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Abstract
The intestinal microbiome has recently emerged as a multifaceted contributor to
many biological processes. However, the potential mechanisms of immune regulation
of commensal organisms and pathogens in the intestine are still poorly understood.
Immunoglobulin A (IgA) has been implicated to play a critical role in maintaining
homeostasis between intestinal microbiota and immune health of the host, leading to
the hypothesis that the IgA repertoire might be affected by the composition of
microbiome in the intestine and vice versa. Accumulating evidence has indicated that
the IgA repertoires in both mice and humans are composed of clones of two classes
of plasma cells. One of these classes consists of several groups of related plasma
cells where each group is clearly derived and expanded from a single precursor.
These groups are designated as “expanded”. On the other hand, the second class of
plasma cells is only found once within the sequenced IgA population and completely
distinct from all the other plasma cells analyzed. Plasma cells in this group are
designated as “unique”. Although previous studies have explored the general
specificity of intestinal IgA in humans, no report has yet investigated the potential
differences in the reactivity of antibodies produced by the two components of the
intestinal IgA repertoire. Using a single cell approach, we generated recombinant
antibodies from both the expanded and unique groups and compared their reactivity
against various self and non-self antigens, including intestinal microbes. Our results
indicate that the IgA repertoire of wild-type C57BL/6 mice is similar to that of MyD88
knockout mice with impaired T-independent responses. Furthermore, polyreactivity is
a common feature observed in both components of the IgA repertoire, suggesting
that IgA might contribute to the maintenance of commensal microbes in the
digestive tract by cross-linking them to other antigens such as intestinal tissues. In
addition, no obvious difference between the reactivity of antibodies from the two
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components of intestinal IgA was observed, which implies that antibodies generated
through T-dependent and T-independent responses are likely to share some antigen
specificities and work collaboratively to regulate intestinal health. Finally, the number
of somatic hypermutations within the immunoglobulin genes did not appear to affect
the specificity of our recombinant antibodies, which suggests that somatic
hypermutations might serve to promote polyreactivity, rather than specificity to one
particular antigen, in intestinal IgA.

ii

Acknowledgements
I would like to thank my advisor, Dr. Erik Selsing, for taking me into his lab and for
his continuous support and encouragement throughout my journey through graduate
school. I am extremely grateful for the intellectual freedom he has given me, which I
found especially important in helping me develop into an independent thinker.

I would also like to thank my thesis committee members, Dr. Naomi Rosenberg, Dr.
Henry Wortis and Dr. Thereza Imanishi-Kari, for their helpful comments and
feedbacks throughout my thesis research. In particular, I would like to thank Henry
for making an effort to make sure I stay informed about new research relevant to my
project and for all the book recommendations. I would like to thank Thereza for her
friendship and for all the delicious snacks.

One of the best things I have gotten out of my graduate school experience is my
wonderful friends at Tufts, Raka, Marina, Jim, Liz, Dan, Ben, Holly, and many others,
who have made the difficult days more tolerable and the happy days more
enjoyable. I could not ask for a better support network in and outside of school. I
would also like to thank Di, for being the superwoman that takes care of all the nonresearch related tasks. Allen, Steve, and Albert at the core have been tremendously
helpful as well.

Finally, I must thank my parents, without whom I would not have become the person
I am today. Even though they are miles away and neither of them knows anything
about science, they have always been my biggest fans in everything I do in life. I am
incredibly blessed to have them as parents.

