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Abstract 

Antibodies are an essential part of the immune system. Each B cell, a type of white blood 

cell, produces a unique antibody. This antibody molecule is comprised of two identical light 

chains and two identical heavy chains. Each chain has a variable region, which is responsible for 

antigen binding, and a constant region, which is responsible for effector function in the host. The 

variable region in the heavy chain is composed of three gene segments, the variable (V), 

diversity (D), and joining (J) gene segments. The light chain is composed of only V- and J-gene 

segments. Each immunoglobulin locus contains multiple versions of each gene segment, ranging 

from over 130 possible V gene segments in the heavy chain to four possible J-gene segments in 

both the heavy and kappa light chain. The recombination of gene segments occurs in the 

germline DNA and results in the formation of the unique antibody. The diversity and binding 

abilities of the antibodies are important for a proper and robust immunological response. Of 

importance to binding and specificity is the complementary determining region three (CDR3) 

which plays a major role in determining specificity and antibody-antigen binding. Due to its 

uniqueness, is used as a measure of diversity in the repertoire. 

In this work, I used Illumina MiSeq 2x300nt high-throughput sequencing to assess the 

mouse splenic transcriptome. The work I present here shows the splenic immunoglobulin gene 

repertoire from unchallenged, unvaccinated conventionally housed mice, mice flown aboard the 

International Space Station (ISS), and mice challenged with tetanus toxoid (TT) and/or adjuvant 

(CpG) and subjected to skeletal unloading by antiorthostatic suspension (AOS). AOS is used to 

induce some of the physiological changes that parallel those that occur during space flight. The 

characterization of the repertoire includes analysis of V-, D-, and J-gene segment usage, constant 

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



  

The work included validation of the methodology needed for tissue preparation and 

storage aboard the ISS, showing that the data obtained was similar to those used in standard 

ground-based methodologies (Chapter 2). I further validated our nonamplified sequencing 

methodology with comparisons to methods that use amplification as part of the process (Chapter 

3). My work characterized the antibody repertoire of the conventionally housed C57BL/6J 

mouse (Chapter 4), an important mouse strain in the field of immunology, and demonstrated the 

homogeneity of gene segment usage in unchallenged animals. We also demonstrated that short 

duration (~21 days) space flight does not significantly alter the antibody repertoire (Chapter 5). 

The work culminates in an AOS study to assess changes to the B-cell immunoglobulin repertoire 

after vaccination with TT and/or CpG. The results show that changes to V-, D-, and J-gene 

segment usage occur after antigen challenge with AOS causing decreased class switching and 

frequency of plasma cells. Tetanus toxoid challenge decreased multiple gene segment usage and 

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

 Basic Overview 

B cells are a type of lymphocyte that produces a heterodimeric protein called an antibody. 

B cells were originally discovered originating from the bursa in the chicken, but in mammals are 

mostly derived from the bone marrow.1 Ehrlich presented the side chain theory in the late 1890s 

laying the foundation for the theory of antibodies.2 B cells play an important role in the immune 

system both by secreting antibodies and by functioning as antigen presenting cells to T cells. 

Each B cell produces a highly unique antibody which can be secreted or membrane-bound. The 

antibodies are composed of two identical light chains and two identical heavy chains (Figure 

1.1). Antibodies and B cells have numerous functions within the immune system including the 

clearing of pathogens, clearing of infected or dead host cells, and assisting with T-cell 

activation.3 Antibodies are formed with a pair of an identical heavy and light chains. These 

protein chains are the product of multigenic assembly of variable (V), diversity (D ï heavy chain 

only), and joining (J) gene segments and a constant region gene (Figure 1.2).4 Tonegawa and 

Hozumiôs understanding of V(D)J recombination shattered the prevailing dogma at the time of 

ñone gene, one proteinò.5  

 

 B Cell Development and VDJ Recombination 

B cells begin development as hematopoietic stem cells, progress to multipotent 

progenitors, diverge from the granulocyte/erythroid lineages, and eventually progress to 

lymphoid-primed multipotent progenitor cells.6-8 From here, they develop into common 

lymphoid progenitor cells where they are more fully committed to being lymphocytes.8,9 At this 

point, the cells will usually fully commit to the B cell linage, progressing through the pro-B cell, 
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pre-B cell, immature and mature subsets. However, work by Graf et al. and Rodriguez-Fraticelli 

et al. show that commitments may not be final, and changes in development may occur if the 

proper signals are present.8,10,11 

 

V(D)J rearrangement occurs during B cell development and successful rearrangements of 

heavy and light chains serve as checkpoints in the differentiation process. Rearrangement is 

dependent on two recombinases, RAG1 and RAG 2, which assemble and create a synaptic 

cleavage complex that creates nicks and breaks in the genomic DNA near recombination signal 

sequences (RSS). These are located on either side of the gene segments, to recombine the V-, D-, 

and J-gene segments.12,13 RSS are either 12nt or 23 nucleotides long, forming a specific loop 

when the RSSs pair.13 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.13 Non-homologous end joining then repairs the DNA, creating a junction 

between the gene segments.12 In addition to annealing the ends, additional nucleotides, called 

ñnon-templated (N) and palindromic (P)ò additions are added between the gene segments using 

nucleotidyl transferase and DNA ligase, Artemis.14 These nucleotides add additional variability 

to the sequence that is not dependent on genomic sequence. N nucleotides are more heavily 

weighted towards the addition of a G or C.14  

 

Rearrangement begins in the early pro-B cell by the joining of the D- and J-gene 

segments (Figure 1.2).9 Once the D- and J-gene segments are joined, the cell enters the late pro 

B-cell phase and combines the V-gene segment with the already recombined DJ-gene segments 

by the same mechanism.12 The rearranged heavy chain is then paired with a surrogate light chain, 
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made of the VpreB and ɚ5 proteins to form the pre-B cell receptor (pre-BCR).12,15 The pre-BCR 

is composed of the heavy chain, the surrogate light chain, IgŬ, and Igɓ.12 Failure of the heavy 

chain to pair with the surrogate light chains will prevent the cell from proceeding further in 

development.15 After the cell has survived this selection, rearrangement begins with the light 

chain.15  

 

Rearrangement begins as only one locus. Allelic exclusion prevents multiple V(D)J 

recombinations from occurring at the same time. Rearrangement in humans and mice always 

begins with a heavy chain locus, followed by the kappa chain and then the lambda chain. 

However, other species, such as pigs, rearrange the lambda chain first.16 Either the maternal or 

paternal locus is selected for initial recombination, though there appears to be no clear reason 

why one is selected over the other. Feedback prevents the second locus from rearranging until 

the first has finished.17 Stochastic models tend to focus on decreased efficiency preventing 

simultaneous rearrangements while determinant models suggest that the chromosomes are 

marked during development, which facilitates the rearrangement of one locus.17 There are 

experiments supporting that chromosomes are marked early in development, before 

hematopoiesis beings, yet other experiments have shown that the choice doesnôt occur until the 

lymphocyte has already begun to mature.17 Regardless of chromosome use, allelic exclusion is 

modulated by multiple factors that prevent RAG from accessing RSS, thereby preventing 

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

region of DNA.18 
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In the small pre-B cell phase, light-chain rearrangement begins using the same mechanics 

used in the heavy chain.12 About half of all light-chain rearrangements are successful on the first 

rearrangement attempt, but rearrangements can be attempted at all four loci (two kappa, two 

lambda).15 In mice, the kappa locus is used about five times more than the lambda locus for light 

chain generation.15 After a successful light chain is paired with a heavy chain, the cell then 

expresses a complete B cell receptor (BCR) and are considered immature B cells.15 There 

appears to be no pairing restrictions between heavy and light chains and the overall pairing of 

specific VH and VL gene segments is correlated with overall V-gene segment usage in the 

repertoire.19 These BCRs are then tested against auto antigens and strong binding leads to 

apoptosis.15 

 

Although Ig-gene rearrangement can introduce variability to the B cell repertoire, the 

process is inexact. Multiple problems can stop the Ig molecule from developing into a functional 

BCR. Examples include out of frame joining of the D- and J- gene segments, and further out of 

frame joining of the V-gene segment to the DJ segment.15 Rearrangements can also introduce 

stop codons due to nuclease trimming of the gene segments or the addition of the N and P 

nucleotides.14 In the C57BL/6 mouse, 7.6% of D-gene segments have 5ô trimming, and 27.4% 

have 3ô trimming.14 P nucleotide additions of AAAAA on the 5ô end was the most common, and 

G, GT, and GTAG were the most common at the untrimmed 3ô end.14 In the case of the J gene 

segment, 12.3% of C57BL/6 mice had no exonuclease trimming, and 31.6% had P nucleotide 

additions ranging in size from one to eleven nucleotides.14 Additionally, when N nucleotide 

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

junction averaged 2.9 additions.14  
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The combination of the V-, (D-), and J-gene segments comprises what is termed 

complementary-determining region 3 (CDR3).15 Two other regions, designated CDR1 and 

CDR2, are coded for entirely in the V-gene segment, thus, reducing diversity possibilities 

compared to CDR3.15 These CDR region designations are most important because they identify 

the parts of the antibody that bind to antigen and are also the most likely to undergo somatic 

hypermutation,20 which will be discussed later. 

 

The failure of a V-D-J rearrangement could induce the B cell to utilize the other allelic 

DNA strand or a more 5ô V-gene segment maybe selected for rearrangement to form a 

productive heavy chain.15 Approximately 15% of pro-B cells fail to make a proper rearrangement 

on either of the heavy chain loci.15 Additionally, the heavy and light chains are bound through di-

sulfide bonds around ɓ-bulges associated with the V-gene segments and it is likely that some 

rearrangements fail because they do not generate the correct structure for light chain binding.15 

Once a B cell expresses surface heavy and light chains it has reached the ñimmature stageò, and 

the cells leave the bone marrow and traffick to the spleen. Trafficking to and within the spleen is 

controlled by multiple factors such as intergins (LFA-1 and Ŭ4ɓ1),21 receptors (CCR7 and 

CCR5),22,23 chemokines (CXCL13),23 and cytokines (such as IL-4).24 These spleen-localized 

cells now enter ñtransitional phasesò and proceed through multiple selection or ñcheckò 

points.25,26 After B cells leave the bone marrow, it is estimated that less than 20% of all immature 

B cells reach the spleen, possibly because their BCRs are autoreactive and they are removed 

during the migration.15 
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B1 B Cells 

B1 B cells are different than the more common B2 B cells that traffick from adult bone 

marrow to spleen as described above. B1a B cells are CD5+ and are most common in young 

animals and humans.27 B1b B cells are similar, but they lack the CD5 surface molecule.27 In the 

mouse, B1 B cells comprise 30% of the spleen on day five, and about one to two percent of the 

spleen by week eight.27 B1 B cells develop in the yolk sack, fetal liver, and neonatal bone 

marrow. The bone marrow loses the potential to develop new B1 B cells by about six weeks of 

age in mice.27,28 In humans, B1 B cell precursors are detected at seven weeks in the embryo, and 

they populate the periphery between week 16 and 22 of gestation.29 This is evidenced by data 

showing that, bone marrow transfers can restore the B2 population in three-month-old mice, but 

not the B1 population.27,30 Gene segment usage is heavily restricted in the B1 population, which 

will be discussed in greater depth later, and most B1 cells lack nontemplated (N and P) base 

insertions in their joining of gene segments.27 B1 B cells are commonly autoreactive and are not 

selected against using ñtraditionalò B2 B cell methods because they donôt go through transitional 

selection processes in the spleen. Autoreactivity may even serve as a positive selection step.27 

 

Constant Regions 

The constant region of the light chain is selected during VJ recombination, but the heavy 

chain can undergo class switch recombination (CSR), which is a different mechanism than V(D)J 

recombination.31-33 The constant regions in the heavy chain serve different biological effector 

functions within the host. After VDJ recombination, B cells predominantly express the µ 

constant region (IgM) and/or the ŭ constant region (IgD). This is the only time that normal B 

cells express immunoglobulins with multiple constant regions in a single cell. Using alternative 

splicing mechanisms, the cell can express IgM, IgD, or IgM and IgD together.  
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Class switching generally occurs in response to antigen using activation-induced cytidine 

deaminase (AID) to deaminate a cystine in the switch region. This creates a double stranded 

break in the switch region immediately following VDJ recombination location and one before 

the newly-selected constant region (Figure 1.3).34 Like in VDJ recombination, the DNA between 

the two breaks is spliced out.34 Thus, once class switching occurs, a B cell can no longer use a 

constant region that has been removed from the genome, though other heavy chain genes that are 

5ô to the splice site are still available. The human heavy chain contains nine constant regions (Ŭ1, 

Ŭ2, ŭ, Ů, ɔ1, ɔ2, ɔ3, ɔ4, and Õ). Mice contain nine constant regions (Ŭ, ŭ, Ů, ɔ1, ɔ2a, ɔ2b, ɔ2c, ɔ3, 

and µ), though not all strains have all constant regions. CSR generally occurs after the B cell 

encounters antigen and is dependent on T cells and their cytokines.34-36 Constant regions, even of 

the same type, for example the IgGs, can also affect the binding abilities of the variable region.37 

 

 Repertoire Development and Change 

There are multiple factors that affect the hostôs B-cell repertoire and give it variability. 

The first of these is dependent on the unique V-, D-, and J-gene segments encoded in the hostôs 

genome. The second factor is the semi-random recombination of those gene segments. The third 

factor is the random addition of the N- and P-nucleotides during V(D)J recombination, and the 

last is the somatic mutations that occur during the response to antigen and the process of affinity 

maturation.38 This combination of events is responsible for the creation of unique antibody 

sequences. However, another element, the hostôs infection and exposure history, also plays a role 

in the ratio or number of B cells displaying a specific idiotype (specific antigen-binding sites 

unique to an antibody). Recent work by Meng et al. has shown that the repertoire varies from 

sampling location to sampling location.39 
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Genetic and Spatial Control of Repertoire Development 

It appears that most gene segment usage is genetically controlled, rather than purely 

random.19,40 During V(D)J recombination, gene segments are selected during recombination 

using RSS. Small changes to the sequences can affect recombination rates and create changes to 

the repertoire.41 There are also spatial restrictions on recombination due to requirements of DNA 

looping for the acts of cleavage and blunt end rejoining. A position bias also been observed in DJ 

pairing in that more 3ô D-gene segments pair more often with 5ô J-gene segments, and vice 

versa.42 Assessment by a few groups has found that V-gene segment usage is not random and 

there appears to be some skewing in the V-gene segments that are used.43-45 Causes for this 

skewing appear to be largely genetic, and are largely attributed to the chromatin structure of the 

locus, which allows for availability of RSS for recombination.43,44 

 

Clonal Expansion 

B cells express a B-cell receptor composed of membrane bound antibody (heavy and 

light chains) along with a number of molecules that are important for signal transduction: IgŬ, 

Igɓ, and CD19, CD21, and CD81.3 The heavy and light chains have short cytoplasmic tails and 

lack domains necessary for biochemical function and signal transduction. Therefore, B cells rely 

on IgŬ and Igɓ to transduce signal.3 IgŬ and IgÇ are needed for B cell differentiation as well as 

antigen binding,3 which stimulates expansion of that specific B cell, or clone. This is called 

ñclonal expansionò. This expansion increases the total number of B cells expressing this BCR in 

the host and results in increased representation of that specific idiotype in the repertoire as a 

whole (Figure 1.4A-C). These cells can also further differentiate into memory B cells or plasma 

cells. Plasma cells are responsible for most of the antibodies in the serum whereas memory B 
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cells do not spontaneously secrete antibody but serve as antigen presentation cells and can be 

further differentiated into antibody secreting cells.46 After antigen clearance from the host, most 

of this effector cell population collapses due to the lack of signal but there is a persistence of 

higher affinity clones (memory) that may or may not have classes switched.47 Plasma cells that 

do survive the population collapse can live in the bone marrow for up to a year in mice, even 

without the help of memory B cells (Hammarlund 2017, Manz 1997).48,49 Memory B cells can 

live in the bone marrow for decades.50 

 

Somatic Hypermutation 

Once a B cell is activated, it moves to germinal centers, locations within secondary 

lymphoid tissues, where T and B cells interact to initiate a response. This is where B cells 

undergo further selection and specialization to their cognate antigen, called somatic 

hypermutation (SHM). SHM occurs when AID targets specific hot spots in the antibody region 

of the genome, though off-target mutations are also detected.51 These mutations target specific 

mutational hot spots DGYW (A/G/T, G, C/T, A/T) and its complement WRCH (A/T, A/G, C, 

A/C/T).52-55 They also occur more often in the CDRs than in other regions of the antibody 

sequence, and mutations occur at a five-fold higher frequency than background.56-58 AID targets 

the G/C pairing, deaminating the cystine to an uracil. This leads to a variety of outcomes, which 

can induce mutations. The first repair option is that, during replication, the incorrectly paired 

U/G becomes a T/A pair. The second option is that the incorrect uracil is removed and replaced 

by another random base and subsequent proper base pairing using short-patch base excision 

repair. The final option is that mismatch repair removes multiple bases around the mismatch and 

adds them back using error-prone polymerases, introducing more mutations.52,55 There appears to 

be a bias in mice to repair these mutations with simple replication as opposed to using a DNA 
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error-repair pathway, which is commonly used in humans.54 The mutations maybe silent or may 

result in a missense mutation. Depending on the location of the mutation, a missense mutation 

may affect the structure of the antibody or the CDRs, which affect binding capabilities of the 

antibody. Insertions and deletions (indels), though rare, can also happen during somatic 

hypermutation, but must be in triplicate to keep the antibody sequence in frame.59,60 These 

mutations and indels may increase affinity of the BCR to bind its antigen, or it may decrease 

affinity or cause the BCR to fold incorrectly all together. There is also evidence that V-gene 

segments tend to collect, or not collect, similar mutations across multiple hosts and that different 

V-gene segments acquire different mutations from each other, likely due to their DNA sequences 

and mutational hotspots.55 Additionally, SHM in humans occurs more frequently in the IgG4 

isotype compared to other IgGs.61 This suggests that there is some downstream, or cis, regulation 

of the process.  

 

During the host response, the subsequent rounds of SHM and the clearance of antigen 

lead to increased competition for antigen. The functional consequence of these events is that the 

B cells expressing the higher affinity BCRs are the B cells most likely to be triggered when they 

bind antigen. This engagement limits antigen binding to lower affinity BCRs. The B cells unable 

to bind antigen will suffer from ñdeath by neglectò, leaving only the higher-affinity B cells to 

continue to replicate and continue to undergo SHM (Figure 1.4D-F). At the population level 

there is an overall increase in affinity for an antigen, though there appears to be a maximum 

affinity level. Poulsen et al found that antibody affinity for patients after a single TT vaccine was 

2.9 x 10-9 (Kd) for TT antigens, which was at least five-fold higher than the average TT affinity 

from control patients immunized with other vaccines.62 This group additionally showed that 
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binding on-rates did not improve after subsequent vaccinations, but off-rates did improve, 

demonstrating that these binding responses are selected through two different mechanisms.62 

However, maximum affinity levels vary from antigen to antigen.63 

 

 

 

Overall Effects of Changes in the Repertoire 

Multiple factors affect the individualôs unique B-cell repertoire. In the case of outcrossed 

populations, the V, D, and J gene segments present in the locus will affect gene segment 

recombination availably. RSS alternations will also play a role in outbred populations for initial 

recombination availability.64 These two aspects affect the potential B cells available to respond 

to antigen. After the initial development of naive B cells, exposure to antigen continues to shape 

the repertoire. Repertoire changes can serve as a sort of ñimmunological history,ò showing what 

the host has encountered, and these encounters will leave a lasting mark on the repertoire.65 

 

 Repertoire Responses 

B1 B cells 

B1 B cells are predominantly encoded by V-gene segments from the VH11 or VH12 

families in mice, often paired with JH1.27,66,67 In humans these biases skew towards the V3 

family, VH1-2, D7-27, JH2, and JH 3 and appear to be highly restricted.29,68 They predominantly 

use the IgM isotype, but IgA and IgG3 natural antibodies are also detected.69 B1 B cells also lack 

N-region insertions during V(D)J recombination in young animals, but in elderly animals, an 

increasing number of N-nucleotides can be detected in the peritoneal B1 cells.27,67. The lower 

levels of N-nucleotides bias towards shorter CDR3s in the heavy chain.68 B1 B cells develop 

more quickly and can populate the peripheral lymphoid tissues more quickly than their B2 
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cousins, potentially providing an advantage in young animals for clearance of apoptotic cells.68 

B1 B cells can bind a number of self-antigens, as well as foreign antigens, including 

phosphatidalcholine (PtC), a protein expressed on red blood cells.27,29,68 In tracking these anti-

PtC specific cells, it was determined that B1 B cells undergo expansion in response to their 

antigen, even in germ-free animals.27,67 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.67 Therefore, B1 B cells have the same molecular mechanisms available for these 

processes but are somehow regulated to suppress them. As age increases, the repertoire also 

becomes increasingly restricted and less random.67 Additionally, as age increases, the B1 B cell 

response to antigens remains the same or increases, whereas B2 B cell antibody response 

decreases, biasing the repertoire towards a more monoclonal, and self-reactive repertoire.70 

 

Vaccination 

The overall goal of vaccination is to create an antigen-specific memory response from B 

cells, protecting the patient from the expansion of pathogenic challenges (bacteria, viruses, 

etc.).71 Thus, repertoire responses have been characterized for several antigens.72,73 Some vaccine 

challenges reveal that specific epitopes have selection biases for specific V-gene families; such 

as the VH5 family selection in an HIV immunization in Macaques or the usage of VH5-51 and 

VH3-7 in humans following an influenza vaccination. Some antigens show no bias in the V-gene 

family they induce, such as tetanus toxoid (TT) vaccinations, outlined below.62,72,74,75 

Additionally, responses to vaccinations can vary strongly from subject-to-subject; ranging from 

more monoclonal responses to more polyclonal response.74 Public clones, or those shared among 

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

response to an influenza vaccine, the IgM repertoires were more similar among subjects than the 
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IgG-expressing cells (ñantigen experiencedò), though Greiff et al. recently demonstrated that 

there is more similarity among plasma cells in those responding to antigenic challenge.19,44,76 

Dose also seems to play a role in repertoire diversity. Higher doses induce a more diverse 

repertoire and may result in a broader repertoire response.77 Other hallmarks of immune 

responses include shorter CDR3s and higher levels of mutations.40  

Aging has been shown to play a large role in vaccine responses. Those over the age of 65 

are less protected by the influenza vaccine, and with reduced responses to the pneumococcal 

vaccine.76,78,79 De Bourcy et al. discovered that in half of elderly patients, their repertoire was 

comprised of a small number of memory cell, and their repertoires were less plastic.79 The aged 

repertoire also had a smaller naïve repertoire, providing less diversity to allow for binding to a 

new antigenic challenge.78,79 Additional skewing occurs in gene segment usage with VH3 family 

members being more common in young patients, and V4 more common in the elderly.80 After 

vaccination with the pneumococcal polysaccharide vaccine, changes seen to CDR3 size and 

amino acid composition were less drastic in the elderly as opposed to young cohorts and the IgA 

and IgM responses were impaired.78 While both groups showed cellular changes in the peripheral 

blood at day seven, the younger cohort returned to their pre-vaccination normal values, and the 

elderly group did not.78 

 

Tetanus Toxoid 

The tetanus toxoid vaccine has long been used to study the immune response81-83 and 

serum antibody level responses continue to be studied.84-86 In addition to being a commonly used 

vaccine, it is considered one of the most immunogenic vaccines.62 It has also been used as a 

conjugate protein for vaccine development.87 
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The tetanus toxin is produced by Clostridum tetani and is a 150 kDa protein which is 

cleaved to form a heavy and light chain.88 The light chain is a metalloprotease and is responsible 

for the disruption of neurotransmitters.88 The toxin works by blocking the release of 

neurotransmitters from the prejunctional membranes of nerve cells causing spastic paralysis by 

preventing formations of the SNARE complex.88,89 The heavy chain is also cleaved into two 

parts, the N-terminal is used to help translocate the light chain, and the C-terminal binds to 

sensitive cells.88 For use in vaccination, the toxin is denatured with formaldehyde making it a 

toxoid.90 

 

Previous studies of TT vaccination examined both the overall levels of anti-TT Abs in the 

serum90 and the makeup and binding of those Abs.91 The half-life of anti-TT Abs is 11 years.85 

While children show high levels of anti-TT Abs in the serum,86 a decrease in anti-TT Abs in the 

serum occurs in those over 40; likely due to a decrease in vaccinations.90  

 

Studies based on the gene-segment usage of anti-TT Abs have determined that Abs 

generated after challenge are widely varied in both heavy and light chains. This is likely due to 

the large size of the TT.71,82,92-95 The ability of anti-TT Abs that do not bind to the C-terminus of 

the heavy chain to neutralize the toxin is currently unknown, though multiple anti-TT Abs have 

been shown to synergize to increase neutralization.82,96 Paulsen et al. and Lavinder et al. suggest 

that the anti-TT Ab repertoire consists of between 50-100 different original clones and that these 

clones encompass gene segments throughout the entire repertoire.62,96-98 However, nine months 

after boosting, only three anti-TT Ab clones were still detected, which shows that the repertoire 

returns to a ñnormalò state post vaccination.99 When the isotypes of the antibodies were 
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examined, the response was predominantly IgG, though IgA and IgM have also been detected.100 

Meijer et al. demonstrated that many of the heavy chains of anti-TT Abs can pair with multiple 

light chains and still retain their anti-TT specificity.91 These data suggest that the heavy chain 

dominates the antigen-binding process.  

