Chapter 5 Copyright Release