3

Table of Contents
Abstract ……………………………………………………………………………………………. ii
Acknowledgements …………………………………………………………………………… iv
Table of Contents …………………………………………………………………………....... v
List of Tables ………………………………………………………………………………….. viii
List of Figures …………………………………………………………………………........... ix
List of Abbreviations …………………………………………………………………………. xi
Introduction …………………………………………………………………….................... 1
Chapter 1. Overview of basic immunology concepts relevant in intestinal immunity
1.1 B cell development …………………………………………………………………………………............. 1
1.2 Antibody production …………………………………………………………………………………............ 6
1.3 T-independent immune response …………………………………………………………………………11
1.4 T-dependent immune response ……………………………………………………………………………14
1.5 Somatic hypermutations ………………………………………………………………………………………17
1.6 Gene conversion as a mechanism of generating antibody diversity and the use of
VV29 transgene to detect gene conversion event …………………………………………………….17
1.7 The role of regulatory T cells in intestinal health ………………………………………………20
Chapter 2. Immunoglobulin A and its role in maintenance of intestinal microbiome
homeostatsis
2.1 The gut-associated lymphoid tissue (GALT) ……………………………………………………….24
2.2 The production and the role of IgA ………………………………………………………………………28
2.3 The intestinal IgA repertoire ………………………………………………………………………………. 29
2.4 Reactivity profile of intestinal IgA ………………………………………………………………………. 33
Chapter 3. The intestinal microbiome
3.1 Role of the intestinal microbiome in various biological processes ………………………34
3.2 Interaction between intestinal microbiome and the innate immune system …….35

4

3.3 Interaction between intestinal microbiome and the adaptive immune system …37
Chapter 4. Conclusion …………………………………………………………………………………………………38
Materials and Methods …………………………………………………........................40
Results ………………………………………………………………………….....................50
Chapter 1. Analysis of the IgA repertoire in wildtype C57BL/6 mice
1.1 Detection and comparison of B220+ IgA+ cells in various mouse organs ……….…51
1.2 Detection and comparison of CD138+ IgA+ cells in mouse small intestine and
mouse colon …………………………………………………………………………………………………….……….…54
1.3 Expanded and unique clones contribute equally in terms of abundance to the IgA
repertoire of plasmablasts from the mouse colon LP …………………………………………….….56
1.4 Rate of somatic hypermutations in unique clones is slightly higher than that in
expanded clones ……………………………………………………………………………………………………….…59
Chapter 2. Comparison of the IgA repertoire of wild-type C57BL/6 mice to MyD88KO
mice that are impaired in T-independent immune response
2.1 Proportions of expanded versus unique clones in the IgA repertoire of
plasmablasts from the mouse colonic LP of wildtype are similar to those of MyD88KO
mice……………………………………………………………………………………………………………………….……65
2.2 Analysis of somatic hypermutations in unique versus expanded clones in wildtype
versus Myd88KO mice ……………………………………………..………………………………………….……66
Chapter 3. Detection of gene conversion in IgA plasmablasts from lamina propria of
VV29 transgenic mouse
3.1 Amplification of IgA transcripts in sorted single cells using the VV29 transgene,
R16.7 VH gene, specific L3RI primer …………………………………………………………………….……70
Chapter 4. Reactivity profile of the intestinal IgA repertoire of wildtype C57BL/6 mice
4.1 Generation of recombinant antibodies by lipofectamine transfection of HEK293T
cells ……………………………………………….…………………………..………………………………………….……73
4.2 Autoreactivity of recombinant antibodies ………..………………………………………….……..74

5

4.3 Reactivity of recombinant antibodies to microbes …………………………………….……….79
4.4 Summary of reactivity of recombinant antibodies …………………………………….……….94
Discussion ……………………………………………………………………………………… 96
Chapter 1 – Difficulties in isolating IgA plasmablasts from mouse conlon LP and in
amplifying IgA transcripts from single cells ……………………………………………………………….97
Chapter 2 – Lack of evidence for gene conversion in IgA plasmablasts isolated from
VV29 transgenic mouse model …………………………………………………………………………………..98
Chapter 3. The mouse colon intestinal IgA repertoire consists of both expanded and
unique clones with various amounts of somatic hypermutations …………………………….99
Chapter 4. T-independent and T-dependent immune responses are likely to be
involved in the generation of both expanded and unique intestinal IgA
plasmablast…………………………………………………………………………………………………………………102
Chapter 5. Somatic hypermutation serves to promote polyreactivity, instead of
antigen specificity, in the intestinal environment ……………………………………………………104
Chapter 6. Potential explanations for the low levels of reactivity observed among our
recombinant antibodies …………………………………………………………………………………………….105
Chapter 7. Comparison of our results to previously published reports on intestinal
IgA repertoire ……………………………………………………………………………………………………………108
Chapter 8. Potential mechanism of immune regulation of intestinal microbes through
IgA …………………………………………………………………………….……………………………………….......110
Chapter 9. Overall significance ………………………………………………………………………………. 112
References ……………………………………………………………………………………..114

