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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 antibodihis 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 thehleost. T
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 -cauygl\gene
segments. Each immunoglobulin locus contains multiple versionglofgeme segment, ranging
from over 130 possible V gene segments in the heavy chain to four posg#rie degments in
both the heavy and kappa light chain. The recombination of gene segments occurs in the
germline DNA and results in the formation of th@que 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 te&rmining specificity and antibodgntigen binding. Due to its
uniqueness, is used as a measure of diversity in the repertoire.

In this work, | used lllumina MiSeq 2x300nt higilroughput sequencing to assess the
mouse splenic transcriptome. The work Iganet 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 subjectetd 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-pDV, and Jgene segmentsage, constant

region usage, Vand Jgene 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 wsethid st
groundbased methodologies (Chapter 2). | 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 convesitiphoused 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 sigaifitly alter the antibody repertoire (Chapter 5).

The work culminates in an AOS study to assess changes tedbiéiBimunoglobulin repertoire

after vaccination with TT and/or CpG. The results show that changes B,\and Jdgene

segment usage occutexf 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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Abstract

Antibodies are an essential part of the immuneesysEach 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 cstant 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 -cauhgl\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 posg#rie degments in
both the heavy and kappa light chain. The recombination of ggneesés 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 coempentary determining region three (CDR3)
which plays a major role in determining specificity and antibanygen binding. Due to its
uniqueness, is used as a measure of diversity in the repertoire.

In this work, | used lllumina MiSeq 2x300nt higlroughpt sequencing to assess the
mouse splenic transcriptome. The work | present here shows the splenic immunoglobulin gene
repertoire from unchallenged, unvaccinated conventionally housed mice, mice flown aboard the
International Space Station (ISS), and nuballenged 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
characterizabn of the repertoire includes analysis of -, and dJgene segment usage, constant

region usage, Vand Jgene segment pairing, and CDR3 length and usage.



The work included validation of the methodology needed for tissue preparation and
storage aboarthe ISS, showing that the data obtained was similar to those used in standard
groundbased methodologies (Chapter 2). | further validated our nonamplified sequencing
methodology with comparisons to methods that use amplification as part of the procgssr(Cha
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. Wenatststtated 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 tedbiéiBimunoglobulin repertoire
after vaccination with TT and/or CpG. Thesults show that changes te, D-, and dgene
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 imeased isotype switching to the IgA constant region (Chapter 6).
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Chapterl-l nt roducti on

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 marrdvEhrlich presented the side chain theory in the late 1890s
laying the foundation for the theory of antibcgfiB 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 poduces a highly unique antibody which can be secreted or mentiwand.The
antibodies are composed of two identical light chains and two identical heavy ¢hgure (
1.1). Antibodies and B cells have numerous functions withenimmune system including the
clearing of pathogens, clearing of infected or dead host cellgssnting with Tcell
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), diversithé@vy chain
only), and joining (J) gene segments and a constant regior{jgne=1.2).* Tonegawa and
Hozumi 6s understanding of V(D)J recombination

ifone gene,> one proteino.

B Cell Developmentand 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 ceff$ From herethey develop into common
lymphoid progenitor cells where they are more fully committed to being lymphdcygashis

point, the cells will usually fully commit to the B cell linage, progressing through th&mrell,



pre-B cell, immature and mature subset®weverwork by Graf et al. and Rodriguézaticelli
et al. show that commitments may not be final, and atmimgdevelopment may occur if the

proper signals are presért:!!

V(D)J rearrangement occurs during B cell development and successful rearrangements of
heavy and light chains serve as checkpoints in the éiffettion process. Rearrangement is
dependent on two recombinases, RAG1 and RA@hRh 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 eitherof the gene segments, to recombine thé®V
and Jgene segmeni<:*RSS are either 12nt or 2Bicleotidedong, forming a specific loop
when the RSSs paif.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 segmetttin addiion to annealing the ends, additional nucleotides, called
Andrempl ated (N) and palindromic (P)o0o addition
nucleotidyl transferasand DNA ligase, Artemi$* These nucletides 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 of“C.

Rearrangement begins in the early-graoell by the joining of the Band Jdgene
segmentgFigure1.2).® Once the Dand Jgene segments are joined, the cell enters the late pro
B-cell phase and combines thegéne segment with the already recombinedy®de segments

by the same mechanistAThe rearranged heavy chain is then paired with a surrogate light chain,



madeé t he VpreB and o5Bcelirecepor(pBCRY’d°THepreB8Rt he pr
is composed of the heavy chailjFailur¢ditbehsavyr r ogat e
chain to pair with the surrogate light chains will prevent the cell from proceeding further in
development?® After the cell has survived this selection, rearrangement begins with the light

chain?®

Rearrangement begins as only tomus. Allelic exclusiorprevents 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.
However, other species, suchpags, rearrange the lambda chain fifsEither the maternal or
paternal locus is selected for initial recombination, though there appears to be no clear reason
why one is selected over the otheeedback prevesa 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 devefoment,which facilitates the rearrangement of one lo€uEhere are
experiments supporting that chromosomes are marked early in development, before
hematopoiesib ei ngs, yet other experiments haewe show
lymphocyte has already begun to mattirBegardless of chromosome use, allelic exclusion is
modulated by multiple factors that prevent RAG from accessing R8®&bypreventing
rearrangement and even physically separating tigené segnré DNA from the DJjoined

region of DNAL®



In the small preB cell phase, lighthain rearrangemeneginsusing the same mechanics
used in the heavy clma'? About half of all lightchain 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 generatiofr 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' Blteds
appears to be no pairing restrictions between heavy and light chains and the overall pairing of
specific VH and VL gene segments is correlatett wverall \\gene segment usage in the
repertoire'® These BCRs are then testaghinst auto antigens and strong binding leads to

apoptosis?

Although Iggene rearrangement can introduce variability to the B qadirteire, the
process is inexact. Multiple problems can stop the Ig molecule from developing into a functional
BCR. Examples include out of frame joining of theddd J gene segments, and further out of
frame joining of the Vgene segment to the DJ segm’@ Rearrangements cafso introduce
stop codons due to nuclease trimming of the gene segments or the addition of the N and P
nucleotdes!*In the C57BL/6 mouse, 7.6% ofene segments have 50 tri
have3 6 tr “Mmhogl eotide additions of AAAAW on th
G, GT, and GTAG were the mostcommatt he unt r i thiméelcase 6f the hgene
segment, 12.3% of C57BL/6 mice had no exonuclease trimming, and 31.6% had P nucleotide
additions ranging in size from onedteven nucleotide¥. Additionally, when N nucleotide
additions were examined, thel¥junction had an average of four nucleotides, while thk D

junction averaged 2.9 additioffs.



The combination of the ¥/ (D-), and dgene segments comprises what is termed
complementarydetermining region 3 (CDR3§.Two other regions, designated CDR1 and
CDRZ2, are coded for entirely in thegéne segmenthus,reducing diversity possibilities
compared to CDR® 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

hypermutatiorf® which will be discussed later.

The failure of a YD-J rearrangement could induce the B cell to utilize the othercalleli
DNA strand eaenesegmama maybeSdectdd for rearrangement to form a
productive heavy chait?. Approximately 15% of prd cells fail to make a proper rearrangement
on either of the heavy chain lo¢iAdditionally, the heavy and light chains are bound thradigh
sul fi de b ebolgesassociated with théiyene segments and it is likely that some
rearrangements fail because they do not generate the correct structure for light chainbinding.
Once a B cell expresses surface heavy and |ig
the cells leave the bone marrow and tr&ftic the spleen. Trafficking to and within the spleen is
controlled by multiple factors such as intergins (LEA a n d ,?* tédeptdrs) (CCR7 and
CCR5)??>22chemokines (CXCL13)® and cytdkines (such as H4).2* These spleetocalized
cells now enter fproceahbr bughamupbbapkedosahdctio
points?>26 After B cells leave theone 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 migratiort®



B1 B Cells

B1 B cells are different than the more common B2 B cells that ké&ffien adult bone
marrow to spleen as described above. Bla B cells aré &iabare most common in young
animals and humart$ B1b B cells are similar, but they lack the CBfface moleculé’ In the
mouse, B1 B cé&$ 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 Thebone marrow loses the potential to develop new B1 B cells by about six weeks of
age in mic&’?2In humans, B1 B cell precursors are detected at seven weeks in the embryo, and
they populate the periphery between week 16 and 22 of gestilibis is evidenced by data
showing that, bone marrow transfers can restore the B2 population ifmtbreleold mice, but
not the B1 populatiof’3°Gene segment usage is heavily restricted in the B1 populatiich
will be discussedh greater depthater, and most B1 cells lack nontemplated (N and P) base
insertions in their joining of gene segmefit81 B cells are commonly autoreactive and are not
selected against using Atraditional o B2 B cel

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
recombinatiort:3 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/onte 0 constant region (lgD). This
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 switchingyenerally occurs in response to antigen usaatiyatiorrinduced cytidine
deaminas€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 newlyselected constant regi¢Rigure1.3).3* Like in VDJ recombination, the DNA between
the two breaks is spliced otftThus, 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
56 to the splice site are sBtailihsanmanéabbdbest dn
u2, u, U, 21, 922, 23, 924, and O). Mice cont ai
and ), though not all strains have all constant regions. CSR generally occurs after the B cell
encounters antigen ansldependent on T cells and their cytokiffe.Constant regions, even of

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

Repertoire Development and Change

There are multipl e f-aelrepenose abdhyiaetit vaaidbilite ct t he
The first of these is dependent on the unigueD/, and Jgene segmentsencatle i n t he host
genome. The second factor is the seanmdom recombination of those gene segments. The third
factor is the random addition of the &hd Pnucleotides during V(D)J recombination, and the
last is the somatic mutations that occur during €sponse to antigen and the process of affinity
maturation®® This combination of events is responsible for the creation of unique antibody
sequences. However, another el emgasdplagdardee host
in the ratio or number of B cells displaying a specific idiotype (specific anbgehng sites
unique to an antibody). Recent work by Meng et al. has shown that the repertoire varies from

sampling location to sampling locatiéh



Genetic and Spatial Control of Repertoire Development

It appears that most gene segmesdages genetically controlled, rather than purely
random!®4°During V(D)J recombination, gene segnts are selected during recombination
using RSS. Small changes to the sequences can affect recombination rates and create changes to
the repertoiré’! There are also spatial restrictions on recombination due to requirements of DNA
looping for the acts of cleavage and blund egjoining. A position bias also been observed in DJ
pairing i n-gtemaet smgrme n3 & [P atgene segnmemts, and vice n wi t h
versa*2 Assessmerity a few groups has found thatgénesegment usage not random and
there appears to be some skewing in thg&e segmentthat are usetf*® Causes for this
skewing appear to be largely genetic, anelargely attributed to the chromatin structure of the

locus,which allowsfor availability of RSS for recombinatidi:**

Clonal Expansion

B cells express a-Bell receptor composed of membrane bound antibody (heavy and
|l ight c¢chains) along with a number of mol ecul e
| gb, and CD19,°3Ti@bealyanddghtcdhai@sth8vé short cytoplasmic tails and
lack domains necessary for biochemical function and signal transduction. Therefore, B cells rely
on 1 gU and | gb®ltgoU tarnadn sldguCc ea rsei gnneaeld.ed f or B c e
antigen binéhg,2 which stimulates expansion of that specific B cell, or clone. This is called
Acl onal expansiono. This expansion increases
the host and results increased representationtbét specific idiotypen the repertoire as a
whole (Figure1l.4A-C). These cells can also further differentiat® memory B cells or plasma

cells. Plasma cells are responsible for most of the antibodies in the serum whereasBnemory



cells do not spontaneously secrete antibody but serve as antigen presentation cells and can be
further differentiated into antibody secreting céfidfter antigen clearance from the host, most

of this effector ck 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 switcRma 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 (Hamrhard 2017, Manz 19978°*Memory B cells can

live in the bone marrow for decad®s.

Somatic Hypermutation

Once a B cell is activated, it moves to germinal centers, locations within secondary
lymphoid tissueswhere T and B cells interact to initiate a response. This is where B cells
undergo further selection and speiaation to their cognate antigen, calsaimatic
hypermutation $HM). SHM occurs when AID targets specific hot spots in the antibody region
of the genome, though efarget mutations are also detecté@hese mutations target specific
mutatianal hot spots DGYWA/G/T, G, C/T, A/T)and its complement WRCH/T, A/G, C,
A/C/T).5?%® They also occur more often in the CDRs than in other regions of the antibody
sequence, and mutations occur at a-fold higher frequency than backgrourftP® 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,ttating repication, 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 usigagtioldase excision
repair. The final option is that misncatrepair removes multiple bases around the mismatch and
adds them back using erfprone polymerases, introducing more mutatii§ There appears to

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



errorrepair pathway, which is commonly used in huntdrihe mutations maybe silent or may
result in a missense mutation. Depending on the location of the mutation, a missetise muta

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 seque 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-tieate/

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 hotspo®8 Additionally, SHM in humans occurs more frequently in the IgG4
isotype compared to other Ig&sThis 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 conseqoétiese 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 anti gareawihl Ibys winfefgd re cft roepfinitydB@ellstmg onl vy
continue to replicate and continue to undergo SiMurel.4D-F). At the population level
there is an overall increase in affinity for an antigen, though there appdas a maximum
affinity level. Poulseret alfound that antibody affinity for patients after a single TT vaccine was
2.9 x 10° (Kd) for TT antigens, which was at least fifa@d higher than the average TT affinity

from control patients immunized withter vaccine$? This group additionally showed that
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binding onrates did not improve after subsequent vaccinations, buateff did improve,
demonstrating that these binding responses are selected through two different me®anisms.

However, maximum affiy levels vary from antigen to antigé#.

Overall Effects of Changes in the Repertoire

Mul tiple factors af f-celcrepertbite.dn the nade ofoutdrassetl 6 s u
populations, the V, D, and &ge segments present in the locus will affect gene segment
recombination availably. RSS alternations will also play a role in outbred populations for initial
recombination availabilit§* These two aspects affect the grtial B cells available to respond
to antigen. After the initial development of naive B cells, exposure to antigen continues to shape
the repertoire. Repertoire chang®s shamwi sigr wé a

the host has encountereohd these encounters will leave a lasting mark on the repéttoire.

Repertoire Responses

B1 B cells
B1 B cells are predominantly encoded byg®he segments from thé-Nt1 or VH12

families in mice, often paired with JH1°%%7In humans these biases skew towards the V3
family, VH1-2, D7-27, JH2, and JH 3 and appear to be highly restriét&I hey predominantly
use the IgM isotype, but IgAnd IgG3natural antibodies are also detsti® B1 B cells also lack
N-region insertions during V(D)J recombination in young animals, but in elderly animals, an
increasing number of Mucleotides can be detected in the peritoneal BL<&lsThe lower
levels of Nnucleotides bias towards shorter CDR3s in the heavy hBih B cells develop

more quickly and can populate the peripheral lymphoid tissues more quickly than their B2
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coushs, potentially providing an advantage in young animals for clearance of apoptot?é cells.
B1 B cells can bind a number of salfitigens, as well as foreign antigeimsluding
phosphatidalcholine (PtC), a prot&rpressed on red blood cell$°%8|n tracking these anti

PtC specific cells, it was determined that B1 B cells undergo expansion in response to their
antigen, even in genfiee animal$’%’ 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 rejpertoire al
becomes increasingly restricted and less rantigkdditionally, as age increases, the B1 B ce
response to antigens remains the same or increases, whereas B2 B cell antibody response

decreases, biasing the repertoire towards a more monoclonal, arehstife repertoiré’

Vaccination

The overall goal of vaccination is to create an antggecific memory response from B
cells, protecting the patient from the expansion of pathogenic challenges (bacteria, viruses,
etc).”t Thus, repertoire responses have been characterized for several ditigSose vaccine
challenges reveal that specific epitopes have select@sebior specific \gene families; such
as the VH5 family selection in an HIV immunization in Macaques or the usage eb¥idad
VH3-7 in humans following an influenza vaccination. Some antigens show no bias irgtreV
family they induce, such as tetantoxoid (TT) vaccinations, outlined bel&¢/? 747
Additionally, responses to vaccinations can vary strongly from sutgesttbject; ranging from
more monoclonal responses to more polyclonal reggdmublic clones, or those shared among
multiple individuds, are rare, even in response to the same antigenwbhad examining the

response to an influenza vaccine, the IgM repertoires were more similar among subjects than the
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lgG-expressing cells (fAantigen experatsathatedo) ,
there is more similarity among plasma cells in those responding to antigenic chiittéri§e.

Dose also seems to play a role in repertoire diversity. Higher doses induce a more diverse
repertoire and maresult in a broader repertoire respoffs®ther hallmarks of immune

responses include shorter CDR3s and higher levels of mutétions.

Aging has been shown to play a largkerin vaccine responses. Those over the age of 65
are less protected by the influenza vaccine, and with reduced responses to the pneumococcal
vaccine’®"87°De Bourcyet al.discovered that in half of elderly fpents, their repertoire was
comprisedf a small number of memory cell, and their repertoires were less pfiEtie.aged
repertoire also had a smaller naive repertoire, providing less diversity to allowdongoio a
new antigenic challeng@.’® Additional skewing occurs in gene segment usage with VH3 family
members being more common in young patients, and V4 more common in the 8l4édy.
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 impairédVhile both groups showed cellular changes in the perad
blood at day seven, the younger cohort returned to theirgm@nation normal values, and the

elderly group did not®

Tetanus Toxoid

The tetanus toxoid vaccine has longb@sed to study the immune respét&eand
serum antibody level responses continue to be stdtféth addition to being a commonly used
vaccine, it is considered onéthe most immunogenic vaccin®dt has also been used as a

conjugate protein for vaccine developm@&nt
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The tetanus toxin is produced 6Yostridum tetanand is a 150 kDa protein which is
cleaved to form a heavy and light ch&Thelight chain is a metalloprotease and is responsible
for the disruption of neurotransmittéfsThe toxin works by blocking the release of
neurotransmittex from the prejunctional membranes of nerve cells causing spastic paralysis by
preventing formations of the SNARE compfEX° The heavy chain is also cleaved into two
parts, the Nlerminal is used to help transkte the light chain, and thet€minal binds to
sensitive cell§® For use in vaccination, the toxin is denatured with formaldehyde making it a

toxoid.%°

Previous studies of TT vaccination examined both the overall levels ef Biitbs in the
serun{® and the makeup and binding of those Abshe halflife of anti TT Abs is 11 year®
While children show high levels of askiT Abs in the sarm,®® a decrease in affiT Abs in the

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

Studies based on the gesegment usage of afiliiT Abs have determined that Abs

generated after challenge are widely varied in both heavy and lighschdis is likely due to

the large size of the T:82:92%° The ability of antiTT Abs that do not bind to the-@rminus of
the heavy chain to neutralize the toxin is currently unknown, though multipié Bétbs have
been shown to synergize to increase neutraliz&ti¢iPaulsen et al. and Lavinder et al. suggest
that the antiTT Ab repertoire consists of between500 different original clones and that these
clones encompass gene segments throughout the entire rep&t6tfadowever, nine months
after boosting, only three aflliT Ab clones were still detected@hich showdhat the repertoire

returns t o ostiaochatiofdWhen the isatypes of the antibodies were
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examined, the response was predominantly IgG, though IgA and IgM have also been H8tected.
Meijer et al. demonstrated that many of the heavy clidiasti TT Abs can pair with multiple
light chains and still retain their asWiT specificity®! These data suggest that the heavy chain

dominates the antigdnnding process.

Two human subjects and their responses to TT were followed through multiple
challenges. New clones were detected after the second heostgesting that new a+il Abs
can be added after repeat exposure as naive cells continue to be introduced irftt®irniet.
results have been seen in other vaccination studies and may provide a way to deal with antigenic
shifts in the pathoge¥f.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 afifl antibodies and determined that peak
affinity was obtained after the first booster and peak mutations levels were achieved after a
single vaccinatiofi? Mutation rates for anfi T plasma cells and memory B cells were around
10%, though ardTT Abs that could bind the heavy chair€minus cotainedhigher mutation
rates’* CDR3 of the heavy chain was determined to have the largest role in binding to TT, and

CDR1 of the light chain also played a réfe.