 

Two human subjects and their responses to TT were followed through multiple 

challenges. New clones were detected after the second booster, suggesting that new anti-TT Abs 

can be added after repeat exposure as naive cells continue to be introduced in the host.62 Similar 

results have been seen in other vaccination studies and may provide a way to deal with antigenic 

shifts in the pathogen.62 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.62 They also studied the affinity of the anti-TT antibodies and determined that peak 

affinity was obtained after the first booster and peak mutations levels were achieved after a 

single vaccination.62 Mutation rates for anti-TT plasma cells and memory B cells were around 

10%, though anti-TT Abs that could bind the heavy chain C-terminus contained higher mutation 

rates.71 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 role.89  

 

In examining murine specific responses to TT, four heavy chain CDR3s were detected 

(CARGGNYAYW, CARQDRYGFALDYW, CARLGYDGVALDYW , 

CARDFQYGNYFDYW) and five kappa chain CDR3s (CQQGSSIPRLTF, CQQGNTLPWTF, 

CQQGNTFPWTF, CQQGSSIPRLTF, CQQGSIPRLTF).98 The light chains were able to pair 

with multiple heavy chains.98 Gene families in the heavy chain included V1, V2, V3, and V5 
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with D-gene families D1 and D2, combined with all four J-gene segments.98 The kappa chain 

used V-gene families V1, V4, V5, V6, V8, V9, V10, and V12 and all four J-gene segments.98 

Over 20 binding epitopes exist on the tetanus toxoid molecule, and binding to nine of these is 

known to cause neutralization and are located on the heavy chain of the toxin.82 

 

 

Adjuvants 

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

challenge.101,102 Aluminum salts were first used as adjuvants in 1926, followed by water-in-oil 

emulsions in 1937.102 They can decrease the dosage required and increase the speed of the 

immune response.102 They are also implicated in diversifying the antibody response to 

vaccination.101 There are multiple classes of adjuvants, nonimmunostimulatory, which provide 

increased display of the adjuvant to the immune system, and immunostimulatory adjuvants 

which are directly targeted to specific parts of the immune system to increase response, and 

adjuvants that do both.102 Immunostimulatory molecules often target Toll Like Receptors, which 

can bias the immune response towards specific T-cell responses, while others, such as emulsions 

increase immune cell recruitment to the area and antigen display.102 In our studies, we use CpG, 

an adjuvant that binds to 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 such as NF-əB.103 This leads to the expression of pro-inflammatory cytokines, increased 

production of antibodies, a TH1 based response, isotype switching, the development of marginal 

zone B cells, and memory B cell differentiation.102-106 CpG has also been shown to play a role in 

promoting antigen presentation by dendritic cells, which also leads to an increased antibody 

response.107 It has also been shown that immunizations with CpG demonstrate affinity 



17 

maturation in the germinal centers up to four months after immunization, further increasing 

antigen affinity past the initial vaccination.108  

 

B Cell Cancers 

While infections are one of the most common ways we think about the changes to the 

repertoire, B cell cancers are also associated with overall changes. Like proper immune 

responses, B cell cancers also have associations with specific gene-segment usages and mutation 

developments. There are a variety of malignancies that develop from antibody producing cells at 

different time points in development.109 Some of these cancers have strong associations with 

specific gene segments such as chronic lymphocytic leukemia (CLL) (VH3-21, VH1-69 and 

VL2-14), and multiple myeloma (VH3-74 and VH3-7).80,109 Myeloma also has a strong negative 

association with gene segments. For example, a very common V-gene segment in humans, V4-

34, has not been detected in cancerous cells, even though the gene segment is commonly used in 

the repertoire.110 Myelomas appear to be very heterogenous in their gene segment usage and do 

not inhibit normal plasma cells.109,111 

 

Myelomas also continue to undergo somatic hypermutation on both the heavy and light 

chain after development, suggesting that chronic activation or antigen section may continue to 

affect the malignancy.109,110,112 Many of these mutations are radical, rather than similar amino 

acid replacements in the framework region.111 Follicular lymphomas also appear to be heavily 

mutated while only half of CLL patients exhibit mutated sequences.80,113 Gastric MALT 

lymphomas are highly linked to Helicobater pylori infections.80 There is even evidence that gene 

segment usage by CLL is regionally diverse, suggesting antigen-driven selection.114 In addition 
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to antigen selection, acute lymphoblastic leukemias continue to diversify by maintaining the 

same DJ joining region but rearranging with more 5ô V-gene segments.115 

 

The most useful part of repertoire sequencing for cancer however comes from minimal 

residual disease testing (MRD). Proof of concept for MRD has been established for multiple B 

cell cancers.116-118 MRD works by using PCR to test for known B cell cancer antibody sequences 

in the patient.116 MRD negativity is correlated with a decreased risk of relapse, allowing doctors 

to make more informed decisions regarding treatment.116 Mutation detection in some cancers are 

also useful as prognostic indicators.118  

 

 Sequencing the Repertoire 

Experimental Design 

As costs of sequencing have decreased over time, the ability and interest in sequencing 

whole B cell and immunoglobulin repertoires has increased. With this comes additional 

experimental design considerations to carefully weigh advantages and disadvantages of specific 

methods and technologies.119 Starting material, such as DNA or RNA, must be chosen, as well as 

the target of the sequencing. DNA sequencing allows for a direct count of the number of CDR3s, 

whereas RNA provides a more representative sample of transcripts being made and reflects the 

ñactiveò repertoire.120 Additional considerations include the importance of the various structures 

of the antibody. Documentation of CDR3 sequence is very important for repertoire analysis, but 

information about which V-gene segment(s) or constant region(s) are being used also provide 

clues about the repertoire and the host response (Greiff 2015).121 Depth of sequencing is also an 

important factor to consider. While 454 sequencing provided long read lengths (>400 bp), more-

recent Illumina methodology has a higher read number (captures more sequences). This greater 
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sequencing depth is offset by a higher error frequency, however, which is a unique issue for 

antibody repertoires since mutations are part of the B cell differentiation process and determining 

sequencing errors vs. somatic mutations is problematic.122,123 Questions concerning the detection 

of a specific CDR3 with a known sequence may benefit from amplification-based DNA 

sequencing with cheaper Sanger methods, while characterization of an entire repertoire, such as 

the work presented here, requires the use of a high-throughput technology. When planning an 

experiment however, it is important to remember that a single sequencing is a snapshot in time 

and fails to adequately monitor the constant changes in the repertoire.124 Additionally, peripheral 

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

the total immune repertoire contained in various immunological organs and niches.39,125 

 

Amplification  

To our knowledge, all repertoire studies for B and T cells, except those outlined here, 

have been the result of an amplification process.44,123,126-129 These datasets contain both basis and 

PCR artifacts, leaving their results difficult to interpreted or compare from study to study.123 

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

sequencing.130  

 

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

members of the repertoire, or they can add suspected mutations that do not exist 123,124,131,132 and 

may not be distinguishable from low level mutations that do exist in the repertoire.132,133 PCR 

biases can be introduced because of primer binding properties, CG content, mispriming, non-

specific binding, and errors during replication.130,134-136 A specific issue in targeting antibody 

gene segments is primer-annealing efficiencies, since the gene segments that make up the murine 
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IgH locus are similar, though not identical.135 The biases inherent in the multiplex PCR can lead 

to false repertoire skewing, gene frequency inaccuracies, and a less comprehensive view of the 

repertoire.118,122,124 The development of these multiplex primer, is highly challenging,120 although 

Carlson et al. argue that amplification methodologies can capture the entire repertoire, there are 

concerns.126 

 

The issues with amplification are well known, specifically, the inability to amplify 

antibodies produced by hybridomas.137,138 ñUniversalò primers for the human antibody repertoire 

do exist, but some questions remain if they cover the entire repertoire.139 The difficulty in 

developing a ñuniversalò or even highly comprehensive primer set for the mouse is likely due to 

their highly varied leader sequences, V-gene segments, and framework regions. Primer design 

would have to rely on massively multiplexed reactions and/or degenerate primers. Additionally, 

the most commercially viable amplification methods would need to amplify across multiple 

common strains adding additional levels of complexity. Methods to overcome the biases detected 

in amplification have been developed, such as the use of 5ô RACE119,133,140 and the use of 

molecular barcodes or identifiers.141,142 However, these methods are expensive and have their 

own draw backs. Replication of the entire repertoire using 5ôRACE would still require the use of 

multiple constant region primers, leading to the same multiplexing issues. Barcoding can have 

errors and chimeric reads making repertoires difficult to reconstruct.143 

 

 Effects of Spaceflight on the Immune System 

Microbes in Space 

Microorganisms were found throughout the International Space Station (ISS) and Mir.144-

147 These organisms are predominated by members of the human mucosal microbiome, however 
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over 35 different bacteria species and 30 fungal species have been identified on the surfaces and 

in the air aboard the ISS.147 These species include opportunistic pathogens such as 

Staphylococcus aureus.147 The crew are likely the largest reservoirs on ISS, and changes to their 

microbiomes, both with reduced number of species and transfers between crew members, can be 

observed in the confinement period prior to and after launch.148-150 

 

Space flight and simulated microgravity have been shown to increase virulence in 

Salmonella typhimurium displaying both genetic changes and increased virulence with infection 

when assayed post flight.151-153 S. typhimurium also showed a reduced sensitivity to acidic pH 

when grown in a microgravity HARV model.151 However, increased virulence is not universal 

because Streptococcus pneumoniae did not show increased virulence when tested after space 

flight.154 Other bacterial species such as Staphylococcus aureus and Escherichia coli showed an 

increase in the minimum inhibitory concentrations of antibiotics on short term flights, but long-

term flights (four months) showed that E. coli, Bacillus subtillis, and Pseudomonas ariginosa 

generally became resistant to the 12 tested antibiotics, but S. aureus occasionally became more 

resistant.149,154 Additionally, many bacterial strains also grew faster in their planktonic state in 

microgravity and have increased biomass.154,155 While agar-based studies didnôt show the same 

increased final cell count, they did show an increased number of cells attached as biofilms.153,154 

Therefore, the space environment may alter bacteria and change their virulence and/or 

pathogenicity while there are concomitant changes to host defenses. Microbial infections were 

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

2005).149 During the Apollo missions, over half of the astronauts reported infections during or 
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immediately after their missions.156,157 Other changes to the immune system are evidenced in 

delayed wound healing and slowed type IV hypersensitivity reactions.158-161  

 

 

Ground Models 

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

space, and time limitations, it was useful to use ground-based simulations to dissect the effects of 

spaceflight on host physiology. While the most studied responses tend to be fluid shifts and 

stress (cortisol) which reflect the new exposure to unloading, other environmental factors such as 

barometric pressure and exposure to radiation also change in space.162 Mice housed to control 

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

infections compared to mice kept at normal atmospheric pressure.156 

 

Some immunological changes that occur during spaceflight have been consistently 

observed through multiple studies, such as neutrophilia (post flight), and decreased numbers of 

CD4 and 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 or may not be altered.163,164 

Therefore, there is clearly an environmental impact that can vary from individual-to-individual 

and from flight-to-flight. Additionally, astronauts tend to reduce their dietary intake while in 

space affecting metaoblisim.156,162,163 Due to these differences, ground models offer some ability 

to control some of the multiple variables that influence the host physiology during space flight. 

Unfortunately, since there is an impact on so many physiological systems, it is unlikely that a 

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

their models and not over-interpret their data.  
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To model some of the effects of space flight, one ground-based model that is routinely 

used is antiorthostatic suspension (AOS) (also called hind limb unloading or skeletal unloading). 

This technique was originally developed by Morey and was further refined.164,165 This technique 

unloads the hind limbs of mice or rats through various means to prevent weight bearing on the 

rear limbs while maintaining a 30-to-50% weight load on the front limbs.165 Animals are still 

able to move at will using a grid on the floor, which reduces stress levels.165 Many of the effects 

seen in spaceflight are modeled in AOS animals such as lowered bone mass in unloaded limbs, 

fluid shifts, muscle atrophy, increased levels of corticosterone, and altered cellular responses.166-

170  

 

Bed rest with a 6° head down tilt is another common physiological microgravity model 

used with human subjects and can model some of the impacts seen in space flight such as the 

decrease in lymphocyte proliferation and decreased IL-6 production. However, in other cases, 

the studies disagree.163,171 For example, cortisol levels increased in spaceflight, but decreased in 

bed rest.163 Cortisol measurements from bed rest are inconsistent, and some argue that cortisol 

levels do not play a role in muscle remodeling in spaceflight.172 Indeed, some artificially elevated 

corticosterone levels to look at the impact on host responses and they failed to see an impact.173 

 

Immune System and Host Physiology 

General issues associated with spaceflight and the immune system include immune 

dysregulation, thymus involution (caused by increased glucocorticoids), decreased lymphocyte 

development, alterations in cytokine production, and changes to leukocyte distribution.174-176 

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

to colony stimulating factors.156,177  

 

Post-fli 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 

animals.165,178-183 Mice in 2G hypergravity also showed a decreased response to ConA.184 AOS 

rats also had a decreased production of superoxide and showed decreased levels of killing 

phagocytosed bacteria in macrophages.156,185 Flight also suppressed the differentiation of these 

cells.161  

 

Humans, AOS rats, and AOS mice showed decreased production of multiple cytokines 

including IFN-Ŭ, IFN-ɓ, CSF-1, IL-1, IL-2, TNF-Ŭ, M-CSF, IFN-ɔ and IL-6.156,157,171,174,175,180,186 

A human Antarctica model, another ground based model for high-stress environments, showed 

an increase in pro-inflammatory cytokines such as IFN-ɔ and IL-12 and a reaction in anti-

inflammatory cytokines such as IL-10 and IL-1ra.156 Elevation in astronauts was seen in in IL-8, 

CCL2, CCLA, and CXCL5 during flights.171 Administration of IL-2 or M-CSF to compensate 

for their reduced secretion appears to reverse some of the immune effects of AOS.180,186 

 

B Cell Responses 

Prolonged exposure to space flight and microgravity increases bone resorption and 

decreases bone formation.177,187 AOS caused both bone remodeling and an immediate decrease in 

B cell development.177 B and T cells develop in specific niches in the bone marrow, and changes 

to bone structure are common after prolonged exposure to microgravity.177 The B cell progenitor 

population (CLP and beyond) remained low throughout the 21 days of suspension.177 However, 
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Armstrong et al. did not see a change in B cell hematopoiesis.186 Gainger et al. reported that 

while normalized spleen mass stayed the same for AOS mice, the total number of cells was 

reduced by 25% and saw decreases in CD19+ B cells with an increase in CD3+ T cells, altering 

the B to T cell ratio.176 Gridley et al. also detected decreases in T cells, but the decreases were 

even between CD4+ and CD8+ cells, not altering the ratios.175 Ortega et al. detected a change in 

the number of differentiated cells in the bone marrow, with a shift towards more differentiation, 

rather than less mature cells.188 AOS mice and space flight rats have lymphoid organ dependent 

inhibition in proliferation of lymphocytes, suggesting that lymphocyte depression is not a whole-

body suppression, but rather tissue specific.161,165,189 There is also some environmental impact on 

bone changes that are dependent on housing.190 Rats housed individually lost more bone mass 

than group-housed rats.190  

 

Many of the changes exhibited by AOS animals are like those seen in aging.177 However, 

in AOS rats, though involution of the thymus was detected, no change in total antibody 

production was detected.156,191 However, mice infected with P. aeruginosa showed a delayed 

protective antibody response.171 AOS mice also showed a decreased resistance to infection with 

Encephalomyocarditis virus D and increased infections by Klebsiella pneumoniae and Pasturella 

pneumotropica.161,192,193 

 

There is some indication that space flight affects the immunoglobulin gene rearrangement 

process. The expression of the transcription factor Ikaros, responsible for expression of the heavy 

chain, changed when Pleurodeles waltl embryos, a type of newt, were subjected to 

microgravity.177 Spaceflight also increased their levels of IgY (like IgA in mammals), and 
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changes were detected in V-gene segment usage.177,191 Total antibody levels in astronauts 

remains unchanged after flight, but shifts in isotypes were seen.177,194 Isotype shifts away from 

the class switched IgG1, IgG2a, and IgG2b were seen in mice exposed to constant low dose 

radiation.191 

 

 Study Objectives 

The goal of these studies is to characterize the antibody response to vaccination in 

animals exposed to microgravity. Specifically, we use bioinformatic analysis of RNA sequencing 

to determine the effects of space flight and immunization on the B-cell repertoire. To perform 

this work, we first developed and validated a workflow that would allow us to collect RNA from 

whole spleen and process it for our specific application. Due to the limitations of the 

International Space Station, we would not able to process single cell suspensions, as most 

repertoire studies do. Samples would come back as whole frozen tissues preserved in RNALater. 

We confirmed that whole tissue sequencing did not result in significant differences from the cell 

sequencing.45 We also validated our data processing workflow by comparing our data to that of 

ground-based research and found similar results.45 As part of the validation process, we were 

able to characterize the repertoire of the normal mouse. These data help provide a more uniform 

background to determine the changes from ñnormalò for our continuing studies195 on mice flow 

to the ISS58 and mice subjected to AOS (this thesis). This work demonstrated the uniformity of 

the normal B cell/immunoglobulin repertoire and complements work done by others.14,44,56 

Additionally, to further supplement our data collection, we examined the impact of amplification 

on repertoire analysis. We found that using massively multiplexed PCR yielded deeper 

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

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

the B-cell adjuvant CpG. 
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 Figures 

Figure 1.1. Antibody Structure 

 

 

Antibodies are composed of two identical heavy chains and two identical light chains. Each 

chain contains a constant region and a variable region. A hypervariable region contains 

complementarity determining regions (CDRs) and is responsible for antigen binding. 
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Figure 1.2. VDJ Recombination 

 

VDJ recombination occurs in the germline, first by initiating recombination of a semi-random D- 

and J-gene segment. The intervening DNA is splice out. Recombination then proceeds with a 

semi-random V-gene segment joining to the DJ rearrangement. N and P nucleotides are added 

between each gene segment recombination (light blue bars) which add additional variability. A 

constant region is then selected (IgM or IgD for initial recombination). 
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Figure 1.3. Class Switching 

 

(A) Initial rearrangement results in an IgM or IgD isotype antibody, which is regulated by 

alternative splicing. (B) Class switching occurs by selecting a new constant region in response to 

cytokine messages and results in selection of a new isotype. The intervening DNA is removed 

from the germline. (C) An antibody can continue to class switch to a remaining constant region if 

proper signals are received. 
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Figure 1.4. Repertoire Shifts 

 

(A) The naïve antibody repertoire contains a variety of different BCRs created from different 

heavy and light chain rearrangements. (B) Antigen (red triangle) presents and binds to one 

specific BCR triggering amplification of that B cell, which may undergo mutations due to SHM 

(C). Binding of that antigen to the newly mutated BCRS (D) will lead to apoptosis in the mutated 

BCRs that fail to bind with high affinity (orange cell) and (E) amplification in those that bind 

with higher affinity (red cell). This cell will also undergo mutation (F) and higher affinity BCRs 

will continue to multiply leading to changes in the repertoire. 
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Chapter 2 - Validation of methods to assess the immunoglobulin 

gene repertoire in tissues obtained from mice on the International 

Space Station 

 Abstract 

Spaceflight is known to affect immune cell populations. In particular, splenic B cell 

numbers decrease during spaceflight and in ground-based physiological models. Although 

antibody isotype changes have been assessed during and after space flight, an extensive 

characterization of the impact of spaceflight on antibody composition has not been conducted in 

mice. Next Generation Sequencing and bioinformatic tools are now available to assess antibody 

repertoires. We can now identify immunoglobulin gene- segment usage, junctional regions, and 

modifications that contribute to specificity and diversity. Due to limitations on the International 

Space Station, alternate sample collection and storage methods must be employed. Our group 

compared Illumina MiSeq sequencing data from multiple sample preparation methods in normal 

C57Bl/6J mice to validate that sample preparation and storage would not bias the outcome of 

antibody repertoire characterization. In this report, we also compared sequencing techniques and 

a bioinformatic workflow on the data output when we assessed the IgH and Igə variable gene 

usage. Our bioinformatic workflow has been optimized for Illumina HiSeq and MiSeq datasets, 

and is specifically designed to reduce bias, capture the most information from Ig sequences, and 

produce a data set that provides other data mining options.  

 

 

Citation: Rettig, T. A.* , Ward, C.* , Pecaut, M. J. & Chapes, S. K. Validation of Methods to 

Assess the Immunoglobulin Gene Repertoire in Tissues Obtained from Mice on the International 

Space Station. Gravitational and space research: publication of the American Society for 

Gravitational and Space Research 5, 2-23 (2017). *Co-First Authors 
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 Introduction 

For B cell development and specificity, there are a large number of heavy chain (IgH) 

and kappa light chain (Igə) gene segments that are used to produce the immunoglobulin (Ig) 

receptor population repertoire.196 This antibody repertoire is quite large and the possible 

specificities can theoretically exceed the number of actual antibody molecules in the host.133 In 

antibodies, the antigen binding region is formed by six complementarity determining regions 

(CDRs) that loop out from the V region backbone formed by two beta-pleated sheets.197,198 The 

germline V gene segment repertoire is necessary for host responses to pathogens and CDR1 and 

CDR2 are completely encoded for by variable (V region) gene segments.199 Therefore, knowing 

which V gene segments are utilized is fundamental to understanding B-cell specificity and the 

development of effective immune responses. The CDR3 of both the heavy and light chains are 

highly variable due to their unique generation. During the creation of each Ig sequence, partially 

random splicing between V, D (heavy chain), and J gene segments occurs and random base 

insertions occur, called ñn-nucleotideò additions. One hypothesis is that V gene segments have 

been maintained in the genome because of their importance in binding specific pathogens and 

provide essential host defense functions. However, CDR3 may be important because it is highly 

variable. Its role as a highly diverse and variable region is what provides the essential key to 

determining antigen specificity.200 

 

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

response. In multiple species spaceflight affects the total body, thymus and spleen mass,189,201-211 

circulating corticosterone,209,210,212-219 mitogen-induced proliferation, cytokine production and 

reactivity,179,189,192,210,213,215,220-232 and lymphocyte subpopulation distribution.211,226,232-236 Clearly 
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there are broad physiological impacts that affect many systems. The broader implications of this 

have been seen in space and ground-based models as detailed by Sonnenfeld and Crucian.237,238 

 

B cells are among the immune components that are affected by spaceflight. The number 

of B cells in the spleen was reduced in mice flown on the space shuttle flight, STS-118.175 The 

percentage of B cells in the bone marrow and spleen was also reduced in mice subjected to 

hindlimb unloading.176,177 When rats were injected with sheep red blood cells 8 days prior to an 

18.5-day COSMOS flight there were lower IgG concentrations compared to both immunized and 

non-immunized ground controls after landing.213 IgM production was virtually eliminated in 

lymphocytes stimulated in vitro with pokeweed mitogen (PWM) on the International Space 

Station (ISS).239 In this study, cells were activated on Earth, frozen down, and then put back into 

suspension in space where IgM secretion was significantly lower than similarly treated ground-

based controls.239 In a study of long-term ISS crewmember in-flight and post flight plasma 

samples, no significant changes to adaptive immunity or cytokine profiles were detected.171 

However, an assessment of peripheral blood revealed changes in the distribution of B cells and a 

reduction in T cell function following mitogen stimulation.238  

 

Our group is interested in the impact of spaceflight on B cell immunoglobulin gene 

usage. Next Generation Sequencing (NGS) now allows us to analyze the repertoire of Ig gene 

segments that are used in the assembly of immunoglobulins that are transcribed by B cells and 

that are present in the host. NGS allows the determination of V, D and J gene usage, CDR3 

assembly and the assessment of mutations that occur in response to immune challenge. In space, 

there exist certain limitations associated with tissue collection and storage methods traditionally 
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used on the ground. In preparation for sending mice to the ISS, our group needed to validate our 

procedures and our ability to obtain high-quality RNA that could be used for NGS for the 

assessment of Ig gene usage. Our group also sought to validate the usage of RNA extracted from 

whole tissue collected and stored with these limitations in mind. It was also necessary to develop 

a workflow that would facilitate the analysis of large amounts of data that would be generated 

during this project. In this manuscript, we describe the development of our workflow and 

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

 

 Materials and Methods 

Sample Preparation and RNA Extraction 

Spleens were removed from four 11-week-old, specific pathogen-free, female C57BL/6J 

mice housed in the Division of Biology vivarium at Kansas State University. One-half of each 

spleen was homogenized with a 70 µM sieve to generate a single-cell suspension designated, 

ñcellsò. Spleen cells were pelleted at 350 x g and were resuspended in 5 mL of ice-cold ACK 

lysing buffer (155mM NH4Cl, 10mM KHC03, 0.1mM EDTA) to lyse red blood cells. After five 

minutes, 10 mL of ice-cold isotonic medium was added to the suspension and cells were again 

pelleted at 350 x g and the supernatant was removed. The pellet was resuspended in Trizol LS 

(Ambion, Carlsbad, CA, USA) for RNA extraction. The remaining spleen half was immediately 

placed into Trizol LS for RNA extraction, and designated ñtissueò. RNA extraction was 

performed according to the manufacturerôs instructions. RNAsin (40 units) was added to each 

RNA aliquot and stored in -80°C. RNA quality was assessed on a 2100 Bioanalyzer (Agilent 

Technologies, Santa Clara, CA, USA). 
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MiSeq Sequencing 

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

library construction using the TruSeq RNA Sample Preparation kit v2 (Illumina, San Diego, CA) 

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

RNA fragments. The obtained RNA-seq libraries were analyzed with the 2100 Bioanalyzer. The 

tissue sample described previously was then subjected to size selection and designated ñsize 

selectedò. Selection of sequences 375-900 nucleotides (nt) in length (275-800 nt sequences plus 

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

system (Sage Science, Beverly, MA, USA). All libraries were then quantified with qPCR 

according to Illumina recommendations. The sequencing was performed at the Kansas State 

University Integrated Genomics Facility on the MiSeq personal sequencing system (Illumina) 

using the 600 cycles MiSeq reagent v3 kit (Illumina) according to Illumina instructions, resulting 

in 2 x 300 nt reads. 