6

List of Tables
Introduction
Table 1. Summary of previous findings regarding the intestinal IgA repertoire ………32

Results
Table 1. IgA transcripts amplified from VV29 transgenic mice express endogenous VH
segments ………………………………………………………………………………….…………………72

7

List of Figures
Introduction
Figure 1. Stages of B cell development ……………………………………………………………………….4
Figure 2. Antibody structure and schematic illustration of the V(D)J recombination
process of the IgH gene during B cell development ……………………………………9
Figure 3. Figure 3. Mechanism of T-independent activation of B cells and its potential
role in regulation of intestinal microbes ………………………………………………………13
Figure 4. Mechanism of T-dependent activation of B cells and its potential role in
regulation of intestinal microbes ………………………………………………………………..16
Figure 5. Gene conversion detection using the VV29 transgene ………………………………20
Figure 6. Interaction between microbes and intestinal immune cells in the gutassociated lymphoid tissue ………………………………………………………………………….27

Results
Figure 1. B220+ IgA+ cells comprise a small proportion of cells isolated from
various mouse organs ………………………………………………………………………………….53
Figure 2. CD138+ IgA+ cells comprise a small proportion of cells isolated from mouse
colon lamina propria ……………………………………………………………………………………55
Figure 3. Single-cell sorted intestinal IgA plasmablasts from a healthy 29-week-old
wild-type C57BL/6 mouse demonstrated contributions from both highly
mutated unique and unmutated expanded clones ……………………………………57
Figure 4. Sequence analysis of Ig light chain confirms the categorization and SMH
status of IgA plasmblasts isolated from a 29-week-old wild-type mouse…58
Figure 5. Single-cell sorted intestinal IgA plasmablasts from a healthy 18-week-old
wildtype C57BL/6 mouse demonstrated contributions from both unique and
expanded clones ………………………………………………………………………………………..61
Figure 6. Analysis of VH gene usage of IgA plasmablasts from unique and

8

expanded clones indicate similar preferences for VH1 family genes …………63
Figure 7. Comprehensive visualization of all IgH sequences amplified from singlecell sorted IgA plasmablasts of a 18-week-old healthy mouse ………………….64
Figure 8. No significant differences in composition and mutation status of the IgA
repertoire were found in wild-type C57BL/6 mice and MyD88KO mice ……68
Figure 9. Half of the recombinant antibodies generated from mouse intestinal IgA
exhibit reactivity against self-antigens and/or LPS …………………………………75
Figure 10. Recombinant antibodies generated from mouse intestinal IgA exhibit
varying reactivity against intestinal tissues ………………………………………………77
Figure 11. Some of the recombinant antibodies generated from mouse intestinal IgA
exhibit strong reactivity to microbial lysates ……………………………………………81
Figure 12. FACS staining of Streptococcus pneumonia and Escherichia coli using a
polyclonal antibody made specific for Streptococcus pneumonia showed that
FACS protocol for bacterial cell staining is effective for detecting antibody
reactivity to microbes …………………………………………………………….………………………84
Figure 13. Recombinant antibodies generated from mouse intestinal IgA exhibit
noticeable, but variable, reactivity against mouse intestinal contents …….86
Figure 14. The rAb 080212-Ab binds to a distinct population of bacteria-like cells
within mouse colon intestinal contents ………………………………………………………88
Figure 15. Recombinant antibody 080212-Ab is reactive to multiple, but not all,
strains of intestinal microbes ……………………………………………………………………..92
Figure 16. Summary of reactivity of recombinant antibodies showed that
polyreactivity is a common feature of intestinal IgA …………………………………95