In examining murine specific responses to TT, four heavy chain CDR3s were detected
(CARGGNYAYW, CARQDRYGFALDYW, CARLGYDGVALDYW,
CARDFQYGNYFDYW) and five kappa chain CDR3EQQGSSIPRLTFCQQGNTLPWTFE
CQQGNTFPWTECQQGSIPRLTF, CQQGSIPRLTH.® The light chains were &bto pair

with multiple heavy chain®€ Gene fanilies in the heavy chain included V1, V2, V3, and V5
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with D-gene families D1 and D2, combined with all forgehe segment§.The kappa chain
used \fgene families V1, V4, V5, V6, V8, V9, V10, and V12 and all fogehe segments.
Over 20 binding epitopesxiston the tetanus toxoid molecule, and binding to nine of tisese

known to cause neutraktion and are located on the heavy chain of the f8xin.

Adjuvants
Adjuvants are added to vaccines to help increase the immune response to antigenic

challenge®1%2Aluminum salts were first used as adjuvants in 1926, followed by sivatsl
emulsions in 193%2 They can decrease the dosage required and increase the speed of the
immune respons¥? They are also implicated in diversifying the antibody response to
vaccinationt®! There are multiple classes of adjuvants, nonimmunostimulatory, which provide
increased dplay of the adjuvant to the immune systamd immunostimulatory adjuvants

which are directly targeted to specific parts of the immune system to increase response, and
adjuvants that do bot? Immunostimulatory molecules often targetliTioke Receptors, which

can bias the immune response towards spedcitiellTresponses, while others, such as emulsions
increase immune cell recruitment to the area and antigen di$playour studies, we use CpG,

an adjuvant that binds Toll Like Receptor 9 (TLR9). TLR9 is an intracellular, nucleic acid
sensing receptor that signals through the MYD88 pathway, leading to activation of transcription
factors suctas NFa B This leads to the expression of pnflammatory gtokines, increased
production of antibodies, a4I based response, isotype switching, the development of marginal
zone B cells, and memory B cell differentiati®A1° CpG has also been shown to play a role in
promoting antigen presentation by dendritic cedlsjch also lead#o an increased antibody

responsé?’ It has also been shown that immunizations with CpG demonstrate affinity
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maturation in the germinal centerstopgfour months after immunization, further increasing

antigen affinity past the initial vaccinatidf

B Cell Cancers

While infections are one of the most common ways we think about the changes to the
repertoie, B cell cancers are also associated with overall changes. Like proper immune
responses, B cell cancers also have associations with specifisggment usages and mutation
developments. There are a variety of malignancies that develop from antibodgipgocklls at
different time points in developmelf Some of these cancers have strong associations with
specific gene segments such as chronic lymphocytic leukemia (CLL)-RIH8H1-69 and
VL2-14), and multiple myeloma (VH34 and VH37) 8%1%°Myeloma also has a strong negative
association with gene segments. For example, a very comngamé&/segment in humans, V4
34, has not been detected in cancerous cells, even though the gene segment is commonly used in
the repertoiré® Myelomas appear to be very heterogenous in their gene segment usdge and

not inhibit normal plasma celt§>11!

Myelomas also continue to undergo somatic hypermutation on both the heavy and light
chain after development, suggesting that chronic activation or antigen sectionntiayecto
affect the malignanci£®11%112viany of these mutations are radical, rather than similar amino
acid replacements in the framework regtéhFollicular lymphomas also appear to be heavily
mutated while only half of CLL patients exhibit mutated sequeffcédGastric MALT
lymphomas are highly linked tdelicobater pyloriinfections® There is even evidence that gene

segment usage by CLL is regionally diverse, suggesting ardigeen selectiort'* In addition
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to antigen selection, acute lymphobiaseukemias continue to diversify by maintaining the

same DJ joining region-gbnesegmeelsfr r anging with

The most useful part of repertoire sequencing for cancer however comes from minimal
residual disease testing (MRD). Proof of cquider 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 negativty is correlated with a decreased risk of relapse, allowing doctors
to make more informed decisions regarding treatrii@Mutation detection in some cancers are

also useful as prognostic indicatdt.

Sequencing the Repertoire

Experimental Design

As costs of sequencingVedecreased 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 technologi&®.Starting material, such as DNA or RNiwust be chosen, as well as
the target of the sequeng. 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
ffact i ve 02 Adeiporal consideratonmclude the importance of the various structures
of the antibody. Documentation of CDR3 sequence is very important for repertoire analysis, but
information about which Mene segment(s) or constant region(s) are being used also provide
clues about the repeire and the host response (Greiff 208 Depth of sequencing is also an
important factor to consider. While 454 sequencing provided long read lengths (>400 bp), more

recent lllumina methodology has a higher read number (captures more sequé&hisegjeater
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sequencing depth is offset by a higher error frequdrmmygever, which ig unique issue for

antibody repertoires since mutations are part of the B cell differemtiptacess and determining
sequencing errors vs. somatic mutations is problertitié>Questions concernirifpe detection

of a pecific CDR3 with a known sequence may benefit from amplificabased DNA

sequenaig with cheaper Sanger methods, while characterization of an entire repertoire, such as
the work presented here, requires the use of athiglughput technology. When planning an
experiment however, it is important to remember that a single sequenaisgapshot in time

and fails to adequately monitor the constant changes in the rep&tdidalitionally, peripheral

blood, while often the onlgource of B cells for humans, fails to provide an adequate measure of

the total immune repertointained in various immunological organs and nichés.

Amplification

To our knowledge, all repertoire studies B and T cells, except those outlined here,
have been the result of an amplification pro¢é3$$§12€.2° These datasets contain both basis and
PCR artifacts, leaving their results difficult to interpretedampare from study to study?

Thus, the avoidance of biases from amplification is one of thesiginiorities in repertoire

sequencing?°

PCR errors are accumulated through the amplification process which can falsely inflate
members othe repertoire, or they can add suspected mutations that éaisd?3124131.135n(
may not be distinguishable from low level mutations that do exist in the repéftditéPCR
biases can be introduced because of primer gndroperties, CG content, mispriming, Aon
specific binding, and errors during replicatifA3413¢ A specific issue in targeting antibody

gene segments is primannealing efficienciesince the gene segmetitait make up the murine
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IgH locus are similar, though not identi¢&l.The biases inherent in the multiplex PCR can lead

to false repertoire skewing, gene frequency inaccuracies, and a less comprehensive view of the
repertoire''®122.124The development of these multiplex primer, is highly challengifid@though
Carlson et alargue that amplification methodologies can capture the entire repertoire, there are

concerng?é

The issues with amplification are well kan, specifically, the inability to amplify
antibodies produced by hybridomaé**¥fi Uni ver sal 6 pri mers for the
do exist, but some questions remain if they cover the entire repéftoitee difficulty in
devel oping a Auniversal o or even highly compr
their highly varied leader sequencesg®esegments, 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 diional levels of complexityMethods to overcome the biases detected
in amplification have been ¥EV*%ridihguseddf such as
molecular barcodes or identifie¥s-1*?However, these methodseexpensive and have their
own draw backs. Replication of the entire rep
multiple constant region primers, leading to the same multiplexing iBaeoding can have

errors and chimeric reads making repertoires difficult to reconstiuct.

Effects of Spaceflight on the Immune System

Microbes in Space

Microorganisms were found throughout the Internationat&&tation (ISS) and Mif*

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 suarfaces an
in the air aboard the 1S$’ These species include opportunistic pathogens such as
Staphylococcus aured. The crew are likely the largest reservoirs on ISS, and changes to their
microbiomes, both with reducedimber of species and transfers between cnemberscan be

observed in the confinement period ptioand after launch&10

Space flight and simulated microgravity have been shown to increase virulence in
Samonella typhimuriundisplaying both genetic changes and increased virulence with infection
when assayed post flight"1%3 S. typhimuriumalso showed a reduced sensitivity to acidic pH
when grown in a microgravit ARV modell®! However, increased virulence is not universal
becausétreptococcus pneumonidi not show increased virulence when tested after space
flight.1>* Other bacterial species suchStaphylococcus aureandEscherichia colshowed an
increase in the minimum inhibitory concentrations of antibiotics ont $érm flights, but long
term flights (four months) showed tHat coli, Bacillus subtillisandPseudomonas ariginosa
generally became resistant to the 12 tested antibioticS. lmutreusoccasionally became more
resistant*®1>*Additionally, many bacterial strains also grew faster in their planktonic state in
microgravity and have increased biom&8s>®Whileagatb ased st udi es di dnot
increased finatell count, they did show an increased number of cells attached as bifilifs.
Therefore, the space environment may alter bacteria and change their virulence and/or
pathogenicity while there are concomitanaiges to host defenses. Microbial infections were
not uncommon aboard Mir, ranging from eye infections to respiratory infections (Taylor

2005)1%° During the Apollo missions, over half of the astronauts reported infections during or
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immediately afer their mission$®¢*>’Other changes to the immune system are evidenced in

delayed wound healing and slowed typehiypersensitiity reactions->¢161

Ground Models
Multiple, significant physiological changes occur during spaceflight. Due to the costs,

space, and time limitations, it was useful to use grenas®d simulations to dissect the effects of
spaceflight on host physiology. While the most studied responsgsade 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‘$di= housed to cdrol

barometric pressure to sitating that aboard ISS showed increased susceptibility to mengovirus

infections compared to mice kept at normal atmospheric preS8ure.

Some immunological changes that occur during spaceflight have been consistently
obseved through multiple studies, such as neutrophilia (post flight), and decreased numbers of
CD4 and CD8 T cells. Other host responses are changed inconsistently. For example, the number
of monocytes, CD4/CD8 ratios, and B and NK cell percentages may anohbag altered®3164
Therefore, there is clearly an environmental impact that can vary from inditaduraividual
and from flightto-flight. Additionally, astronauttend toreduce their dietary intake whiie
spaceaffecting metaoblisint>®162.163pye to these differences, ground models offer some ability
to control some of the multiple variables that influence the host physiology during space flight.
Unfortunatelysince there is an impact on so many physiological systems, it is unlikely that a
single perfect grountiased model exists. It is important for scientists to know the limitations of

their models and not ovémterpret their data.
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To model some of the effes of space flight, one growthsed model that is routinely
used isantiorthostatisuspension (AOS) (also called hind limb unloading or skeletal unloading).
This technique was originally developed by Morey and was further refthé&This technique
unloads the hind limbs of mice or rats through various means to prevent weight bearing on the
rear limbs while maintaining a 30-50% weight load on the front limB& Animals are still
able to move at will using a grid on the floatich redu@sstress level$®® Many of the effects
seen in spaceflight are modeled in AOS animath ss lowered bone mass in unloaded limbs,

fluid shifts, muscle atrophy, increased levels of corticosterone, and altered cellular re$ffonses

170

Bed rest with a 6head down tilt is another common physiol@jimicrogravity model
used with human subjects and can model some of the impacts seen in space flight such as the
decrease in lymphocyte proliferation and decrease@iptoduction. However, in other cases,
the studies disagréé&*'"*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 spacefligiindeed, some artificially elevated

corticosterondevels to look at the impact on host responses and they failed to see an‘ihpact.

Immune System and Host Physiology

General issues associated with spaceflight and the immune systedeirmmune
dysregulation, thymus involution (caused by increased glucocorticoids), decreased lymphocyte
development, alterations in cytokine production, and changes to leukocyte distrititién.

Human progenors 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 factor$®177

Postfli ght 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
animalst®>178183 \Mice in 2G hypergravity alsshowed a decreased response to CEAAOS
rats also had a decreased production of superoxide and showed decreased levels of killing
phagocytosed bacteria in macrophay&s®Flight also suppressed the differentiation of these

cells16l

Humans, AOS rats, and AOS mice showed decreased production of multiple cytokines
including IFNU,  -b F N-C,8LFL, IL-2, TNFU, -CBF, IFNo  a n@f561p7.{/1174.175.180.186
A human Antarctica modganotheground based model for higdtiress environmentshowed
an increase in primflammatory cytokines such as IFN a n1® anld & reaction in anti
inflammatory cytokines such as-ll0 and Il-1ra!°® Elevation in astronauts was seen in ir8|L
CCL2, CCLA,and CXCL5 during flight$/* Administration of IL-2 or M-CSF to compensate

for their reduced secretion appears to reverse some of the immune effects P X0S.

B Cell Responses

Prolonged exposure to space flight and microgravity increases bone resorption and
decreases bone formatidfi:18’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 microdravitye B cell progenitor

populaton (CLP and beyond) remained low throughout the 21 days of suspéfsitowever,
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Armstronget al.did not see a change in B cell hematopoi€i&aingeret al. reported that

while normalized spleen mass stayed the same for AOS mice, the total number of cells was
reduced by 25% and saw de@esin CD19B cells with an increase in CD3 cells, altering

the B to T cell ratid’® Gridley et al.also detected decreases in T cells, but the decreases were
even betwee CD4" and CDS8 cells, not altering the ratid$® Ortegaet al.detected a change in

the number of differentiated cells inethhone marrow, with a shift towards more differentiation,
rather than less mature ceff AOS mice and space flight rats have lymphoid organ dependent
inhibition in proliferation of lymphocytes, suggesting that lymphocyte depression is not a whole
body suppressn, but rather tissue specifitl15>18There is also some environmental impact on
bone changes that are dependent on hod$iRats housed individually lost more bone mass

than grouphoused rat$®

Many of the changes exhibited by AQ@imals are like those seen in agigHowever,
in AOS rats, though involution of the thymus was detected, no change in total antibody
production was detectéé®1®*However, mice infected witR. aeruginosashowed a delayed
protective antibody respon$&.AOS mice also showed a decreased resistance to infedtion
Encephalomyocarditigirus D and increased infections Byebsella pneumonia@ndPasturella

pneumotropica’1:192:193

There is some indication that space flight affects the immunoglobulin gene rearrangement
process. The expression of the transcription factor Ikaros, re@bpefor expression of the heavy
chain, changed whdpPleurodeles walttmbryos, a type of newt, were subjected to

microgravityl’’ Spaceflight also increased their levels of IgY (like IgA in mammals), and
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changesvere detected in \gene segment usag€:!%' Total antibody levels in astronauts
remains unchanged after flight, but shifts in isotypes wereéé&flisotype shifts aay from
the class switched IgG1, IgG2a, and IgG2b were seen in mice exposed to constant low dose

radiation!®?

Study Objectives

The goal of these studiesto characterize the antibody response to vaccination in
animals exposed to microgravity. Specifically, we use bioinformatic analyRElAfsequencing
to determine the effects of space flight and immunization on ibelBepertoire. 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 aggilie1. 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 preservedateRNA
We confirmed that whole tissue sespcing did not result in significant differences from the cell
sequencing® We also validated our data processing workflow by comparing our data to that of
groundbased research and found similar restiifss 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 chasgef r om finor mal 0 f é&%Yonmiceflowc ont i nu
to the ISS® and mice subjected to AOS (this thesis). This work demonstrated the uniformity of
the normal B cell/immunoglobulirepertoire and complements work done by oth&t856
Additionally, to further supplement our data collection, we examined the impact of amplification
on repertoire analysis. We found that using massively meitgal PCR yielded deeper
sequencing (more CDR3s and sequences detected) but failed to detect the full breagithef V

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

the B-cell adjuvant CpG.
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Figures

Figure 1.1. Antibody Structure

Hypervariable Region

(CDRs)
Variable Region
Light Chain
- ConstantRegion
Heavy Chain

S

ConstantRegion

—’

Antibodies are composed of two identical heavy chains and two identical lighs cRarh
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
v1-83 V1-60 V1-32 V1-23 V1.5 V2-4 V35 055 D21 D1-8 J4-1 13-2 11-1 |i"-"| |iD |iG3
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Constant Region Selection

. . V1-23 D21 )32 IgM
Final Transcript [ i

CDR3

VDJ recombination occurs in the germline, first by initiating recombination of arsedom D

and Jgene segment. The intervening DNA is splice out. Recombination then proceeds with a
semirandom \fgene segment joining to the DJ rearrangement. NPamatcleotides 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

V1-83 V1-60 V132 V1-23 p2-1 J3-2 I|gM  1gD  1gG3  IgG1  IgG2b  IgG2c  IgE IgA
— R T s .
V183 V160 V1-32 V123 D2-1 J3-2 IgGl  IgG2b  1gG2c  IgE IgA ﬁ{

V1-83 V1-60 V1-32 V1-23 D2-1 13-2 IgA \(

(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 ofraisetype. 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 tiasta 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 Wialso undergo mutation (F) and higher affinity BCRs

will continue to multiply leading to changes in the repertoire.
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Chapter2-Val | dama tomo dsds dsoisnmume gl obul i
genrepert dgiisrsabdésni nemi dg oam t he | nt e

Space Station

Abstract

Spaceflight is known to affect immune cell populations. In particular, splenic B cell
numbers decrease during spaceflight and in grdnarsd physiological models. Although
antibody isotype changes have been assessed during and after space #ixfehsine
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 gessgment 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 lllumina MiSeq sequocing data from multiple sample preparation methods in normal
C57BI/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 technigues and
aboi nformatic workfl ow on the data output when
usage. Our bioinformatic workflow has been optimized for lllumina HiSeq and MiSeq datasets,
and is specifically designed to reduce bias, capture the most informatioigfsequences, 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 otethatlonal
Space Station. Gravitational and space research: publication of the American Society for
Gravitational and Space Research2322017) *Co-First Authors
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I ntroduction

For B cell development and specificity, there are a large number of hieavy(tgH)
andlaeppa | ight chain (lga) gene segments that a
receptor populatiorepertoiret® This antibog repertoire is quite large and the possible
specificities can theoretically exae the number of actual antibody molecules in the Hdbt.
antibodies, the antigen binding region is formed by six complementarity determining regions
(CDRs) that loop out from the V region backbone formed lyletapleatedsheets®’1%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) gegeents® Therefore knowing
which V gene segments are utilized is fundamental to understandialy ecificity and the
development of effective immune responses. The CDR3 of both the heavy and light chains are
highly variable due taheir unique generation. During the creation of each Ig sequence, patrtially
random splicing between V, D (heavy chain), and J gene segments occurs and random base
insertions -meclueqgt icchheé d eald diinti ons. One hypot hes:s
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 wbaidas the essential key to

determining antigen specificify°

The spaceflight environment can impact many parameters critical to the host immune
regponse. In multiple species spaceflight affects the total body, thymus and splegf’ita&s
circulating corticosteron®®210-21219 mitogeninduced proliferationgytokine production and

reactivity,19:189.192,210,213,215.2282 5 1 |[ymphocyte subpopulation distributi®hy?26:23236 Clearly
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there are broad physiological impadiattaffect many systems. The broader implications of this

have been seen in space and grebased models as detailed by SonnenfeldGrudian?3"238

B cells are among the immune components that are affectgubbgflight. The number
of B cells in the spleen was reduced in mice flown on the space shuttle flight,1I8¥S The
percemage of B cells in the bone marrow and spleen was also reduced in mice subjected to
hindlimb unloading-"®*""When rats were injected with sheep red blood cells 8 days prior to an
18.5day COSMOS flight there wetewer IgG concentrations compared to both immunized and
nonimmunized ground controls after landifi§lgM production was virtually eliminated in
lymphocytes stimulated in vitro with pokeweed mitogen (PWM) on the International Space
Station (ISS¥*In this studygcells were activated on Earth, frozen down, and then put back into
suspension in spaeehere IgMsecretion was significantly lower than similarly treated greund
based control$3° In a study of log-term ISS crewmemberflight and post flight plasma
samples, no significant changes to adaptive immunity or cytokine profiles were défécted.
However, an assessment of peripheral blood revealed changeglisttibeition of B cells and a

reduction in T cell function following mitogen stimulatiéf.

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 repertogensf Ig
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 responsaitee challenge. In space,

there exist certain limitations associated with tissue collection and storage methods traditionally

34



used on the ground. In preparation for sending mice to the ISS, our group needed to validate our
procedures and our ability tdotain highquality 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 wakflow 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 flighirexpés.