  

MiSeq Reference Mapping 

The bioinformatics workflow used in our study is outlined in Figure 2.1. FASTQ 

sequencing files were imported into CLC Genomics Workbench v9.5.1 (CLC bio, Aaarhus, 

Denmark) (https://www.qiagenbioinformatics.com/). Data were cleaned in the CLC program to 

remove low quality and short sequences. Due to Illumina sequencing artifacts, the first 12 nt 

were removed from each sequence. Sequences were quality cleaned by retaining the longest 

region of the sequences with at least 97% of the sequence with Phred scores over 20. Sequences 

with fewer than 40 nt were removed. Reads remained with paired-end sequences, designated 

ñpairedò, and, in cases of overlapping sequence pairs, reads were merged, designated as 

ñmergedò (Figure 2.1A, light blue line). Sequences were merged using a match score of +1, 
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mismatch cost of -2, a gap cost of -3, and a minimum score of 10. Cleaned paired (Figure 2.1A, 

purple lines) and merged (Figure 2.1A, red lines) sequences were mapped to specific C57BL/6 V 

gene sequences obtained from NCBI for the immunoglobulin heavy (IgH) and light (Igə) chains. 

The paired and merged sequences were mapped using a match score of +1 and a mismatch score 

of -2. Additional putative antibody sequences were obtained by mapping sequences to the IgH 

and Igə loci and the whole genome using the same scores. Mapped MiSeq sequences were 

combined and submitted to ImMunoGeneTicsôs (IMGT) High-V Quest (Figure 2.1A, green 

lines) (Alamyar et al., 2012). Functionally productive heavy chain sequences were imported into 

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

constant region that are provided in Table 2.1 (dashed line). Motifs were reassociated with their 

original sequences in Microsoft Excel for complete antibody (V[D]JC) identification. While two 

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

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

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

 

To collect a higher number of putative Ig sequences, our data handling workflow used 

multiple mapping processes which could result in the same sequence being submitted to IMGT 

multiple times. Failure to remove these duplicated sequences would lead to incorrect frequency 

assessments. Figure 2.2 outlines the procedure for duplicate sequencing read removal. Sequences 

were identified by their original MiSeq identification numbers for sorting. To retain the sequence 

with the most information and most accurate mapping, sequences were assessed based on 

functionality, constant region identification, V region score, and strand. Only one sequence per 

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

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

 

HiSeq Reference Mapping 

The MiSeq workflow described above was modified to analyze mouse liver 

transcriptomic data from the Rodent Research 1 (RR1) NASA validation flight provided by the 

NASA GeneLab program (https://genelab-data.ndc.nasa.gov/genelab/, Accession Numbers: 

GLDS-47, GLDS-48). These data include sequences from the livers of ground control and flight 

mice from two separate cohorts, CASIS (GLDS-47) and NASA (GLDS-48), that were generated 

using Illumina HiSeq (1 x 50 nt reads). Raw sequencing reads were imported into CLC and 

quality cleaned as described with the exception of short read removal as quality cleaned reads 

were below the threshold utilized in the original workflow (Figure 2.1B). Reads were then 

mapped to the Və references identified above. Total Və mapping counts were collected and 

analyzed in Excel. 

 

MiSeq and HiSeq Genome Mapping 

FASTQ files were imported into CLC and quality cleaned as described previously 

(Figure 2.1C). MiSeq reads were merged as described previously (Figure 2.1C, blue arrow). 

Paired and merged MiSeq and unpaired HiSeq reads (Figure 2.1C, purple arrow) were mapped 

using the RNA-Seq tool in CLC to the current mouse reference genome (GRCm38). A match 

score of +1, a mismatch score of -2, and insertion and deletion scores of -3 were used to map 

reads to the genome. Due to the short read lengths of the HiSeq data, V-gene segment usage was 

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

described above (Figure 2.1C, dashed box). 

 

NASA RNA Preparation and Sequencing 

Tissues from two sets of mice were analyzed. The first set of spleens and livers were 

removed from five 35-week-old female C57BL/6Tac mice aboard the ISS 21-22 days after 

launch (CASIS Flight, SpaceX-4). Five 35-week old female mice housed in the ISS 

Environmental Simulator were processed similarly with a four-day delay (CASIS Ground 

Controls).240 Spleens and livers were placed in RNAlater (LifeTechnologies, Carlsbad, CA) for 

at least 24 hours at 4ęC and then stored at -80°C while aboard the ISS, during transport, and upon 

return to Earth. The second set of tissues were isolated from seven 21-week-old female 

C57BL/6J mice that were euthanized aboard the ISS 37 days post-launch (NASA Flight, 

SpaceX-4). Carcasses were immediately frozen (-80°C) and after arriving on Earth, were 

dissected. Livers were preserved in RNAlater for at least 24 hours at 4ęC and then frozen at -

80ęC. RNA was extracted from the tissues using Trizol (LifeTechnologies, Carlsbad, CA) 

according to the manufacturerôs instructions. The resultant RNA was processed through an 

RNeasy mini column (QIAGEN, Hilden, Germany) as per manufacturerôs instructions. RNA 

quality was assessed on a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) and stored 

at -80°C. RNA isolated from liver tissue was sequenced on Illumina HiSeq with single reads of 

50nt (1x 50nt). Additionally, Illumina 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 gene-segment use frequency have used single-cell suspensions or 

sorted cells to isolate specific cell population.14,199,241-243 The advantage of these preparations is 

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

 

Our goal was to assess Ig gene segment usage in mice housed on the ISS. Due to 

limitations of animal and tissue handling on the ISS, only whole tissues would be available for 

analysis. To determine if we could obtain a sufficient number of Ig sequences from alternative 

sample preparations, we examined the total Ig sequence results from three different RNA 

preparation and sequencing treatment groups. The first two treatment groups comprised of RNA 

prepared from cells or whole tissue. A third treatment group was the same RNA from the tissue, 

which was subsequently size selected at 275-800 nt and sequenced independently. We selected 

this range of lengths because the IgH VDJ recombination sequences generally require 350-450 nt 

to gather information on V/D/J/C usage. Size selection also allows us to eliminate the inherent 

Illumina bias for short reads, while maintaining total transcriptome integrity for later data mining 

purposes.  

 

Total sequence numbers generated were similar among the treatment groups with the 

cells treatment group resulting in 23.9 million reads, tissue treatment group with 25.9 million, 

and size selected treatment group with 21.5 million reads, as shown in Table 2.2. After cleaning, 

18.7 million reads remained in the cells treatment group, 20.3 million in the tissue treatment 

group, and 12 million in the size selected group (Table 2.2). Mapping was performed as 

described in the materials and methods for both the IgH and Igə loci and VH- and Və-gene 
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segments. Locus mapping returned higher levels of probable Ig sequences than V-gene segment 

specific mapping. V-gene segment mapping of sequences to both locus and gene segment 

references from quality cleaned reads was the lowest in the cells treatment group (1.56% IgH and 

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

 

After submission to IMGT and cleaning, antibody sequences were identified as 

potentially functional or of unknown functionality by IMGT. Unknown functionality sequences 

were comprised of partial sequences lacking CDR3 information to determine functionality. The 

total number of antibody sequences obtained for the IgH and Igə was lowest in the cells 

treatment group and highest in the size-selected treatment group, (Table 2.2) mirroring the V-

gene segment mapping results. Both productive and unknown IgH and Igə antibody sequence 

counts were also lowest in the cells treatment group and highest in the size-selected treatment 

group. More unknown than productive sequences being identified in both IgH and Igə. The size-

selected treatment group produced both the highest number of productive antibody sequences 

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

  

Comparison of Immunoglobulin Gene Segment Usage Among Treatment Groups 

We compared IgH and Igə gene segment frequency using multiple metrics across all 

three treatment groups; the first of which is V gene segment usage. To assess the frequency of 

each VH- and Və- gene segment in normal mouse spleen, the total frequency of each V-gene 

segment was tabulated in Figure 2.3 and Figure 2.4 as a percentage of the total repertoire for our 

cells, tissue, and size selected treatment groups. VH-gene segment usage was similar among all 

three treatment groups (Figure 2.3A). V-gene segment V1-80 was detected most frequently, 

followed by V1-18, and V1-26 gene segments. The gene segment V1-80 was ranked either first 
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or third as a percentage of the total repertoire in all three treatment groups (Figure 2.3B). The 

gene segment V1-18 ranged between the first and third most frequently used gene segment. V1-

26 was the second to fifth most frequently used VH-gene segment. While gene frequency 

detection rankings among cells, tissue and size selected treatment groups were not identical, 

there was high similarity in overall VH-gene segment detection and in repertoire usage. 

Correlations between treatment groups produced an R2 of at least 0.7562 (p<0.0001, data not 

shown) between the cells and size selected treatment groups. The R2 between cells and tissue 

treatment group was higher (R2=0.8149, p<0.0001, data not shown). Tissue and size selected 

treatment groups had the highest correlation (R2= 0.9645, p<0.0001 data not shown).  

 

Kappa chain V-gene segment usage was also compared among the different treatment 

groups. Figure 2.4 shows the percent of repertoire for the top ten most abundant Və gene-

segments of each treatment group. There was significant overlap in the top Və of each treatment 

group when assessed as either percent of repertoire detected (Figure 2.4A) or when ranked from 

highest to lowest frequency (Figure 2.4B). Greater similarities in Və existed between tissue and 

tissue size selected treatments. Correlations between Və in treatment groups produced an R2 of at 

least 0.8335 (p<0.0001, data not shown), with tissue and size selected treatment groups having 

the highest correlation (R2=0.9894, p<0.0001, data not shown). 

 

The frequency of D- and JH-gene segment use in normal mice was also assessed. Figure 

2.5 shows that the cells, tissue and size selected D- and JH-gene-segment usage frequency was 

similar. D1-1 was the most frequently discovered D-gene segment in all three treatment groups, 

comprising almost 30% of the repertoire (Figure 2.5A). Due to the short length of the D gene, it 
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was often difficult to properly determine which D gene was used in an antibody. When a D gene 

was identified, but was attributed to a non-strain-specific D gene, they were labeled 

ñundeterminedò. These D-gene segments were also very common, occurring between 26%-28% 

of the time, in all three treatment groups. Gene segments D2-4, D4-1, D2-3, D2-5 and ñnoò D-

gene (labeled NONE) were the next most frequent assignments, ranging from about six percent 

to eight percent of D-gene frequency. 

 

We found that JH-gene segment usage was the same for the cells, tissue and size selected 

treatment groups (Figure 2.5B). JH2 was the most frequently used J-gene segment followed by 

JH1, JH4, and JH3, respectively. Gene segment usage in kappa chains was also similar in all 

three treatment groups, with Jə1 as the most frequently used, followed by Jə5, Jə2 and Jə4 

respectively (Figure 2.5C). When less than six nucleotides from the J gene segment were 

identified, they were marked as <6 nt.  

 

Five heavy chains, IgA, IgD, IgE, IgG (all subfamilies), and IgM are part of the normal 

mouse Ig repertoire. Almost 80% of the repertoire used the IgM constant region (Figure 2.5D). 

IgD, IgA, and IgG were detected at frequencies between three percent and twelve percent of the 

total repertoire and were evenly distributed among cells, tissue and size selected treatment 

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

  

CDR3 AA Sequence Determination 

CDR3 is highly variable and it may be critical in determining antigen specificity.200 

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

most common CDR3s from each treatment group for the heavy chain were compiled and shown 
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in Figure 2.6A, resulting in a total of ten unique CDR3s among treatment groups. The tissue and 

size selected treatment groups contained all of the most common CDR3s, however, the cells 

treatment group lacked the CARGIYYGSYFDYW sequence, which ranked as the second most 

common in the tissue data set (Figure 2.6B). We detected one hundred sixty-four CDR3 AA 

sequences in all three data sets at least once (Figure 2.6C). The tissue and size selected treatment 

data sets shared 607 CDR3 sequences. Thirty-eight and 82 CDR3 AA sequences were shared 

between cells and tissue and cells and size selected treatment groups, respectively. Each 

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

 

We found overlap among the top five kappa chain CDR3 of each treatment group (Figure 

2.6D). All top CDR3 sequence were found among in all three datasets and CDR3 sequences 

appeared in at least the top 78 CDR3 sequences of the other treatment groups out of 2814 unique 

CDR3 that were identified (Figure 2.6E). Figure 2.6F shows the diversity of kappa chain CDR3 

sequences. The total number of CDR3 amino acid sequences that were unique to each treatment 

groups was 441, 811, and 848 in cells, tissue, and tissue size selected treatment groups, 

respectively. Three-hundred and eighty-one unique kappa chain CDR3 sequences are shared 

among all three treatment groups. 

  

Application of MiSeq Workflow to RR1 HiSeq Data 

The MiSeq workflow was adapted to process the liver Illumina HiSeq data from the RR1 

validation flight. Due to short read length (38 nt), only V-gene segment usage was assessed. Due 

to low IgH read numbers, only Və information is presented. The Və percent of repertoire from 

each HiSeq RR1 mouse cohort (CASIS Ground, CASIS Flight, NASA Ground, and NASA 

Flight) was compared to the Və percent abundance of the cell, tissue, and size selected HiSeq 
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datasets. Table 2.3 shows poor correlation between reference mapped RR1 HiSeq cohorts and 

the MiSeq datasets described in the previous section. As all mice represented in this comparison 

are C57BL/6 mice, though ages and experimental conditions varied, we were concerned that the 

lack of concurrence in Və gene-segment usage of the RR1 mice and those used in the workflow 

discussed above may reflect the bioinformatic treatment of the data. To test this hypothesis, we 

modified the workflow to map sequencing reads to the entire Mus musculus genome rather than 

mapping reads to Və reference sequences, as genome mapping is commonly employed in 

transcriptomics analysis. This bioinformatic treatment yielded a higher correlation with the 

MiSeq datasets. Table 2.3 shows that the distribution of Və percent abundance was dependent on 

the mapping technique used for the HiSeq datasets. 

 

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

Because the data obtained from the HiSeq data set using reference mapping techniques 

were less correlative to Və gene use to our previously obtained MiSeq data for normal mice we 

were concerned that our initial bioinformatics techniques for MiSeq data may not be appropriate. 

To validate the accuracy of our bioinformatic treatments of the sequencing data that were 

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

from CASIS ground control animals. The reference mapping approach, used previously, mapped 

sequences to both the IgH V-gene segments (251 segments) and the entire IgH locus (2.8Mb) 

obtained from NCBI (NC_000078.6, 113258768 to 116009954) or Igə V-gene segments (164 

segments) and the entire Igə locus (3.2Mb) obtained from NCBI (NC_000072.6, 67555636 to 

70726754). Therefore, we used the whole genome mapping outlined above to compare to our 

reference mapping. Results were obtained by using the RNA-Seq analysis tool in CLC to map 

reads to the entire genome with the IgH and Igə loci selected for submission to IMGT. The 
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IMGT output was processed similarly for both (genome vs. reference) mapping strategies. The 

median frequency of all VH- and Və-gene segments was compared if it was detected in at least 

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

options. V-gene segments not detected in a treatment group were assigned a ñzeroò frequency. 

Assessment of the median frequencies of the two methods by linear regression in Figure 2.7 

revealed that the frequency data for VH-gene segment usage was very similar regardless of the 

mapping technique (R2 = 0.9973, p = <0.0001) (Figure 2.7A). There was also a strong 

correlation of Və usage between the two methods (R2=0.9991, p<0.0001) (Figure 2.7B). 

Comparisons of D-gene segment, J-gene segment, constant region frequency and CDR3 lengths 

were also highly correlated using both techniques (data not shown). Therefore, we are confident 

that our reference mapping bioinformatics strategy is providing an accurate picture of V-gene 

usage.  

 

 Discussion 

Spaceflight presents unique difficulties in the collection, preparation and preservation of 

cells and tissues. Normal preparation methods such as the creation of single-cell suspensions are 

difficult and normal tissue preservations methods such as the use of liquid nitrogen for flash-

freezing are unavailable, leading to the preservation of tissue in RNAlater followed by long term 

storage at -80ęC. In an effort to determine the acceptability of whole tissue preparations 

compared to more traditional single cell suspensions, we examined the differences in Ig 

sequences obtained from both treatment groups. We were concerned that tissue isolation 

methods may introduce artifacts into the data since many studies specifically focus on single cell 

suspensions; often sorted, to isolate B cells specifically.67,242-244 While animals utilized in this 

study were not specifically challenged, the presence of plasma cells and plasmacytes, which 
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produce several orders of magnitude more immunoglobulin transcripts, cannot be excluded and 

represents a weakness of our workflow for the analysis of naïve repertoires. Similarly, 

underrepresentation of subpopulations with limited stability may lead to other biases.25,26 

 

Our data indicate that comparable results were obtained from both the tissue and the cells 

treatment groups as there were strong correlations in V-gene usage. Due to the combinatorial 

nature of CDR3, the level of shared sequence identity was encouraging among the three 

treatment groups. It should be noted, however, that even within the top H-CDR3, a higher degree 

of similarity was found in the tissue and size selected treatment groups than was found in the 

cells treatment group. While the high level of similarity between the tissue and size selected 

cohort is to be expected given that the size selected treatment was a subset of the tissue RNA, the 

deviation in the cells treatment group could possibly result from an unbalanced sampling of B 

cell subsets depending on the portion of the spleen that was utilized during sample preparation, 

which would be exacerbated by clonal expansion. For instance, marginal zone B cells have been 

shown to have a preference for short H-CDR3 amino acid motifs that lack n-nucleotide additions 

as compared to follicular B cells.245,246  

 

In an effort to reduce Illumina bias towards short reads seen in the cells and tissue 

treatment groups, ten months later, we sequenced the same tissue total RNA using size selection. 

The extended storage time after initial sequencing and additional freeze/thaw cycles are likely 

the cause of reduced numbers of post-cleaning reads due to RNA degradation. Nevertheless, the 

size-selected data set still provided the highest number of productive and unknown antibodies. 

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

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

 

The antibody repertoires from numerous species have been analyzed using a variety of 

amplification, sequencing, and analysis techniques.134,244 We chose to assess Ig gene usage 

without using amplification. Although many studies use amplification in order to obtain a higher 

number of reads, this may lead to bias into the repertoire.133,134 Bias may be introduced due to 

primers or to errors created during the PCR reaction.134,199 The large number of primers needed 

to amplify all the V genes in mice also presents some obstacles. Some have used 5ô RACE with 

primers based on the constant region.134,137 However, in order to amplify the entire repertoire, 

multiple 5ô RACE primers are required, which still increases the chances for primer bias and 

increases costs significantly. Our goal was to examine the breadth of the antibody repertoire by 

gathering information about V, D, J, constant region usage and CDR3 composition. The detected 

V-gene and CDR3 sequences appear to parallel the repertoires reported using more focused 

amplification methods. Therefore, we have a methodology for future studies that will examine 

the immune response to vaccination.  

 

During the course of our studies, we had the opportunity to work with both HiSeq and 

MiSeq data. While Illumina sequencing (HiSeq and MiSeq) produces a higher volume of 

sequence reads, they are shorter and more prone to errors than sequencing with 454 or Sanger 

methods.134 However, Illumina sequencing has improved over time and is arguably now the NGS 

of choice. Our sequencing with Illumina MiSeq allowed us to obtain reads of up to 560 nt when 

forward and reverse sequencing ends were paired. This provides enough sequencing length to 
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capture information from the V-gene segment to the constant region of both the heavy and light 

chains. We also found that as the sequences became longer, there was a drop off in sequencing 

quality, which has been previously reported.247 

 

Our workflow for Ig sequence isolation selected for sequences with the most information. 

This required the merging of overlapping read pairs to provide sequences long enough to identify 

the V, D, J, and constant regions. In order to collect the highest number of possible Ig sequences, 

we used multiple mapping techniques to both the V-gene segment and the locus in an effort to 

collect every possible Ig sequence. Preliminary workflow attempts found that each mapping 

technique isolated some unique sequences and that locus mapping resulted in a high number of 

ñfalse positiveò sequences. Subsequent sequence removal in Excel selected for antibodies 

containing the most data retaining productive antibodies with constant regions and high V-gene 

scores, a measure of the length and accuracy of match to the germline V gene segment. By 

utilizing multiple mapping methods and subsequent selection for the sequence with the most 

information, we are able to obtain a relatively large number of antibody sequences without 

introducing primer bias or PCR-induced sequencing errors.  

 

To the best of our knowledge, this is the first data set of tissue based, non-amplified 

MiSeq analysis of the antibody repertoire. While our results are not a direct technique match to 

other published data sets, our normal mouse V-gene usage is consistent with the findings from 

other laboratories. For example, Collins used 5ô RACE from the constant region followed by 

sequencing using 454 on a splenic cell suspension.14 Of the top ten VH-gene segments identified 

by Collins, we identified five of the same VH genes within our top ten most frequently detected. 
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All except the V1-59 gene segment were among the highest contributors to our repertoire.14 In 

addition, JH-gene segment frequencies were also relatively uniform with the J2 gene segment as 

the most frequently used.14 Yang performed sequencing on cell sorted B cells isolated from the 

spleen followed by amplification with primers specific for many, but not all, of the V heavy 

chains of mice and constant region primers to amplify V, D, J and part of the constant region.67 

Their PCR products were then sequenced on the Illumina platform and aligned to known VH-

gene segments.67 They identified V1-26 as their most common V-gene segment, which ranked 

between the second and fifth most common V gene in our data sets. V-gene segments V1-82, 

V1-64, and V1-55 were also identified as common V-gene segments in their analysis, all of 

which were frequently detected in our data.67 Kaplinski also examined sorted spleen cells, 

amplified with PCR and sequenced on MiSeq with 2 x 150 nt reads.242 Sequencing results were 

analyzed through idAB for identification.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 unknown functionality sequences.242 Of the most common VH-gene 

segments provided, four, V1-80, V1-26, V1-53, and V1-82 were identified in our top ten 

grouping.242 Our data sets also isolated D1-1 as the most common D-gene segment. Kramer et al. 

examined sorted splenic follicular B cells, using IgM restricted PCR and sequenced using the 

Sanger method.243 As we discovered, Kramer et al.ôs most common VH family was V1, followed 

by V2 and V5 at relatively equal levels (Kramer et al., 2016). In contrast, we found that the V6 

gene-segment family was detected at a higher level than found in the Kramer analysis.243 The J4 

gene segment was also used more than detected in our data set.243 We both identified D1 and D2 

as the most common D gene-segment families.  
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We also compared our data to Igə gene family usage. Aoki-Ota assessed skewed Və gene 

segment usage and V-J gene segment usage in unimmunized C57BL/6 mice using primer 

amplified total RNA of B cells from spleen, bone marrow and lymph node using 454 

pyrosequencing.241 Their sequencing data was analyzed using the NCBI basic local alignment 

tool with reference sequences for Və and Jə obtained from the IMGT data base. The top seven V 

gene segments identified in their study were also found to be among the most abundant Və gene 

segments in all of our treatment groups. Additionally, V-J pairing of their top gene segments 

paralleled our data. Lu examined the effects of primer bias and mouse to mouse variation in Və- 

and Jə-gene segments and CDR3 regions using primer amplified total RNA isolates of Balb/c 

splenic B cells on the 454 pyrosequencing platform.199 As with our study, sequencing reads were 

submitted to the IMGT HighV-quest tool, however, only functionally productive 

immunoglobulins were used in their analysis.199 In spite of the strain differences between our 

studies, of the Və-gene segments representing over one-percent of the antibody repertoire 

reported by Lu et al., at least 80% of those gene segments appearing at a frequency 0.5% or 

higher in our analyses. 