Discussion
Figure 1. Potential mechanism of IgA regulation of commensals versus
pathogens/pathobionts in the intestinal environment ……………………………114

9

List of Abbreviations
AID – Activation-induced cytidine deaminase
AP - Alkaline Phosphatase
APC – Antigen presenting cell
APRIL – A proliferation-inducing ligand
B6 – C57BL/6J
BAFF – B cell activating factor
BCR – B cell receptor
CCR – Chemokine receptor
CD – Cluster of differentiation
CDR – Complementarity determining region
CP - cryopatch
CSR – Class-switch DNA recombination
DC – Dendritic cell
DSS – Dextran sodium sulphate
Fab – Fragment antigen binding
FACS – Fluorescence activated cell sorting
Fc – Fragment crystallizable region
FOXP – Forkhead box protein
FR – Framework region
GALT – Gut associated lymphoid tissue
GC – Germinal center
GF – Germ-free
Ig – Immunoglobulin
IL - Interleukin
ILF – Isolated lymphoid follicle
iNOS - inducible nitric oxide synthase

10

KO - Knockout
LP – Lamina propria
LT – Lymphotoxin
LTi – Lymphoid tissue inducer
MHC – Major histocompatibility complex
MLN – Mesenteric lymph node
MyD88 - Myeloid differentiation primary response gene 88
NLR – Nod-like receptor
PC – Plasma cell
PP – Peyer’s patches
PPR – Pattern-recognition receptor
RA – Retinoic acid
rAb – Recombinant antibody
Rorγt - retinoic acid-related orphan receptor-gamma t
SFB – Segmented filamentous bacteria
SHM – Somatic hypermutation
SI – Small intestine
SILT – Solitary intestinal lymphoid tissues
TACI – Transmembrane activator and calcium-modulating cyclophilin-ligand
interactor
TCR – T cell receptor
TGF – Transforming growth factor
TLR – Toll-like receptor
TNF-α - tumor-necrosis factor-α
Treg – Regulatory T cell
TRIF - TIR-domain-containing adapter-inducing interferon-β
WT – Wild-type

11

Introduction
Our understanding of the intestinal microbiome and its potential effect on a wide
spectrum of biological processes has expanded tremendously in recent years.
Previous studies have demonstrated that intestinal IgA interacts with multiple
species of microbes, particularly those that are defined as pathobionts (commensal
bacteria that have the potential to become pathogenic), and others have suggested
that IgA contributse to the coating of commensals to prevent them from triggering a
strong and unwanted immune response. However, the exact mechanisms by which
IgA affects commensal microbes and regulates intestinal homeostasis have yet to be
determined.

Chapter 1. Overview of basic immunological concepts relevant to intestinal
immunity
1.1

B cell development

Mammalian B cells are immune cells that develop from hematopoietic precursor cells
in the bone marrow. In the pro-B cell stage, the immunoglobulin heavy chain (IgH)
loci undergo V(D)J rearrangement. Following rearrangement of IgH, the now pre-B
cell expresses surrogate light chains that are paired with the rearranged IgH to form
pre-BCR, which is important for driving cell proliferation and survival (Rickert 2013).
Upon completion of Ig light chain (IgL) rearrangement, the now immature B cell
expresses mature B cell receptors (BCR) on its cell surface. These immature B cells
begin to migrate away from the bone marrow to the spleen, where they eventually
differentiate into mature B cells (Cambier 2007) (Figure 1). At the pre-B cell stage, a
process called allelic exclusion ensures that only one of the two alleles of the IgH
gene is expressed. As a result, each B cell expresses antibodies that share the same
antigen specificity (Pieper 2013). Upon exposure to antigen, B cells can either
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differentiate into plasma cells that secrete innate IgM antibodies of low affinity and
specificity