M aterials and Methods

Sample Preparation and RNA Extraction
Spleens were removed from four-keekold, specific pathogefree, female C57BL/6J

mice housed in the Division of Biology vivarium at Kansas State Universityh@ihef each

spleen wasiomogenized with a 70 uM sieve to generate a sioglesuspension designated,

ficell&. Spl een cell s were pelleted atolddGKO x g an
lysing buffer (155mM NHCI, 10mM KHCG, 0.1mM EDTA) to lyse red blood cells. Afteve

minutes, 10 mL of iceold 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 remainingeplealf was immediately
placed into Trizol LS f otssuUBNARAAt eattriachj oanad
performed according to the manufactureros ins
RNA aliquot and stored ir80°C. RNA quality was assssd on a 2100 Bioanalyzer (Agilent

Technologies, Santa Clara, CA, USA).
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MiSeq Sequencing
One microgram of higiguality total RNA was used for RNA sequencing (RS&Qq)

library construction using the TruSeq RNA Sample Preparation kit v2 (lllumina, Sgao, &)

with the following modification: one minute fragmentation time was applied to allow for longer

RNA fragments. The obtained RNgeq libraries were analyzed with the 2100 Bioanalyzer. The
tissuesample described previously was then subjected tssezé e ct i on asizedl desi gn.
selected . Sel ect i on-90D hucleoddesurd)mndeagsh (2BHOMt sequences plus

50 nt sequencing adaptors on each end of the cDNA) was performed using the Pippin Prep

system (Sage Science, Beverly, MA, USA). lbraries were then quantified with gPCR

according to lllumina recommendations. The sequencing was performed at the Kansas State
University Integrated Genomics Facility on the MiSeq personal sequencing system (lllumina)

using the 600 cycles MiSeq reagieB kit (lllumina) according to lllumina instructions, resulting

in 2 x 300 nt reads.

MiSeq Reference Mapping

The bioinformatics workflow used in our study is outlinedrigure2.1. FASTQ
sequencing files were imported into ClGenomics Workbench v9.5.1 (CLC bio, Aaarhus,
Denmark) (https://www.giagenbioinformatics.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 eachgeence. 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 pameédequences, designated
fipairedo, and, in cases of overlapping sequence pairs, reads were merged, designated as

fimergedd Figure2.1A, light blue line). Sequences were merged using a match score of +1,
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mismatch cost o2, a gap cost of3, and a minimum scord @0. Cleaned paired={gure2.1A,

purple lines) and mergd&igure2.1A, red lines) sequences were mapped to specific C57BL/6 V

gene sequences obtained from NCBI for the immunoglobulin heavy (IgH)gahdtli (1 ga) c¢ ha
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 Il gs | oci and t he wh oMappedMiSepsepienceswereg t he s
combined and submitted t o-VIQuest§igue¥Angeedni cs o6s (|
lines) (Alamyar et al., 2012)Functionally productive heavy chain sequences were imported into

CLC and constant regms were determined using a motif search for the first 20 nt in each

constant region that are providedTiable2.1 (dashed line). Motifs were reassociated with their

original sequences in Microsoft Excel for complete antibodp{¥L) identification. While two

IgG subclass motifs were used to identify IgGs, they share partial sequence homology, therefore

all 1IgG subclasses were combined resulting in an overarching IgG isotype. Kappa chain

sequences were processed diredtigre2.1A, 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 remowhese duplicated sequences would lead to incorrect frequency
assessmentBigure2.2 outlines the procedure for duplicate sequencing read removal. Sequences
were identified by their original MiSeq identification numbers for sgrtilo 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 aséd for subsequent data compilation. Data from

37



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://geneldata.ndc.nasa.gov/genelab/, Accession Numbers:
GLDS-47, G_.DS-48). These data include sequences from the livers of ground control and flight
mice from two separate cohorts, CASIS (GL-BB and NASA (GLD$48), that were generated
using Illlumina HiSeq (1 x 50 nt reads). Raw sequencing reads were imported intad@€LC a
guality cleaned as described with the exception of short read removal as quality cleaned reads
were below the threshold utilized in the original workfldwigure2.1B). Reads were then
mapped to the Va references identified above.

analyzed in Excel.

MiSeq and HiSeq Genome Mapping

FASTQ files were imported into CLC and quality cleaned as described previously
(Figure2.1C). MiSeq reads were merged as described previokgiuie2.1C, blue arrow).
Paired and merged MiSeq and unpaired HiSeq réagsre2.1C, purple arrow) were mapped
using the RNASeqtool in CLC to the current mouse reference genome (GRCm38). A match
score of +1, a mismatch score-2f and insertion and deletion scoresd®fvere used to map
reads to the genome. Due to the short read lengths of the HiSeq -dmiae ¥egment usage sva

compiled directly after the RN&Seq analysisHigure2.1C, green arrow). For MiSeq data, reads
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were collected, submitted to IMGT, duplicates removed and usage statistics compiled as

described abovd-{gure2.1C, 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 3sveekold female C57BL/6Tac mice aboard the 1ISS221days after
launch (CASIS Flight, SgeX-4). Five 35week old female mice housed in the ISS
Environmental Simulator were processed similarly with a-ttay delay (CASIS Ground
Controls)?*° Spleens and livers were placed in RNAlater (LifeTechnologies, Carlsbad, CA) for
at | east 24 hbenswredaB®E whideatidardtinedSStduring transport, and upon
return to Earth. The second set of tissues were isolated from seweeRbld female
C57BL/6J mice that were euthanized aboard the ISS 37 daylposh (NASA Flight,

SpaceX4). Carcases were immediately froze8Q°C) and after arriving on Earth, were

di ssected. Livers were preserved in RNAI ater
80eC. RNA was extracted from the tissues usin
acco ding to the manufactureroés instructions. TI

RNeasy mini column ( QI AGEN, Hi Il den, Ger many)
guality was assessed on a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, €#ajethd
at-80°C. RNA isolated from liver tissue was sequenced on lllumina HiSeq with single reads of
50nt (1x 50nt). Additionally, lllumina MiSeq sequencing of splenic RNA isolated from three

CASIS ground control animals was performed as described earlier
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Results

Size Selection Yields Highest Number of Antibody Sequences

Most studies of Ig gensegment use frequency have used staglesuspensions or
sorted cells to isolate specific cell populati¢1°24243 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 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 I|g sequence results from three different RNA
preparation and segncing 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@J® nt and sequenced independently. Wectsde
this range of lengths because the IgH VDJ recombination sequences generally reqdie 860
to gather information on V/D/J/C usage. Size selection also allows us to eliminate the inherent
lllumina bias for short reads, while maintaining total tcaupgome 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 treatmt group with 21.5 million reads, as showable2.2. 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 grolghle2.2). Mapping was performed as

described in the materials and -metdhgdfbs f or
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segments. Locus mapping returned higher levels of probable Ig sequencesgiram 3€gment
specific mapping. ene segment mapping of seqces 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% Il ga) and highest in the size selected t

After submission to IMGT and clesng, 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 antibodysege nces obt ained for the I gH and 1 g
treatment group and highest in the sse¢ected treatment groud,able2.2) mirroring the \
gene segment mapping results. Botdysequenrmed uct i ve
counts were also lowest in the cells treatment group and highest in tselsizied treatment
group. More unknown than productive seguences
selected treatment group produced both the highestewofiproductive 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 I gH and I ga gene ssagaseallt fr equ
three treatment groups; the first of which is V gene segment usage. To assess the frequency of
each VH a n d - géne segment in normal mouse spleen, the total frequency of eganeV
segment was tabulated fiigure2.3 andFigure2.4 as a percentage of the total repertoire for our
cells, tissue, and size selected treatment groupsy&fté segment usage was similar among all
three treatment groupBigure2.3A). V-gene segment \VBO was detected most frequently,

followed by V118, and V126 gene segments. The gene segmerd¥vas ranked either first
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or third as a percentage of the total repertoire in all three treatment gragyn®2.3B). The

gene segment V18 ranged between the first and third most frequently used gene segment. V1
26 was the second to fifth most frequently useddére segment. While gene frequency
detection rankings among cells, tissue and size selected treatmerst weremot identical,

there was high similarity in overall \ligene segment detection and in repertoire usage.
Correlations between treatment groups produced’arf & least 0.7562 (p<0.0001, data not
shown) between the cells and size selected treatmemps) The Rbetween cells and tissue
treatment group was higher¥.8149, p<0.0001, data not shown). Tissue and size selected

treatment groups had the highest correlatiots (R9645, p<0.0001 data not shown).

Kappa chain VYgene segment usage wasoatempared among the different treatment
groups.Figure24s hows t he percent of repertotre for th
segments of each treatment group. There was s
group when assessed as either percent of repertoire defeéigiee2.4A) or when ranked from
highest to lowest frequenciigure24B) . Gr eater similarities i n Vg
tissue size selected treatments. Corr2flatati ons
least 0.8335 (p<0.0001, data not shown), with tissue and size selected treatment groups having

the highest correlation fR0.9894, p<0.0001, data not shown).

The frequency of Band JHgene segment use in normal mice was also assésgatce
2.5 shows that the cells, tissue and size selecteahD JHgenesegment usage frequency was
similar. D121 was the most frequently discoveredgBne segment in all three treatment groups,

comprising almost 30% of the repertoiF@gure2.5A). 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 r&trainspecific D gene, they were labeled
Aundetherdm. -gdnk segnentddwvere also very common, occurring betweer2285%6

of the time, in all three treatment groups. Gene segments D21, D23,D25 and -finoo D
gene (labeled NONE) were the next most frequent assignments, ranging from abougesik pe

to eight percent of yene frequency.

We found that JHgene segment usage was the same for the cells, tissue and size selected
treatment groupg-{gure2.5B). JH2 was the most frequently usedehe segment followed by
JH1,JH4, and JH3, respectively. Gene segment usage in kappa chains was also similar in all
three treatment groups, with Jal as the most
respectively Figure2.5C). When less than six nedtides from the J gene segment were

identified, they were marked as <6 nt.

Five heavy chains, IgA, IgD, IgE, 1gG (all subfamilies), and IgM are part of the normal
mouse Ig repertoire. Almost 80% of the repertoire used the IgM constant rEgjare@.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 anythe treatment groups.

CDR3 AA Sequence Determination

CDR3 is highly variable and it may be critical in determining antigen speciffity.
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 Figure2.6A, resulting in a total of ten unique CDR3s amamgtment 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 seiqure2.6B). We detected one hundred sitbur CDR3 AA
sequences in all three data sets at least d¢ngare2.6C). The tissue and size selected treatment
data sets shared 607 CDR3 sequences. Téigtyt and 82 CDR3 A 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 eaatntent groupHigure
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
CDRa3 that were identifie(Figure2.6E). Figure2.6F 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, issnd tissue size selected treatment groups,
respectively. Thredundred and eightgne 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 pess the liver lllumina HiSeq data from the RR1

validation flight. Due to short read length (38 nt), onbkg®he segment usage was assessed. Due
tolowl gH read numbers, only Va information is pi
each HiSeq RR1 mouse cohort (CASIS Ground, CASIS Flight, NASA Ground, and NASA

FIight) was compared to the Va perce8eag abunda
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datasetsTable2.3 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 ekpental conditions varied, we were concerned tiheat

| ack of ¢ onc usegnemuasage of the RR4L migeeandethose 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 eltiremusculuggenome rather than
mapping reads to Va reference sequences, as g
transcriptomics analysis. This bioinformatic treatment yielded a higher correlation with the

MiSeq datasetdable23s hows t hat the distribution of Vo ¢

the mapping technique used for the HiSeq datasets.

Referencé Locus Mapping is Comparable to Whole Genome RNAeq Methods
Because the data obtained from the HiSeq data set using cefen@pping techniques

were | ess correlative to Va gene use to our p
were concerned that our initial bioinformatics techniques for MiSeq data may not be appropriate.

To validate the accuracy of our bioinforneareatments of the sequencing data that were

submitted to IMGT, two different mapping methods were compared using lllumina MiSeq data

from CASIS ground control animals. The reference mapping approach, used previously, mapped
sequences to both the IgHgéne segments (251 segments) and the entire IgH locus (2.8Mb)
obtained from NCBI (NC_000078.-génesepgmedt2 (368768 t o
segments) and the entire I ges |l ocus (3.2Mb) ob
70726754). Thereforeye used the whole genome mapping outlined above to compare to our
reference mapping. Results were obtained by using the-8&fanalysis tool in CLC to map

reads to the entire genome with the I gH and |
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IMGT outpu was processed similarly for both (genovsereference) mapping strategies. The

median frequency of all VHa n d -géhe segments was compared if it was detected in at least

one of the three animals and the data were compiled for both refeagdcgenore-mapping

options. Mgene segments not detected in a treatment
Assessment of the median frequencies of the two methods by linear regressgume.7

revealed that the frequency data¥i-gene segment usage was very similar regardless of the
mapping technique R= 0.9973, p = <0.0001F{gure2.7A). There was also a strong
correlation of Va us a§6.999lep<®MOOEFjguteh78). t wo met ho
Comparisons of Bjene segment;gene segment, constant region frequency and CDR3 lengths

were also highly correlatagdsing both technigues (data not shown). Therefore, we are confident

that our reference mapping bioinformatics strategy is providing an accurate pictugengV

usage.

Discussion

Spaceflight presents unique difficulties in the collection, preparatidrpeeservation of
cells and tissues. Normal preparation methods such as the creation etslhglspensions are
difficult and normal tissue preservations methods such as the use of liquid nitrogen for flash
freezing are unavailable, leading to thesgm@ation of tissue in RNAlater followed by long term
storage at8 0 ¢ C. I n an effort to determine the accep
compared to more traditional single cell suspensions, we examined the differences in Ig
sequences obtained frdmoth 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 specifi€afi#?** 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 weaknessour workflow for the analysis of naive repertoires. Similarly,

underrepresentation of subpopulations with limited stability may lead to other.Bidses

Our data indicate that comparable results were obtdiosdboth the tissue and the cells
treatment groups as there were strong correlationsgané 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, bwer, that even within the top-BDR3, 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 b 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 dample preparation,
which would be exacerbated by clonal expansion. For instance, marginal zone B cells have been
shown to have a preference for shorf€CBR3 amino acid motifs that lackmucleotide additions

as compared to follicular B iig.24°:246

In an effort to reduce Illlumina 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 afteitial sequencing and additional freeze/thaw cycles are likely
the cause of reduced numbers of prdeaining reads due to RNA degradation. Nevertheless, the
sizeselected 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 dgevie usage.

The anibody repertoires from numerous species have been analyzed using a variety of
amplification, sequencing, and analysis technidte$*We chose to assess Ig gene usage
without using amplification. Although manyuslies use amplification in order to obtain a higher
number of reads, this may lead to bias into the repeftité'Bias may be introduced due to
primers or to errors created during the PCR reacfidli®The large number of primers needed
to amplify all the V genes in mice also prese
primers based on the constant redittt3’However, in order to amplify the entire repertoire,
mul tiple 586 RACE primers are required, which
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 wiihexam

the immune response to vaccination.

During the course of our studies, we had the opportunity to work with both HiSeq and
MiSeq data. While lllumina sequencing (HiSeq and MiSeq) produces a higher volume of
sequence reads, they are shorter and moreegmerrors than sequencing with 454 or Sanger
methods3* However,lllumina sequencing has improved over time and is arguably now the NGS
of choice. Our sequencing with lllumina 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
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capture information from the-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 reportéd.

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 ordecdltect the highest number of possible Ig sequences,
we used multiple mapping techniques to both thgeWfe segment and the locus in an effort to
collect every possible Ig sequence. Preliminary workflow attempts found that each mapping
technique isolatedome unique sequences and that locus mapping resulted in a high number of
Afalse positiveo sequences. Subsequent sequen
containing the most data retaining productive antibodies with constant regions anddegh V
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 antiteglyesces without

introducing primer bias or PGRduced sequencing errors.

To the best of our knowledge, this is the first data set of tissue baseamnpdified
MiSeq analysis of the antibody repertoire. While our results are not a direct technighdanat
other published data sets, our normal mouggeie usage is consistent with the findings from
ot her | aboratories. For exampl e, Collins wused
sequencing using 454 on a splenic cell suspertdionthe top ten ViHgene 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 V159 gene segment were among the highest contributors to our regp€rioir
addition, JHgene segment frequencies were also relatively uniform with the J2 gene segment as
the most frequently uséd.Yang performed sequencing on cell soBecells 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 constanftegion.
Their PCR products were then sequenced on the Illumina platform and aligned to knewn VH
gene segment.They identified V126 as their most common-§ene segment, which ranked
between the second and fifth most common V gene in darsg#s. Ygene segments Va2,

V1-64, and V155 were also identified as commorgéne segments in their analysis, all of
which were frequently detected in our d&t&aplinski also examined sorted spleen cells,
amplified with PCR and sequenced on MiSéth 2 x 150 nt read$? Sequencingesults were
analyzd through idAB for identificion 242 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 lnown functionalitysequence&? Of the most common Vigene
segments provided, four, V80, V1-26, V1-53, and V182 were identified in our top ten
grouping®*? Our data sts also isolated D1 as the most common-@ene segment. Kramet al.
examined sorted splenic follicular B cells, using IgM restricted PCR and sequenced using the
Sanger methodf3 As we discovered, Kramet al& most common VH family was V1, followed
by V2 and V5 at relatively equal levdlkramer et al., 2016)n contrast, we found that the V6
genesegment family was detected at a higher level than found in the Kramer affdlysis J4
gene segment was also used more than detected in our data\geboth identified D1 and D2

as the most common D gesegment families.
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We al so compared our dat-Qtaa sos d sgsoe dy esnkee weadni \
segment usage andJ/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
pyrosegencing?*! Their sequencing data was analyzed using the NCBI basic local alignment
tool with reference sequences for Va and Ja o
gene segments identified in theirdty wer e al so found to be among
segments in all of our treatment groups. Additionall] pairing of their top gene segments
paralleled our dat a. Lu examined the effects
a n d-gedesegments and CDR3 regions using primer amplified total RNA isolates of Balb/c
splenic B cells on the 454 pyrosequencing platf&ttés with our study, sequencing reads were
submitted to the IMGT High\juest tog however, only functionally productive
immunoglobulins were used in their analySiin spite of the strain differences between our
st udi e s ;gene $egniehterepkésenting over-paent of the antibodgpertoire
reported by Liet 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 inadatay 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 stlies 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 sequenkedllomina
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 pairedd reads also caihed 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 Higiuest tool, limiting the analyses that
could be used to assebe tantibody repertoire. Therefore, the applicabilitpablicly 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 sequencidyy metho

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 Hi Seq RR1 data to the
part of the discrepancy may be from problems with the short HiSeq sequspemaiically when
forced to align to Wgene 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 limitationdhefRNASeq 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 mousegeeo and Va reference seque
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 bioimirmatics methods.
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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 wikmine 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 sizeelection 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 gfublicly available datasets. This novel workflow can be used for future studies

on the antibody repertoire regardless of whether they areolSffoundbased.
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Figure 2.1. Bioinformatic analysis workflows.

A

Import raw data (CLC) Import raw data (CLC) Import raw data (CLC)
Quality Cleaning Quality Cleaning Quality Cleaning
(CLC) (CLC) (CLC)
Merge reads l Merge reads
(CLC) (MiSeq, CLC)
Map to V gene A 4
references (CLC) RNA-Seq to
Map to V gene Map to Ig locus Genome (CLC)
references (CLC) (CLO) \
\ / Compile V Compile V Usage
3 . ) usage (Excel) (HiSeq, Excel)
Submit combined lists to MGT e "
(Web based) v MiSeq Only
Submit combined hsts to IMGT
(Web based)

Remove duplicated
sequences (Excel)

!