 

Although there was not 100% agreement among our study and the others, there was a 

high degree of consistency. Variations in data may result from sequencing and tissue isolation 

techniques and natural variation among animals, including mouse strain. In addition, since we 

did not amplify for IgV gene segments, we likely may have missed rarer B cell clones. Primer 

biases in other studies may have also contributed to some of the differences. Nevertheless, it is 

clear that our approach provided an unbiased, representative sample of actively transcribing B 

cells. 
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Our group utilized liver Rodent Research One sequencing data sequenced on the Illumina 

HiSeq platform (1 x 50 nt) that was available from the NASA Genelab project. The sequencing 

length was the largest limitation of these data. Our MiSeq data were sequenced in both directions 

at a length of 300 nt. Some paired-end reads also contained overlaps, allowing us to merge these 

sequences and provide reads up to around 560 nt. HiSeq sequencing reads were not of sufficient 

length to obtain CDR3 composition from the IMGT HighV-Quest tool, limiting the analyses that 

could be used to assess the antibody repertoire. Therefore, the applicability of publicly available 

datasets to independent research questions is dependent upon the sequencing method used to 

acquire the data. For Ig gene repertoire studies, we recommend the use of sequencing methods 

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

 

Initial comparisons to assess similarity of the different mouse cohorts showed a lack of 

correlation between the HiSeq RR1 data to the normal mouse MiSeq Və usage. We thought that 

part of the discrepancy may be from problems with the short HiSeq sequences, specifically when 

forced to align to V-gene segments when multiple matches are excluded. Mapping short HiSeq 

reads to the entire mouse genome remedied the inconsistencies observed between RR1 and 

normal mouse MiSeq data, likely due to the limitations of the RNA-Seq analysis employed. This 

demonstrates that the bioinformatic treatment of the data can impact results. We found that 

mapping longer MiSeq sequencing reads from RNA isolated from mice within the CASIS 

ground RR1 cohort to both the whole mouse genome and Və reference sequences yielded a 

strong correlation. This validates the applicability of the MiSeq workflow described in this work 

on additional MiSeq datasets and reinforces that sequence read length must be taken into account 

when selecting bioinformatics methods. 
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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 will examine the immune response to vaccination 

during space flight. We have determined that whole tissue preparations as will be available from 

the ISS will yield similar results when examining the antibody repertoire. We also determined 

that performing a size selection to isolate likely antibody sequences provided the highest number 

of Ig reads. A novel workflow using multiple mapping methods to characterize NGS data for Ig 

repertoire data was developed and genome and reference mapping methods were validated 

through the use of publicly available datasets. This novel workflow can be used for future studies 

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

Figure 2.1. Bioinformatic analysis workflows. 

 

(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 referenced mapping strategy.  
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Figure 2.2. Decision-making matrix to remove duplicate sequence reads after IMGT 

processing 

 
Mapped sequences that were identified using Illumina sequence identification tags and 

sequences identified multiple times were removed as outlined. 
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Figure 2.3. Top ten VH gene segments used among treatment groups. 

 

(A) The top ten VH gene segments for each treatment group are presented as a percent of 

repertoire with corresponding percent of repertoire in other treatment groups listed. (B) Top ten 

VH gene segments are listed by rank order (most frequent to least frequent). Dark red indicates 

higher rank moving to white, of lower rank. VH-gene segments with identical ranks are 

displayed as ties. 
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Figure 2.4. Top ten Vʢ used among treatment groups. 

 

(A) The top ten Vʢ gene segments for each treatment group are presented as a percent of 

repertoire with corresponding percent of repertoire in other treatment groups listed. (B) The top 

ten Vʢ gene segments are listed by rank order (most frequent to least frequent). Dark red 

indicates higher rank moving to white, lower rank. VH-gene segments with identical ranks are 

displayed as ties. 
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Figure 2.5. D, J, and heavy chain constant usage among treatment groups. 

 

(A) DH gene segment usage by percent of repertoire. (B) JH gene segment usage by percent of 

repertoire. (C) Jʢ gene segment usage by percent of repertoire. (D) Heavy chain constant region 

usage by percent of repertoire.  
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Figure 2.6. CDR3 AA sequence usage among treatment groups. 

 

(A) Top five most common heavy chain CDR3 AA sequence usage is presented as percent of 

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

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

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

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

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

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

among treatment groups. 
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Figure 2.7. Correlation of V gene segments between genome and reference mapping. 

 

(A) Linear regression of median VH gene segment usage from genome and reference mappings. 

R2=0.9973, p<0.0001. (B) Linear Regression of median Və gene segment usage from genome 

and reference mapping. R2=0.9991, p<0.0001. 
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Table 2.1. Sequences used for heavy chain identification 

Constant Region Motif Sequence 

IgA GAGTCTGCGAGAAATCCCAC 

IgD GTAATGAAAAGGGACCTGAC 

IgE TCTATCAGGAACCCTCAGCT 

IgG1/2b/2c GCCAAAACAACAGCCCCATC 

IgG3 AACAACAGCCCCATCGGTCT 

IgM TCAGTCCTTCCCAAATGTCT 

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

treatment groups. 
 

Cells Tissue Size Selected 

Total Reads 23.9 M 25.9 M 21.5 M 

Post Cleaning 18.7 M 20.3 M 12M 

IgH Mapped 278318 313194 327015 

VH Mapped 12851 26559 42375 

Igk Mapped 261037 273562 264938 

Vk Mapped 20776 35719 64540 

Heavy Chain Productive 2036 4991 8939 

Heavy Chain Unknown 6139 11374 14047 

Light Chain Productive 3439 6799 11595 

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

  Reference2 Genome3 Compared4 

Cohort N R2 (p-value) R2 (p-value) R2 (p-value) 

CASIS G 3 0.030 (.0637) 0.101 (0.0015) 0.011 (.027) 

CASIS F 3 0.001 (.776) 0.216 (<.0001) 0.042 (.074) 

NASA G 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 assessing the correlation of Və usage between multiple 

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

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

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

MiSeq sample preparation datasets.  

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

MiSeq sample preparation datasets.  

4Və gene segment usage from reference-mapped HiSeq Data versus Və gene segment usage of 

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

PCR amplification for murine antibody repertoire sequencing 

 Abstract 

Sequencing of the antibody repertoire has steadily become cheaper and easier for 

researchers. These sequencing methods usually rely on some form of amplification, often a 

massively multiplexed PCR prior to sequencing. In an effort to eliminate potential biases and 

create a data set that could be used for other studies, our lab compared unamplified sequencing 

results from the splenic heavy-chain repertoire in the mouse to those processed through two 

commercial applications. We also compared the use of mRNA vs total RNA, reverse 

transcriptase, and primer usage for cDNA synthesis and submission. We determined that the use 

of mRNA for cDNA synthesis resulted in higher read counts and reverse transcriptase or primer 

usage had no statistical effects on read count. Although most of the amplified data sets contained 

more antibody reads than the unamplified data set, we detected more unique V-gene segments in 

the unamplified data set. We also determined that although the unique CDR3 detection was 

much lower in the unamplified data set, it detected most of the high frequency CDR3s. We have 

shown that unamplified profiling of the antibody repertoire is possible, detects more V-gene 

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

Antibodies are proteins produced by B cells that play a vital role in adaptive immunity. 

These molecules are complex, and their diverse specificities are defined at several levels. At the 

protein level, these molecules are heterodimers joined with disulfide bonds between heavy and 

light chains. At the genetic level, the antibody specificity is influenced by semi-randomly 

recombining a variable (V), diversity (D), and joining (J) gene segments that are encoded in the 

genome. This V-D-J, or in the case of the light chain, V-J rearrangement, also influences 

antibody specificity by random and semi-random base insertions or deletions during the 

recombination process. In the end, the collection of antibodies produced inside an organism, the 

antibody repertoire, is a fingerprint of what antigens an organism has been exposed to and a 

possible measure of the level of immunocompetence. The sequencing of the antibody repertoire 

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

in numerous species, in response to vaccinations,40,74,78 and infections,248-250 and have been 

employed in cancer detection; providing valuable feedback regarding the immune systemôs 

response to challenges and for early cancer detection in patients.251,252 

 

Our laboratory studies the effects of microgravity on the immune 

system.162,165,175,180,185,188 Specifically, we were interested in understanding the impact of space 

flight on immunoglobulin gene usage and changes in the antibody repertoire in response to 

vaccination. In an effort to supplement our unamplified MiSeq data sets, we explored the use of 

commercial processes that use technologies to amplify sequences to increase the depth of 

coverage of specifically targeted immunoglobulin gene transcripts. These data sets are created 

using massively multiplexed PCR reactions that are subsequently sequenced on the Illumina 
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platform. Multiplex amplification strategies have been used to explore the T cell123,126 and B cell 

repertoires44,127-129 and both biases and PCR artifacts have been detected in the data sets.123 

Causes of bias or errors generated during a multiplex PCR amplified library preparation can 

range from primer/target binding property differences, CG content, errors in transcription, 

secondary target structure interference, multiplexing competition artifacts, as well as the inability 

to design primers that can specifically amplify all V-gene segments in the genome.123,126,130,131,137  

 

We started this project with the hypothesis that our unamplified data set would provide 

comparable results to those seen in the commercially amplified data sets. However, we are 

unaware of any immunoglobulin repertoire studies that have been done to compare data obtained 

using amplification techniques compared to the repertoire in a total RNASeq library. Concurrent 

with performing these analyses, we discovered that the required sample preparation for 

commercial sequencing also varied. Therefore, we found it necessary to examine the impact of 

sample preparation as part of our effort. This manuscript describes our results comparing a data 

set generated using unamplified total RNA (TRNA) to commercially amplified data sets. We 

examined the role of commercial amplification and cDNA generation methods as well as the 

impact of the starting material on sequence output.  

 

 Materials and Methods 

KSU RNA Preparation 

RNA was prepared as outlined in Rettig et al 2017.45,58 Briefly, RNA was extracted from 

the spleens of four nine-week old female C57Bl/6J mice. TRNA was submitted to the Kansas 

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

and sequenced on the Illumina MiSeq at 2x300bp using Illuminaôs protocol.  

 

Commercial Sample preparations 

mRNA was extracted from the TRNA isolated from the sample used for the KSU data set 

using the PolyATtract mRNA isolation system (Promega, Fitchburg, WI) following 

manufacturerôs instructions. RT-PCR for samples amplified with Avian Myeloblastosis Virus 

(AMV) reverse transcriptase based sample preparation was performed using the Access RT-PCR 

System (Promega, Fitchburg, WI) following the manufacturerôs instructions. RT-PCR for 

Moloney Murine Leukemia Virus (MMLV) reverse transcriptase based sample preparation was 

performed using the SuperScript III First-Strand Synthesis System (Invitrogen, Carlsbrad, CA) 

following manufacturerôs instructions. Starting material for RT-PCR was either TRNA from the 

KSU data set or the purified mRNA. RT-PCR products were submitted to Adaptive 

Biotechnologies (Seattle, WA) (Com1) on dry ice following company protocols. TRNA and 

mRNA (unamplified) were submitted to iRepertoire, Inc. (Huntsville, AL) (Com2) on dry ice 

following company protocols. 

 

Bioinformatic Analysis 

KSU sequencing results were analyzed as described previously.45,58 Briefly, sequencing 

results were quality controlled, antibody-specific sequences were isolated, and submitted to 

ImMunoGeneTics (IMGT)253 for analysis. Individual sequences are assigned a unique ID by the 

sequencing machinery during Illumina sequencing. These sequence IDs were used to identify 

unique sequences. The sequence containing the most high quality information was retained for 
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further analysis as outlined in Rettig et al.45 No further filtering of reads was performed. Both 

commercial sequencers provided their own bioinformatic analyses of the sequencing results. The 

raw sequencing results from Com1 and Com2 were also submitted to IMGT for analysis and 

subjected to the bioinformatics pipeline standardly employed for KSU data sets. IMGTôs 

nomenclature and classifications are used throughout this paper, including ORF and putative 

gene segments not yet fully mapped to the genome. The IMGT lists contain all of the gene 

segments presented in the NCBI data base. IMGTôs High-V Quest occasionally assigned 

multiple potential V-gene segments to a single sequence, likely due to incomplete capture of the 

entire V-gene sequence or high homology between gene segments. In all IMGT processed data, 

sequences that contained two possible V-gene segment possibilities were assigned a weighted 

value of 0.5 per sequence, as opposed to one for full matches. Sequences with V-gene segments 

that were assigned more than two potential matches were excluded from analysis. Initial results 

were tabulated using the companyôs proprietary bioinformatic results. However, to determine the 

role of bioinformatic handling of the data, some of Com1 and Com2 data were subjected to the 

standard KSU bioinformatic workflow analysis and CDR3 analysis45 using IMGTôs results. 

 

Statistical Tests 

All statistical analyses were carried out using GraphPad Prism (Version 6.0). Paired T-

tests were performed using the raw read counts. Coefficient of determinations (R2) were 

performed by comparing the percent of repertoire between animals. Percent of repertoire is 

determined by dividing the read count for a specific V-gene segment by the total number of reads 

detected and multiplying by 100.  
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 Results 

Most studies examining immunoglobulin repertoires use amplification to increase the 

depth of sequencing, but amplification comes with some drawbacks. We wanted to assess the 

comparability of amplified and non-amplified data from identical samples. In preparation to do 

this comparison, we found that different commercial amplification methodologies required 

different types of sample preparation. For example, sample submission for the Com1 data sets 

required a cDNA sample. The Com1 process amplified the resulting cDNA using proprietary 

primers and sequencing on the Illumina platform. After an initial submission showed a low 

correlation between the Com1 sequencing and the KSU data set (data not shown), we 

hypothesized that cDNA preparation plays a role in determining the amplified repertoire. To test 

this hypothesis, we assessed the role of starting material (mRNA or TRNA), reverse transcriptase 

(AMV vs MMLV), and primer templates (oligo-dT or random hexamer) on the sequenced B cell 

immunoglobulin repertoire. Com2 submissions required the submission of raw RNA, rather than 

cDNA.  

 

Assessment of Transcriptional Read Counts  

The amplified data sets from Com1 returned between 7,084 and 1,263,003 sequences, 

dependent on the preparation method. We found that mRNA starting material yielded more total 

transcriptional reads than TRNA (P=.013, 2 tailed matched T test; Table 3.1). Generally, the 

AMV reverse transcriptase and random hexamer primers also tended to yield higher numbers of 

transcripts. The use of AMV and random hexamer primers resulted in more total productive 

reads in three out of four of the comparisons directly comparing primers, however, the overall 

differences were not statistically different (P>0.05, 2 tailed matched T test; Table 3.1). In the 
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Com2 data set, we found a moderate number of reads, about one-half of those detected in the 

highest Com1 numbers. These compare to 11,200 sequence reads generated in the KSU data set 

using a total MiSeq approach. 

 

Determination of Sequencing Reproducibility 

To assess the repeatability of the amplified Com1 and Com2 data sets, we examined the 

correlation of V-gene segment usage. In the C57Bl/6 mouse, the V-gene segment is the most 

varied in the heavy chain (IgH locus) comprising a total of 133 functional V-gene segments and 

alleles compared to 19 for the D-gene segment and four for the J-gene (2017, 2017). The 

nucleotide sequences in the V-gene segments are also highly varied and require a complex 

multiplex PCR to amplify. Correlations were assessed using the data provided by the commercial 

vendorôs proprietary bioinformatics.  

 

Non-strain specific V-gene segment assignments accounted for between 1.06% and 

2.16% of the sequencing results from Com 1 and 4.4% and 3.1% for Com2 (Table 3.2). 

Although there were differences in the immunoglobulin gene transcripts that were detected, there 

was a high correlation in the V-gene sequences detected among the different technical replicates 

in the Com1 data (R2 range from 0.7159 to 0.9939, all p<0.0001) (Figure 3.1). The R2 between 

technical replicates in Com2 was 0.9644 (p<0.0001). Therefore, although total transcripts 

generated varied with sample preparation, the V-gene segments that were detected were 

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

The unamplified KSU approach produced a data set where a total of 131 V-gene 

segments were detected while the Com1 data sets contained between 86 and 107 V-gene 

segments. The Com2 data sets each contained 72 detectable V-gene segments. We compared 

results from all V-gene segments detected in the Com1 data set to the unamplified KSU data set. 

R2 were moderate ranging from 0.4648 to 0.6154 (all p<0.0001) (Table 3.3). The Com2 data sets 

also showed moderate R2 of 0.5615 for mRNA and 0.5574 for TRNA (all p<0.0001). To 

determine the differences in V-gene detection and the causes of these lower correlations, we 

compared the results from the most commonly detected V-gene segments in the KSU data sets to 

their frequencies in the Com1 and Com2 data sets. The protocol for Illumina sequencing uses 

mRNA selection, SuperScriptIII reverse transcriptase, and random hexamer primers. To best 

compare results, we used the Com1 mRNA-MMLV -Hex data set and the Com2 mRNA data set 

using the top 36 V-gene segments in the KSU data set. These V-gene segments comprise over 

one percent of the detected repertoire and are considered highly expressed. In the Com1 data set, 

of these 36 highly expressed V-gene segments, nine (V2-06, V1-26, V1-18, V1-50, V4-01, 

V1S95, V1S92, V1S108, V1-52) were detected at two-fold lower frequency than in the KSU 

data set (Figure 3.2). These nine V-gene segments were either absent or were near zero percent 

of the repertoire. Of these same top 36 V-gene segments in the Com1 data set, three (V6-3, V5-

17, V11-2) were detected at two-fold greater than the KSU data set. The R2 for these top 36 V-

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

 

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

unamplified KSU data. Thirteen of the 36 V-gene sequences (V2-6, V9-3, V4-1, V1S95, V1S92, 
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V1-81, V8-8, V2-2, V5-17, V1S108, V11-2, V1-52, V9-1) were detected at a twofold or lower 

level than at the KSU data set (Figure 3.2). Of those 13, eight (V2-6, V4-1, V1S95, V1S92, V1-

81, V1S108, V11-2, V1-52) were at or near zero percent of the repertoire (Figure 3.2). Six other 

V-gene segments (V1-53, V3-6, V1-64, V1-76, V1-69, V10-1) were detected at twofold higher 

levels than those found in the KSU data set (Figure 3.2). The correlation of these top 36 V-gene 

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

 

Direct Comparisons of Amplified and Unamplified Data Sets 

The comparisons in V-gene use were made using the bioinformatics provided by the 

commercial venture. To standardize the data handling to remove bioinformatic reasons for the 

differences in data, we processed the sequencing results from the Com1 mRNA-MMLV -Hex and 

Com2 mRNA data sets using the KSU bioinformatics work flow.45 Briefly, the raw commercial 

sequencing results were submitted to IMGT for identification and were further analyzed using 

the KSU pipeline.  

 

The KSU bioinformatic treatment of the Com1 data set correlated moderately with the 

commercially provided bioinformatics (R2=0.5054, p<0.0001). After processing the Com1 data 

with the KSU bioinformatics pipeline, the R2 to the KSU data set decreased from 0.5728 (Table 

3.3) with the original bioinformatics to 0.4582 (p<0.0001) with the adjusted bioinformatics. 

However, 14 V-gene segments were detected in the Com1 data set using the KSU bioinformatics 

workflow that were not originally detected using the commercially provided bioinformatics 

(Figure A.1). When we processed the Com2 data using the KSU bioinformatic pipeline, the 

Com2 data set was highly correlated with the original commercially provided bioinformatics 
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treatment (R2=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 had an R2= 0.5620 

(p<0.0001). The KSU bioinformatics workflow detected an additional 26 V-gene segments that 

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

 

When we reanalyzed the bioinformatics data from Com1 and Com2 using the KSU 

pipeline, we detected gene segments that were not detected in the original commercially 

provided bioinformatics. However, the inclusion of these gene segments, did not improve the 

comparability between the amplified data sets and the KSU RNASeq data. In the Com1 data set, 

some undetected gene segments (V1-18, V1-50, and V1-34) were not detected in the original 

bioinformatics but were detected at high levels (>1%) in the KSU/IMGT processed data (Sup Fig 

1). The additional V-gene segments detected in the Com2 data set were found in less than 

<0.05% of the repertoire (Sup Fig 1). These changes were not sufficient to improve R2 values. 

 

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 some V-gene segments were not detected in the 

amplified data sets. This is a concern since that precludes a complete picture of the V-gene 

repertoire. Nevertheless, amplified sequencing of the antibody repertoire is thought to provide an 

advantage in that the depth of coverage is increased over unamplified data sets due to the number 

of reads generated. To determine how extensive the discrepancy is between amplified and 

unamplified data we assessed the read depth (number of reads generated) and resampling 

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

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

 

Resampling/reproducibility has been assumed to improve with the depth of coverage. We 

had the unique opportunity to compare sequencing data from the same biological material 

subjected to multiple sequencing methodologies. We have also had the opportunity to do 

technical replicates on multiple samples subjected to RNASeq or amplification procedures. This 

allowed us the ability to look at CDR3 sampling reproducibility and to determine if amplification 

provided any advantage in CDR3 reproducibility. For the KSU unamplified data set, two 

C57BL/6J mouse spleen RNA samples (#32 and #39) were sequenced independently two times 

each and the CDR3s sampled were compared. In the KSU data set, 32-1 shared 28% of its total 

unique reads with 32-2. (Figure 3.3). 32-2 shared 24% of its reads with 32-1 (Figure 3.3). KSU 

data set, 39, showed 25% overlap of their total unique reads between each sampling (Figure 3.3). 

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

between mRNA and TRNA samples of C57BL/6J spleen samples (R2 = 0.9644), we considered 

these technical replicates. The mRNA data set shared 24% of its sequences with the TRNA data 

set while the TRNA data set shared 30% of its sequences with the mRNA data set. We also 

examined the resampling efficiency in the Com1 data set using the spleen mRNA-MMLV data 

sets that were reversed transcribed with two different primers, random hexamer and oligo-dT. 

Although this was not a perfect technical replicate, there was an R2 of almost 0.94 in V-gene 

segments detected (Figure 3.1). Therefore, we felt these served as ñincipientò technical 

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

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

 

We also assessed the overlap in the detected CDR3s between the Com1 data set (mRNA-

MMLV -Hex), Com2 data set (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 that were detected, 2662 of those sequences were shared among all three data sets 

(Figure 3.4). The amplified data sets from Com1 and Com2 shared the most CDR3 sequences 

between them with 34,141 sequences found in both data sets (Figure 3.4). The KSU data set 

shared 59% of its detected CDR3 sequences with the Com1 and Com2 data sets (Figure 3.4). 

These data are consistent with the lower depth of sequencing of the unamplified data set 

compared to the Com1 and Com2 data sets where 19-32% overlap occurred in detected CDR3 

sequences. 

 

Detection of High Frequency CDR3s 

To gauge whether the highest frequency CDR3s can be detected by the different 

techniques, we assessed the 25 highest frequency CDR3s from each sequencing method. This 

resulted in a total of 48 unique CDR3s from the three different methods (Figure 3.5). The KSU 

data set detected all but one (CARGYFDVW) of these 48 sequences, the Com1 data set failed to 

detect four sequences (CARGTYW, CTWDEGNYW, CARGIYW, CARGSYW) and the Com2 

data set detected all 48 sequences (Figure 3.5). The CDR3s that were not detected in the Com1 

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

the data set still captured most of the highest frequency CDR3ôs.  

 

CDR3 Frequency Assessment 

While the high frequency CDR3s were shared among at least two sequencing runs, most 

of the CDR3 sequences detected were unique to each sequencing run (Figure 3.4). To determine 

the frequency of unique CDR3 sequences, we compared the most frequent, least frequent, and 

average percent of the measured CDR3 repertoire (Table 3.5). The highest frequency CDR3 was 

detected at 4.16%, 0.22%, 2.26%, and of the repertoire for the KSU, Com1, and Com2 data sets, 

respectively (Table 3.5). The lowest frequency CDR3s, representing only a single detected read, 

were 0.0088%, 0.0004%, and 0.0002%, of the repertoire for the KSU, Com1, and Com2 data 

sets, respectively (Table 3.5). The average detection level for the KSU data set was 0.015%, 

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

 

We also examined the frequency of CDR3s that were unique to each data set. Overall, the 

maximum and the average frequencies of the data sets were reduced (Table 3.5). This 

demonstrates that the unique reads in each data set were most likely transcripts from low 

frequency B cells. Moreover, these data suggest that even without amplification, the KSU data 

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

 

 Discussion 

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

to capture a representative sample of the splenic B cell repertoire. This snapshot of the repertoire, 



77 

while producing less reads than amplified data sets, detects more V-gene segments than data sets 

that used two different amplification strategies and captures most of the high frequency CDR3s 

found in the amplified data sets. While amplified data sets provide more CDR3 depth of 

coverage, the unamplified data sets produced from an RNASeq allow for further data mining, 

eliminate as much primer bias as possible and provides an accurate representation of the 

repertoire.  