[}
H 1
H 1
! i
! i
! 1
! 1
! i
! i
! 1

1
! i
! I

1
* I I
7 . : sequences (Excel) :
1

1
H I
| i
! i
! 1

1
- !
! i
! 1

1
H 1
H 1
' !
! 1

7
., Remove duplicated
, 7/ 'oo..' ,"'
A A , 7 e,
Identify constant 3 Compile V, D, J ’ ‘..'.
region (CLC) usage (Excel) y *,

Identify constant 4

region (MiSeq only, =——p Compile V, D, J
CLC) usage (Excel)

(A) Workflow for MiSeq reference mapping strategy using CLC Genomics Workbench software,
the ImMunoGeneTics (IMGT) data base and Excel. (B) Workflow for HiSeq reference mapping
strategy. (C) Workflow for MiSeq and HiSeq referenoeabping strategy.
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Figure 2.2. Decisionrmaking matrix to remove duplicate sequence reads after IMGT
processing

Unproductiv .
nproductive Discard

No. of Sequences
Containing Constant
Regions

Mapped sequences that were identified using lllumina sequence identification tags and

sequaces 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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higher rank moving to white, of lower rank. Wlene sgments with identical ranks are

displayed as ties.
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Figure 2.5. D, J, and heavy cha constant usage among treatment groups.
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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 ch@DR3 AA sequence usage is presented by
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sequence was not found. (C) Unique heavy chain CDR3 AA sequences identified within and
among treatment groups. (D) Top fiwest 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) Unigue 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.
R2=0.9973, p<0.0001. (B) LinearetRg r essi on of medi an V& gene seg
and reference mapping?$£0.9991, p<0.0001.
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Table 2.1. Sequences used for heavy chain identification

Constant Region Motif Sequence

IgA GAGTCTGCGAGAAATCCCAC
gD GTAATGAAAAGGGACCTGAC
IgE TCTATCAGGAACCCTCAGCT
lgG1/2b/2c GCCAAAACAACAGCCCCATC
lgG3 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 | 23.9M 259 M 215M |

Post Cleaning 18.7M 20.3 M 12M

IgH Mapped 278318 313194 327015

VH Mapped 1281 26559 42375

gk 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

62



Table 2.3. Comparison of mapping techniques in HiSeq datasets.

Referencé Genomé Compared
Cohort N  R?(p-value) R? (p-value) R? (p-value)
CASISG 3  0.030 (.0637) 0.101 (0.0015)  0.011 (.027)
CASISF 3  0.001(.776) 0.216 (<0001)  0.042 (.074)
NASAG 7  <0.001 (.854) 0.379 (<.0001)  0.013 (.262)
NASA F 7 0.004 (.521) 0.277 (<.0001)  0.006 (.476)
Mapping techniques were compared

by assessi

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

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

/a gene

MiSeq sample preparation datasets.

segment

-mappgpedf HbBegetlataneer sus

%V s g e n atusagedromegenomma p p e d

MiSeq sample preparation datasets.

“Va gene

segment

genomemapped HiSeq data

-mappgedf HbBegeDatanever sus
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Chapter3-A compari son of ssawmepl yf medt i

PCR amplification for murine ant

Abstract

Sequencing of the antibody repertoire has steadily become cheaper and easier for
researchers. These sequencing methods usually rely on some form of amplificatioa, ofte
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 heaehain repertoire in the mousethose 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 mMRNA for cDNA synthesis resulted in higher readiicts 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 wggque Yegments in
the unamplified dataet. We also determined that although the unigpREdetection 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 rgepeV/

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 sevexahtetel
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-serdomly
recombining a variable (V), diversity (D), and joining (&hg segments that are encoded in the
genome. This MD-J, or in the case of the light chair,)Mearrangement, also influences
antibody specificity by random and serandom base insertions or deletions during the
recombination process. In the end, thdemion 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 easi cheaper, and faster in recent years. Antibody repertoires have been sequenced
in numerous species, in response to vaccinaffbfis®and infectiong*82°° and haveébeen
empl oyed in cancer detection; providing valua

response to challenges and for early cancer detection in patietits.

Our laboratory studies the effects of micragiyaon the immune
System'62:165.175.18185.1885hacifically, we were interested in understanding the impact of space
flight on immunoglobulin gene usage and changes in the antibody repertoire in response to
vacanation. 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. Thiessads are created

using massively multiplexed PCR reactions that are subsequently sequenced on the Illlumina
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platform. Multiplex amplification strategies have been used to explore the'®&&hnd B cell
repetoires*1712° and both biases and PCR artifacts have been detected in the d&th 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 interferepmultiplexing competition artifacts, as well as the inability

to design primers that can specifically amplify albgne segments in the genotfe!?6:130.131,137

We started this project with the hypothesigttbur 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 techniquempared 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 prparation 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|asswed

impact of the starting material on sequence output.

Materials and Methods

KSU RNA Preparation
RNA was prepared as outlined in Rettig et al 26?Briefly, RNA was extracted from
the spleens of fourime-week old female C57BI/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 lllumina protocols. cDNA made from the TRNA, was size selected-802Bp length

andsegenced on the Il lumina Mi Seq at 2x300bp us

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, Wowoig
manuf act ur er 6-9CR for samples anplified wish.AviaR Wyeloblastosis Virus
(AMV) reverse transcriptase based sample preparation was performed using the AecP&R RT
System (Promega, Fitchburg, Wons.RFRCRfoowi ng t he
Moloney Murine Leukemia Virus (MMLV) reverse transcriptase based sample preparation was
performed using the SuperScript Il FeStrand Synthesis System (Invitrogen, Carlsbrad, CA)
foll owing manufact ur er 6fer RT-ARCR Wwas mither TRNAfsomth&t ar t i
KSU data set or the purified mMRNA. FACR products were submitted to Adaptive
Biotechnologies (Seattle, WA) (Com1) on dry ice following company protocols. TRNA and
MmRNA (unamplified) were submitted to iRepertoire, Ifiduntsville, AL) (Com2) on dry ice

following company protocols.

Bioinformatic Analysis

KSU sequencing results were analyzed as described previét$Briefly, sequencing
results were quality controlled, antibpgspecific sequences were isolated, and submitted to
ImMunoGeneTics (IMGT¥3for analysis. Individual sequences are assigned a unique ID by the
sequencing machinery during llluma 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 efalNo further filtering of reads was performed. Both

commercial sequencers provided their own bioinformatic analyses sédiuencing results. The

raw sequencing results from Coml1 and Com2 were also submitted to IMGT for analysis and
subjected to the bioinformatics pipeline stan
nomenclature and classifications are used throughoyabpisr, including ORF and putative

gene segments not yet fully mapped to the genome. The IMGT lists contain all of the gene
segments presented i n t HQuektGdBdsiondlly assigndda s e . | MG
multiple potential V¥gene segments to a singlgsgence, likely due to incomplete capture of the

entire \tgene sequence or high homology between gene segments. In all IMGT processed data,
sequences that contained two possibigevie segment possibilities were assigned a weighted

value of 0.5 per sequenaes opposed to one for full matches. Sequences witbré segments

that were assigned more than two potential matches were excluded from analysis. Initial results
were tabul ated using the companydés protiperi etar
role of bioinformatic handling of the data, some of Com1 and Com2 data were subjected to the

standard KSU bioinformatic workflow analysis and CDR3 andly)sis i ng | MGTO6s r esul

Statistical Tests

All statistical analyses were carried out using GraphPad Prism (Version 6.0). Raired T
tests were performed usingetraw read counts. Coefficient of determinatior® (iRere
performed by comparing the percent of repertoire between animals. Percent of repertoire is
determined by dividing the read count for a specifigahe segment by the total number of reads

detectedand 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 neamplified dah 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. Ti@&om1 process amplified the resulting cDNA using proprietary
primers and sequencing on the lllumina platform. After an initial submission showed a low
correlation between the Com1 sequencing and the KSU data set (data not shown), we
hypothesized that cDNAreparation plays a role in determining the amplified repertoire. To test
this hypothesis, we assessed the role of starting material (NRNA or TRNA), reverse transcriptase
(AMV vs MMLYV), and primer templates (oligdT or random hexamer) on the sequenceeIB c
immunoglobulin repertoire. Com2 submissions required the submission of raw RNA, rather than

cDNA.

Assessment of Transcriptional Read Counts

The amplified data sets from Com1 returned between 7,084 and 1,263,003 sequences,
dependent on the preparatimethod. We found that mRNA starting material yielded more total
transcriptional reads than TRNA (P=.013, 2 tailed matched TTiakle3.1). Generally, the
AMV reverse transcriptase and random hexamer primers also tendeltitbigieer 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>8).Q tailed matched T teskable3.1). In the
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Com2 data set, we found a moderate number of reads, abelalbioé 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 \{\gene segment usage. In the C57BI/6 mouse, tgeri¢ segment is the most
varied in the heavy chain (IgH locus) comprising a total of 133 functiorgéie segments and
alleles compared to 19 for thed2ne segment and four for thgene (2017, 2017). The
nucleotide sequences in thegéne segments are also highly varied and requiamplex
multiplex PCR to amplify. Correlations were assessed using the data provided by the commercial

vendorés proprietary bioinformatics.

Non-strain specific Ygene segment assignments accounted for between 1.06% and
2.16% of the sequencing resuitsm Com 1 and 4.4% and 3.1% for ConT2lple3.2).
Although there were differences in the immunoglobulin gene transcripts that were detected, there
was a high correlation in the-§ene sequences detected among the different tedmaplicates
in the Com1 data (Range from 0.7159 to 0.9939, all p<0.000/ig(ire3.1). The R between
technical replicates in Com2 was 0.9644 (p<0.0001). Therefore, although total transcripts
generated varied with sample pagation, the Ygene 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 ofd&iev
segmets were detected while the Com1 data sets contained between 86 and)@é0& Vv
segments. The Com2 data sets each contained 72 detecigbie \degments. We compared
results from all Vgene segments detected in the Com1 data set to the unamplified K3gdtdata
R2 were moderate ranging from 0.4648 to 0.6154 (all p<0.0004)I¢3.3). The Com2 data sets
also showed moderate Bf 0.5615 for mMRNA and 0.5574 for TRNA (all p<0.0001). To
determine the differences in§ene detection arttie causes of these lower correlations, we
compared the results from the most commonly detectgdné segments in the KSU data sets to
their frequencies in the Com1 and Com2 data sets. The protocol for lllumina sequencing uses
MRNA selection, SuperScrifitreverse transcriptase, and random hexamer primers. To best
compare results, we used the Com1l mRMKLYV -Hex data set and the Com2 mRNA data set
using the top 36 \gene segments in the KSU data set. Thegeie segments comprise over
one percent of theetected repertoire and are considered highly expressed. In the Com1 data set,
of these 36 highly expressedgéne segments, nine (M, V1-26, V1-18, V1-50, V401,
V1S95, V1592, V1S108, \V82) were detected at twiold lower frequency than in the KSU
data set Figure3.2). These nine YWene segments were either absent or were near zero percent
of the repertoire. Of these same top 3§ane segments in the Com1 data set, three3(\X&-
17, V11-2) were detected at twiold greatetthan the KSU data set. Thé Rr 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 samegé®&/segments from the

unamplified KSU data. Thirteen of the 36géne sequences (M2 V9-3, V4-1, V1S95, V1S92,
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V1-81, V88, Vv2-2, V517, V1S108, V112, V1-52, V91) were detected at a twofold or lower
level than at the KSU data s€&idure3.2). Of those 13, eight (B, V4-1, V1S95, V1S92, Vi1
81, V1S108, V112, V1-52) were at or near zero percent of the repertéirguie3.2). Six other
V-gene segments (W33, V36, V1-64, V1-76, V1-69, V101) were detected at twofold higher
levels than those found in the KSU data s&ffre3.2). The correlation of these top 369éne

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

Direct Comparisons of Amplified and Unamplified Data Sets

The comparisons ingene use were made using the bioinformatics provided by the
commercial ventre. To standardize the data handling to remove bioinformatic reasons for the
differences in data, we processed the sequencing results from the Com1-MiRDNA-Hex and
Com2 mRNA data sets using the KSU bioinformatics work floRtiefly, the raw commercial
sequencing results were submitted to IMGT for identificatiwah\@ere further analyzed using

the KSU pipeline.

The KSU bioinformatic treatment of the Com1 data set correlated moderately with the
commercially provided bioinformatics tR0.5054, p<0.0001). After processing the Com1 data
with the KSU bioinformatics pieline, the Rto the KSU data set decreased from 0.572ble
3.3) with the original bioinformatics to 0.4582 (p<0.0001) with the adjusted bioinformatics.
However, 14 Vgene segments were detected in the Com1 data set uskgthieioinformatics
workflow that were not originally detected using the commercially provided bioinformatics
(FigureA.1). When we processed the Com2 data using the KSU bioinformatic pipeline, the

Comz2 data set was highly correlated with the original coroialéy provided bioinformatics
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treatment (R=0.9997, p<0.0001). When we compared Com2 data set processed with the KSU
bioinformatics pipeline to the KSU RNASeq data set, the data still only haé=ah 5620
(p<0.0001). The KSU bioinformatics workflow @eted an additional 26-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 thal @agnmercially
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{81V1-50, and V134) 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 Wene segments detected in the Com2 data set were found in less than

<0.05% of the repertoire (Sup Fig These changes were not sufficient to improved&ues.

Impact of Amplification on the Reproducibility of CDR3 Detection

The comparison of two different amplified data sets (Com1 and Com2) to the
unamplified KSU RNASeq data revealed that sorrgevie segmnts were not detected in the
amplified data sets. This is a concern since that precludes a complete picture-gethne V
repertoire. Nevertheless, amplified sequencing of the antibody repertoire is thought to provide an
advantage in that the depth of eoage 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 CDRB (number of unigue 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 nuiaides.d).

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 adsthé 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 reproithility. 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-$eth&&d 28% of its total
unique reads with 32. (Figure3.3). 32-2 shared 24% of its reads with-33Figure3.3). KSU
data set, 39, showed 25% overlap of their total unique reads between each safigpined.@).

For the Com2 da, since there was such a strong correlation between the sequence output

between mRNA and TRNA samples of C57BL/6J spleen sampfes §®644), we considered

these technical replicates. The mMRNA data set shared 24% of its sequences with the TRNA data
setwhile 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-MRIN¥ data

sets that were reversed transcribed with two different primers, random hexamégesul .

Although this was not a perfect technical replicate, there wag aha@Rnost 0.94 in \gene

segments detectelligure3.l) . Therefore, we felt these serve

replicates. The random hexamer dabshared 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 227% sampling overlap regardless of whether amplification was performed or not.

We also assesselet overlap in the detected CDR3s between the Com1 data set iMMRNA
MMLYV -Hex), Com2 data set (MRNA), 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 thatere detected, 2662 of those sequences were shared among all three data sets
(Figure3.4). The amplified data sets from Com1 and Com2 shared the most CDR3 sequences
between them with 34,141 sequences found in both data-gpisg3.4). The KSU data set
shared 59% of its detected CDR3 sequences with the Com1 and Com2 d&tigsetS.4).

These data are consistent with the lower depth of sequencing of the unamplified data set
compared to the Com1 and Com2 data sets wheB2%®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 fregu@DR3s from each sequencing method. This
resulted in a total of 48 unique CDR3s from the three different methayig€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 sequenéegure3.5). The CDR3s that were not detected in the Com1

data set, did use-gene segments that were detected in #ta dget. 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 highe

CDR3 Frequency Assessment

While the high frequency CDR3s wellgased among at least two sequencing runs, most
of the CDR3 sequences detected were unique to each sequencifguue34). To determine
the frequency of unigue CDR3 sequences, we compared the most frequent, least frequent, and
average percent of the measuredR3Depertoire Table3.5). 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 Table3.5). 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, respectivelyf@ble3.5). The average detection level tbe KSU data set was 0.015%,

0.0006% for the Com1 data set, and 0.0007% for the Com 2dafabtt3.5).

We also examined the frequency of CDR3s that were unique to each data set. Overall, the
maximum and the average frequesaié the data sets were reducédlfle3.5). 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, thetaSU d

set was detecting the most prevalent CDR3s and manfrémuency sequences.

Discussion

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

to capture a representative sample of the splenic B cell repertoire. Tpghishaf the repertoire,
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while producing less reads than amplified data sets, detects rggreé/segments than data sets
that used two different amplification strategies and captures most of the high frequency CDR3s
found in the amplified data sets. Whdmplified 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 ragrements of the B cell receptor are more challenging than those of the T
cell receptor. There are no consensus sequences to referefverefore, avoiding bias is one
of the main priorities for antibody repertoire sequenéf&CR errors are accumulated through
the amplification process which cansily inflate the repertoire or they can add suspected
mutations that do not exig¢*?4131.135nd they may not be distinguishable from low level
mutations that actually do exist in the repertéife3*PCR biases can be introduced because of
primer binding properties, CG content, mispriming, 1specific binding, and errors during
replicationt30-134136 A specific issue in tgeting 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
frequency inaccuracies, and a less comprehensive view of the repéfttifé?*The

devdopment of these multiplex primers, is highly challendiffy.

Our results demonstrate some of the issues of assesselyrBpertoires using

massively multiplexed PCR reactions. While reproducibility for teximeplicates 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 Com1 set failed to detect 26g€ne sgments, and the Com2 set failed to detect &$e¥e
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 0.3Although Carlson et al. argues that amplification methodologies can capture
the entire repertoire, there are concérfiEven when we only looked at thegéne families

detected athe highest frequency there were omissions. Of the-8§énés that we categorized as
Ahigh frequencyo (>1% of the repertoire), the
the Com2 data set failed to detect 13 V genes. These results suggésisthanéthods are

providing a false snapshot of the repertoire by missing those high frequegmye\segments.
Interestingly, three of these gene segments that we detect that are missing from the amplified
data (V1S95, V1S92, V1S108) are identified by IM&Tgenomic DNA, but not known to be
rearranged> Therefore, the inclusion of thesegéne segments in our analysis is debatable. We
have detected them in this and other wdpk&1% at frequencies above opercent in many

samples and feel justified in their inclusion in our analysis. The lllumina sequencing protocols
also rely on oligedT selection, showing that these transcripts have-fdbjils. Therefore, they
appear to be functional messages. Even if ttteee genes are excluded from the analysis, the
Coml assessment failed to detect 3gene sequences, and Com2 failed to detect 10. Our
laboratory has previously examined the recapture-géNe segments in multiple sequencings in
our laboratory*® We sequenced two technical replicates of the same RNA and obtd¥ed a
0.9645 (P=<0.0001) for \ene segment usafieThis demostrates that our workflow and

sequencing methodology show high levels of repeatability.
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The failure of primers to capture specifiegénes is not a new discovery, as primers
failed to adequately sequence hybridomas previddshi®i Uni ver sal o pri mers f
antibody repertoire do exist, but some questions remain if they cover the entire rep&ridiee.
diffi culty in developing a Auniversal o or even h
likely due to their highly varied leader sequencegievie segments, and framework regions.
Primer design would have to rely on massively multiplexed reactionsrateijenerate 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 Auniversal 0 prfillnpemessets woald e neededito deteanV n i mu
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 uséod  RAEE4%nd using molecular barcodes or identifigfs:*?
However, these methods are expensive and have their own draw backs. Replication of the entire
reperbi re using 56RACE would still require the wu
to the same multiplexing issues. Barcoding can have errors and chimeric reads making

repertoires difficult to reconstrutt® 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 gquences, random hexamers and etifjccapture beads are used prior to sequencing
to generate the libraf}? and some biases have been observed in random hexamer Biiding.
Theuseofoligl Ts can result in enhancéWweanrotthink t he 3

this is particularly problematic since lllumina sequence methodology aims to reduce bias in their
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library preparations by combining the random hexamer and-dligcapture. Addionally,

while all libraries were sequenced on the Illumina platform, 3.19% ofdpugliity lllumina 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 us&g&Therefore, although we hope to reducastand

omission by doing RNASe(q, 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 is tlurrent 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
overrepreset ati on of some sequences may be | ikely v
barcoding or clonality analysis to collapse similar mRNA sequences. Nevertheless, the
overrepresentation of a specific sequence by an overly productive cell is also repvesetat

cellular activation of transcription, and likely, functional antibody protein the BSd§°

The lack of amplification also results in varying sequence lengths in our data set. We
selected 40nt as our nimnum cutoff to provide us enough information to detegtl®¥, 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 331nt and unknown

sequenes 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 antibodyerépires 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 detect(20-fold more unigue CDR3 sequence than the
unamplified KSU data set), and sequencing costs can be lower than an lllumina MiSeq run (by

integrating multiplexing/barcoding).

Although amplification provides more detail in the CDR3 repertoire, if oimgasested
in the B cell clones that are most prevalent, then RNASeq does not appear to be at a
disadvantage. CDR3 resampling was similar$2%o) regardless of method. Additionally, when
examining high frequency CDR3s, the unamplified data set only failddtect 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. Thislexneeded
coverage, cost, and starting matet&@lAdditionally, it is important to consider that all repertoire
sequencing is merely a snapshot of a constantly shifting ild&gée will also never be able to
fully capture the full diversity of the B cell immunoglobulin repertoire, which is estimated to
range from 1810’ possible unique rearrangemeatsl mutation$®*?*to as much as 18* The

failure of the KSU data set to detect rare clones compared to the amplified data sets is likely due

81



to this; but even the arfified data sets only sampled a fraction of the total repertoire. Therefore,

one must decide how fideepo is adequate for th

During this investigation, we also had to address the issue that starting material may
influencethequai ty of oneds sequencing. mMRNA as a st;
orders of magnitude. Furthermore, random hexamer primers and MMLYV reverse transcriptase
generally yielded higher read count results. Interestingly, the use of mMRNA, with Mlievse
transcriptase and hexanucleotide primers is most technically like that used in lllumina
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 replicateemwliabnot 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 understandingd 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 subpopulatiofi$® 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 appliation required it. Moreover, an unamplified data set may detgené 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 gertoire for each \gene segment detected was compared between technical

replicates. The highesfRre dark read, the lowest Rre blue.
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Figure 3.2. Percent of repertoire for high frequency \Agene segmets 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 (mMRINAMLYV -hex), and Com2 (mMRNA) are
displayed. The highest value percent of repertoire is dark read while the lowest are white. Black
boxes represent no detected reads (true zero). Roundsdarenmn@presented as 0.0.

84



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 deare 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 and 322. (B) KSU data sets 3D and 392. (C) Com1 dataets mRNA

MMLYV -Hex and mMRNAMMLYV -dT. (D) Com2 data sets mMRNA 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 WRNA/ -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 KSlata 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?©P Com?2
MRNAP TRNAP MRNAP | TRNAP
AMV € MMLYV ¢ AMV © MMLYV ¢
dTd Hexd dTd Hexd dT?® | Hexd dTd Hexd

TOta'RF:;’g;‘C“Ve 11,206 553521 1,263,003 883,532 1035461 7,975 6867 208,979 220772 637214 766,075

ai Sequencing technique (Com1 and Com2 are amplified data sets)

b1 starting material (INRNA Messenger RNA, TRNA Total RNA)

c 1 reverse transcriptase (AMVAvian Myeloblastosis Virus, MML\ Moloney Murine Leukemia Virsi)

di primer (dti Oligo dT, Hexi Random hexamer)

el an additional 27,896 reads were used fageéne segment usage assessment. These sequences were not long enough for CDR3

detection.
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Table 3.2. Percentof reads assigned to not€57BL/6 (B6) or pseudogene \ene segments

Com©® Com?2
MRNA® TRNAP MRNA® | TRNA®
AMV € MMLV © AMV € MMLV ©
dT® | Hexd | dT9 | Hexd | dT9 | Hex! | dT® | Hexd
0 _
ANOBOV- ) o3 164 183 200 144 1.06 1.99 216 4.4 3.1

Gene segment

al Sequencing technique (Com1 and Com2 are amplified data sets)

b1 starting material (INRNA Messenger RNA, TRNA Total RNA)

ci reverse transcriptase (AMVAvian Myeloblastosis Virus, MMLV: Moloney Murine

Leukemia Virus)

di primer (dti Oligo dT, Hexi 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
MRNADb TRNADb MRNAb | TRNADb
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

al Sequencing technique (Coml1 and Comz2 are amplified data sets)

b1 starting matgal (MRNAT Messenger RNA, TRNA Total RNA)

ci reverse transcriptase (AMVAvian Myeloblastosis Virus, MMLV: Moloney Murine Leukemia Virus)
di primer (dti Oligo dT, Hexi Random hexamer)
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Table 3.4. Comparison of read count to unique CDR3 amino acid sequences

KSU MRNA-MMLYV -Hex (Com1) mRNA (Com?2)

Read Count 11,200 1,035,461 637,214
Unigue CDR3 Sequences 6668 180,266 146,231
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Table 3.5 Comparison of CDR3frequencies in the whole repertoire and the unique
repertoire.

Whole Repertoire Unique Repertoire
KSU Coml Com2 KSU Coml Com2
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

92



Chapter4-Char act er i nafgnerni anoefi b chdey
reper wuoiionga mp | hifgtherdo ugdermuwt nci ng

Abstract

Antibody specificity and diversity are generated through the enzymatic sphicgenomic gene
segments within each B cell. Antibodies are heterodimers of haadylightchains encoded on
separate loci. We studied the antibody repertoire from pooled, splenic tissue of unimmunized,
adult female C57BL/6J mice, using hitiroughputsequencing (HTS) without amplification of
antibody transcripts. We recovered over 90,000 heaayn and over 135,000 ligibhain
immunoglobulin sequences. Individual,\D-, and Jgene segment usage was uniform among
the three mouse pools, particularlyhighly 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 individuatBll CDR3 amino acid sequences in each mouse pool
was highly varied, firming the combinatorial diversity in the-Bell pool that has been
previously demonstrated. There also was some skewing in-gen® segments that were
detected depending on chromosomal location. This study presents a unigpamerbiased

glimpseof 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-tihgbughputsequencingPLoS
Onel3, e0190982, doi:10.1371/journal.pone.0190982 (2018)-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 imnamgl (1g) receptors and secrete these
same proteins as antibodies into the serum after differentiation into plasnfz@ells.

As B cells develop, they rearrange Varial{d), Diversity- (D), and Joining(J) ¢gene
segments, which combine with a constant region to form the antibody sttftaatibodies
consist of heterodimers of heavy and light ced%AThe heavy chain is formed from-MD-, and
Jgene segments combined with a constant re§romhile light chains lack a yene

segmeng:?64

There are three complementarity determining regions (CDR). CDR1 and CDR2 are
encoded in the \gene segment. CDR3 consists of a combination-p{¥, heavychain), and
Jgene segment$® 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 specificit§.

The total collection of antibody specificities present within an individual is kresithe
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 mutati®it€1?¢"The antibody repertoire has been
examined in many studies by hitfiroughput sequencing (HTS) and fully mapped in the

zebrafish?%8
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Repertoires can serve as a fingerprint or snapshot of the current irsygiam status
and these types of data have been used to explore the development of host defense to infectious
diseasg?® 7824826271 canceft1>128272.2[toimmune diseagé*?"*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 antibodiesfBcelismory
and naive repertoisg®®?’®HTS has accelerated the characterization of the witléfering

human Ig haplotypes 28 and strairspecific gene segment usage in niite.

Our longterm goals are to investigate the repertoire of B cells in mice ire spathow
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 othargortant. The antibody repertoire is
traditionally assessed through the amplification of Ig sequences that have been isolated from
sorted B cell population's®While these practices increase the likely hooteobvering rare Ig
sequences and allow for the dissection of the antibody repertoirecbly Bopulations, cell
sorting may not be possible within the design of certain experiments. During the development of
methodology to assess-tggne usage by mice gabted to space flight we performed multiple
HTS runs to validate sample preparation, bioinformatic methodology, and reprodutiiiey.
also wanted some background data about the Ig repertoire in the normal B6 mouse population.
Knowing that there can be significant modsenouse variability in the Ig repertoffe®and to
minimize the impact any one mouse might have in the validation data set, we chose to pool
multiple mice specifically for these validation experimefitd/e now present these data on the

splenic repertoire of conventionally housed, unimmunized, unchallenged, adBIt/6% 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 micda&leven
weeks old. Animals were euthanized with isoflurane overdose followed by cervical dislocation.
Briefly, mice were exposed to 401L isoflurane in a gauzpad enclosed in a histopathology
cassette in a 450 mL chamber as was described by Huerkahff’&nimals 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 Universite. fkdim 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 twd three were allowed to acclimate
in the vivarium for 2231 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 immedia@RINA extraction with Trizol LS according to the
manufacturer's instructions. Pool one contained RNA frorhaifeof the spleen tissue while
pools two and three contained RNA extracted from complete spleens. Equal concentrations of
total splenic RNA (RIM8) 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
(275800 nucleotides) and sequencing on lllumina 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, includingdilipead

selection of MRNA and reverse transcription to cDNA. A reduced fragmeantatie (one

minute) was used to yield longer transcrifit¥o 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 previsumanuscript does not overlap with the current vfork.

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.giagenbioinformatics.com/) and cleaned to obtain high quality reads using a quality
score of 97% of the sequencing containing a Phred seere20. Both paired and merged
(overlapping pairs) were mapped tegéne segments and the loci using a match score of +1 and
a mismatch score 62 to identify potential antibody sequences. The sequences were collected
and submitted t o GNiMuhQu&efor ilantificatios® Dud tdvthe
chances of collecting the same read multiple times through the mapping and identification
process, only one sequence per sequence ID was analyzed (procedure outlined indRéftig e
Productive and unknown functionality sequences wegatified 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 taedetine functionality. Gene segments were
identified using | MGTdés nomenclature and wusin

functional and open reading frardefined gene segments. We implemented two procedural
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changes to further define the repertdirat are different from the Rettig et al. papdn this

mantuscript, when calculating the percent abundance in the repertoire, we also indede V

segments where one or two possiblgéhe segments were detected. When one singlend

segment was detected in a sequence, it was assigned a value of one. Wiwaritial gene

segments were detected each gene segment was assigned a value of 0.5. The totals were then
tabulated as described in Rettig et®aAdditionally, CDR3 sequences that did not fit thexG

W motif for IgH (heavychain) were reclassified as unknown functionality, unless a-class

switched isotype (IgA,IgD 1 gE) was detected. &laR)3hatdidquence:
not fit the Cxx-F motif were classified as unknown functionality. Sequencing reads containing
hyperl engthy (greater than 2xCDR:tlatfiathed®x-8ge, or
motif were also removed from analysis as we believed they were falsely identified through

bioinformatic or sequencing errors.

Initial nucleotide alignments were created with MAB#Tsing portions of the germline
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-siligitesdly
sequenes. Nucleotide sequences of identical length were then isolated from the full alignment

and aligned with each other while retaining all previousgerted gaps.

V(D)J pairing frequency
Pairing frequency was assessed in productive sequencing readsframbd gH and | gz«
datasets. All pairingof\ M ene segments was only assessed fro

sequencing reads, referred to as VH and Ve, r
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possible \gene segment were excluded from this analysis. Fdo ot h | g&dBgernk | g s,
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 VJ pairings for heavend lightchains were tabulated and Circos graphs were

generated using Circos Onlif&.

Statistical analysis and graphics

Linear Regressions were performed by comparing the percent of repertolgeotV
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 (\&on 6.0). Chisquare analysis of ‘gene segment usage was
performed on raw sequencing read counts using R version 3.4.2 (https:/pnejeat.org/). All
productive VH a n d -géhe segments and open reading frames listed on IMGT for the B6
mouse were analyzed and gene segments not found ohatasets 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 segtsdmave 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 obseread raw
count values of Wene segments to an expected theoretical number of reads which was based on
the null hypothesis that all-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 mousg theol
number of possible gene segments. The analysis ofgggment 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 daerth of the entire locus, as detened by number of

nucleotides in the locus. Gene segment location was defined as the first nucleotide of the gene
segment. A Chsquare analysis was performed on each mouse pool by summing tresachw
counts of all gene s edemasition withic eachtquadrantandg a 56 n
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 betweedefined 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 mousé fmwaormalized 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 throu@jhcos graphs, the percent of repertoire for gene segment

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

Results

VH-a n d -g¥ne 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 Table4.1) . Bet ween 11,968 and 18,643 individual
individual | g8 r e adweredadéntifiedbl IMGTWHiIghMQuest Table onal i t

4.1). Overall, we identified 132 VHa n d  1-0eBe s¥gaents within the repertoires of our
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mouse pools (FigreA.2). As a general trend, the three pools resulted in similar frequearades
similar ranks for ¥Ygene usage among groups. The ten most comrageng segments from
each pool were compiled, resulting in a total use of 14gvéiln e s egmengere and 17 \

segmentsKigure4.l).

The most common Vigene segent in pools one and two was 80 (Figure4.1A,
FigureA.2A). V1-80 was the seventh most common gene segment used in pool thi&eago
the most common Viene segment in pool three, but ranked seventh and sixth in poolscne a
two, respectivelyKigure4.1B). V1-26 was the next most common Mj¢ne segment, ranking
second in pools one and two, and third in pool three. Among the top ten most comrgam&/H
segments, most gene segments ranked betwseariid 17th within their pools, however, three
outliers were found within these groups.-¥Q ranked 23rd in pool one, but it was ninth and
second in pools two and three, respectively-A8lwas ranked 31st in pool two, but ranked tenth
and 17th in poolsne and three, respectively. M8 was ranked 32nd in pool three but third and
fourth in pools one and two, respectively. \gdne usage between pools was well correlated (1

vs 2 R=0.8427, 2 vs 3120.7054, 1 vs 3 ®0.5842, all p=<0.0001).

Sevent-geneVsegments were among the top 10
in at | east one of t h egenehbegneents appearisgan the ooptensof wi t
all three mouse pool$igured.l, Figure A.2B). Pool one appeared enriched for-89,
comprising 10.33% of the repertoire as compared to 1.03% in pool two and 2.84% in pool three
(Figure4.1C). Excluding this difference, V110, V1117, V1096, and V455 were the four

most abudant gene segments in all three mouse pools. The lowest ranking of the most abundant
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Va in any of t h e39manking 82ngiropodl teo, whderranking brst and

seventh in pools one and three, respectively and94l0anking 32nd in pool @ but fifth in

pool two and 13th in pool thredzigure4.1D) . Al |l top Ve that showed a
abundance among pool s wgeernee ssteigime niist.hiVhe tuhsea gte
was correlated, although not agftly as VH (1 vs 2 B 0.3684, 2 vs 3 &0.6700, 1 vs 3

R2=0.6414, all p=<0.0001).

With 113 productive VH and 93 productive V
location, each gene segment would be expected to appear as part of the repertoire rodghly 0.84
and 1.06% of the time for VH and Vo ,Figunrespect.
4.2). When we assessed usage frequency, there wasramibom distribution of both VH

(Figure4d.2A ) a n (fFiguxed.2B) gene segments (CGhguare analyses; all pools p<0.0001).

We al so assessed gene segment usage by chr
genesegment spacing was not evenly distributed along the chromosameeBd on 56 nucl
position, Q14 contained 22, 23,33, and33\He ne segments or-ge&n8, 21, 2
segments, respectively. Sincegéne segment usage appears skewed, we tested whether the total
expression of Mjene segments within a quadrdefined by nucleotide position was randomly
distributed. We found that the expression within each quadrant was not randomly distributed, for
both I gH and | ggeneenessignaray be inflgiended ey thromosomal

location (all pools, p<0.0001)
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DH-, JH-gene segment and IgH constant region usage

We identified ten different iyene segments used in our repertoiFegure4.3A). We
al so added one additional category for our an
applied to Dgene segments that were assigned by IMGT te@BIBL/6J genes and antibody
sequences containing a &d Jdgene segment, but not containing an identifiabigelDe
segment. Due to the very short length efi@ne segments combined with altenas during

recombination, Bgene segments were bioinformatically difficult to identify.

For all three groups, the BlL.gene segment was the most common segment identified
comprising 2628% of the repertoire. Undetermineegéne segments, however, magealarge
part of the BDgene segment repertoire, comprising332o of the repertoire. D2, D24, D41,
and D25 were found in similar frequencies ranging from six to fifteen percent of the data set.
D3-2, D31, D63, D55, D52, and D&4 were found at lovevels in all data sets; comprising

under three percent of the total repertoire.

Four JHgene segments were identified, with JH2 being the most common among all
three groupsKigure4.3B). The remaining-§iene segments, JH4, JH$d 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 repertdtigre4.3C). 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 detectetth pools one and two.

J agene segment usage

A total gefnef segmeants were identi-feneed, with
segments between mouse pools (FIB). Due to the even distribution of the three most
abundant Ja, t mesegmam daried gdightty amoegahe threggneouse pools.
Within each mouse pool, there was a small por

assigned to a specific gene segment (0.38%).

IgH-a n d - §fegessegment combinations

VH, DH, andJH family combination frequency was examined. Some preferential bias for
specific gene segments seemed to ekigfufe4.4A). For example, the JH4/DH2 combination
appeared at a high frequency with VH1 (4.5% of repertoire), ddutvith 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 posstgkeneé segments, also was

the most commonly used VH family, which is seemh@&sdominant band in the Circos plot

(Figure4.4B).
The pairing of Va famil i e &igute64CiDn@verallj d u al J
the pairing of Va familiesewttahnl¥osappemat eesr

paired wi tgéne segneets. For esample V4 paired less efficiently with J1, while V3
paired more efficiently with JIF{gure4.4C ) . Unl i ke VH, no single Va

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 plotkigure4.4D).

The percent ofepertoire that each MJene 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 v&20R6055, 2 vs 3 &0.4419, 1 vs
3R=0.4399, all p=<02=0.23802vsak0oB598,d vs3f0.4607sall 2 R
p=<0.0001), with some enrichment for certain combinations within each mouse g@ykVv
combinations were within bubble charts generate a visual comparisomionfjggigure4.4A

andFigure4.4C).

|l gH and 1 gs CDR3
The average IgH CDR3 @@RD3) length of all three data sets was 11 amino acid (AAS)
long (Figure4.5A). The lengths of the #£DR3s followed a normal distribution except all three
groups were enriched for five AA-BDR3s. HCDR3 AA length ranged from one to twenty
three amino acids in length with 11 AAs being
length was conserved aine AAs, comprising 8B0% of the repertoirdgure4.5B). While
nine AAs was t-@6PR®&obk & n {COR3yitheamebgth®af seven AAs was
observed in the top CDR3 sequences. The distribution of CDR3 lengtlev@rmamong pools
for both | gridA3 n dF eDRR3 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 thexx-W motif were identifed.
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Interestingly, many of these-DR3s, though found in all three pools, were not
necessarily common-4&DR3s. Only one HCDR3, CARGAYW, was found among the top ten
most common HCDR3s of each pool. One additional®DR3, CARDYYGSSWYFDVW, was
found in the top five of pools two and three. Of the 75 totaCBR3s that appeared in all three
pools, frequencies varied drastically, from being the most common to only being detected once
(Figure4.6A). Of the top five most common-BDR3sin each data set, only three, CARGAYW,
CARGGYW, and CMRYSNYWYFDVW occurred in all three data s€ig\(re4.6B, Figure
A.4). CARGSYW occurred in pools one and two, CARRWLHYAMDYW in pools two and
three, and CARYAPYYFDYW in poolsre and three. The remaining most comme@bR3s

occurred in only one pool. A heatmap of all 75 shargdR3 is shown irFigureA.4.

There wer e 3, -ZDR3amimtddlsequencesqderaifieddamong all three
mouse poolsKigure4.6C) . Whi |l e t her e W BR3amiRo,addséquenaesd i v i d u ¢
that were unique to the individual mouse pools, there we a | sGbR3Ashabed among all
t hree pool s. Non€ DR wheee fHOTH ds WBR3bwafatia t he t o
three mouse pools (Rige4-18D) . Ther e wiDR3eseqlehces tlat waere found
wi t hin t RGOR3far pachfmougawol Bigured.6D, FigureA.4). There were no

CDR3 sequences that we- BR3inaluhred mousetpdois.n t he t op

Comparison of alignments of CDR3s

To assess the heterogeneity ht@l idiotypes created by théfi@rential splicing of Ig

genes, we compared B cells that used the samb-\and Jgenes. Two gene combinations
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containing complete ¥ D-, and Jsegments common to top 35 gene combinations found in all

three mouse pools were selected for this anafifsisire4.7A-C, FigureA.5).