 

Sequencing requirements of the B cell receptor are more challenging than those of the T 

cell receptor. There are no consensus sequences to reference.123 Therefore, avoiding bias is one 

of the main priorities for antibody repertoire sequencing.130 PCR errors are accumulated through 

the amplification process which can falsely inflate the repertoire or they can add suspected 

mutations that do not exist123,124,131,132 and they may not be distinguishable from low level 

mutations that actually do exist in the repertoire.132,133 PCR biases can be introduced because of 

primer binding properties, CG content, mispriming, non-specific binding, and errors during 

replication.130,134-136 A specific issue in targeting antibody gene segments is primer annealing 

efficiencies since the gene segments that make up the murine IgH locus are similar, though not 

identical.135 The biases inherent in the multiplex PCR can lead to false repertoire skewing, gene 

frequency inaccuracies, and a less comprehensive view of the repertoire.118,122,124 The 

development of these multiplex primers, is highly challenging.120  

 

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

massively multiplexed PCR reactions. While reproducibility for technical replicates was 

moderate to high, the correlations of these data sets to the unamplified KSU data sets were low to 
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moderate, even when the same bioinformatics processing was employed. Of significant concern 

is the Com1 set failed to detect 26 V-gene segments, and the Com2 set failed to detect 59 V-gene 

segments that were detected by the unamplified KSU RNASeq data set. The absence of these 

genes draws into question how one compares the various data sets with correlation coefficients 

that are below 0.3. Although Carlson et al. argues that amplification methodologies can capture 

the entire repertoire, there are concerns.126 Even when we only looked at the V-gene families 

detected at the highest frequency there were omissions. Of the 36 V-genes that we categorized as 

ñhigh frequencyò (>1% of the repertoire), the Com1 data set failed to detect nine V genes, and 

the Com2 data set failed to detect 13 V genes. These results suggest that those methods are 

providing a false snapshot of the repertoire by missing those high frequency V-gene segments. 

Interestingly, three of these gene segments that we detect that are missing from the amplified 

data (V1S95, V1S92, V1S108) are identified by IMGT as genomic DNA, but not known to be 

rearranged.254 Therefore, the inclusion of these V-gene segments in our analysis is debatable. We 

have detected them in this and other works,45,58,195 at frequencies above one-percent in many 

samples and feel justified in their inclusion in our analysis. The Illumina sequencing protocols 

also rely on oligo-dT selection, showing that these transcripts have poly-A tails. Therefore, they 

appear to be functional messages. Even if these three genes are excluded from the analysis, the 

Com1 assessment failed to detect 33 V-gene sequences, and Com2 failed to detect 10. Our 

laboratory has previously examined the recapture of V-gene segments in multiple sequencings in 

our laboratory.45 We sequenced two technical replicates of the same RNA and obtained a R2 of 

0.9645 (P=<0.0001) for V-gene segment usage.45 This demonstrates that our workflow and 

sequencing methodology show high levels of repeatability. 
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The failure of primers to capture specific V-genes is not a new discovery, as primers 

failed to adequately sequence hybridomas previously.137,138 ñUniversalò primers for the human 

antibody repertoire do exist, but some questions remain if they cover the entire repertoire.139 The 

difficulty in developing a ñuniversalò or even highly comprehensive primer set for the mouse is 

likely due to their highly varied leader sequences, V-gene segments, and framework regions. 

Primer design would have to rely on massively multiplexed reactions and/or degenerate primers. 

Additionally, the most commercially viable amplification methods would need to amplify across 

multiple common strains adding additional levels of complexity. Indeed, in our attempts to 

design ñuniversalò primers, we found a minimum of 11 primer sets would be needed to detect V-

genes associated for each isotype. Even then, there were still issues with matching PCR 

conditions and efficiency. Methods to overcome the biases detected in amplification have been 

developed, such as the use of 5ô RACE119,133,140 and using molecular barcodes or identifiers.141,142 

However, these methods are expensive and have their own draw backs. Replication of the entire 

repertoire using 5ôRACE would still require the use of multiple constant region primers, leading 

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

repertoires difficult to reconstruct.143 This latter issue is not a problem with our RNASeq data.  

 

While bias exists in the massively multiplexed amplification process, there may be some 

sequencing errors in the unamplified KSU data set as well. While not specifically amplified for 

antibody sequences, random hexamers and oligo-dT capture beads are used prior to sequencing 

to generate the library255 and some biases have been observed in random hexamer binding.256 

The use of oligo-dTs can result in enhancement of the 3ô end of transcripts.257 We do not think 

this is particularly problematic since Illumina sequence methodology aims to reduce bias in their 



80 

library preparations by combining the random hexamer and oligo-dT capture. Additionally, 

while all libraries were sequenced on the Illumina platform, 3.19% of high-quality Illumina reads 

contain false base calls, which are impossible to differentiate using normal bioinformatics 

methods.123 Over representation of specific dineuclotides can also be detected in sequencing 

which are not related to primer usage.258 Therefore, although we hope to reduce bias and 

omission by doing RNASeq, we still have some technical issues that keep the data set from being 

a perfect reflection of the repertoire. Multiple technical replications help reduce the impact of 

this problem.  

 

One analysis that was not pursued in this current investigation was the identification of 

clonally related sequences. We were specifically interested in the functional antibody repertoire 

present in the spleen and focused our analysis at the transcript level. We acknowledge that the 

overrepresentation of some sequences may be likely within our data sets since we donôt use 

barcoding or clonality analysis to collapse similar mRNA sequences. Nevertheless, the 

overrepresentation of a specific sequence by an overly productive cell is also representative of 

cellular activation of transcription, and likely, functional antibody protein the body.259,260 

 

The lack of amplification also results in varying sequence lengths in our data set. We 

selected 40nt as our minimum cutoff to provide us enough information to detect V-, D-, and J- 

gene segments. While some short sequences were included in the data analysis, our overall 

average sequence length was 287nt, with productive sequences averaging 331nt and unknown 

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

an issue in this study.  

 

Although there may be issues with antibody repertoires generated using massively 

multiplexed PCR reactions, there are some advantages that may overshadow the disadvantages. 

For example, there is increased sequencing depth (e.g. 1,260,000 reads vs. 11,200 complete 

reads), more low frequency CDR3 detection (20-fold more unique CDR3 sequence than the 

unamplified KSU data set), and sequencing costs can be lower than an Illumina MiSeq run (by 

integrating multiplexing/barcoding). 

 

Although amplification provides more detail in the CDR3 repertoire, if one is interested 

in the B cell clones that are most prevalent, then RNASeq does not appear to be at a 

disadvantage. CDR3 resampling was similar (20-32%) regardless of method. Additionally, when 

examining high frequency CDR3s, the unamplified data set only failed to detect a single unique 

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

 

When preparing for antibody repertoire sequencing, multiple factors must be considered 

within the framework of the specific biological questions being asked. This includes needed 

coverage, cost, and starting material.119 Additionally, it is important to consider that all repertoire 

sequencing is merely a snapshot of a constantly shifting image.124 We will also never be able to 

fully capture the full diversity of the B cell immunoglobulin repertoire, which is estimated to 

range from 106-107 possible unique rearrangements and mutations119,124 to as much as 1013.44 The 

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

one must decide how ñdeepò is adequate for the question being addressed.  

 

During this investigation, we also had to address the issue that starting material may 

influence the quality of oneôs sequencing. mRNA as a starting template increased reads up to two 

orders of magnitude. Furthermore, random hexamer primers and MMLV reverse transcriptase 

generally yielded higher read count results. Interestingly, the use of mRNA, with MMLV reverse 

transcriptase and hexanucleotide primers is most technically like that used in Illumina 

sequencing. However, additional data will be needed to confirm our observations since we did 

not pursue this aspect of the study in detail and the replicate number did not allow for robust 

statistical comparisons. 

 

In conclusion, we have demonstrated that sequencing of unamplified splenic RNA 

provides a realistic snapshot of the total splenic B cell repertoire. We also have demonstrated that 

a good understanding of the bioinformatics work flow and reporting of the methodology is 

critical and cannot be understated. We understand that there are cellular biases and transcript 

stability differences with in B cell subpopulations.25,26 However, for the purpose of assessing a 

whole tissue B cell repertoire, unamplified RNASeq can provide a glimpse of the most prevalent 

B cell clones. The unamplified approach could just as well be applied to specific cell populations 

when the application required it. Moreover, an unamplified data set may detect V-gene segments 

that amplified data sets miss.  
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 Figures and Tables 

Figure 3.1. R2 values of sequencing technical replicates. 

 

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

replicates. The highest R2 are dark read, the lowest R2 are blue. 
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Figure 3.2. Percent of repertoire for high frequency V-gene segments among data sets. 

 

Percent of repertoire for the KSU, Com1 (mRNA-MMLV -hex), and Com2 (mRNA) are 

displayed. The highest value percent of repertoire is dark read while the lowest are white. Black 

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

 

CDR3 amino acid sequences were compared between technical replicates. Sequences unique to 

one data set are displayed in the outer circles. Sequences shared between data sets are in the 

overlap. Percent of shared CDR3 sequences is displayed in parentheses in the outer circles. (A) 

KSU data sets 32-1 and 32-2. (B) KSU data sets 39-1 and 39-2. (C) Com1 data sets mRNA-

MMLV -Hex and mRNA-MMLV -dT. (D) Com2 data sets mRNA and TRNA. 

  



86 

Figure 3.4. CDR3 sequence capture among Com1, Com2, and KSU data sets. 

 

CDR3 amino acid sequences were compared among the Com1 mRNA-MMLV-Hex, Com2 

mRNA, and the KSU data sets. Percent of the repertoire shared with at least one other data set is 

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

 

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. 

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

b ï starting material (mRNA ï Messenger RNA, TRNA ï Total RNA) 

c ï reverse transcriptase (AMV - Avian Myeloblastosis Virus, MMLV - Moloney Murine Leukemia Virus) 

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

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

detection. 

 

  

 KSUa Com 1a Com 2a 

 mRNAb TRNAb mRNAb TRNAb 

 AMV c MMLV c AMV c MMLV c   

 dTd Hexd dTd Hexd dTd Hexd dTd Hexd   

Total Productive 

Reads 
11,200e 553,521 1,263,003 883,532 1,035,461 7,975 6,867 208,979 220,772 637,214 766,075 
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Table 3.2. Percent of reads assigned to non-C57BL/6 (B6) or pseudogene V-gene segments 

 Com 1a Com 2a 

 mRNAb TRNAb mRNAb TRNAb 

 AMV c MMLV c AMV c MMLV c   

 dTd Hexd dTd Hexd dTd Hexd dTd Hexd   

% Non-B6 V-

Gene segments 
1.63 1.64 1.83 2.00 1.44 1.06 1.99 2.16 4.4 3.1 

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

b ï starting material (mRNA ï Messenger RNA, TRNA ï Total RNA) 

c ï reverse transcriptase (AMV - Avian Myeloblastosis Virus, MMLV - Moloney Murine 

Leukemia Virus) 

d ï primer (dt ï Oligo dT, Hex ï Random hexamer) 
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Table 3.3. R2 of V-gene segment usage to the KSU data set with read counts. 

 Com 1a Com 2a 

 mRNAb TRNAb mRNAb TRNAb 

 AMVc MMLVc  AMVc MMLVc    

 dTd Hexd dTd Hexd dTd Hexd dTd Hexd   

R2 to KSU Dataset 0.5694 0.5733 0.4648 0.5728 0.4709 0.5710 0.5573 0.6154 0.5615 0.5574 

Read Count 553,521 1,263,003 883,532 1,035,461 7,975 6,867 208,979 220,772 637,214 766,075 

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

b ï starting material (mRNA ï Messenger RNA, TRNA ï Total RNA) 

c ï reverse transcriptase (AMV - Avian Myeloblastosis Virus, MMLV - Moloney Murine Leukemia Virus) 

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

 KSU mRNA-MMLV -Hex (Com1) mRNA (Com2) 

Read Count 11,200 1,035,461 637,214 

Unique CDR3 Sequences 6668 180,266 146,231 
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Table 3.5 Comparison of CDR3 frequencies in the whole repertoire and the unique 

repertoire. 

 Whole Repertoire Unique Repertoire 

 KSU Com1 Com2 KSU Com1 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 
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Chapter 4 - Characterization of the naµve murine antibody 

repertoire using unamplified high-throughput sequencing 

 Abstract  

Antibody specificity and diversity are generated through the enzymatic splicing of genomic gene 

segments within each B cell. Antibodies are heterodimers of heavy- and light-chains encoded on 

separate loci. We studied the antibody repertoire from pooled, splenic tissue of unimmunized, 

adult female C57BL/6J mice, using high-throughput sequencing (HTS) without amplification of 

antibody transcripts. We recovered over 90,000 heavy-chain and over 135,000 light-chain 

immunoglobulin sequences. Individual V-, D-, and J-gene segment usage was uniform among 

the three mouse pools, particularly in highly abundant gene segments, with low frequency V-

gene segments not being detected in all pools. Despite the similar usage of individual gene 

segments, the repertoire of individual B-cell CDR3 amino acid sequences in each mouse pool 

was highly varied, affirming the combinatorial diversity in the B-cell pool that has been 

previously demonstrated. There also was some skewing in the V-gene segments that were 

detected depending on chromosomal location. This study presents a unique, non-primer biased 

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

 

Citation:  Rettig, T. A.,*  Ward, C.,*  Bye, B. A., Pecaut, M. J. & Chapes, S. K. Characterization 

of the naive murine antibody repertoire using unamplified high-throughput sequencing. PLoS 

One 13, e0190982, doi:10.1371/journal.pone.0190982 (2018). *Co-First Authors.  
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 Introduction  

B cells are an important part of the adaptive immune system, arising from hematopoietic 

stem cell precursors. These cells express surface immunoglobulin (Ig) receptors and secrete these 

same proteins as antibodies into the serum after differentiation into plasma cells.8,261  

As B cells develop, they rearrange Variable- (V), Diversity- (D), and Joining- (J) gene 

segments, which combine with a constant region to form the antibody structure.5,262 Antibodies 

consist of heterodimers of heavy and light chains.262 The heavy chain is formed from V-, D-, and 

J-gene segments combined with a constant region,263 while light chains lack a D-gene 

segment.5,264  

 

There are three complementarity determining regions (CDR). CDR1 and CDR2 are 

encoded in the V-gene segment. CDR3 consists of a combination of V-, (D-, heavy-chain), and 

J-gene segments.265 Of the CDRs, CDR3 contributes the most to binding specificity. Antibodies 

are further characterized by the constant region, or isotype, which is influenced by the stage of 

B-cell development and antigen specificity.266 

 

The total collection of antibody specificities present within an individual is known as the 

antibody repertoire. Diversity of the antibody repertoire results from four main components: the 

initial germ line (inherited), diversity from recombination of that germline, the imprecisions 

during V(D)J recombination, and somatic mutations.67,121,267 The antibody repertoire has been 

examined in many studies by high-throughput sequencing (HTS) and fully mapped in the 

zebrafish.268  
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Repertoires can serve as a fingerprint or snapshot of the current immune-system status 

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

disease,73,78,248,269-271 cancer,115,128,272,273 autoimmune disease,274,275 and early disease detection.65 

With the development of HTS, we are now able to detect the differences between or among B-

cell repertoires such as B2 (adaptive antibodies) and B1 (natural antibodies) B cells67 or memory 

and naïve repertoires.199,276 HTS has accelerated the characterization of the widely differing 

human Ig haplotypes,277-281 and strain-specific gene segment usage in mice.14  

 

Our long-term goals are to investigate the repertoire of B cells in mice in space and how 

it changes in response to antigen challenge. More specifically, our lab is interested antibody 

repertoire dynamics within the context of spaceflight. Due to the cost of these experiments, 

creating datasets that can be mined by our lab or others is important. The antibody repertoire is 

traditionally assessed through the amplification of Ig sequences that have been isolated from 

sorted B cell populations.133 While these practices increase the likely hood of recovering rare Ig 

sequences and allow for the dissection of the antibody repertoire by B-cell populations, cell 

sorting may not be possible within the design of certain experiments. During the development of 

methodology to assess Ig-gene usage by mice subjected to space flight we performed multiple 

HTS runs to validate sample preparation, bioinformatic methodology, and reproducibility.45 We 

also wanted some background data about the Ig repertoire in the normal B6 mouse population. 

Knowing that there can be significant mouse-to-mouse variability in the Ig repertoire44,58 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 experiments.45 We now present these data on the 

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

RNA extraction and sequencing 

Tissue extraction and sequencing were performed as described previously (Rettig 

2017).45 Briefly, spleens were collected from three independent pools of four, specific pathogen-

free (based on the RADIL Advantage Basic profile), female, C57BL/6J mice nine-to-eleven 

weeks old. Animals were euthanized with isoflurane overdose followed by cervical dislocation. 

Briefly, mice were exposed to 400L isoflurane in a gauze-pad enclosed in a histopathology 

cassette in a 450 mL chamber as was described by Huerkamp et al.282 Animals used in pool one 

were raised in the Laboratory Animal Care Services (LACS) facility (breeder stock renewed less 

than 2 years previous) in the Division of Biology at Kansas State University. Mice from pools 

two and three were received directly from Jackson Laboratories and were house in the LACS 

facility. Mice were fed LabDiet 5001 and had access to water and food ad libitum. Mice were 

maintained on a 12/12 light/dark cycle. Mice for pools two and three were allowed to acclimate 

in the vivarium for 22-31 days prior to sacrifice. Animal procedures were approved by the 

Institutional Animal Care and Use Committee at Kansas State University. After euthanasia, 

spleen tissue was processed immediately for RNA extraction with Trizol LS according to the 

manufacturer's instructions. Pool one contained RNA from one-half of the spleen tissue while 

pools two and three contained RNA extracted from complete spleens. Equal concentrations of 

total splenic RNA (RIN>8) were pooled and mixed from each of the four mice, resulting in three 

final pools. At least one microgram of RNA from each pool was submitted for size selection 

(275-800 nucleotides) and sequencing on Illumina MiSeq at 2x300 nucleotides as described 

previously (Rettig 2017). Sequencing was performed at the Kansas State University Integrated 
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Genomics Facility using the standard Illuimna sequencing protocol, including oligo-dT-bead 

selection of mRNA and reverse transcription to cDNA. A reduced fragmentation time (one 

minute) was used to yield longer transcripts.45 To avoid potential primer bias and maintain a 

dataset that could be further mined, we did not amplify Ig sequences. The authors note that a 

subset of mouse pool one data was used in a methods paper presented by our group. The context 

and focus of that previous manuscript does not overlap with the current work.45 

 

Bioinformatics 

Sequence selection, mapping, and final processing was performed as outlined 

previously.45 Briefly, sequences were imported into CLC Genomics Workbench v9.5.1 

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

score of 97% of the sequencing containing a Phred score over 20. Both paired and merged 

(overlapping pairs) were mapped to V-gene segments and the loci using a match score of +1 and 

a mismatch score of -2 to identify potential antibody sequences. The sequences were collected 

and submitted to ImMunoGenTicsôs (IMGT) High-V Quest for identification.283 Due to the 

chances of collecting the same read multiple times through the mapping and identification 

process, only one sequence per sequence ID was analyzed (procedure outlined in Rettig et al).45 

Productive and unknown functionality sequences were identified via IMGT and used for 

subsequent analyses. Productive antibody sequences were defined as in frame and did not 

contain a stop codon, however binding abilities were not assessed. Unknown sequences did not 

contain enough sequencing information to determine functionality. Gene segments were 

identified using IMGTôs nomenclature and using IMGTôs list of gene segments, including 

functional and open reading frame-defined gene segments. We implemented two procedural 
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changes to further define the repertoire that are different from the Rettig et al. paper.45 In this 

manuscript, when calculating the percent abundance in the repertoire, we also include V-gene 

segments where one or two possible V-gene segments were detected. When one single V-gene 

segment was detected in a sequence, it was assigned a value of one. When two potential V-gene 

segments were detected each gene segment was assigned a value of 0.5. The totals were then 

tabulated as described in Rettig et al.45 Additionally, CDR3 sequences that did not fit the C-xx-

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

switched isotype (IgA, IgD, IgE) was detected. CDR3 sequences for Igə (kappa-chain) that did 

not fit the C-xx-F motif were classified as unknown functionality. Sequencing reads containing 

hyperlengthy (greater than 2x the average, or 18 amino acids (AAs)) ə-CDR3 that fit the C-xx-F 

motif were also removed from analysis as we believed they were falsely identified through 

bioinformatic or sequencing errors. 

 

Initial nucleotide alignments were created with MAFFT284 using 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 similarly-aligned 

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

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

 

V(D)J pairing frequency 

Pairing frequency was assessed in productive sequencing reads from both IgH and Igə 

datasets. All pairing of V-gene segments was only assessed from productive IgH and Igə 

sequencing reads, referred to as VH and Və, respectively. Sequences identifying more than one 
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possible V-gene segment were excluded from this analysis. For both IgH and Igə, J- and D-gene 

segments designated as undetermined (U) were either not reported by IMGT, contained less than 

six nucleotides, or multiple gene segments were assigned to a single sequencing read. Total 

counts from VJ pairings for heavy- and light-chains were tabulated and Circos graphs were 

generated using Circos Online.285 

 

Statistical analysis and graphics 

Linear Regressions were performed by comparing the percent of repertoire of V-gene 

segment or V(D)J combinations from pools 1 vs 2, 2 vs 3, and 1 vs 3 using the linear regression 

analysis tool in GraphPad (Version 6.0). Chi-square analysis of V-gene segment usage was 

performed on raw sequencing read counts using R version 3.4.2 (https://www.r-project.org/). All 

productive VH- and Və-gene segments and open reading frames listed on IMGT for the B6 

mouse were analyzed and gene segments not found in our datasets were assigned a read count of 

zero. The IMGT productive list includes all gene segments detected in the NCBI annotation of 

the mouse genome. The IMGT chromosomal locations were also used for any chromosomal 

analysis, though not all gene segments have a defined chromosomal location. Gene segments that 

were not defined by location in IMGT were excluded from any chromosomal analysis. These 

analyses were performed on each mouse pool separately by comparing the observed raw-read 

count values of V-gene segments to an expected theoretical number of reads which was based on 

the null hypothesis that all V-gene segments will have the same number of raw reads. This value 

was determined by dividing the total number of antibody reads observed in a mouse pool by the 

number of possible gene segments. The analysis of gene-segment usage by chromosomal 

location was performed by dividing gene segments into four quadrants based on nucleotide 
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position. A quadrant was defined as one-fourth of the entire locus, as determined by number of 

nucleotides in the locus. Gene segment location was defined as the first nucleotide of the gene 

segment. A Chi-square analysis was performed on each mouse pool by summing the raw-read 

counts of all gene segments containing a 5ô nucleotide position within each quadrant and 

comparing the observed total reads within a quadrant to an expected theoretical number of reads 

for each quadrant which was based on the null hypothesis that the number of raw reads is not 

statistically different between defined quadrants.  

 

Percent of repertoire values were determined by dividing sequencing reads corresponding 

to each gene segment, constant region, or CDR3 length by the total number of gene segments, 

constant regions, or CDR identified in each mouse pool for normalized comparison between 

pools. Percent of repertoire for these variables were displayed as bar graphs, generated in 

GraphPad v6.0, or as heat maps, generated in Microsoft Excel. In addition to visualization of 

gene segment combinations through Circos graphs, the percent of repertoire for gene segment 

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

 

 Results 

VH- and Və-gene segment usage 

We obtained between 8,714 and 11,200 IgH individual productive reads, and between 

14,271 and 28,756 individual IgH reads of unknown functionality as identified by IMGT HighV-

Quest (Table 4.1). Between 11,968 and 18,643 individual Igə productive, and 12,602 and 39,410 

individual Igə reads of unknown functionality were identified by IMGT HighV-Quest (Table 

4.1). Overall, we identified 132 VH- and 109 Və-gene segments within the repertoires of our 
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mouse pools (Figure A.2). As a general trend, the three pools resulted in similar frequencies and 

similar ranks for V-gene usage among groups. The ten most common V-gene segments from 

each pool were compiled, resulting in a total use of 14 VH-gene segments and 17 Və-gene 

segments (Figure 4.1). 

 

The most common VH-gene segment in pools one and two was V1-80 (Figure 4.1A, 

Figure A.2A). V1-80 was the seventh most common gene segment used in pool three. V6-3 was 

the most common VH-gene segment in pool three, but ranked seventh and sixth in pools one and 

two, respectively (Figure 4.1B). V1-26 was the next most common VH-gene segment, ranking 

second in pools one and two, and third in pool three. Among the top ten most common VH-gene 

segments, most gene segments ranked between first and 17th within their pools, however, three 

outliers were found within these groups. V1-50 ranked 23rd in pool one, but it was ninth and 

second in pools two and three, respectively. V1-78 was ranked 31st in pool two, but ranked tenth 

and 17th in pools one and three, respectively. V1-18 was ranked 32nd in pool three but third and 

fourth in pools one and two, respectively. VH-gene usage between pools was well correlated (1 

vs 2 R2= 0.8427, 2 vs 3 R2=0.7054, 1 vs 3 R2=0.5842, all p=<0.0001).  

 

Seventeen Və-gene segments were among the top 10 most abundant Və of the repertoire 

in at least one of the three mouse pools, with five Və-gene segments appearing in the top ten of 

all three mouse pools (Figure 4.1, Figure A.2B). Pool one appeared enriched for V5-39, 

comprising 10.33% of the repertoire as compared to 1.03% in pool two and 2.84% in pool three 

(Figure 4.1C). Excluding this difference, V1-110, V1-117, V10-96, and V4-55 were the four 

most abundant gene segments in all three mouse pools. The lowest ranking of the most abundant 
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Və in any of the mouse pools were V5-39, ranking 32nd in pool two, while ranking first and 

seventh in pools one and three, respectively and V10-94, ranking 32nd in pool one, but fifth in 

pool two and 13th in pool three. (Figure 4.1D). All top Və that showed any variation in 

abundance among pools were still within the top 32 Və-gene segments. Və usage between pools 

was correlated, although not as highly as VH (1 vs 2 R2= 0.3684, 2 vs 3 R2=0.6700, 1 vs 3 

R2=0.6414, all p=<0.0001).  

 

With 113 productive VH and 93 productive Və described in IMGT by chromosomal 

location, each gene segment would be expected to appear as part of the repertoire roughly 0.84% 

and 1.06% of the time for VH and Və, respectively, if gene segment usage was random (Figure 

4.2). When we assessed usage frequency, there was a non-random distribution of both VH- 

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

 

We also assessed gene segment usage by chromosomal location in the IgH and Igə loci as 

gene-segment spacing was not evenly distributed along the chromosome. Based on 5ô nucleotide 

position, Q1-4 contained 22, 23, 33, and 33 VH-gene segments or 18, 21, 24, and 30 Və-gene 

segments, respectively. Since V-gene segment usage appears skewed, we tested whether the total 

expression of V-gene segments within a quadrant defined by nucleotide position was randomly 

distributed. We found that the expression within each quadrant was not randomly distributed, for 

both IgH and Igə, suggesting that V-gene expression may be influenced by chromosomal 

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

We identified ten different D-gene segments used in our repertoires (Figure 4.3A). We 

also added one additional category for our analyses, termed ñundeterminedò. This label was 

applied to D-gene segments that were assigned by IMGT to non-C57BL/6J genes and antibody 

sequences containing a V- and J-gene segment, but not containing an identifiable D-gene 

segment. Due to the very short length of D-gene segments combined with alterations during 

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

 

For all three groups, the D1-1 gene segment was the most common segment identified 

comprising 26-28% of the repertoire. Undetermined D-gene segments, however, made up a large 

part of the D-gene segment repertoire, comprising 31-33% of the repertoire. D2-3, D2-4, D4-1, 

and D2-5 were found in similar frequencies ranging from six to fifteen percent of the data set. 

D3-2, D3-1, D6-3, D5-5, D5-2, and D6-4 were found at low levels in all data sets; comprising 

under three percent of the total repertoire. 

 

Four JH-gene segments were identified, with JH2 being the most common among all 

three groups (Figure 4.3B). The remaining J-gene segments, JH4, JH3, and JH1, were found at 

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

 

IgM was overwhelmingly the most commonly identified constant region making up 

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

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

It was not detected in pools one and two. 

 

Jə-gene segment usage 

A total of four Jə-gene segments were identified, with similar distribution of Jə-gene 

segments between mouse pools (Fig 3-10D). Due to the even distribution of the three most 

abundant Jə, the ranking of each gene segment varied slightly among the three mouse pools. 

Within each mouse pool, there was a small portion of Jə that contained too few nucleotides to be 

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

 

IgH- and Igə- gene segment combinations 

VH, DH, and JH family combination frequency was examined. Some preferential bias for 

specific gene segments seemed to exist (Figure 4.4A). For example, the JH4/DH2 combination 

appeared at a high frequency with VH1 (4.5% of repertoire), but not with any other VH gene 

family to the same degree. IgH gene segment recombination frequency correlated with gene 

segment abundance. VH1, which contains over half of all possible V-gene segments, also was 

the most commonly used VH family, which is seen as the dominant band in the Circos plot 

(Figure 4.4B).  

 

The pairing of Və families to individual Jə was also assessed (Figure 4.4C-D). Overall, 

the pairing of Və families with Jə appeared random, however, certain Və families preferentially 

paired with specific Jə-gene segments. For example, V4 paired less efficiently with J1, while V3 

paired more efficiently with J1 (Figure 4.4C). Unlike VH, no single Və family was exceedingly 

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

the Circos plot (Figure 4.4D). 

 

The percent of repertoire that each VJ-gene segment combination comprised within each 

mouse pool was compared by linear regression. Mouse pools showed modest correlation levels 

of VJ-gene segment recombination frequency in IgH (1 vs 2 R2= 0.6055, 2 vs 3 R2=0.4419, 1 vs 

3 R2=0.4399, all p=<0.0001) and Igə (1 vs 2 R2= 0.2340, 2 vs 3 R2=0.3598, 1 vs 3 R2=0.4607, all 

p=<0.0001), with some enrichment for certain combinations within each mouse pool. V-(D)-J 

combinations were within bubble charts generate a visual comparison of pairing (Figure 4.4A 

and Figure 4.4C). 

 

IgH and Igə CDR3 

The average IgH CDR3 (H-CRD3) length of all three data sets was 11 amino acid (AAs) 

long (Figure 4.5A). The lengths of the H-CDR3s followed a normal distribution except all three 

groups were enriched for five AA H-CDR3s. H-CDR3 AA length ranged from one to twenty-

three amino acids in length with 11 AAs being the average for all three pools. Igə chain CDR3 

length was conserved at nine AAs, comprising 87-90% of the repertoire (Figure 4.5B). While 

nine AAs was the most frequent ə-CDR3 length, one ə-CDR3 with a length of seven AAs was 

observed in the top CDR3 sequences. The distribution of CDR3 lengths was even among pools 

for both IgH and Igə (Figure A.3). Four ə-CDR3 sequences that fit the conserved kappa chain C-

xx-F motif identified within the mouse pools (data not shown), while no such hyperlengthy H-

CDR3 sequences fitting the C-xx-W motif were identified. 
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Interestingly, many of these H-CDR3s, though found in all three pools, were not 

necessarily common H-CDR3s. Only one H-CDR3, CARGAYW, was found among the top ten 

most common H-CDR3s of each pool. One additional H-CDR3, CARDYYGSSWYFDVW, was 

found in the top five of pools two and three. Of the 75 total H-CDR3s that appeared in all three 

pools, frequencies varied drastically, from being the most common to only being detected once 

(Figure 4.6A). Of the top five most common H-CDR3s in each data set, only three, CARGAYW, 

CARGGYW, and CMRYSNYWYFDVW occurred in all three data sets (Figure 4.6B, Figure 

A.4). CARGSYW occurred in pools one and two, CARRWLHYAMDYW in pools two and 

three, and CARYAPYYFDYW in pools one and three. The remaining most common H-CDR3s 

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

 

There were 3,217 total unique ə-CDR3 amino acid sequences identified among all three 

mouse pools (Figure 4.6C). While there were 2,345 individual ə-CDR3 amino acid sequences 

that were unique to the individual mouse pools, there were also 475 ə-CDR3 shared among all 

three pools. None of these 475 shared ə-CDR3 were found within the top five ə-CDR3s of all 

three mouse pools (Figure 4-18D). There were 14 total ə-CDR3 sequences that were found 

within the top five ə-CDR3 for each mouse pool (Figure 4.6D, Figure A.4). There were no 

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

 

Comparison of alignments of CDR3s 

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

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

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

 

One heavy-chain VDJ-gene combination displaying a CDR3 region of variable length 

was selected from the 15 most common gene combinations among the three mouse pools and 

aligned to its germline sequence. From the full alignment, one short (four to eight AAs, Figure 

4.7A), one medium (11 AAs, Figure 4.7B), and one long (14 AAs, Figure 4.7C) selection of 

nucleotide sequences were isolated and compared. Although the three groups were encoded by 

the same V-, D-, and J-gene segments, gene segment representation across each sample was 

variable. Most variability occurred in or around the D-gene segment, which could be due to 

splicing, N- and P-nucleotide additions, and deletions during somatic recombination. D-gene 

usage also appeared to be a factor determining CDR3 length. This was evidenced by increasing 

D-gene representation across CDR3 selections of decreasing length compared to the relative 

conservation of the V- and J-gene segments, though J-gene conservation seemed to decrease 

among extremely short CDR3s. Overall, the V-gene segment appeared to remain the most 

uniform. 

 

While Igə contains mostly CDR3 sequences that are nine amino acids in length, many 

highly abundant VJ-gene segment combinations (such as V110 and J2) contained CDR3s of 

multiple lengths. Unlike IgH, the alignments of VJ pairings were relatively uniform among Igə 

as compared to the germline sequence in CDR3 sequences that were eight, nine and ten amino 

acids in length (Figure 4.7D). 
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 Discussion  

To our knowledge, these data are the first unamplified sampling of the normal mouse 

antibody repertoire that has been described. Others have looked at Ig-gene segment usage with 

other strategies44,196,199,242,286 but we wanted to determine if a straight-forward RNA-Seq 

approach would provide us with a reasonable assessment of B cell Ig-segment use without the 

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

 

To minimize potential single animal aberrations and repertoire skewing, we pooled 

splenic tissue of four unimmunized mice in three biological replicates. This approach was 

successful since we saw less variation with pooled samples compared to data sets that are made 

up of single mice.58 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.244 Therefore, our data are consistent with that study. We also did the technical 

replication of material in pool one and found that there was good reproducibility (R2 =0.7562).45 

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

are a strong reflection of the normal mouse repertoire.  

 

The most common VH-gene segment was V1-80, which was the most common in pools 

one and two. V6-3 was the most common in pool three. In selecting the ten most common VH-

gene segments from each pool, we identified 14 different VH-gene segments, with heavy overlap 

among pools. All VH-gene segments isolated comprised between 1% to 8% of the repertoire. 

This VH V-gene variation is consistent with previous observations65 but the pools ameliorated 

the extreme variations that was reported by that group. We also saw that Və-gene segment usage 



109 

was comparable among mouse pools, with 17 gene segments comprising between 1% and 13% 

of the repertoire. Although we have found that gene segment use among all three pooled sample 

groups was similar, there were some differences. V5-39 was observed at a high frequency in 

pool one (10%) as compared to pools two (1%) and three (3%). This skewing could be the result 

of a mouse within pool one responding to a specific antigen that other mice did not respond to or 

more likely, represents the natural variability of mice.44 Nevertheless, even pooling samples 

maintains the randomness of antibody gene selection and rearrangement and a pool of four 

individuals still has relative uniqueness.  

 

Some have suggested that V-gene segment usage may be skewed.241 Chi-square analyses 

of VH- and Və-gene segment use in our data set would support this contention since several VH 

and Və-gene segments were used more frequently than expected. Even though we have analyzed 

three independent biological samples made of pools of four mice, we recognize that an even 

larger data set will be needed to conclusively settle this discussion. Studies on humans have 

revealed similar V(D)J usage in spite of them being outbred populations276 which also supports 

that there is some inherent selection in V-gene selection regardless of genetics. Additional 

studies looking at epigenetic changes or other transcriptional regulatory elements such as the 

characterization performed by Choi et al.287 might also help understand mechanisms of V-gene 

segment selection. 

 

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

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

segments could not be identified, likely due to the short length of the D-gene segment. 
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Nevertheless, we do see different populations of antibodies even when they do share similar D-

genes segments. Some have large D-gene segments where others have little recognizable 

sequence. 

 

JH-gene segment usage was relatively uniform. J2 was the most common among all three 

pools, with over 32% use in the repertoire. J1, J3, and J4 were evenly represented among all 

three pools totaling between 19-27% of the repertoire. Gene segments with less than six 

nucleotides were unable to be identified and occur at less than 0.1% of the heavy-chain 

repertoire. Jə-gene segment usage is somewhat evenly distributed among J1, J2, and J5 

comprising between 25-32% of the repertoire, in agreement with the findings of Aoki-ota et 

al.,241 Lu et al. found a slightly different Jə expression profile, possibly reflecting strain specific 

usage of Jə.199 As paralleled in the heavy-chain data, gene segments with less than six 

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

 

Constant region usage in the heavy-chain was heavily dominated by IgM, which reflects 

the ñnaµveò status of our mice. Although IgM comprised over 78% of the total identified constant 

regions we did see the expression of IgG, IgA and IgD. IgE was rare, being detected in only pool 

three. However, when compared to serum data, even in naïve mice, there was a high level of 

circulating IgGs, which was not reflected in spleen tissue sequencing, which instead shows very 

high levels of IgM.288 This could be due to a large B-cell population in the spleen that is not 

secreting antibody at high levels into the bloodstream.44 
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We looked at the common H-CDR3 sequences among the three mouse pools. There was 

little overlap; with only 75 H-CDR3s detected in all three pools and between 92 and 163 

common H-CDR3s when we just looked at two pools. We detected between 4.6k to 6.2k unique 

sequences found only in each respective pool. While we sampled a small fraction of CDR3s 

present in the total antibody repertoire, Lu et al. and Greiff et al. used primer amplification to 

enrich for IgH transcripts and still found high CDR3 variability among individuals.44,199 

Similarly, in a study comparing monozygotic twins, Glanville et al., also demonstrated that 

CDR3 profiles between the individuals were quite diverse despite similar gene family usage 

between the twins.289 Therefore, the pooling methodology that we employed did not significantly 

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

 

When we examined the ə-CDR3 usage among the three biological samples, there was a 

higher proportion of common ə-CDR3s. Unique ə-CDR3s within each pool ranged from 688 to 

832 CDR3 identified within all three pools and between 108 and 178 CDR3 identified in only 

two pools. One explanation for light-chain CDR3 length homogeneity may be selection due to 

light-chain editing that occurs during B-cell maturation and the need to be able to interchange the 

light chains. 

 

The small numbers of overlapping CDR3 sequences among our three pooled samples 

suggests that significant variation in the idiotypes could develop, even within an inbred 

population of mice and reinforces the idea of unique generation of B-cell diversity in inbred and 

outbred populations.276,289 Moreover, we were curious if the size of the total pool of B cells could 

be estimated from our data. Using a model of capture-recapture methodology,290 the Chapman 
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estimator,291 and the number of common heavy-chain CDR3 sequences seen in each of our 

samplings, we estimated our B-cell pool to range from 1.5-14 x 106 cells. If we assume that there 

are 5 x 106 B cells in a nine to eleven-week-old female C57BL/6J mouse spleen, and our mouse 

pools were made up of four spleens, this estimate of the possible splenic B-cell pool is 

reasonably accurate, especially if we take into account some of the CDR3 sequences were 

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

 

While CDR3 is commonly used to describe the antibody repertoire, many studies have 

reported the combinations of the V(D)J.120,128,244,292,293 Compiling CDR3 nucleotide alignments 

allowed us to visualize the significance of individual gene segment involvement with the CDR3 

in the context of specific V(D)J combinations. Sequencing outside of CDR3 also reveals 

biologically relevant information about antigen binding and allows for further characterization 

and potential lineage determination. Our sequencing technique enabled the identification of 

V(D)J-gene segments in addition to constant region, providing insight into pairing of V-gene 

families with (D)J-gene segments.  

 

The information about the unchallenged Ig-gene repertoire also has other uses. It 

provides a comparative foundation when looking at host response to antigen294 and has been used 

to isolated therapeutic antibodies. Antibodies for influenza in a mouse model and were a 

valuable tool in the detection of antigen specific responses.133,270  

 

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

the cost of potentially excluding rare B-cell clones. In humans, for example, a single clone may 
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only comprise 0.1% to 0.3% of the repertoire.295 We have explored the differences between 

samples that have and have not been amplified and found a moderate correlation (R2 = 0.5815, 

0.5855, p<0.0001, Rettig et al., this thesis). While some of the differences arose from expected 

depth-of-sequencing issues, we unexpectedly found that discrepancies also resulted from gene 

segments being detected in the unamplified data set not detected in the amplified data sets 

(Rettig et al., this thesis). It is also important to note that the number of immunoglobulin reads 

detected in our RNASeq library equaled or exceeded those in other HTS studies (Boyd et al. 

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

 

Another issue which may affect the data presented stems from the use of whole spleen 

tissue rather than isolated B-cell populations.133 Although our approach was necessary to 

accommodate requirements of a separate investigation,45 we are aware that the inclusion of 

extraneous cells as result of using whole tissue could reduce the recovery of rare B-cell clones. 

In addition, some bias might be introduced because of cell subpopulation stability and frequency 

in whole spleen tissue.25,26 Nevertheless, in spite of the limitations of our methodology, it 

appears that the repertoire we detected correlated with mouse studies that have used selection 

and amplification methods of various kinds. For example, Collins et al. detected five of the same 

VH genes that we detected among our highest 10 used VH-gene segments. JH2 was also the 

most frequently detected in both of our studies.14 Yang and Kaplinski detected V-gene segment 

use that paralleled our findings with V1-26 identified by them as the most frequently used.67,242  

 

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

be possible with increasing use of single cell amplification.94,296,297 While strain specificity has 
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been reported,14,44 many Və-gene segments that were represented over one-percent of the time in 

unimmunized BALB/c mice were also identified in our study.199 Aoki-Ota et al. also noted Və-

gene segment skewing in their assessment of unimmunized C57BL/6 mice.241 These similarities 

also suggest that the lack of amplification did not dramatically affect our assessment of the B-

cell repertoire, and the differences seen are likely due to mouse-to-mouse variation that still 

manifests in our pooled samples. 

 

In conclusion, we have presented an unamplified view of the conventionally housed, 

unimmunized, antibody repertoire. It appears that an RNASeq approach without amplification 

can provide an accurate assessment of V-gene use as well as a snapshot of the CDR3 present in 

the population; and helps validate this as a reasonable scientific approach. In addition, we lay the 

foundation for future work in our lab to characterize the unamplified whole tissue repertoire of 

the immunized C57BL/6 mouse. 

 

Data Availability  

Raw FASTQ files are available through NASAôs GeneLab (https://genelab-

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

 

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

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

reads of all identified gene segments from each mouse pool for a normalized comparison 

between pools. (A) The VH representing the ten most abundant gene segments from each mouse 

pool are displayed. (B) The rankings of each gene segment contained within the top 10 most 

abundant VH from at least one of the mouse pools are compared. The most abundant gene 

segment is ranked as 1. Dark red indicates higher rank moving to white, of lower rank. Similarly, 

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

(B) by chromosomal location 

 

Gene segments are shown in order of chromosomal position (5ô to 3ô). The average value from 

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

analysis in R (version 3.4.2) (all pools, p<0.0001). 

  



117 

Figure 4.3. Percent abundance of IgH D- (A) and J- (B) gene segments, IgH constant 

regions (C) and Igə J-gene segments (D). 

 

Sequencing reads corresponding to each gene segment or constant region were divided by the 

total number of gene segments or constant regions identified in each mouse pool for normalized 

comparison between pools (left side). The most abundant gene segment is ranked as one (right 

side). Dark red indicates higher rank moving to blue (A) or white (B-D), of lower rank. 

Sequencing reads designated undetermined (undeter) where portions of a D- or J-gene segment 

were identified but unable to be assigned to a specific C57BL/6J D- or J-gene segment. 
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Figure 4.4. Combinations of V-gene families with DJ-gene segments for IgH (A) and J-gene 

segments for Igə (C).  

 

Increasing pairing frequency of V(D)J is represented by larger circles. Sequencing reads in 

which more than one C57BL/6 J-gene segment was attributed or too few nucleotides were 

present in the J-gene segment for designation by IMGT have been classified as undetermined 

(U). Pairing frequency is also represented by Circos graphs for IgH (B) and Igə (D). Circos Plot 

Labels (starting at 12:00 position and the largest arc and continuing clockwise with occasional 

color references) 

B ï J1 (red), J2, J3, J4, U (yellow), V1, V2, V3, V4, V5, V6, V7 (Teal), V8, V9, V10, V11, V12, 

V13, V14 (purple), V15 

 D ï J1 (red), J2, J4, J5, U, V1 (yellow), V2, V3, V4, V5, V6, V7 (black sliver), V8, V9, V10, 

V11, V12, V13, V14, V15 (royal blue), V16, V17, V18, V19, V20 (black sliver, if present)  
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Figure 4.5. CDR3 length for IgH (A) and Igə (B). 

 
The average percent of repertoire of each CDR3 amino acid length from three mouse pools is 

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

pools. 

 

A Venn diagram displays the overlap of the number of unique CDR3 amino acid sequences 

among mouse pools for IgH (A) and Igə (C). The percent of repertoire for the top five CDR3 

amino acid from each mouse pool are shown for IgH (B) and Igə (D). 
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Figure 4.7. Comparison of CDR3 alignments in gene segment combinations (IGHV1-26, 

IGHD1-1, IGHJ1) coding for a predominantly short (A), median length (B), and long (C) 

H-CDR3 region and ə-CDR3 (IGəV1-110, IGəJ-2) (D). 

 

The germline nucleotide (G.L.) sequence is identified at the top of each alignment. Each 

nucleotide sequence is labeled with its corresponding amino acid sequence. Nucleotide 

sequences coding for identical amino acid sequences are labeled with numbers (1, 2, 3, etc.) 

corresponding with the alignment order. The V and J-gene segments for each alignment are 

labeled, however due to the variability in the D-gene segment it is not bracketed, but is 

identifiable by the germline sequence provided.  
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Table 4.1. Sequencing and mapping statistics from mouse pools 1, 2, and 3. 

 Pool 1 Pool 2 Pool 3 

Total Reads 25.1 Ma 31.4 M 32.7 M 

Post Cleaning 12.0 M 30.9 M 32.0 M 

Productive IgH 8,714 11,200 10,224 

Unknown IgH 14,271 27,896 18,756 

Productive Igə 11,968 18,643 16,293 

Unknown Igə 12,602 39,410 36,624 

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

of unimmunized C57BL/6 mice 

 Abstract 

Spaceflight has been shown to suppress the adaptive immune response, altering the 

distribution and function of lymphocyte populations. B lymphocytes express highly specific and 

highly diversified receptors, known as immunoglobulins (Ig), that directly bind and neutralize 

pathogens. Ig diversity is achieved through the enzymatic splicing of gene segments within the 

genomic DNA of each B cell in a host. The collection of Ig specificities within a host, or Ig 

repertoire, has been increasingly characterized in both basic research and clinical settings using 

high-throughput sequencing technology (HTS). We utilized HTS to test the hypothesis that 

spaceflight affects the B-cell repertoire. To test this hypothesis, we characterized the impact of 

spaceflight on the unimmunized Ig repertoire of C57BL/6 mice that were flown aboard the 

International Space Station (ISS) during the Rodent Research One validation flight in 

comparison to ground controls. Individual gene segment usage was similar between ground 

control and flight animals, however, gene segment combinations and the junctions in which gene 

segments combine was varied among animals within and between treatment groups. We also 

found that spontaneous somatic mutations in the IgH and Igə gene loci were not increased. These 

data suggest that space flight did not affect the B cell repertoire of mice flown and housed on the 

ISS over a short period of time. 

Citation:  Ward, C.,*  Rettig, T. A.,*  Hlavacek, S., Bye, B. A., Pecaut, M. J., Chapes, S. K. 