One heawychain VD3gene 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 sequendeom the full alignment, one short (four to eight ARgjure
4.7A), one medium (11 AAgrigure4.7B), and one long (14 AAs$;igure4.7C) selection of
nucleotide sequences weaselated and compared. Although the three groups were encoded by
the same V, D-, and dgene segments, gene segment representation across each sample was
variable. Most variability occurred in or around the@ne segment, which could be due to
splicing,N- and Pnucleotide additions, and deletions during somatic recombinatigeni
usage also appeared to be a factor determining CDR3 length. This was evidenced by increasing
D-gene representation across CDR3 selections of decreasing length compareelativbe
conservation of the Vand Jgene segments, thougigdne conservation seemed to decrease
among extremely short CDR3s. Overall, thg&he segment appeared to remain the most

uniform.

While I ga contains mostly CDR3 seqguences
highly abundant V-pene segment combinations (such as V110 and J2) contained CDR3s of
multiple lengths. Unlike IgH, the alignments of VVJ pairings were relatively uniforrmagno | g a
as compared to the germline sequence in CDR3 sequences that were eight, nine and ten amino

acids in lengthKigure4.7D).

107

t



Discussion

To our knowledge, these data are the first unamplified sampling of the normal mouse
antibody repertoire that has been described. Others have lookedeatdgsegment usage with
other strategidé196:199.242.28%t we wanted to determine if a straigbtward RNASeq
approach would provide us withr@asonable assessment of B celséggment use without the

limitations that amplification methods introduce (Rettig etthis thesi$.

To minimize potential single animal aberrations and repertoire skewing, we pooled
splenic tissue of four unimmunidemice 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 micé&® 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 reproducibfiity (R562)*
Therefore, the data in the individual normal mouse pools and a compiled summary of those data

are a strong reflection of the normal mouse rejrer.

The most common Vigene segment was M0, which was the most common in pools
one and two. V& was the most common in pool three. In selecting the ten most common VH
gene segments from each pool, we identified 14 differerg¥hk segments, witieavy overlap
among pools. All VHgene segments isolated comprised between 1% to 8% of the repertoire.
This VH V-gene variation is consistent with previous observattdng the pools ameliorated

the extreme variations that wa sgemesggmanttugage by
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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 thahe segment use among all three pooled sample
groups was similar, there were some differences3¥Wwas 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 poadne responding to a specific antigen that other mice did not respond to or
more likely, represents the natural variability of nfitBlevertheless, even pooling samples
maintains the randomness of antibody genecsiein and rearrangement and a pool of four

individuals still has relative uniqueness.

Some have suggested thag¥ne segment usage may be sketfeé@hi-square analyses
of VH- a n d -g&he segment use in our data set would support this contention since several VH
a n d -géhe segments were used more frequently than expected. Even though we have analyzed
three independent biological samples made of pafdisur 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 popuffierisch also supports
that there is some inherent selection hg&he selection regardless of genetics. Additional
studies looking at epigenetic changes or other transargitiegulatory elements such as the
characterization performed by Choi e€&Imight also help understand mechanisms ajfevie

segmenselection.

For the Dgene segment, three usage levels were detectetl ik the most used gene

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

segments could not be identified, likely due to the short lepfgite 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 larggebe segments where others have little recognizable

sequence.

JH-gene segment usage was relativelyamif. 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-23% of the repertoire. Gene segments with less than six
nucleotides were unable to entified and occur at less than 0.1% of the hazdnain
r eper tgenesegmentisage is somewhat evenly distributed among J1, J2, and J5
comprising between 282% of the repertoire, in agreement with the findings of Axtliet
alLu et al. found a slightly different Ja exp
usage ofl 3% As paralleled in the heawhain 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 heayain was heavily dominated by IgM, which reflects
the Anapveo status of our mice. Althougth | gM
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 1gGs, which was not reflected in spleen tissue sequgrwhich instead shows very
high levels of IgM2 This could be due to a larged®ll population in the spleen that is not

secreting antibody aidih levels into the bloodstreaft.
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We looked at the common-BDR3 sequences among the three mouse pools. There was
little overlap; with only 75 HCDR3s detected in all three pools and between 92 and 163
common HCDR3s 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 primerieetiplif to
enrich for IgH transcripts and still found high CDR3 variability among individtfef®
Similarly, in a study comparing monozygotic twins, Glanville et al., also demonstrated that
CDRa3 profiles betweethe individuals were quite diverse despite similar gene family usage
between the twin&® Therefore, the pooling methodology that we employed did not significantly

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

When we e x adbRXwusage ainbng thesthree biological samples, there was a
hi gher propor-CDB8s of LODBIpwEin each pool ranged from 688 to
832 CDR3 identified within all three pools and between 108 and 178 CDR3 identifiatyin
two pools. One explanation for lighhain CDR3 length homogeneity may be selection due to
light-chain editing that occurs duringdll maturation and the need to be able to interchange the

light chains.

The small numbers of overlapping CDR3 seqesramong 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 generatiorcefl Bliversity in inbred and
outbred population&’®28°Moreover, we were curious if the size of the total pool of B cells could

be estimated from our data. Using a model of capgtecapture methodologi® the Chapman
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estimatorr™ and the number of common heastyain CDR3 sequences seen in each of our
samplings, we estimated ourdll pool to range from 1-34 x 106 cells. If we assume that there
are 5 x 106 B cells in a nine to eleverekold female C57BL/6J mouse spleen, and our mouse
pools were made up of four spleens, this estimate of the possible spiegliqBol is

reasonably accurate, especiallyi 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(3§3:128:244.292.29¢ ompiling 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®aksals
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, providsight into pairing of Ygene

families with (D)3gene segments.

The information about the unchallengeegigne repertoire also has other uses. It
provides a comparative foundation when looking at host response to &ttagehhas been used
to isolated therapeutic antibodies. Antibodies for influenza in a mouse model and were a

valuable tool in the detection of antigen specific respoti$é&

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

the cost of potentially excluding raredll clones. In humans, for example, a single clone may
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only comprise 0.1% to 0.3% of the repertditeéWe have explored the differences between
samples that have and have not been amplified and found a moderate corretatiob8R5,

0.5855, p<0.0001, Rettig et ahis thesis While some of the differences arose from expected
depthof-sequencing issues, we unexpectedly found that discrepancies also resulted from gene
segments being detected in the unamplified data set notekbia the amplified data sets

(Rettig et al.this thesi$. 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 awaretlog 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 isolatedd®ll populations23 Although our apppach was necessary to
accommodate requirements of a separate investigiatwom are aware that the inclusion of
extraneous cells as result of using whole tissue could reduce the recovery otedirel@es.

In addition, some bias might be introduced because of cell subpopulation stability and frequency
in whole pleen tissué®?®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 variskinds. For example, Collins et al. detected five of the same
VH genes that we detected among our highest 10 usegevild segments. JH2 was also the

most frequently detected in both of our studfeéang and Kaphski detected Wene segment

use that paralleled our findings with \26 identified by them as the most frequently USed?

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

be possible with increasing use of single cell amplificat*2°¢2°While strain specificity has
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been reported**ma n y-geviessegments that were representes onepercent of the time in
unimmunized BALB/c mice were also identified in our stdtRAoki-Ot a et al .- al so n
gene segment skewing in their assessment of unimmunized C57BL/&*hiibese 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 rtouseuse variation that still

manifests in our poed 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-géNe use as well as a snapstfdhe 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

data.ndc.nasa.gov/genelab/) via accession number GQUDS
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Figures and Tables

Figure 4.1. V-gene segment usage among unimmunized mouse pools.

A 10 B
M Pool 1
[ Pool 2
8 O Pool 3
Pool 1 Pool 2|Pool 3| |Average Pool 1|Pool 2| Pool 3
V1-80 [ 3.34 | V1-80 7
o V1-26 | 4.29 | 3.96 4.04 V1-26 3
E 6 V6-3 291 | 274 3.53 V6-3 7 6
g V1-53 | 3.80 | 296 | 273 3.16 V1-53 4 5 8
& V1-55 | 3.57 | 240 | 3.34 3.1 V1-55 S 8 6
- V36 | 268 228 | 381 292 V36 9 10 4
_g 4 V1-9 3.00 | 354 | 185 | 2.80 | V19 6 3 14
N V1-18 | 4.05 | 3.09 | 1.21 2.78 V1-18 3 4 32
Vo-3 246 | 272 | 246 2.55 | V83 11 7 9
V150 | 143 | 232 [ 389 | | 255 V150 | 23 9 | 2 |
2 V1-84 | 1.88 | 2.08 | 364 2.53 | V1-64 14 13 5
V66 | 272 | 2.22 | 1.51 2.15 V6-6 8 12 18
V1-82 | 206 | 1.97 | 1.96 2.00 | V1-82 13 17 10
o V1-78 | 266 | 117 | 151 1.78 vi-78 | 10 | 31 17
©
J\”Q o & 4\5"5 ‘g\"’% e 4\"& & 4\"? Qv\’“b 3"" 4\:\%
V Gene Segment
c” D
Pool 1 Pool 2|Pool 3| |Average Pool 1|Pool 2|Pool 3
12 . Pool 1 V1-110 | 4.80 6.15 V1-110
I Pool 2 V1-117 | 8.13 | 5.30 6.84 V1-117
10 [ Pool 3 V5-39 [10.33| 1.03 | 2.84 4.73 V5-39 32 7
o V10-96 | 260 | 504 | 477 416 V10-96 | 8 3 4
£ V4-55 | 420 | 3.87 | 3.62 3.90 | V4-55 4 4 5
2 g V1-135 | 362 | 2.50 | 533 3.81 V1135 8 7 3
& V3-4 340 | 211 | 271 | 2.74 | V34 6 11 8
5 V543 | 325 | 171 | 153 216 v5-43 | 7 15 | 20
= 6 V10-94 | 0.97 | 345 | 2.04 | 2.15 | V10-g4 | 32 5 13
VB-15 | 1.50 | 1.84 | 3.00 2.1 V6-15 | 22 14 6
4 V14-111] 202 | 228 | 1.97 2.09 \V14-111| 15 10 15
V12-44 | 167 | 300 | 141 2.06 V12-44 | 19 6 21
V3-2 | 224 | 123 | 269 2.05 V3-2 10 25 9
2 V19-93 | 217 | 2.36 | 1.63 2.05 V19-93 | 13 8 18
V2-137 ] 1.99 | 1.44 | 2.50 1.98 Vv2-137 | 16 | 21 10
V12-46 | 222 | 233 | 1.35 1.97 v12-46 | 11 9 23
NS e e VB8-24 | 225 | 1.57 | 1.35 1.72 v824 | 9 19 | 22
N N ) o
A _g@g g "”’ & 4”9-& 45’ & 40’? "'5,,\ gqq."‘i\«'”} &

V Gene Segment

Sequencing reads mapped to each individual gene segment were divided by the total sequencing

reads of all identied 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)he rankings of each gene segment contained within the top 10 most
abundan¥H 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,

t he 10 abundaD).t Va are (C

top di spl ayed
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Figure42.V-gene segment wusage among uni mmuni zed mo]
(B) by chromosomal locatiam

As
6

4

% of Repertoire

L)

il gt

% of Repertoire w
W

2 |
1

M I||I ||| I‘ I| In .“ I III|| [T l|-||| |I| I I| |||I l|| I|I||III||‘IIII lI ‘.
0

Chromosomal Position 5" — 3’

Gene segments are shown in order of chromosom
three mouse pools for each CDR3 léngtshown. Distribution was assessed via$thiare

analysis in R (version 3.4.2) (all pools, p<0.0001).
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Figure 4.3. Percent abundance of IgH B (A) and J- (B) gene segments, IgH constant
regions (C) and g a -gehe segments (D).

A Pool 1/Pool 2|Pool 3| |Average Pool 1/Pool 2|Pool 3
Undeter Undeter
D1-1 |27.57 | 25.89 | 26.01 D1-1
D2-3 | 6.47 | 1547 | 9.62 10.52 D2-3 6 3 4
D24 | 842 | 766 | 11.57 9.22 D2-4 4 5 3
D4-1 8.43 | 7.79 | 8.28 8.17 D4-1 2 4 &
D2-5 | 799 | 551 | .77 6.75 D2-5 o) 6 6
032 | 277 | 223 | 289 2.57 D3-2 7 8 7
D31 | 219 | 2.80 | 1.92 2.30 D3-1 8 7 8
D6-3 | 212 1.49 D8-3 9 9 ]
D5-5 D5-5 10 10
D5-2 D5-2 10
D6-4 D6-4
B Pool 1/ Pool 2|Pool 3| |Average Pool 1/Pool 2|Pool 3
JH2 H JH2
JH3 | 19.47 19.82 22.19 JH3 4 2 3
JH4 | 19.77 [22.13 | 22.70 21.54 JH4 3 5 2
JH1 | 2425|1862 | 19.44 20.77 JH1 2 4 4
Undeter| 0.03 | 0.04 | 0.07 0.05 Undeter| 5 5 ]
C Pool 1/ Pool 2|Pool 3 Averaie Pool 1|Pool 2| Pool 3
IgM IgM
IgG | 7.38 | 10.94 | 10.62 9.64 lgG 2 2 2
gD 3.81 | 5.02 | 498 4.60 gD 4 3 4
IgA 517 | 1.82 | 8.27 4.42 IgA 3 4 &l
IgE 0 0 0.02 0.01 IgE 5 5 5
D Average Pool 1|Pool 2|Pool 3
Jk1
Jk2 2 2 3
Jk5 3 3 2
Jk4 | 18.76 | 15.63 | 15.18 Jrd 4 4 4
Undeter| 0.03 [ 0.38 | 0.35 | Undeter| 5 5 5

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). Thestrabundant gene segment is ranked as one (right
side). Dark red indicates higher rank moving to blue (A) or whit®)Bof lower rank.

Sequencing reads designated undetermined (undeter) where portionsasfkgéne segment

were identified but unabl® be assigned to a specific C57BL/6JdD Jgene segment.
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Figure 4.4. Combinations of V-gene families with D3gene segments for IgH (A) and -fene
segmentsfol goa ( 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/6gkne segment was attributed or too few nucleotides were
present in the-gene segment for designation by IMGT have béassdied as undetermined
(V). Pairing frequency is also represented
Labels (starting at 12:00 position and the largest arc and continuing clockwise with occasional
color references)

Bi J1 (red), J2,3 J4, U (yellow), V1, V2, V3, V4, V5, V6, V7 (Teal), V8, V9, V10, V11, V12,
V13, V14 (purple), V15

Di 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, V@flack sliver, if present)
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Figure45.CDR3 | ength for 1 gH (A) and I gs (B)

A 2

= - ~N
< o S

% of Repertoire

o

0.
R N R TR G P s
CDR3 Length (AA)

% of Repertoire

ol
9 %A B 0,0 N 0D D
CDR3 Length (AA)

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 unigue CDRS3 segjuces 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 unigue CDR3 amino acid sequences
among mouse pools for I gH (A) and Il ga (C)

amino acid from each mouse pool are shownforBH( and | ga (D) .
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Figure 4.7. Comparison of CDR3 alignments in gene segment combinations (IGHV26,
IGHD1-1, IGHJ1) coding for a predominantly short (A), median length (B), and long (C)
H-CDR3 regi-CDR3afd-Gawvl -2)(Bp J

B

CARVLLRYSYWYFDUW,
CARGFTTVDWYFDIW|
CARGFTTVVDWYFDWW|
CARSYYGSRRWYFDYWI

CARDTTVVATGYFDVAW|
CARWYYGSSYGYFDUW|
CARTHYGRSYWYFDUW|

CASLDYGSSYGYFDVWI

CASHYYGSSYWYFDVW|

CARSYYGSRRWFFDVW (1}
CARSYYGSRRWFFDVW (2)|
CASSFYGSRRWYFDVW|
CASSFYGSRRWYVDVW|
CARSGDGEYYHNYDYW|

D

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 sequeareelabeled with numbers (1, 2, 3, etc.)
corresponding with the alignment order. The V amgede segments for each alignment are
labeled, however due to the variability in thegBne segment it is not bracketbdt is
identifiable by the germline sequanprovided.
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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 31.4 M 32.7M
Post Cleaning 12.0M 309 M 32.0M
Productive IgH 8,714 11,2 10,224
Unknown IgH 14,271 27,896 18,756
Productive 11,968 18,643 16,293
Unknown | ¢ 12,602 39,410 36,624

aM: million
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Abstract

Spaceflight has been shown to prgss 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 dersity 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 andselitiggs using
high-throughput sequencing technology (HTS). We utilized HTS to test the hypothesis that
spaceflight affects the-Bell repertoire. To test this hypothesis, we characterized the impact of
spaceflight on the unimmunized Ig repertoire of C5/Bhice 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 seghu®mbinations 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 t
data suggest that spadigliit 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 repertofenimmunized C57BL/6 micd.ife

Science in Space Reseafd) 63-75. doi:https://doi.org/10.1016/].Issr.2017.11.0@®18)
*Co-First Authors.
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Introduction

Spaceflight presents a unique setludlenges to the immune system. For example,
spaceflight alters Tand Blymphocyte functions, including recall responses in astronauts aboard
the space shuttle and cytokine responses after missions to the international space station
(1SS)171.179.215,222,228,233,298.2f g(ddition to functional changes, lymphocyte subpopulations are
altered. CD8+ Tcell numbers were increased during flight while othexel subsets were
decreased® Similar changes in phenotype also occur in animal and tissue culture systems

during spaceflight or grourblased spaceflight analogs such as-arhiostatic suspension

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

Lymphaocyte subpopulations changeresponse to spaceflight?24226.235.236,3@4 gnq
AOS.176:3%5gplenic F and Blymphocyte counts were decreasednice flown on thel3-day
mission ofthe Space Shuttle Endeavor (ST8)compared to ground contrdi€In the AOS
model, Wei et al. found a redutaumber of both T and B lymphocytes in the thymus and spleen
of hindlimb unloaded Balb/c mice compared to normal contféReductions in the mass of
lymphoid organs has also been obserh/&g’*:205.208.210.211,302,306,38h 5 ceflight altered the
phenotype of immune cells in the bone marrow, the lymphoid organ in which hematopoiesis

occurst®and AOS reduced the number of bone marreeeB progenitors.”’

While many studies have characterizedell response to
spaceflighf-7>189.205213,232,302.3887 fa\yer studies have characterized the impact of spaceflight on
B-cell populations. The @nacterization of Bell receptors, known as immunoglobulins (lgs), is

of particular interest due to the (IgH) and light chains, which are encoded on separ&td tuei.
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heavy chain locus encodes multiple Varialf), Diversity- (D) and Joining (J) gene segments,

whil e the functi on a/(lgl)yighteclgin los @htaenronly Vand §geng @) and
segmentgEarly et al., 1980, Sakano et al., 19M0)iring early Bcell development in the bone

marrow,B cells undergo recombination of heavy and light chain Ig loci, in which only one of

each V(D)Jdgene segment is selected for Ig &$&Random and palindromic nucleotide

insertion at splice sites adds to Ig disigy.3183%

In the Ig molecule, complementarity determining regions (CDR) confer binding
specificity. CDR1 and CDR2 are encoded entirely within thgevie segment, while CDR3
cont ai ns a por tha Vegene sefimemnt,lihe en8rédene segment,fand a portion
of the 506 end ¢°%%2%¥%sa redult of somatic recengbmationt B. cells

collectively express individual Igs that theoretically tamd virtually any pathogen.