Effects of spaceflight on the immunoglobulin repertoire of unimmunized C57BL/6 mice. Life 

Science in Space Research 16, 63-75. doi: https://doi.org/10.1016/j.lssr.2017.11.003 (2018)  

*Co-First Authors. 

https://doi.org/10.1016/j.lssr.2017.11.003
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 Introduction  

Spaceflight presents a unique set of challenges to the immune system. For example, 

spaceflight alters T- and B-lymphocyte functions, including recall responses in astronauts aboard 

the space shuttle and cytokine responses after missions to the international space station 

(ISS).171,179,215,222,228,233,298,299 In addition to functional changes, lymphocyte subpopulations are 

altered. CD8+ T-cell numbers were increased during flight while other T-cell subsets were 

decreased.299 Similar changes in phenotype also occur in animal and tissue culture systems 

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

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

 

Lymphocyte subpopulations change in response to spaceflight175,224,226,235,236,302-304 and 

AOS.176,305 Splenic T- and B-lymphocyte counts were decreased in mice flown on the 13-day 

mission of the Space Shuttle Endeavor (STS-118) compared to ground controls.175 In the AOS 

model, Wei et al. found a reduced number of both T and B lymphocytes in the thymus and spleen 

of hindlimb unloaded Balb/c mice compared to normal controls.305 Reductions in the mass of 

lymphoid organs has also been observed.176,201,205,208,210,211,302,306,307 Spaceflight altered the 

phenotype of immune cells in the bone marrow, the lymphoid organ in which hematopoiesis 

occurs,188 and AOS reduced the number of bone marrow B-cell progenitors.177  

 

While many studies have characterized T-cell response to 

spaceflight,175,189,205,213,232,302,308-317 fewer studies have characterized the impact of spaceflight on 

B-cell populations. The characterization of B-cell receptors, known as immunoglobulins (Igs), is 

of particular interest due to the (IgH) and light chains, which are encoded on separate loci.262 The 
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heavy chain locus encodes multiple Variable- (V), Diversity- (D) and Joining- (J) gene segments, 

while the functionally equivalent ə (Igə) and ‗ (Ig‗) light chain loci contain only V- and J-gene 

segments (Early et al., 1980, Sakano et al., 1979). During early B-cell development in the bone 

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

each V(D)J-gene segment is selected for Ig use.5,262 Random and palindromic nucleotide 

insertion at splice sites adds to Ig diversity.318-320  

 

In the Ig molecule, complementarity determining regions (CDR) confer binding 

specificity. CDR1 and CDR2 are encoded entirely within the V-gene segment, while CDR3 

contains a portion of the 3ô end of the V-gene segment, the entire D-gene segment, and a portion 

of the 5ô end of the J gene segment.200,262,265 As a result of somatic recombination, B cells 

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

 

An individualôs Ig repertoire can be characterized using high-throughput sequencing 

(HTS) using either genomic DNA or messenger RNA sequences isolated from B-cell 

populations.45,133,321 B cells will clonally expand after antigen-Ig receptor engagement, resulting 

in a higher portion of target-specific Ig receptors within the B-cell population. There have been a 

number of HTS-based Ig repertoire studies in human disease, ranging from infectious 

disease,77,78,125,271 autoimmunity,274,275,322 and cancer.109,116,273,323,324 Greiff, et al. developed a 

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

status.65  
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Some have explored the impact of spaceflight on Ig repertoires. In vitro challenge of 

human B cells during spaceflight resulted in lower concentrations of secreted Ig (Fitzgerald et 

al., 2009). There was no significant difference in pre- and post-flight Ig levels in peripheral blood 

of astronauts who flew aboard the ISS.194,217,298 These samples, however, were not taken after 

challenge with a specific antigen. Rats immunized intraperitoneally with sheep red blood cells 

prior to spaceflight produced significantly less serum IgG compared to immunized ground 

control animals.213 

 

Although some have explored Ig gene segment changes in the context of spaceflight or 

model analogs,191,325-327 little has been done to characterize the impact of spaceflight on the Ig 

repertoire in mice. Given that changes in B cells and Ig concentrations occur during spaceflight 

conditions, we tested the hypothesis that spaceflight alters the Ig repertoire of mice flown on the 

ISS. We examined individual Ig gene segment usage, gene segment combinations, CDR3 

composition, and frame work and CDR mutations in 35-week-old, unimmunized, female 

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

 

 Materials and Methods 

Tissue Samples 

RNA samples were provided by the NASA Ames Research Center. RNA was extracted 

from the spleen and liver of 35-week-old female C57BL/6Tac mice that were either housed in 

the ISS environmental simulator (ground control, n=5), or flown aboard the ISS via SpaceX-4 

(n=5). Tissues from flight animals were collected on board the ISS 21-22 days post-launch in 

flight animals while tissues from ground control animals were processed similarly on a four-day 
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delay. Upon collection, spleens and livers were stored at 4°C in RNAlater (LifeTechnologies, 

Carlsbad, CA) for at least 24 hours and then stored at -80°C. RNA extraction was performed 

according to manufacturer's instructions with the RNeasy mini column (QIAGEN, Hilden, 

Germany) and stored at -80°C. This was a secondary science experiment and the dissection and 

timing of the experiment were dictated by the primary validation experiment. Animal care and 

experimental procedures were approved by the Institutional Animal Care and Use Committee at 

the NASA Ames Research Center. 

 

Illumina MiSeq Sequencing 

RNA samples were subjected to 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 mRNA to cDNA. Ig-specific primer 

amplification was not utilized. Additionally, fragmentation was limited to one minute to reduce 

fragmentation and maintain longer reads. Illumina MiSeq with paired reads of 300 base pairs 

was performed on size selected (275-800 nt) total RNA isolated from the liver and spleen of 

three ground control and three flight animals based on highest RIN values (Spleen RIN:5.9-8.9, 

Liver RIN: 6.2-7.8) (Ground animals: G1, G2, G3; Flight animals: F1, F2, F3). Illumina MiSeq 

data from both spleen and liver are available by NASA GeneLab (https://genelab.nasa.gov, 

GLDS-ID Pending). 
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Bioinformatic Workflow  

Illumina MiSeq sequencing reads were processed as described previously (Rettig et al., 

2017). Briefly, FASTQ files were imported into CLC Genomics Workbench v9.5.1 

(https://www.qiagenbioinformatics.com/) and were quality trimmed and filtered to remove 

sequences less than 40 nt in length to prevent false V-gene segment assignment. Paired-end 

sequences and overlapping-paired (merged) sequences were mapped to both V-gene segment 

references obtained from the ImMunoGeneTics (IMGT) database (251 IgH segments, 135 Igə 

segments), and to entire IgH and Igə loci obtained from NCBI (NC_000078.6, 113258768 to 

116009954, and NC_000072.6, 67555636 to 70726754, respectively). Mapped sequencing reads 

were submitted to the IMGT HighV-Quest tool for characterization of functionality and 

junctional analysis. Only one sequence per sequencing cluster was retained for further analysis as 

outlined in Rettig et al.45 Briefly, per sequencing organization ID, the read with the most 

information is saved for further analysis. Antibody sequences can differ by as little as a single 

nucleotide and without a unique barcoding step during amplification, removing similar, but not 

identical sequences, could limit the breadth of the repertoire sampled. Due to this, no further 

filtering was performed on sequences. A motif search was performed in CLC on IgH sequences 

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

 

Gene Segment Usage 

Sequencing reads were analyzed using the IMGT HighV-Quest tool.283 V-gene segment 

usage was characterized as either productive or unknown functionality, where a read was 

considered productive if it was in frame and did not contain a premature stop codon as defined 

by IMGT. Sequences that did not fit the C-xx-W motif in non-class switched H-CDR3 or C-xx-F 
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in ə-CDR3 were assigned an unknown functionality. D- and J-gene segment, and constant region 

usage was assessed in productive reads only. All gene segments considered functional by IMGT 

(includes open reading frames and gene segments without full NCBI mapping) were included in 

this analysis. Reads assigned to multiple C57BL/6 V-gene segments were tabulated using a 

weighted distribution. Reads containing only one possible V-gene segment were assigned a 

count of one. Reads containing two possible V-gene segments were assigned a count of 0.5 for 

each potential V-gene segment. Reads containing more than two potential V-gene segments were 

excluded from V-gene analysis. Multiple V-gene segment assignments likely resulted from reads 

containing less than a full V-gene segment as a result of random hexamer priming. Reads 

assigned to a single non-C57BL/6 D/J-gene segments or multiple C57BL/6 D/J-gene segments 

were reclassified as undetermined and kept for analysis. J-gene segments in which less than six 

nucleotides were identified were also classified as undetermined. Percent of repertoire was 

determined for each individual animal by dividing the number of sequencing reads for each gene 

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

 

Gene Segment Combination & CDR3 Analysis 

Reads assigned to non-C57BL/6 V-gene segments or multiple C57BL/6 V-gene segments 

were removed from our V(D)J combination analyses. V(D)J combination analyses were 

performed on productive sequencing reads and visualized through the use of bubble charts 

(Microsoft Excel) and/or circos graphs from Circos Online.285 Percent repertoire was used to 

detail individual bubble charts and the average of percent repertoire was used when combining 

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

abundance. 

 

CDR3 nucleotide alignments were created using the MAFFT multiple sequence 

alignment program.284 A V-D-J-gene segment combination was selected from the top ten percent 

most-represented gene segments across all individuals for both heavy and light chain. From each 

individual group, unique nucleotide sequences were isolated and aligned to their respective 

germline sequences provided by IMGT. Individual alignments were then stacked within their 

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

 

Complementarity Determining and Framework Region Mutation Analysis 

Nucleotide substitution mutation data for complementarity determining and framework 

regions for IgH and Igə were obtained from the IMGT HighV-Quest tool. Any mutations 

involving degenerate bases were removed. Nucleotide range (in base pairs), number of reads 

containing at least one mutation, total number of substitution mutations, and number of 

mutations per base pair position were determined for each region. Comparative values for each 

combination of region, Ig location, and treatment group were determined by calculating the 

average of values contained in each combinationôs respective replicates (n=3). 

 

Statistical Analysis and Representation of Data 

All statistical analyses were performed in GraphPad (version 6.0). Dot plots and bar 

graphs were generated in GraphPad using mean values and standard deviation. Heat maps of 

gene segment usage were generated in Microsoft Excel. 
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 Results 

 V-Gene Segment Usage 

B cells originate in the bone marrow from hematopoietic precursors, traffic through the 

periphery and enter the spleen where they are further selected and mature.328 To view a snapshot 

of the impact that spaceflight has on the splenic Ig repertoire of unimmunized mice, we 

sequenced total splenic RNA isolated from three ground control animals and three animals flown 

aboard the ISS. We assessed the composition of individual IgH and Igə sequences. In spleen, 

between 104,135 and 149,675 IgH, and between 103,841 and 175,406 Igə sequencing reads of 

productive or unknown functionality were detected in ground animals, while between 66,909 and 

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

 

The V-gene segment contributes to the combinatorial diversity of the Ig repertoire in part 

due to the large number of possible V-gene segments that could be selected within an individual 

B cell. Among the six study animals 133 VH- and 108 Və-gene segments were detected. Overall, 

the frequency of highly abundant V-gene segments and less frequently identified V-gene 

segments were similar between treatment groups (Figure A.6). Despite a general similarity, a 

pairwise comparison of animals within treatment groups showed low-to-moderate levels of VH-

gene segment correlation (Ground R2: 0.356-0.695, p-values:<0.001; Flight R2: 0.101-0.360, p-

values:0.0001-<0.0001) that demonstrates that there is animal-to-animal variation (Table 5.2). A 

stronger correlation was seen in Və-gene segments (Ground R2: 0.660-0.738, p-values <0.0001; 

Flight R2: 0.465-0.606, p-values <0.0001) (Table 5.2). When comparing the average abundance 

of V-gene segments from ground and flight animals an R2 of 0.592 was observed in VH 

(p=<0.0001) and 0.810 was observed in Və (p=<0.0001) (Table 5.2).  
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When comparing VH-gene usage among all animals, nine gene segments represented 

over five percent of the repertoire in at least one animal (Figure 5.1A). No one gene segment was 

found at over the five percent level in all six animals. V1-53 was found in over five percent in 

five animals, V9-3 was over five percent in four animals, V1-26 and V3-6 in two animals, and 

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

 

Within Və, six gene segments represented over five percent of the repertoire in at least 

one animal (Figure 5.1B). The most abundant gene segment, V5-39 comprised over 16 percent 

of Və usage in all six animals. No other Və represented over five percent of the repertoire in all 

six animals. One gene segment, V3-4, was found at over five percent of the repertoire in four 

animals (G1, G2, G3, F3). The remaining four gene segments (V2-137, V1-110, V4-61, and V6-

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

difference in top VH- or Və-gene segment usage between ground and flight animals (studentôs t-

test, p=0.6478-0.9609).  

 

We also attempted to assess the antibody repertoire in the liver because of its role in fetal 

B-cell development. Only 592 to 1,429 Igə sequencing reads were detected in ground control 

animals and 425 to 543 Igə sequencing reads were detected in flight animals (Table 5.3). We did 

not characterize the heavy chain in the liver due to the low number of IgH sequencing reads that 

we detected. We assessed Və-gene segments that represented over five percent of the repertoire 

in the spleen or liver and found 11 gene segments. Only one gene segment, V5-39, was found in 

the top five across both tissues (Figure 5.2). V3-4 was found in the top five for all animals and 
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tissues except flight mouse twoôs liver sample, where it was ranked tenth. Overall, the average 

usage of these top Və-gene segments showed low to modest correlation between liver and spleen 

in ground animals (R2= 0.4081, p<0.0001) and flight animals (R2= 0.2727, p<0.0001). Analysis 

of statistical differences between individual Və-gene segments representing over five percent of 

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

 

 D- and J-Gene Segment & Constant Region Usage  

Heavy chain Ig diversity is also achieved by using, modifying and splicing of D-and J-

gene segments. To determine if space flight affected these processes we also assessed D- and J-

gene usage. The most commonly detected D-gene segment in both ground control and flight 

animals was D1-1, comprising between 30.6% to 46.8% of the repertoire (Figure 5.3A, Figure 

A.7A). D2-4, D2-3, D4-1, and D2-5 were detected at similar levels among ground control and 

flight animals between 3.56% and 11.39% of the repertoire. D3-1, D3-2, D6-3, D5-5, and D5-2, 

and D6-4 were detected the least often with levels between 3.6% and >0.003% of the repertoire. 

Because of extensive modification of D-gene segments during IgH rearrangement, D-gene 

segments were unable to be determined for between 24.4% and 36.6% of the repertoire for all 

animals. There was no statistical difference in D-gene segment usage between ground and flight 

animals (studentôs t-test, p=0.1542-0.9840). D-gene segment usage was highly correlated 

between ground and flight animals (linear regression, R2- 0.9935, p<0.0001).  

 

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

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

usage in both ground and flight animals. There was no consensus on the most abundantly 
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expressed gene segment as each of the four JH-gene segments was the most abundant segment in 

at least one ground or flight animal (Figure 5.3B, Figure A.7B). While there was no consensus 

use of a particular J-gene segment, usage of any J-gene segment was between 13% and 40%, 

showing that usage is relatively uniform. Studentôs t-tests were performed to determine whether 

differences in individual gene segment usage were significant. No significant differences were 

found between ground and flight animals (studentôs t-test, p=0.2060-0.8662). As the most 

abundant Jə-gene segment, J5, comprises between 32.6% and 47.9% of the repertoire, and is the 

most abundant gene segment all study animals (Figure 5.3C, Figure A.7C). Interestingly, J1 

ranked second most abundant in all ground animals while it ranked third in all flight animals. 

There were no statistical differences in individual JH- or Jə-gene segment usage between ground 

control and flight animals (Studentôs t-test, p=0.0977-0.9262). Linear regression revealed 

correlation between JH usage of ground and flight animals for Igə (R2= 0.9928, p=0.0076) and 

IgH (R2=0.8147, p=0.0360). 

 

Ig isotype composition can provide insight into the developmental stage of B cells. 

Because animals in this experiment were specific-pathogen free, it is unsurprising that IgM 

predominated with between 62.38% and 82.81% of the repertoire (Figure 5.3D, Figure A.7D). 

IgG was the second most prominent isotype which trended towards a higher percentage of the 

repertoire in flight animals although the difference was not statistically significant (Studentôs t-

test, p=0.2150). Except for a relatively high expression of IgA in flight mouse two, IgA was 

detected in between 1.43% and 4.58% of the repertoire, IgD and IgE were detected less than one 

percent in all animals. There were no statistical differences in Ig isotype frequency between 
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ground and flight animals (Studentôs t-test, p=0.1075-0.8277). There was a high correlation 

between ground and flight constant region usage (linear regression, R2= 0.9734, p=0.0019). 

 

 

V(D)J Combinations 

V(D)J family combinations were examined as another way to determine if recombination 

of Ig gene segments was affected by spaceflight. We visualized V(D)J-gene segment 

combinations using both bubble charts and circos plots for both IgH and Igə. IgH showed more 

variation between ground control and flight animals compared to Igə when looking at the most 

common gene family combinations. Circos plots allowed us to examine top V-gene families, J-

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

 

For ease of display, we first grouped together all V-gene segments into their respective 

family. D- and J-gene segments remained as individuals. V1 was the most common IgH gene 

family used in all mice comprising, on average 51% of the V-gene family use in ground animals 

and, on average, 57% of the repertoire in flight animals (Figure 5.4A-B, Figure A.8A-F). In 

ground-treatment animals, V9 was the second most common gene family in ground mouse one 

and ground mouse two, while V2 was the second most common gene family in ground mouse 

three (Figure 5.4A, Figure A.8A-C). In flight animals, the second most common V-gene family 

used was unique among the three animals (flight one: V3, flight two: V2, and flight three: V9) 

(Figure 5.4B, Figure A.8D-F). The third most common V-gene family was also unique among 

the ground treatment animals being V2, V3, and V9 for ground mouse one, ground mouse two, 

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

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

 

We found that the most common V/D/J combinations were correlated with the most 

frequently used gene families or segments within the repertoire. When averaging among 

repertoires, the most common IgH combination in ground-treatment animals was V9/D1/J1 

(8.66%), though this combination was only in the top five most frequent combinations in ground 

mouse one and ground mouse two. The most common average combination in flight-treatment 

animals was V1/D1/J4 (8.35%), though this combination was only detected in the five most 

common combinations for one animal (Figure 5.4A-B, Figure A.9A-B). The V1/D1/J2 

combination was shared among the top five gene family combinations in all mice; representing 

5.94% of the repertoire in ground-treatment animals and 7.73% in the flight-treatment animals 

(Figure A.9A-B). A notable difference between ground and flight treatment groups was the 

usage of the V9-gene family. This family represented the top average VH-gene family used in 

the ground-treatment animals as well as the top combination in ground mouse one and ground 

mouse two (Figure 5.4A, Figure A.9), but only appeared once as the top gene family 

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

 

We also examined the top five V/J pairing frequencies for IgH (Figure 5.4A-B, Figure 

A.8A-F, Figure A.9C-D). For ground animals, there were six unique pairings represented. The 

V1 family was used for four of the six unique V/J pairings compiled. V9 and V2 were also used. 

Of the six unique pairings, four were shared among all three mice (V1/J1, V1/J2, V1/J3, and 

V1/J4). One was shared among two mice (V9/J1), and one (V2/J4) was found only in ground 
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mouse threeôs five most common combinations (Figure 5.4A, Figure A.8A-C, Figure A.8C). For 

flight animals, seven unique pairings where found in the five most common pairs. V1 was again 

the overwhelmingly most common V family with four of the seven unique pairings including it. 

V3, V2, and V9 were all used by a single animal. Of the seven unique pairs, four were shared 

among all three mice (V1/J1, V1/J2, V1/J3, and V1/J4). These pairings were also among the 

most common in the ground-treatment group. Three (V3/J3, V2/J4, V9/J1) were found in a 

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

 

We undertook similar analysis for Igə sequences (Figure 5.4C-D, Figure A.8G-L, Figure 

A.9E-F). The most common Və-gene family expressed in all mice was V5, representing over 

one-fifth of the repertoire. The second most common Və-gene family in ground animals was V3 

while in flight animals it was V6 or V4 (Figure 5.4C-D, Figure A.8G-L, Figure A.9E-F). The 

third most represented Və-gene families was V6 for ground mouse one, and V4 for ground 

mouse two, and V2 for mouse three (Figure 5.4C, Figure A.7G-I). In flight animals, the third 

most common Və-gene family was V4 for flight mouse one, and V3 for flight mouse two and 

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

 

Unlike IgH, Igə expressed more variety in V/J pairing variety. In Igə there were five 

pairings in ground animals (V2/J4, V3/J2, V3/J5, V5/J1, V6/J2) that were not shared with the top 

five flight-animal pairings (Figure 5.4C-D, Figure A.8G-L, Figure A.9E-F). There were also four 

pairings (V1/J2, V4/J2, V6/J1, V6/J4) found in flight animals not found in the top five ground-

animal pairings (Figure 5.4C-D, Figure A.8G-L, Figure A.9E-F). 
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The correlation of the average percent of repertoire for V/J combinations between ground 

and flight animals was higher in Igə, with a R2 of 0.8795 (p<0.0001), whereas IgH had a R2 of 

0.3296 (p<0.0001) (linear regression). V/J combination usage among animals within each 

treatment group also showed stronger correlation within Igə than IgH in both ground and flight 

treatment groups (Table 5.4).  

 

CDR3  

CDR3 is important for conferring diversity in Ig specificity. Therefore, we assessed 

whether spaceflight had an impact on several properties of CDR3 because changes in CDR3 

could affect host ability to respond to antigen. We found that CDR3 length in IgH was highly 

varied. The length ranged from one amino acid to 35 (Figure 5.5A). The average CDR3 lengths 

for all the ground control animals was 12±0. The average CDR3 lengths for flight animals was 

also 12±1. The CDR3 lengths were not normally distributed in the flight or ground animals 

(flight p=<0.0001, ground p=0.0128) with the majority of CDR3 lengths falling between 11 and 

14 AAs. We also examined the heavy-chain CDR3 length by isotype (Table 5.5) and by 

treatment group. We found no significant difference by treatment group or by isotype (two-way 

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

 

Kappa-chain CDR3 length was conserved at nine amino acids with 90.3 to 94.2 percent 

of all light chains having CDR3 rearrangements that were nine amino acids in length (Figure 

5.5B). Only a small percentage of light chains had eight amino acids (2.8 to 6.9%), or ten amino 

acid long (0.9-3.9%) CDR3s. Ground mouse one (0.9%), was an exception and was enriched for 

11 amino acid CDR3s (2.3%) compared to other animals (0.2-0.7%). CDR3 lengths over 18 
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amino acids were not displayed (20, 25, 27, 29, 32, 35, 36, 37, 39). CDR3 rearrangements of 

these lengths were often only detected in one animal and expression of these lengths did not 

exceed 0.01% of the repertoire. Additionally, these rearrangements may have been identified in 

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

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

 

There was little overlap among IgH CDR3s regardless of treatment (Figure 5.6A, C). Of 

the top five CDR3s found in each animal, we identified 26 unique CDR3 AA rearrangements. Of 

those 26 CDR3s, four were found in all six animals. Two additional rearrangements were 

identified in three animals. One of those rearrangements, CASHGSSYLAWFAYW, was found 

in only flight animals and not found in any ground animals. Six CDR3s were found in two 

animals, and the remainder were found in a single animal. The vast majority of CDR3 

rearrangements detected were unique to each animal (6,661-9,270 rearrangements), though there 

was a small amount of overlap among animals (103-163 CDR3 rearrangements). For flight 

animals, 78 CDR3 rearrangements were found in all three animals and 70 were found in all three 

ground animals. Of the rearrangements found in all three animals per treatment group, only 20 

rearrangements were detected in all six animals.  

 

There was considerable overlap in the top five Igə CDR3 rearrangements of each animal 

(Figure 5.6B, D). Seventeen total top CDR3 rearrangements were identified and all CDR3 

rearrangements were identified in every animal. One CDR3 was the most abundant 

rearrangements in five animals (CQNGHSFPLTF), still ranking third in the remaining animal 

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

control animals, and between 1,461-1,818 unique CDR3 were detected in all flight animals 

(Figure 5.6). Of the 725 and 579 CDR3 shared in all three ground control and flight animals, 

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

 

A CDR3 rearrangement nucleotide sequence alignment of one of the top V-D-J-gene 

segment combinations demonstrates significant variability among mice such that any variability 

between ground and flight treatment groups cannot be determined with confidence (Figure 5.7). 

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

 

Mutations in Complementarity Determining and Framework Regions 

We also examined mutation frequencies in CDR and framework (FW) regions for each 

animal because mutations can affect Ig specificity. Mutation frequencies were normalized by 

animal and Ig region (FW1-3, CDR1-3) by dividing the percent of total substitution mutations 

(total mutations/total productive reads) by respective region length (Figure 5.8). There were no 

significant differences between the mutation frequencies of ground control and flight animals for 

any of the Ig regions in both IgH (Studentôs t-test, 0.1916<p<0.9978) and Igk (Studentôs t-test, 

0.3175<p<0.9865). When comparing the substitution mutation frequency across Ig regions, more 

substitution mutations occurred in CDR3 compared to other regions in IgH and Igə (ANOVA; all 

p<0.05).  
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 Discussion 

Spaceflight and ground-based analog models induce phenotypic and functional changes 

in T- and B- lymphocyte populations. Spaceflight also affects bone marrow, the site of B-cell 

differentiation and development. Therefore, we wanted to know whether the stress and 

physiological changes associated with spaceflight would affect the normal development of the 

highly-diversified and highly-specific antigen receptors on B-lymphocytes. If so, the ability to 

respond to pathogens might be affected. We characterized the antibody repertoire of 

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

 

HTS studies of antibody repertoires typically employ polymerase chain reaction 

amplification of Ig specific sequences from sorted B-cell populations. We assessed the B cell 

repertoire in whole spleen tissue because of the limitations of the primary science, a verification 

flight of mouse housing hardware. This precluded the sorting of cell populations. We previously 

showed that similar data could be generated using whole spleen tissue compared to whole spleen 

cell suspensions.45 Although we do not account for B-cell subpopulations,67,242 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 usage.67,242,329 We have compared of amplified and unamplified data sets by our lab show 

reasonable correlations of the data, with more V-gene segments being detected in the 

unamplified data sets (Rettig 2017, this thesis). Amplification with multiplex Ig specific primers 

may introduce amplification bias as primers may bind with varying efficiency to V-gene 

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

amplification bias.321 We also found that the type of RNA-Seq analysis we are using in the 
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assessment of younger C57Bl/6J mouse Ig gene usage, correlated well with that of studies using 

amplification.45 Therefore, we feel we have a reasonable snapshot of B-cell receptors present in 

the spleens of 35-week-old female mice. In addition, the sample preparation allows additional 

data mining of valuable mouse samples.  

 

In both humans and mice, early B-cell development occurs in the fetal liver prior to 

postnatal development in the bone marrow. We attempted to determine the Ig repertoire within 

the adult liver of the ground and flight animals in comparison to the splenic Ig repertoire. 

Unfortunately, few Ig sequences were recovered in liver samples suggesting few B cells are 

actually resident or circulating in the liver under normal, steady-state conditions. The liver kappa 

chain V-gene repertoire did correlate some with the usage in the spleen and probably reflects 

circulating B-cell Ig expression, but we did not confirm that. We focused our efforts on the 

spleen data. 