An individual 6s |1 g r eper tthroughput segquencinge c har a
(HTS) using either genomic DNA or messenger RNA sequences isolated fceih B
populationg®133321B cells will clonally expand after antigdg receptor engagement, resulting
in a higher portion of targedpecific Ig receptors within the-8ell population. There have been a
number of HTSbased Ig repertoire studies in human disease, ranging frestifs
diseasg 81252 qutoimmunity?’427>32%and cancet®®116:273:323.32¢5eiff, et al. developed a
profiling framewak usingthe Ig repertoire as an indicator of an individual's immunological

status®®

125



Some have explored the impact of spaceflight on Ig repertairegro challerge of
human B cells during spaceflight resulted in lower concentrations of secrdtatzigerald et
al., 2009) There was no significant difference in pa@d posfflight Ig levels in peripheral blood
of astronauts who flew aboard the 19%217-2%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 irneauground

control animalg!®

Although some have explored Ig gengreent changes in the context of spaceflight or
model analog$®'32%3?7 |ittle has been done to characterize the impact of spaceflight on the Ig
repertoire in mice. Given that changes in B cells and Ig concemisaticcur during spaceflight
conditions, we tested the hypothesis that spaceflight alters the Ig repertoire of mice flown on the
ISS. We examined individual g gene segment usage, gene segment combinations, CDR3
composition, and frame work and CDR mutasiam 35weekold, 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 3Beekold female C57BL/6Tac mice that were either housed in
the ISS environmental simulator (ground control, n=5), or flown aboard the ISS via $paceX
(n=5). Tissues from flight animals were collected on board the IS 2ihys postaunch in

flight animals while tissues from ground control animals were processed similarly ondafpur
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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 store804C. RNA extraction was performed

according to manufacturer's instructions with the RNeasy mini column (QIAGEN, Hilden,
Germany) and stored é80°C. This was a secondary science experiment and the dissection and
timing of the experiment were dictated by the primary validagxeriment. Animal care and
experimental procedures were approved by the Institutional Animal Care and Use Committee at

the NASA Ames Research Center.

lllumina MiSeq Sequencing

RNA samples were subjected to Illumina 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 mMRNA to cDNApégific primer
amplification was not utilized. Additionally, fragmentation was limited to one minute to reduce
fragmentation and maintain longer reads. lllumina MiSeq with paired reads of 300 base pairs
was performed on size selected (B nt) total RNAsolated from the liver and spleen of
three ground control and three flight animals based on highest RIN values (Spleen-BI8I:5.9
Liver RIN: 6.27.8) (Ground animals: G1, G2, G3; Flight animals: F1, F2, F3). lllumina MiSeq
data from both spleen and livare available by NASA GenelLab (https://genelab.nasa.gov,

GLDS-ID Pending).
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Bioinformatic Workflow

lllumina MiSeq sequencing reads were processed as described previously (Rettig et al.,
2017). Briefly, FASTQ files were imported into CLC Genomics Wondbev9.5.1
(https://www.giagenbioinformatics.com/) and were quality trimmed and filtered to remove
sequences less than 40 nt in length to prevent falgeng segment assignment. Paieed
sequences and overlappipgired (merged) sequences were mappébtio V-gene segment
references obtained from the I mMunoGeneTics (
segments), and to entire I gH and I ge | oci obt
116009954, and NC_000072.6, 67555636 to 70726754, resp@ctMapped sequencing reads
were submitted to the IMGT HighQuest tool for characterization of functionality and
junctional analysis. Only one sequence per sequencing cluster was retained for further analysis as
outlined in Rettig et & Briefly, per sequencing organization ID, the read with the most
information B 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 sampletb B 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 analyzethgshe IMGT High\\Quest toof® 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 codoned defi

by IMGT. Sequences that did not fit thex€-W motif in nonrclass switched FCDR3 or Cxx-F
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i n-CER3 were assigned an unknown functionalityabd dgene segment, and constant region
usage was assessed in productive reads only. All gene segmendsreahfunctional by IMGT
(includes open reading frames and gene segments without full NCBI mapping) were included in
this analysis. Reads assigned to multiple C57BLAgevie segments were tabulated using a
weighted distribution. Reads containing only goasible \\gene segment were assigned a

count of one. Reads containing two possiblgéne segments were assigned a count of 0.5 for
each potential Wyene segment. Reads containing more than two potengah¥ segments were
excluded from VYgene analysidviultiple V-gene segment assignments likely resulted from reads
containing less than a full-gene segment as a result of random hexamer priming. Reads
assigned to a single n€e67BL/6 D/3gene segments or multiple C57BL/6 &ydne segments
were reclassi@d as undetermined and kept for analysigeide 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 readxfogene

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

Gene Segment Combination & CDR3 Analysis

Reads assigned to n@b7BL/6 V-gene segments or multiple C57BL/6géne segments
were removed from our V(D)J combination bisas. 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 Oafft Percent repertoire was used to
detail individual bubble charts and the average of percent repertoire was used when combining

mice from each gatment 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
mostrepresented gene segments across all indivsdoaboth 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 germligaps were adjusted for consistency across treatment groups.

Complementarity Determining and Framework Region Mutation Analysis

Nucleotide substitution mutation data for compéstarity determining and framework
regions for I gH and | ge w-Questtoo.lAbyanutatend f r om t h
involving degenerate bases were removed. Nucleotide range (in base pairs), number of reads
containing at least one mutation, total numiifesubstitution 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 containedi each combinationds respective r ¢

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 standarondé{eaii maps of

gene segment usage were generated in Microsoft Excel.

130



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 selectethéun@®?® 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
adboard the 1 SS. We assessed the composition of
bet ween 104, 135 and 149,675 I gH, and between
productive or unknown functionality were detected in ground animals, wétileekn 66,909 and

181,703 1 gH, and between 81, 889 anTdblehD.7, 928 |

The V-gene segment contributes to the combinatorial diversity of the Ig repertoire in part
due to the large number pbssible \f\gene segments that could be selected within an individual
B cell. Among the six study animals 133 Vain d 1-0eBe s¥gments were detected. Overall,
the frequency of highly abundantdéne segments and less frequently identifiegevie
segmets were similar between treatment groups (Figuf. Despite a general similarity, a
pairwise comparison of animals within treatment groups showeddenoderate levels of VH
gene segment correlation (Grountl B.3560.695, pvalues:<0.001; Flight 80.1010.360, p
values:0.0004k0.0001) that demonstrates that there is antoyahimal variation Table5.2). A
strongercoe | at i on wagene segneents (Graund66060.738, pvalues <0.0001;
Flight R 0.4650.606, pvalues <0.0001)Table5.2). When comparing the average abundance
of V-gene segments from ground and flight animals 20fR.592 was observed in VH

(p=<0.0001) and 0.810 wdashlem2hserved in Va (p=<
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When comparing VHyene usage among all animals, nine gene segments represented
over five percent of the repertoire in at least one anfRigure5.1A). No one gene segment was
found at over the five percent level in all six animals:-38lwas found in over five percent in
five animals, V93 was over five percent in four animals,-2@& and V36 in two animals, and

the remaining (V478, V6-3, V54, V1-15, V1-19) were found at high levels in only one animal.

Within Ve, sixXx gene segments represented
one animal Figure5.1B). The most abundant gene segment3@5comprised over 16 percent
of Ve usage in all s intedaerfivegetcent of tivoepestdirirnall V a
six animals. One gene segment-¥3vas found at over five percent of the repertoire in four
animals (G1, G2, G3, F3). The remaining four gene segment$3v2v1110, V461, and V6

25) were found at greatéhan five percent in only one animal. There was no statistical

differenceintopVHor -g9veene segment wusage between ground

test, p=0.6478.9609).

We also attempted to assess the antibody repertoire in the liver detatssrole in fetal

B-cel | devel opment. Only 592 to 1,429 1l ga sequ

ani mals and 425 to 543 |1 ga sequdae’3hWeddeads
not characterize theeavy chain in the liver due to the low number of IgH sequencing reads that
we det ect ed. -ganesegmsnssehatsepresentéd over five percent of the repertoire
in the spleen or liver and found 11 gene segments. Only one gene segm&atwasfound in

the top five across both tissu€sdgure5.2). V3-4 was found in the top five for all animals and
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tissues except flight mouse twobés | iver sampl
usage of -pgelmesegrents h@veddav to modest correlation between liver and spleen

in ground animals (R 0.4081, p<0.0001) and flight animals€R0.2727, p<0.0001). Analysis

of statistical diff e@enesegmerds rdpresemirgever fiverpetdent o d u a |

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 splicingasfdXJ
gene segments. To determine if spdicgnf affected these processes we also assessaad)
gene usage. The most commonly detectegeBe segment in both ground control and flight
animals was DAL, comprising between 30.6% to 46.8% of the repertéigu(e5.3A, Figure
A.7A). D2-4, D23, D41, and D25 were detected at similar levels among ground control and
flight animals between 3.56% and 11.39% of the repertoirel,[X83-2, D6-3, D55, and D52,
and D64 were detected the least often with levels between 3.605@&003% of the repertoire.
Because of extensive modification ofgene segments during IgH rearrangemergebe
segments were unable to be determined for between 24.4% and 36.6% of the repertoire for all
animals. There was no statistical difference igdhe segment usage between ground and flight
ani mal s Aesttpuodl®4.08303). Dgene segment usage was highly correlated

between ground and flight animals (linear regressiénpR935, p<0.0001).

Additional Ig variability is gained from #hinclusion of different-§iene segments.

Within IgH, the distribution of -jene segment usage was less uniform thagei® 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 dbtreJHgene segments was the most abundant segment in

at least one ground or flight anim&éligure5.3B, FigureA.7B). While there was no consensus

use of a particular-dene segment, usage of angehe segment was between 1886 40%,

showing that wusage i s-testeWer parfarreed tp determiné whetmr St u
differences in individual gene segment usage were significant. No significant differences were
found between ground ategdp=0f2D600B66L). Az the moatl s ( st ud
a b u n d -gene¢ segment, J5, comprises between 32.6% and 47.9% of the repertoire, and is the
most abundant gene segment all study aninkadgi(e5.3C, FigureA.7C). Interestingly, J1

ranked secathmost abundant in all ground animals while it ranked third in all flight animals.

There were no statistical differences in individuat 3H -gdne segment usage between ground
control and f | i gtest p=@Q97-0n®A6R)sLindaSrégtegbrereveated t
correlation between JH us age?=0.9928gpcm0076)chnda nd f |

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

lg isotype composition can provide insight into the developmental stage of B cells.
Because animals in this experiment&epecifiepathogen free, it is unsurprising that IgM
predominated with between 62.38% and 82.81% of the reperfaine€5.3D, FigureA.7D).
IgG was the second most prominent isotype which trended towards a higher percktitage o
repertoire in flight animals although the dif
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 repertoDeangl 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 f I i g htest, EOli0Ma8R73). TheBet wasdaenight correlatibn

between ground and flight constaegion usage (linear regressios=R.9734, p=0.0019).

V(D)J Combinations

V(D)J family combinations were examined as another way to determine if recombination
of Ilg gene segments was affected by spaceflight. We visualized géDg) segment
combinatons using both bubble charts and circos
variation between ground control and flight
common gene family combinations. Circos plots allowed us to examine-¢ggm&families, 3

gene segments, and V/J pairing frequency in

For ease of display, we first grouped together ajlevie segments into their respective
family. D- and Jdgene segments remained as individuals. V1 was the most common IgH gene
family used in all mice comprising, on average 51% of thgevie family use in ground animals
and, on average, 57% of the repertoire in flight aninfatpufe5.4A-B, Figure A.8A-F). In
groundtreatment animals, V9 was the second tneosnmon gene family in ground mouse one
and ground mouse two, while V2 was the second most common gene family in ground mouse
three Figureb5.4A, FigureA.8A-C). In flight animals, the second most commogé&he family
used was uque among the three animals (flight one: V3, flight two: V2, and flight three: V9)
(Figure5.4B, Figure A.8D-F). The third most common-yene family was also unique among
the ground treatment animals being V2, V3, and V9 formganouse one, ground mouse two,

and ground mouse three respectivéligre5.4A, FigureA.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

(Figureb.4B, FigureA.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 grenedtment 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-tneilitthent
animals was V1/D1/J4 (8.35%), though tb@nbination was only detected in the five most
common combinations for one animiiqure5.4A-B, FigureA.9A-B). The V1/D1/J2
combination was shared among the top five gene family combinations in all mice; representing
5.94% of he repertoire in grountteatment animals and 7.73% in the fliglgatment animals
(FigureA.9A-B). A notable difference between ground and flight treatment groups was the
usage of the V@ene family. This family represented the top averagegére familyused in
the grounetreatment animals as well as the top combination in ground mouse one and ground
mouse two Figure5.4A, FigureA.9), but only appeared once as the top gene family

combination used for flightreatment animaldgure5.4B, FigureA.9B).

We also examined the top five V/J pairing frequencies for Kjgufe5.4A-B, Figure
A.8A-F, FigureA.9C-D). For ground animals, there were six unique pairings represented. Th
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, V1/33, and

V1/J4). One was shared among two mice (V9/J1), and one (V2/J4pwakonly in ground
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mouse threeods f i ve nkgere5.4A BigumaddA-CocragmmdAi8@)aFori ons  (
flight animals, seven unique pairings where found in the five most common pairs. V1 was again

the overwhelmingly mostommon 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
mostcommon in the grountteatment group. Three (V3/J3, V2/J4, V9/J1) were found in a

single mouseds f i vEguretiB,tFigucel. 8DAroRIgUr@ALD)r i ngs (

We undertook si mil ar FigureadCysHgereAf8G-I, Figugga s e qu
A9E-F) . The mo sdenedamiy exprassed m all mice was V5, representing over
onef i fth of the repert oi rgenefaniihiregrosire animaldwas¥3st c o1
while in flight animals it was V6 or V4Hgure5.4C-D, FigureA.8G-L, FigureA.9E-F). The
t hird most -gemegamiies was Veefa gratwd mouse one, and V4 for ground
mouse two, and ¥ for mouse thred={gure5.4C, FigureA.7G-I). In flight animals, the third
mo st ¢ o ngene family was V4 for flight mouse one, and V3 for flight mouse two and

three Figure5.4D, FigureA.9JL).

Unl i ke | gH, |l g expressed more variety in \
pairings in ground animals (V2/J4, V3/J2, V3/J5, V5/J1, V6/J2) that were not shared with the top
five flight-animal pairingsKigure5.4C-D, Figue A.8G-L, FigureA.9E-F). There were also four
pairings (V1/J2, V4/32, V6/J1, V6/J4) found in flight animals not found in the top five ground

animal pairingsKigure5.4C-D, FigureA.8G-L, FigureA.9E-F).
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The correlation of theva&rage percent of repertoire for V/J combinations between ground
and flight ani mal s 2ef8.8795Np<@00&l), whereas IgHlad?%oRvi t h a
0.3296 (p<0.0001) (linear regression). V/J combination usage among animals within each
treatmengr oup al so showed stronger correlation wi

treatment groupsT@ble5.4).

CDR3

CDRa3 is important for conferring diversity in Ig specificity. Therefore, we assessed
whether spaceflight lsban 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 toFsgufe5.5A). Theaverage 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 majpiaf CDR3 lengths falling between 11 and
14 AAs. We also examined the heastyain CDR3 length by isotypd@#ble5.5) and by
treatment group. We found no significant difference by treatment group or by isotypediwo

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

Kappachain 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 Ieiggtie (
5.5B). Only a small percentage of light chains had eight amino acids (2.8 to 6.9%), or ten amino
acid long (0.93.9%) CDR3s. Ground mouse one (0.9%), was an exception and was enriched for

11 amino acid CDR3s (2.3%) compared to other animals)(G%).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, db@earrangements may have been identified in

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

conserved kappahain CDR3 GEXX-F motif.

There was little overlap among IgH CDR3s regardless of treatfgnuir€5.6A, C). Of
the top five CDR3s found in each animal, we identified 26 unigue CDR3 AA rearrangements. Of
those 26 CDR3s, four were found in all six animals. Two additional rearrangements were
identified in three animals. One of tloearrangements, 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 uniquesith animal (6,669,270 rearrangements), though there
was a small amount of overlap among animals {163 CDR3 rearrangements). For flight
animals, 78 CDR3 rearrangements were found in all three animals and 70 were found in all three
ground animals. Ot 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
(Figure5.6B, 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 contiaand flight animals shared three rearrangements that ranked within the top
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20 CDR3 in all animals. Overall, between 1,59033 unique CDR3 were detected in ground
control animals, and between 1,46B18 unique CDR3 were detected in all flight animals
(Figureb.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 onetoptheD-J-gene
segment combinations demonstrates significant variability among mice such that any variability
between ground and flight treatment groups cannot be determined with confiflignreX.7).

Additional data sets areeaded 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 lgcficity. Mutation frequencies were normalized by
animal and Ig region (FW3, CDR13) by dividing the percent of total substitution mutations
(total mutations/total productive reads) by respective region leRgibre5.8). Thae were no
significant differences between the mutation frequencies of ground control and flight animals for
any of the |1 g regidmesti,n Obatoh 6l<gph 0(. Dit@slBe n tainsd
0.3175<p<0.9865). When comparing the substitutimrtation frequency across Ig regions, more
Ssubstitution mutations occurred in CDR3 compa

p<0.05).
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Discussion

Spaceflight and groundased analog models induce phenotypic and functional changes
in T- and B lymphocyte populations. Spaceflight also affects bone marrow, the sitealf B
differentiation and development. Therefore, we wanted to know whether the stress and
physiological changes associated with spaceflight would affect the normal developnhent of t
highly-diversified and highhspecific antigen receptors onlfdnphocytes. 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 usiSgaHd RNASeq.

HTS studies of antibody repertoires typically employ polymerase chain reaction
amplification of Ig specific sequences from sortedell populations. We assessed the B cell
repertoire in whole spleen tissue because of the limitationg girttnary 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
cell suspensior®. Although we do not account for-8ell subpopulation”?*>we do measure
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 uage®’?*2324\e have compared of amplified and unamplified data sets by our lab show
reasonable correlations of the data, with morgevie segments being detected in the
unamplified data sets (Rettig 201fis thesiy Amplification with multiplex Ig specific primers
may introduce amplification bias as primers may bind with varying efficiencydeneé
segments, although there have been recent advances in experimental approach to address

amplification bias’?! We also found that the type of RN®eq analysis we are using in the
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assessment of younger C57BI/6J mouse Ig geage, correlated well with that of studies using
amplification?® Therefore, we feel we have a reasonable snapshotefl Beceptors present in
the spleens of 3weekold female mice. In addition, the sample preparation allows additional

data mining of valuable mouse samples.

In both humans and mice, earlydBll 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 Igsequences were recovered in liver samples suggesting few B cells are
actually resident or circulating in the liver under normal, stesdie conditions. The liver kappa
chain \-gene repertoire did correlate some with the usage in the spleen and prefiably r
circulating Bcell Ig expression, but we did not confirm that. We focused our efforts on the

spleen data.

While previous analyses by our lab used splenic mRNA pooled from four afiih&ls

the current stdy assessed individual mice and exhibited significantly more ntouseuse

variation than one might expect in inbred mice; even within treatment groups and compared to
pooled mouse samples. Overaltgéne segment usage correlated when analyzed usmgseai
linear regression of animals within ground and flight treatment groups and there did not appear
to be an impact of spaceflight onggéne segment use. It is possible that differences in gene
segment usage in ground and flight animals would be obsapegdimmunization. Studies on

the effects of spaceflight in an immunized amphibian model showed alterggMHfamily and

lg class usag¥'3%°
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We performed a number of analyses to determine if the Ig gemarrgament process
was affected by spaceflight. Averageeg@€ne segment usage between the ground control and
flight animals was moderately to highly correlated (V=R . 5922, p<%00.881001; Va:
p<0.0001). Many of the most abundang¥ne sequences were shared in flight and ground
animals and there was no statistically significant difference in usage of individualgepe/
segments between ground control andhflig a ni ma | dest(pSQ0647-8.9609H s t
Similarly, no differences in B JH o r -gdne segment usage and IgH constant region usage was

seen between ground and flight animals.

We also examined whether spaceflight would affect thegehke segmedrcombinations
that normally occur in specific pathogéee mice. These too, were not different between ground
control and fIl i ght -gemasegmenscorhbmations \were maderdtelitg a . V
highly correlated (IgH: B= 0 . 3 2 9 6=0.879%bath p<®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 chainahd dJgene segment recombination
frequencies between control animals anonels subjected to centrifugation. 85% of gene V/J
gene segment combinations were not shared among the two treatment®geonupthe
differences could be attribed to changes in somatic recombination machinery under altered

gravity conditions?®%-33!