 

While previous analyses by our lab used splenic mRNA pooled from four animals,45,195 

the current study assessed individual mice and exhibited significantly more mouse-to-mouse 

variation than one might expect in inbred mice; even within treatment groups and compared to 

pooled mouse samples. Overall, V-gene segment usage correlated when analyzed using pairwise 

linear regression of animals within ground and flight treatment groups and there did not appear 

to be an impact of spaceflight on B-gene segment use. It is possible that differences in gene 

segment usage in ground and flight animals would be observed upon immunization. Studies on 

the effects of spaceflight in an immunized amphibian model showed altered VH-gene family and 

Ig class usage.191,325  
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We performed a number of analyses to determine if the Ig gene rearrangement process 

was affected by spaceflight. Averaged V-gene segment usage between the ground control and 

flight animals was moderately to highly correlated (VH: R2=0.5922, p<0.0001; Və: R2=0.831, 

p<0.0001). Many of the most abundant V-gene sequences were shared in flight and ground 

animals and there was no statistically significant difference in usage of individual top V-gene 

segments between ground control and flight animals (Studentôs t-test, p=0.06478-0.9609). 

Similarly, no differences in D-, JH- or Jə-gene segment usage and IgH constant region usage was 

seen between ground and flight animals.  

 

We also examined whether spaceflight would affect the V/J-gene segment combinations 

that normally occur in specific pathogen-free mice. These too, were not different between ground 

control and flight animals for IgH and Igə. V/J-gene segment combinations were moderately to 

highly correlated (IgH: R2=0.3296, Igə: R2=0.8795, both p<0.0001). An assessment of the 

impact of hypergravity on the similarly assembled T cell receptor repertoire of neonatal mice 

showed low correlation of individual Beta chain V- and J-gene segment recombination 

frequencies between control animals and animals subjected to centrifugation. 85% of gene V/J-

gene segment combinations were not shared among the two treatment groups330 and the 

differences could be attributed to changes in somatic recombination machinery under altered 

gravity conditions.330,331 

 

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

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

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

rearrangements were only identified in one animal. More overlap was observed in the top 5 ə-

CDR3 rearrangements within all six ground and flight animals which totaled 17 CDR3 

rearrangements, which were identified in all animals. 

 

The mice studied in this investigation were not challenged and were housed under 

specific-pathogen free conditions. Mutational frequency in Ig is normally associated with antigen 

stimulation.332 Therefore, we did not expect that these mice were undergoing high amounts of 

somatic mutations. The majority of the mutations detected occurred in CDR3 in both ground and 

flight mice. It is possible that we will see differences in mutation frequency between ground 

control and flight animals after experimental immune challenge. The frequency of somatic 

hypermutations in P. waltl immunized in space was slightly lower than animals immunized on 

earth.326 An experiment with antigen challenge of the Ig repertoire will be necessary to test this 

hypothesis. 

 

The animals used in this experiment were older (35 weeks). The expression of genes 

necessary for Ig recombination do go down as mice age.333 Therefore, it may be possible that we 

do not see differences between the treatment groups because the perturbations of spaceflight are 

not enough to disrupt the reduced B cell differentiations occurring in 35-week-old mice under 

normal steady-state conditions. Additionally, the half-life of B cells in secondary lymphoid 

organs is between four and seven weeks.334 Given the brief time that the mice were subjected to 

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

needed to test this hypothesis. 

 

Animals in this experiment were older and supplied from a different vendor (Taconic) 

than the 9-11-week-old C57BL/6J mice from Jackson Laboratories used in our previous 

experiments.45,195 To assess whether differences existed in the Ig repertoire, between the older 

C57BL/6Tac mice and the younger C57BL/6J mice, we compared gene segment usage between 

the two mouse cohorts. Because no differences in top V-gene segments, (D)J-gene segments, and 

constant region usage were detected between RR1 ground control and flight animals, all six 

animals were pooled and compared to the C57BL/6J cohort. We selected the 25 most abundant 

V-gene segments from both RR1 and C57BL/6J cohorts, resulting in 33 top IgHV and 34 top 

IgəV. We found that seven of 35 IgHV and eight of 32 IGəV were expressed at significantly 

different levels within the repertoire between the two cohorts (Studentôs t-test). These differences 

are largely driven by gene segments that are highly expressed in the RR1 cohort such as IGHV1-

80, which represented 2.04 ± 0.26% of the repertoire in RR1 animals and 6.6 ± 2.40% of the 

repertoire in the C57BL/6J cohort (Studentôs t-test, p=0.0032). This is even more pronounced in 

IGəV5-39, which represented 21.41 ± 7.50% of the repertoire in RR1 animals and only 4.73 ± 

4.93% of the repertoire in the C57BL/6J cohort (Studentôs t-test, p=0.0109).  

 

We also performed a linear regression of top V-gene segment usage, which showed poor 

correlation between cohorts in both IgH (R2 = 0.1568, p=0.0226) and Igə (R2 = 0.1681, 

p=0.0160). D-gene segment usage was only significantly different IGHD1-1, which represented 

39.7 ± 5.23% of the repertoire in RR1 animals and 26.49 ± 0.94% of the repertoire in the 
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C57BL/6J cohort (Studentôs t-test, p=0.0040). We found that J-gene segment usage varied 

between the two cohorts in three out of five IGəJ and no differences in IGHV were detected 

(studentôs t-test). IgH constant region usage was significantly different for IgD (RR1: 0.63 ± 

0.22%, C57BL6/J: 4.60 ± 0.69%; Studentôs t-test, p=0.0074) and IgG (RR1: 23.83 ± 6.19%, 

C57BL6/J: 9.65 Ñ 6.19% ; Studentôs t-test, p=0.0074).  

 

Although we cannot determine whether these differences are attributed to differences in 

vendor or differences in age, it is likely that repertoire differences are driven by a more mature Ig 

repertoire within the RR1 animals, as a higher percentage of IgH sequences demonstrate class 

switching. Both cohorts were unimmunized and maintained under specific pathogen-free 

conditions. 

 

In conclusion, we have been able to successfully characterize immunoglobulin gene 

segment usage and junctional diversity within the antibody repertoire of unimmunized 

C57BL/6Tac mice flown aboard the ISS. Individual gene segment usage remained similar among 

animals within and among treatment groups, with the most abundant gene segments being 

conserved across all animals. Gene segment combinations and CDR3 sequences were highly 

varied, demonstrating the combinatorial diversity of the antibody repertoire, but that variation 

reflects the dynamics of individualized selection of Ig molecules and not any impact of 

spaceflight. A larger sample size would help solidify this conclusion, but these data provide 

preliminary suggestions that the recombinatorial processes that lead to the diverse Ig repertoires 

in mice are not affected by a short trip to and stay on the ISS. These data do not preclude that 

differences in the Ig repertoires of ground and flight animals will not be seen during active 
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immunization or in younger, possibly more recombinatorily active mice. Current studies in our 

lab aim to characterize antibody repertoire dynamics upon antigen challenge using a murine anti-

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

Figure 5.1. Expression of Top V-Gene Segments 

 

(A) VH- and (B) Və-gene segment usage for gene segments representing over five-percent of the 

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

difference in individual gene segment usage was detected between ground control and flight 

treatment groups (Studentôs t-test, 0.1534<p-value<0.9609). Significant differences between 

gene segment usage of combined ground and flight animals were found. In IgH, V1-53 was more 

abundant than many of the top V-gene segments (V1-78, V5-4, V1-15, V1-19); (Studentôs t-test, 

all p<0.05). In Igə, V5-39 was more abundant than many of the top V-gene segments (V3-4, V2-

137, V1-110, V4-6, V6-2); (Studentôs t-test, all p<0.05). 
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Figure 5.2. Expression of Top-Və Gene Segments from Spleen and Liver  

 

Və-gene segment usage for gene segments representing over five-percent of the repertoire in at 

least one animal from the liver or spleen of ground or flight animals are presented by rank. Liver 

ground (LG) and liver flight (LF) rankings are shown to the left and spleen ground (SG) and 

spleen flight (SF) rankings are shown to the right. V-gene segments are listed most frequent to 

least frequent. Dark red indicates higher rank moving to blue, lower percent rank. 
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Figure 5.3. Expression of D and J-Gene segments and IgH Constant Region Usage 

 

(A) D-gene segment, (B) JH-gene segment, (C) Jə-gene segment, and (D) IgH constant region 

usage in animals within ground and flight treatment groups are presented as percent of repertoire. 

No significant difference in individual gene segment usage was detected between ground control 

and flight treatment groups (Studentôs t-test, D: 0.1542<p-value<0.9840, JH: 0.2060<p-

value<0.8662, IgH Constant Region: 0.1075<p-value<0.8277, Jə: 0.0977<p-value<0.9262). D1-

1 was used at a significantly higher rate that all other D-gene segments (Students t-test, all 

significant p<0.05). No significant differences between JH-gene segment usage was found 

(Studentôs t-test, all p<0.05). In Igə, significant differences in expression were found between all 

gene segments except between J1 and J2 (Studentôs t-test, all significant p<0.05).  
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Figure 5.4. Gene Segment Combinations in Ground Control and Flight Animals 

 

(A, B) Average IgH V/D/J combinations (bubble chart) and the V/J combinations (Circos plot) 

for ground treatment (A) animals and (B) flight animals. For bubble charts, V-gene family is 

represented along the x-axis, the D-gene segment is represented along the y-axis, and the J-gene 

segment is represented by a specific color. The size of the bubble corresponds to the average 

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

the 12 oôclock position with J1 (red), J2, J3, J4, U, V1 (lime green), V2, V3, V4, V5, V6, V7, V8 

(light blue), V9, V10, V11, V12, V13, V14, and V15 (sliver, no color). (C,D) Average Igə V/J 

combinations for ground treatment (C) animals and (D) flight animals. For bubble charts, V-gene 

family is represented along the x-axis and J-gene segment is represented along the x axis. The 

size of the bubble corresponds to the average percent repertoire of the specific gene combination. 

Circos plots are read clockwise starting at the 12 oôclock position with J1 (red), J2, J4, J5, U, V1 

(yellow), V2, V3, V4, V5, V6, V7 (sliver, no color), V8, V9, V10, V11, V12, V13, V14, V15, 

V16, V17, V18, V19 (light purple).  
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Figure 5.5. CDR3 Length in IgH and Igə sequences 

 

(A) IgH and (B) Igə CDR3 amino acid length of ground control and flight animals as mean-

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

 

Venn diagrams show the overlap of unique CDR3 sequences among and between ground control 

(G1-G3) and flight treatment (F1-F3) groups in (A) IgH and (B) Igə. CDR3 sequences were 

ranked within the top 5 most abundant rearrangements of any ground control or flight animals in 

(C) IgH and (D) Igə. Dark red indicates higher percent of repertoire moving to blue, which 

represents lower percent of repertoire. 
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Figure 5.7. Nucleotide Alignment of CDR3 from top V-D-J Combination 

 

Nucleotide alignment of heavy-chain gene segment V1-26*01/D1-1*01/J1*03 across individuals 

in ground (G1 - A, G2 - C, G3 - E) and flight (F1 - B, F2 - D, F3 - F) treatment groups. Brackets 

in the germline region of the first individual in each treatment group delineate V- and J-gene 

regions. These bracketed regions remain the same across all individuals in the treatment group.  
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Figure 5.8. Substitution Mutations by Ig Region 

 

Total number of substitution mutations in FRs 1-3 and CDRs 1-3 were observed for both IgH 

and Igə chains. Abundance was first normalized by region length and then by total number of 

cleaned, productive reads in each respective data set and multiplied by 100 to attain percent 

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

 

 

 

 

 

 

 

 

 

aM=Million  

bRaw reads reflect unfiltered FASTQ files imported from the Illumina MiSeq personal 

sequencing system. 

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

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

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

IMGT HighV-Quest tool. 

eThere is no statistical significance by studentôs t-test in the number of reads mapped to IgH 

(p=0.7215) and Igə (p=0.1424). 

  

 G1 G2 G3 F1 F2 F3 

Raw Readsa,b 51.4 M 45.2 M 43.5 M 40.5 M 48.4 M 55.8 M 

Cleaneda,c 13.2 M 31.4 M 30.9 M 14.6 M 13.0 M 14.1 M 

IgH IMGT d,e 124,102 104,135 149,675 85,802 66,909 181,703 

Igə IMGTd,e 175,406 140,963 103,841 107,851 81,889 107,928 
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Table 5.2. Comparison of Flight and Ground V-Gene Segment Usage 

Comparison VH R2 Və R2 

G1 v G2 0.620 0.660 

G2 v G3 0.356 0.738 

G1 v G3 0.695 0.678 

F1 v F2 0.101 0.465 

F2 v F3 0.225 0.516 

F1 v F3 0.360 0.606 

Mean G v F 0.592 0.810 

Pairwise linear regressions of VH- and Və-gene segment usage were performed among ground 

control (G) and flight (F) animals. A linear regression was performed on the mean-average V 

gene segment of ground and flight treatment groups. 

aAll comparison groups were correlated (pÒ0.0001) 
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Table 5.3. Və Liver Sequencing Read Counts in Ground (G) and Flight (F) Mice 

 G1 G2 G3 F1 F2 F3 

Raw Readsa,b 43.9 M 42.9 M 38.4 M 49.2 M 48.3 M 39.7 M 

Cleaneda,c 18.8 M 35 M 31.5 M 24.7 M 18.2 M 19.4 M 

Igə IMGTd,e 1429 1267 592 543 425 438 
aM=Million  

bRaw reads reflect unfiltered FASTQ files imported from the Illumina MiSeq personal 

sequencing system. 

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

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

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

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

Comparison IgH R2 Igə R2 

G1 vs G2a 0.534 0.750 

G2 vs G3a 0.124 0.7209 

G1 vs G3a 0.256 0.657 

F1 vs F2b 0.010 0.539 

F2 vs F3a 0.067 0.598 

F1 vs F3a 0.103 0.738 

G vs F AVGa 0.330 0.880 

Pairwise linear regression analyses of IgH and Igə V/J-gene segment combination abundances 

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

performed on the mean-average V/J-gene segment combination abundances of ground and flight 

treatment groups.  

aComparison group was correlated (p<0.0001) 

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

 CDR3 Amino Acid Length 

Isotype G1 G2 G3 F1 F2 F3 

IgA 10 13 12 13 11 12 

IgD 11 12 12 12 12 12 

IgE 14 11 12 14 11 15 

IgG 12 12 13 13 11 12 

IgM 12 12 12 12 11 12 

The mean-average CDR3 length of ground control (G) and flight (F) animals is displayed by 

isotype. Assessment by two-way ANOVA revealed no significant differences in CDR3 length by 

treatment group (p=0.6225), isotype (p=0.4589), or the interaction of the two variables 
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Chapter 6 - Effects of tetanus toxoid and skeletal unloading on the 

antibody repertoire of C57BL/6J mice 

 Abstract 

Spaceflight is known to affect multiple aspects of the immune system, though while there 

are many studies on the subject, many are inconclusive for both humans and mouse models. One 

important part of the adaptive immune system is antibodies, which are vital for clearing 

infectious agents form the host. Each B cell produces a unique antibody composed of two 

identical heavy chains paired with two identical light chains. These chains are comprised of 

variable (V), diversity (D, heavy chain only), and joining (J) gene segments combined with a 

constant region. The gene segments are permanently rearranged in the germline and during 

rearrangement variations in gene segment selection and the joining of those segments, diversity 

is generated in the antibody repertoire. We assess the antibody repertoire response to 

antiorthostatic suspension (AOS), a physiological model of spaceflight, tetanus toxoid (TT), and 

CpG ODN (CpG).  

 

We detected subtle changes in the repertoire after challenge with TT and CpG in both the 

heavy and light chain. We detected changes to V-, D-, and J-gene segments with AOS, TT, and 

CpG treatment. We also detected changes to V- and J-gene segment pairing for both heavy and 

light chain. There were lower levels of IgG detected in AOS animals than in loaded animals and 

increased levels of IgA in CpG treated animals. We also assessed class-switched heavy chain 

antibody sequences and detected changes in V-gene segment usage and identified potentially TT-

specific CDR3 AA sequences. Our results demonstrate that small changes were detectable in the 

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

The spaceflight environment has dramatic influence on various immune functions. 

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

spleen mass,189,201-204,206,208,210,211,335-337 circulating corticosterone,210,212-215,217-219,337,338 mitogen-

induced proliferation, cytokine production and reactivity,179,189,210,213,215,220,221,224,225,228-232,339-344 

and lymphocyte subpopulation distributions.211,233-236,343,345,346 While many of these changes are 

dramatic, the spaceflight studies conducted to date are inconclusive with respect to how those 

changes affect the ability of the host to resist an actual in vivo immune challenge. However, 

given that spaceflight clearly disrupts immune cell population distributions and function in vivo 

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

response essential for the host to remain healthy during flight. 

 

The ability of the host to resist infection is often related to the repertoire of activated B 

cells and their secreted antibodies. The general selection process for antigen-specific idiotypes 

has been known for some time.347-349 The variable region of the immunoglobulin heavy chain is 

encoded by variable (V), diversity (D), and joining (J) gene segments in the immunoglobulin 

locus on mouse chromosome 12 or human chromosome 14 with separate loci for 

immunoglobulin light chains.350,351  

 

To date, there have been very few studies characterizing the impact of the spaceflight 

environment on antibody responses. There are some indications that humoral responses are 

down-regulated in flight. When immunized 8 days prior to flight with sheep red blood cells, rats 

returning from an 18.5 day COSMOS flight had lower IgG concentrations compared to both 
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immunized and non-immunized ground controls.213 More recently, IgM production was virtually 

eliminated in lymphocytes cultured and activated with pokeweed mitogen (PWM) on board the 

International Space Station (ISS) when compared to similarly activated ground controls. 

Furthermore, when B cells were activated in culture prior to flight, stored frozen, and then 

resuspended and assayed in space, their IgM production was slower than similarly treated 

ground-based controls.239 In contrast, in another type of assay system, there were no significant 

differences in immunoglobulin levels, regardless of isotype class, after the Skylab missions,352 

nor after short-duration (10-11 day) space shuttle missions.194,232 These data suggest individual 

and assay-dependent impacts. There have also been at least three independent studies which 

indicate that there may be an enhanced antibody response after flight. After Apollo missions 9-

11, there were increases found in circulating IgG and/or IgA levels after landing which may be 

linked to an on-board infection.233 After a 16-day space shuttle flight, total un-stimulated plasma 

IgE levels were elevated compared to preflight values.353 After a 5-month stay aboard the ISS, 

splenic transcription levels of IgY (the newt counterpart of IgA) generated in response to food 

antigens was three times higher than similarly treated ground control values.325 Despite the 

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

responsive to the space environment.  

 

Tetanus toxin is secreted by the gram-positive bacterium, Clostridum tetani. The toxin 

interferes with neurotransmitter release causing systemic neuromuscular dysfunction. The impact 

is seizures and disruption of the autonomic nervous system leading to death. The tetanus toxoid 

(TT) is a formaldehyde-inactivated form of the toxin that has been approved for use as a vaccine 

in humans by the Food and Drug Administration. In the United States, TT is usually given as 
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part of a standard vaccination schedule during the first year of life and is often given in 

conjunction with vaccinations for diphtheria and pertussis with booster shots given to adults 

every 10 years.354  

 

The antibody response to an antigen in a vaccine can sometimes be less than optimal. To 

overcome this, immunologists have developed adjuvants. Although the mechanisms of action are 

not fully understood, adjuvants generally prolong exposure and/or augment the innate response 

during the initial exposure to the antigen, thereby increasing phagocytosis and antigen 

presentation.355 Adjuvants can also enhance responsiveness by activating signal transduction 

through toll-like receptors although there are still some details to be determined.356 The adjuvants 

may improve both cell-mediated and humoral responses and the development of immunological 

memory.  

 

Adjuvants come in many forms, ranging from components of inactivated bacteria and 

viruses to oil emulsions, and aluminum salts.355 Although there are an increasing number of 

options available for adjuvants, we focused on a synthetic oligodeoxynucleotide (ODN) 

containing unmethylated CpG motifs (CpG). CpG is a relatively stable dinucleotide sequence 

that is found naturally and more frequently in viral and bacterial DNA than in vertebrates.357 

CpG motifs have been shown to appear with 20-fold greater frequency in bacterial DNA 

compared to mammalian DNA.358 This sequence is recognized and differentiated from similar 

(methylated) sequences in vertebrate DNA by the innate immune system.359,360 CpG ODN has 

already been shown be an effective immune-stimulator in a few pre-clinical studies, either alone 

or in combination with other therapies including vaccines, chemotherapy and radiotherapy.361,362  
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CpG acts through the TLR9 pathway.361 TLR9 is typically found within the 

endolysosomes of B cells and plasmacytoid dendritic cells.358,363,364 However, the binding of 

CpG to TLR9 triggers a cascade of responses that includes the activation of innate populations 

(e.g. macrophages and neutrophils), the upregulation of surface receptors critical to antigen 

presentation (e.g. MHC-II and B7), the differentiation and proliferation of lymphocyte 

populations (e.g. B and T cells), and the release of various cytokines (e.g. IFN-ɔ, IL-6 & -12, 

GM-CSF, and TNF-Ŭ.365,366 Typically, this drives Th1-dominated immune responses,367 

ultimately enhancing the expansion of antigen-specific B-and T-cell idiotypes, augmenting the 

antibody response, and improving the development of immunological memory.361 CpG has been 

shown to improve TT-specific IgG production when given with inoculation, even above levels 

generated when using alum, the only adjuvant actually FDA-approved for use in humans.365 CpG 

has also been shown to be effective in inducing memory B cells to proliferate, mature, and begin 

secreting antibody after a previous exposure to TT.368 

 

In this investigation, we used antiorthostatic suspension (AOS) to induce some of the 

physiological changes that are associated with spaceflight. This technique was originally 

developed by Morey-Holton, et al.369 (Morey-Holton and Wronski 1981) but has been used 

successfully in mice, as well.165 We hypothesize that exposure to AOS will lead to a diminished 

capacity to generate antigen-specific B cells. Specifically, we hypothesize that AOS will lead to 

a diminished capacity of B cells to rearrange antibody genes which will affect both overall levels 

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

characteristics and use.  

 

 Materials and Methods 

Suspension, Immunization, and TT specific IgG Analysis 

Ten-week-old female C57BL/6J mice were unloaded using antiorthostatic tail suspension 

(AOS). Ten animals were included in each treatment group. Two independent suspensions were 

done (40 mice per experiment). Animals from each of eight treatment groups were randomly 

sacrificed using 100% CO2 followed by cervical dislocation on four different collection dates; 

two consecutive collection days per experiment, 20 mice per day. Animals were subjected to 

AOS for two weeks and then immunized with intraperitoneal injection of saline, 5 LF/mL 

tetanus toxoid (TT), 0.4 mg/mL CpG ODN 1826 (CpG), or both TT and CpG. Treatment group 

designation for this presentation will be by the convention (AOS, TT, CpG) with a ï signifying 

that the animal did not receive treatment and + signifying the animal did receive treatment. For 

example, an animal receiving no treatments will be represented as (---) and an animal receiving 

all treatments as (+++). A standardized collection assembly-line was used to euthanize the 

animals and collect the tissue to minimize experimental variation. Blood, spleen and bone 

marrow were collected first as primary science for this experiment with other tissues collected 

thereafter. Blood was collected via cardiac puncture. Blood was allowed to clot, then centrifuged 

at 10,000g for five minutes at 4°C, collected and frozen at -80°C. Tissues including spleen were 

collected and snap frozen in LN2. Samples were stored in -80°C prior to analysis. Serum TT-

specific IgG was measured from the second set of 40 mice by ELISA per manufacturerôs 

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

Tissue extraction was performed as described previously.45,195 Briefly, spleen tissue was 

processed with Trizol according to the manufacturerôs instructions. Thirty-two spleen samples 

were sequenced, two from each AOS trial for a total of four animals per treatment group. 

Samples were selected for sequencing based on highest RIN scores. Total RNA was sequenced 

on the Illumia MiSeq 2x300 nucleotide platform at the Kansas State University Integrated 

Genomics Facility using a reduced fragmentation (one minute) protocol to result in longer 

sequences. Standard Illumina sequencing protocols include the use of oligo-dT selection for 

mRNA sequences and reverse transcription using random hexamer primers.  

 

Bioinformatics and Analysis 

Bioinformatic analysis was performed as previously outlined.45,195 Briefly, Illumina 

sequencing results were imported into CLC Genomics Workbench v10.2 

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

Phred score of over 20 for 97% of the sequence. Paired and merged (overlapping pairs) 

sequences were mapped to reference V-gene segments and their respective loci to collect 

potential antibody sequences. These sequences were collected and submitted to 

ImMunoGeneTicôs (IMGT) High-V Quest for bioinformatic analysis. One sequence per Illumina 

sequence ID was analyzed as outlined in previous work.45,58,195 Functionality was identified by 

IMGT, using their definitions, but binding ability or specificity was not assessed. Functional 

sequences are in frame and do not have a stop codon while unknown functionality sequences do 

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

 

https://www.qiagenbioinformatics.com/







































































































































































































































































































