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

sequence overlap among animals, asgelaumber of sequences were unique to only one

animal. Little overlap was observed in the top-&£BRS3 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 idergifd i n one ani mal . More overlap w
CDRa3 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 challeragetwere housed under
specifiecpathogen 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. rElq@éncy of somatic
hypermutations in P. waltl immunized in space was slightly lower than animals immunized on
earth3?% An experiment with antigen challenge of the Ig repertoire will be necessary to test this

hypahesis.

The animals used in this experiment were older (35 weeks). The expression of genes
necessary for Ig recombination do go down as micé®&Jderefore, it may be possible that we
do not see differences between the treatment groups becausettinegtions of spaceflight are
not enough to disrupt the reduced B cell differentiations occurring-imeg#old mice under
normal steadystate conditions. Additionally, the hdife of B cells in secondary lymphoid
organs is between four and seven va€kGiven the brief timehat 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 911-weekold C57BL/6J mice from Jackson Laboratories used in our previous
experiment$>1%To assess whether differenaessted in the Ig repertoire, between the older
C57BL/6Tac mice and the younger C57BL/6J mice, we compared gene segment usage between
the two mouse cohorts. Because no differences in gpné segments, (Djkne segments, and
constant region usage watetected between RR1 ground control and flight animals, all six
animals were pooled and compared to the C57BL/6J cohort. We selected the 25 most abundant
V-gene segments from both RR1 and C57BL/6J cohorts, resulting in 33 top IgHV and 34 top
|l gaV. Wehdtousmneven of 35 I gHV and eight of 32 |
di fferent | evels within the r etpst.Mheseidiffeeenckset we e
are largely driven by gene segments that are highly expressed in the RRkuohas$ IGHVL
80, which represented 2.04 + 0.26% of the repertoire in RR1 animals and 6.6 + 2.40% of the
repertoire in the GtbstB=0D.0082). Thisistewem moreprBriounckdint 6 s
| G a-8% which represented 21.41 + 7.50% of the tgjrerin RR1 animals and only 4.73 +

4. 93% of the repertoire dtestptODE09C57BL/ 6J cohor

We also performed a linear regression of tegéhe segment usage, which showed poor
correlation between cohorts in both IgHf@R0.1568, 5 0. 0226 ) 2=amlé81,l ga ( R
p=0.0160). Dgene segment usage was only significantly different IGHD&hich 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 c o h-esttp=0(0@&0)Wwafeundtthatshiene segment usage varied

bet ween the two cohorts in three out of five
( st u dtesn).tighl gondtant region usage was significantly different for IgD (RR1: 0.63 +

0.22%, C57BL6/J: 4.60 £6.9 %; St -test, ¥0100¥4) and IgG (RR1: 23.83 + 6.19%,

C57BL6/J: 9.65 Nestop=009®4).; Studentods t

Although we cannot determine whether these differences are attributed to differences in
vendor or differences in age, it is likely thapegtoire 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 pafinegen

conditions.

In conclusionwe 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 wihin 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 thabwariati
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 lédeddiverse 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, possihiyore recombinatorily active mice. Current studies in our
lab aim to characterize antibody repertoire dynamics upon antigen challenge using a mudrine 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-a nd (-dehe s&gment usage for gene segments representing ovyegriveat of the

repertoire in at least one animal within ground and flight treatment groups. No significant

difference in individual gene segment usage was detected betweed gomtrol and flight

treat ment g rt-test,0.8534p-Gatuex<d.@609). Significant differences between

gene segment usage of combined ground and flight animals were found. In K83 ,Wéls more

abundant than many of the topgéne segments (Va38, V54, V1-15,V1-19) ; ( $test,dent & s
alp<0. 05) . -39was mgr@abundabt than many of the tegevie segments (V8, V2-
137,V1110,V46,V6-2 ) ; ( Stttestdadpr0L06).s
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Figure 5.2. Expression of TopV a

LG1|LG2 LG3 LF1|LF2 LF3

Gene
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V agene segment usage for gene segments representing ovegriveat of the repertoire in at

V5-3901 | 4 4 V5-39*01
V3-4*01 | & 5 |10 ] 5 V3-4*01
V1-11001|/ 12 | 5 10|14 |5 | 8 V1-110*01| 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 | 60 | 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

a

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 shoto the left and spleen ground (SG) and
spleen flight (SF) rankings are shown to the righgehe 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 3Gene segments and IgH Constant Region Usage
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usage in animals within ground and flight treatment groups are presented as percent of repertoire.

No significant difference in individual gene segment usage wastddtbetween ground control
t r e a tttest, Dt 0.154Ppevalye<s0.984G JHI @D@0spt 6 s
value<08662 IgH Constant RegiarD.10759-v al ue <0 . 8 2 7 p#valued0:b262)0D1L 0 9 7 7 <

and

1 was used at a significantly higher rate that dleoD-gene segments (Studemest, all
significantp<0.05). No significant differences betweengdéhe segment usage was found

flight

(St udes,alps0. 05) . |

gene segments except betw n

J1

n

| ga,

significant

a n d t-tdsg all gighificanh<d.05).6 s
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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 aaaibns (Circos plot)

for ground treatment (A) animals and (B) flight animals. For bubble chaxgene family is

represented along theaxis, the Dgene segment is represented along tagiy, and the-gene

segment is represented by a specific cdlbe size of the bubble corresponds to the average

percent repertoire of the specific gene combination. Circos plots are read clockwise starting at

the 12 o6clock position with J1 (red), J2, J3
(lightblue) , Vv9, Vvi1i0, Vv11, Vv12, V13, V14, and V15 (
combinations for ground treatment (C) animals and (D) flight animals. For bubble chgergV

family is represented along theaxis and Jgene segment is represented gltre 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 t
(yellow), V2, V3, V4, V5, V6, V7 (slier, no color), V8, V9, V10, V11, V12, V13, V14, V15,

V16, V17, V18, V19 (light purple).
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Figure55.CDR3 Length in I gH and I ga sequences
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Figure 5.6. Top CDR3 Usage and Overlap of CDR3 Between Treatment Animals
A G2 F2

v v Ground Flight

1818
Ground Flight

G1 G3 F1 F3
C 2 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 11.93
CASHGSSYLAWFAYW CQNGHSFPWTF | 0.90 | 3.48 | 3.08 | 0.29 0.73

CAAQTGIPFW
CARHEEGAYSNYFDYW
CARHAPITTVWGDFDYW
CAKW

CQQHYSTPYTF | 6.24 | 0.26 | 0.54 | 0.39 | 0.68
CQQWSSYPLTF | 068 | 188 | 1.24 | 1.57 | 0.59 | 1.92
CQQYSSYPLTF 0.30 | 0.43 | 6.39 [ 0.35
CLQHGESPYTF | 1.44 | 196 | 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 | 047 | 0.34 | 0.44 | 0.88 | 2.21
CFQGSHVPPTF | 0.39 0.39 | 2.74 0.44

CAEGYYGSSLYFDYW L 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
CARTTTVWPYYAMDYW CQQSNSWPTFTF 227
CVSPDSNWYFDVW
CASCDYDSYYFDYW
CARRGGTPWFAYW
CASCDYDSYYFDFW

CVMALDYW

CAGPNWAFAYW

CTPEVGWEDYW
CARSDYYGSSSLDYW

Venn diagrams show the overlap of unigue CDR3 sequences among and betwedrcgnirol

(G1-G3) and flight treatment (FE3) groups in (A) I gH and (B) |
ranked within the top 5 most abundant rearrangements of any ground control or flight animals in
(C) IgH and (D) 1| gsa. Dar gertoirerdovingnodlue; whtcte s hi ghe

represents lower percent of repertoire.

153



Figure 5.7. Nucleotide Alignment of CDR3 from top \-D-J Combination
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Nucleotide alignment of heawghain gene segment M46*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 delineatedVdgene
regions. These bracketed regions agnthe 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 FR8 &nd CDRs 13 were observed for both IgH
and Il ga chains. Abundance was first normali ze
cleaned, productive reads in each respective data set and multiplied toydt€ain 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 Read8® 51.4M 452M 435M 405M 484M 558M
Cleaned© 132M 314M 309M 146M 130M 141 M
IgH IMGT 9¢ 124,102 104,135 149,675 85,802 66,909 181,703
| ga 19M(175,406 140,963 103,841 107,851 81,889 107,928

AM=Million

PRaw reads reflect unfiltered FASTQ files imported from the lllumina MiSeq personal

sequencing system.

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

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

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

IMGT HighV-Quest tool.

‘There is no stati st iteskirdtheswumgrmfirdadsmapped ®Ighy st ude
(p=0. 7215 )p=0a142d). | ga (
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Table 5.2. Comparison of Flight and Ground V-Gene Segment Usage

Comparison VHR? Vo 2

Glv G2 0.620 0.660
G2v G3 0.356 0.738
GlvG3 0.695 0.678

F1vF2 0.101 0.465
F2v RS 0.225 0.516
F1vF3 0.360 0.606

Mean GvF 0.592 0.810

Pairwise linear regressions of VA n d -gédhe segment usage were performed among ground
control (G) and flight (F) animals. A linear regression was performed on theaweeage V
gene segment @fround and flight treatment groups.

3All comparison groups were correlatggD(0 . 0 0 0 1)
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Table53.Vea Liver Sequencing Read Counts i

Gl G2 G3 F1 F2 F3

Raw Readé? 43.9M 429M 384M 492M 483 M 39.7M

Cleaned® 188M 35M 315M 247M 182M 19.4 M

|l go %M« 1429 1267 592 543 425 438
AM=Million

PRaw reads reflect unfiltered FASTQ files imported from the lllumina MiSeq personal

sequencing system.

n Ground

‘Cleaned reads we 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®> | g &
G1lvs G2 0.534 0.750
G2 vs G3 0.124 0.7209
G1lvs G3 0.256 0.657
F1vs F2 0.010  0.539
F2 vs F3 0.067 0.598
F1lvs F3 0.103 0.738
Gvs FAVG 0.330 0.880
Pairwise |linear

were performed among grounds control (G) and flight (F) animals. A linear regression was

performed on the meaawverage V/-gene segment combination abundances of ground and flight

treatment groups

regr es-gano®segman ambnatiensadandes | g H

dComparison group was correlatgs0.0001)

bCompaison group was correlated for IgH (p=0.035) &nd(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
o] 11 12 12 12 12 12
IgE 14 11 12 14 11 15
lgG 12 12 13 13 11 12
IgM 12 12 12 12 11 12

The mearaverage CDR3 length of ground control (G) and flight (F) animals is displayed by
isotype. Assessment by tweay ANOVA revealed no significant differences in CDR3 length by
treatment group=0.6225), isotypep=0.4589), or the interaction of the two variables
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Chapter6-Ef f eddtsatokso i dk ealndtladadi ng on

ant i bredgrtoire mfce57BL/ 6J

Abstract

Spaceflight is known to affect multiple aspects of the immune system, tindnigtthere
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 unigi®dy 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 pemtignmearranged in the germline and during
rearrangement variations in gene segment selection and the joining of those segments, diversity
is generated in the antibody repertoire. &gsesshe antibody repertoire response to
antiorthostatic suspension (A} 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-f®V, and Jgene segments with AOST, and
CpG treatment. We also detected changes-tand Jgene 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 alsasasdelasswitched heavy chain
antibody sequences and detected changesgené segment usage and identified potentially TT
specific CDR3 AA sequences. Our results demonstrate that small changes were detectable in the

total splenic antibody repertoire oifice subjected to AOS and challenged with TT and CpG.
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I ntroduction

The spaceflight environment has dramatic influenceasious immune functions
Studies inanimals and humans have shown that spaceflight affects the total body, thymus and
spleen masg89,201204,206,208,210,211,33537 circulating Corticosteron@.o,212215,21?219,337,338rnitogen
induced proliferation, cytokine production and reactiyify!89.210.213.215220,221,224,225:223,339344
and lymphocyte subpopulation distributicii§233236:343.345.34§ yhjle many of these changes are
dramatic the paceflight studies conducted to date are inconclusive with respemivtthose
changes affect the ability of the host to rearstactualn vivoimmune challenge. However,
given that spaceflight clearly disruptsmune cellpopulation distributions andifictionin vivo

andex vivq it seems likely that the spaceflight environment is detrimental to an immune

response essential ftire hostto remain healthguring flight.

The ability of the host to resist infection is often related to the repertoireidited B
cellsand theirsecreted antibaes The general selection process for antigpacific idiotypes
has been known for some tirffé34° The variable region of thenmunoglobulin heavy chaiis
encoded by ariable (V), divergy (D), and joining (J) gene segments in the immunoglobulin
locus on mouse chromosomedrzhuman chromosome 14 with separate loci for

immunoglobulin light chaing®®-35?

To date, there have been very few studies characterizing the impact of the spaceflight
environment on aitiody responses. There are some indications that humoral responses are
downregulated 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 neimmunized ground controfé2 More recently, IgM prodetion was virtually
eliminated in lymphocytes cultured and activated with pokeweed mitogen (PWM) on board the
InternationalSpaceStation (ISS)when compared to similarly activated ground controls.
Furthermore, wheB cells wereactivated in culture priao flight, storedfrozen, and then
resuspended and assayedpacetheir lgM productionwasslower than similarly treated
groundbased control$* In contrastjn another type of assay systetimere were no significant
differences in immunoglobulin levels, regardlesssofypeclass, after the Skylab missigié

nor after shortluration(10-11 day space shitie missions®+?*?These data suggest individual

and assaylependent impacts hEre havalsobeen at least three independent studies which
indicate that there may be an enhanced antibody response afteitightApollo missions 9

11, there were increases found in circulating IgG and/or IgA levels after landing which may be
linked to an orboard infectior>2 After a 16day spae shuttle flight, total wstimulated plasma

IgE levels were elevated compared to preflight vaft@after a Smonth stay aboard the ISS,
splenic transcription levels of IgY (the newt counterpart of IgA) generated in respdosel t
antigens was three times higher than similarly treated ground control ¥&lDespite the
inconsistencies in these studies, the clear conclusion is that the humoral immune system is

responsive to the spaenvironment.

Tetanus toxin isecreted byhe grampositive bacterim, Clostridum tetaniThetoxin
interferes with neurotransmitter releaseisingsystemic neuromuscular dysfunctidrine impact
is seizuresand disruption of thautonomic nervous sy@hleading to deathThe tetanus toxoid
(TT) is a formaldehyd@nactivated form of the toxin that has been approved foasigevaccine

in humans by thedod andDrug Administration In the United States, TT is usually given as
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part of a standard vaccimah 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 year®*

The antibody response to an antigen in a vaccine can sometimes be less thanTaptimal.
overcome this, immunologists have developdpivants. Although the mechanisms of action are
not fully understood, adjuvants generaplong exposure and/augmenthe innate response
during the initial exposure to the antigen, thereby increasing phagocytosis and antigen
presentatiod> Adjuvants can also enhance responsiveness by activating signal transduction
through toltike receptorsalthough there are still some details to be determitfethe adjuvants
mayimprove both cetimediated and humoral responses and the development of immunological

memory.

Adjuvans come in many forms, ranging from components of inactivated bacteria and
viruses to oil emulsiongnd aluminum salt&® Although there are an increasing number of
options availabldéor adjuvants, we focused on a synthetic oligodeoxynucleotide (ODN)
containing unmethylated CpG motifs (CpGpG is a relatively stable dinucleotide sequence
that is found naturally and more frequently in viral and bacterial DNA than in vertebYates.
CpG motifs have been shown to appear witH®0 greater frequency in bacterial DNA
compared to mammalianNDA 358 This sequence is recognized and differentiatechfsimilar
(methylated) sequences in vertebrate DNA by the innate immures{$®°CpG ODN has
already been shown be an effective immatisulator in a few prelinical studies, either alone

or in combinatio with other therapies including vaccines, chemotherapy and radiottiétatsy.
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CpG acts through the TLR9 pathw®yTLR9 is typically found within the
endolysosomes of Bells and plasmacytoid dendritic celt8:3%3*54However, the binding of
CpG to TLR9 triggers a cascade of responses that includes the activation of innate populations
(e.g. macrophages and neutrophils), theegplation of surface receptors critical to antigen
presentation (e.g. MH@ and B7), the differentiation and proliferationlginphocyte
populations (e.g. B and T cells), and the release of various cytokines (e-g.IIF8 & -12,
GM-CSF, and TNRJ3653%6Typijcally, this drives Thddominated immune respons¥$
ultimately enhancing the expansion of antig@ecific Band Tcell idiotypes, augmenting the
antibody response, and improving the development of inslogical memory®! CpG has been
shown to improve TEBpecific IgG production when given with inoculation, even above levels
generated when usiragum, the only adjuvant actually FD:Approved for use in huma#fe.CpG
has also been shown to be effective in inducing memory B cells to proliferate, mature, and begin

secreting antibody after a previous exposure td®¥T.

In this investigabn, we used antiorthostatic suspension (A@Shduce some of the
physiological changes that are associated spticeflight This technique wagriginally
developed by MoreyHolton, et af®® (Morey-Holton and Wronski 1981)ut has been used
successfully in mice, as wefl® We hypothesize that exposure to AOS will lead to a diminished
capacity to generate antigepecific B cdk. Specifically, we hypothesize that AOS will lead to
a diminished capacitgf B cells to rearrange antibody genes which will affexth overall levels

of all immunoglobin (Ig) types, as well as antiggrecific IgG.We will detail TT-specific Ig
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levels,memory generation, ¥ D-, and 3 gene segment use, V/(D)/J combinations, and CDR3

characteristics and use.

Materials and Methods

Suspension, Immunization, and TT specific IgG Analysis
Tenweekold female C57BL/6J mice were unloaded using antiorthegtatisuspension

(AOS). Ten animals were included in each treatment group. Two independent suspensions were
done (40 mice per experimenfnimals from each of eight treatment groups were randomly
sacrificed using 100% CQollowed by cervical dislocationn 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 ODNZB(CpG), or both TT and CpG. Treatment group
designation for this presentation will be by the convention (AOCS, TT, CpG) withgmifying

that the animal did not receive treatment and + signifying the animal did receive treatment. For
example, an animaéceiving no treatments will be represented-a$ &énd an animal receiving

all treatments as (+++A standardized collection assemititye was used to euthanize the

animals and collect the tissue to minimize experimental variddiood, spleen and lne

marrow were collected first as primary science for this experiment with other tissues collected
thereafterBlood was collected via cardiac puncture. Blood was allowed to clot, then centrifuged
at 10,000q for five minutes at@, collected and frozen e80°C. Tissues including spleen were

collected and snap frozen in ENSamples were stored480°C prior to analysis. Serum TT

specific I gG was measured from the second set

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

Tissue extraction was performed as described previdusBBriefly, spleen tissue was
processed with Trizol accor dirty-gvodpleensamglesmanuf a
were sequenced, two from eak®S trialfor a total of four animals per treatment group.

Samplesvere selectetbr sequencindpased on highest RIN scores. Total RNA was sequenced
on the lllumia MiSeq 2x300 nucleotide platform at Kensas State University Integrated
Genomics Facility using a reduced fragmentation (one minute) protocol to result in longer
sequences. Standard lllumina sequencing protocols include the use afokgtection for

MRNA sequences and reverse transcniptising random hexamer primers.

Bioinformatics and Analysis
Bioinformatic analysis was performed as previously outlfe& Briefly, lllumina

sequencing results were imported into CLC Genomics Workbench v10.2

(https://www.qiagenbioinformatics.cony/ andcleaned 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 tterence \fgene segments and their respective loci to collect
potential antibody sequences. These sequences were collected and submitted to

| mMunoGeneTi c 6\8Quéstfd@Gidinformidtic gnlalysis. One sequence per lllumina
sequence ID was analyzedaglined in previous work>°81%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 stomawlite unknown functionality sequences do

not contain enough information to determine functionality, a result of short sequences.
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