or

enter

germinal

centers

(GC),

where

further

maturation

and

development occur. The antigen specificity and binding affinity of the BCR can be
modified in the GC, and the GC B cells that express BCRs with high antigen affinity
and avidity are preferentially allowed to proliferate. Ultimately, some of these
proliferating cells differentiate into either isotype-switched plasma cells or memory B
cells. It is still unclear as to what drive a particular GC B cell to become either a
plasma cell or memory B cell. Unlike plasma cells, which are active antibodysecreting cells, memory B cells are resting “antigen-primed” cells that persist even
after the initial antigens are no longer present. These memory B cells require a lower
activation threshold for cell cycle entry as compared to naïve B cells. Memory B cells
are fundamental to vaccine development and play an important role in preparing the
host for quick humor responses against previously exposed antigens.

Although GC has been considered as a primary location for plasma cell and memory
B cell differentiation, others have demonstrated that T-independent responses that
could also promote B cell development into plasma cell and memory B cells in the
absence of GC (Toyama 2002, Alugupalli 2004 & Obukhanych 2006). Of note, TI
stimulated memory B cells generally exhibit different features (i.e. less SHM, lower
affinity, shorter life span) as GC originated memory B cells (Anderson 2006).

As for plasma cells, specifically long-lived plasma cells, many studies have
demonstrated that defect in GC formation correlates with loss of long-lived plasma
cells, indicating that most plasma cells are probably originated in the GC (Takahashi
1998 & Good-Jacobson 2012). However, others have since demonstrated that TI
responses can also lead to formation of, not just short-lived antibody-secreting cells,
but also long lived plasma cells (Bortnick 2013).
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Although the bone marrow is the major site of post-natal B cell development (mostly
B-2 cells), neonatal liver has been demonstrated to be crucial for the generation of
early B cell immunity through its role in B-1 cell development in mice (Dorshkind
2007 & Montecino-Rodriguez 2012). Over the years, accumulating evidence in
support of the existence of B cell subsets belonging to different lineages has been
published (Hardy 2003 & Barber 2011). B-1 cells are generally considered as innatelike, while B-2 cells are believed to contribute mostly to adaptive immunity
(Baumgarth 2011). The differences in antibody repertoires generated from B-1 and
B-2 cells are discussed in ch1.3 and 1.4. Although still controversial, a population of
innate-like B cells similar to mouse B-1 cells has also been demonstrated in humans
(Griffin 2011).
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Figure 1. Stages of B cell development
B cells originate in the bone marrow, where hematopoietic stem cells differentiate
into pro-B cells. At the pro-B stage, the D and J segments of the IgH are rearranged
by the enzyme RAG. The now partially rearranged IgH undergoes further
rearrangement between the V and D segments during the pre-B stage. The IgL is not
yet rearranged at this step and a surrogate light chain is expressed along with the
rearranged IgH to form the pre-BCR. Following the pre-B stage, IgL rearrangement
begins and a mature BCR is eventually expressed at the surface of immature B cells.
These immature B cells then migrate to peripheral lymphoid tissues like the spleen if
they pass the bone marrow checkpoint. The now mature B cells express both IgD
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and IgM by a process of alternative RNA splicing of the IgH primary mRNA. Finally,
upon activation by antigens and other cell types (such as T cells and DC), B cells can
differentiate into plasma cells or memory cells.
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1.2

Antibody production

The immunoglobulin gene encodes antibodies, which are secreted BCRs with ability
to bind antigens at the variable region and initiate various effector functions through
the constant region. The germline IgH genetic locus contains many variable (V),
diversity (D) and joining (J) elements (Figure 2). A process performed by two DNA
recombinase enzymes named Recombination Activating Gene 1 and 2 (RAG1 and
RAG2), known as V(D)J recombination, contributes to the generation of a diverse
repertoire of antibodies through the assembling of different V, D and J combinations
(Figure 2). A similar process also occurs between the V and J elements of the IgL
gene.

The Ig gene remains in its non-functional state until the assembling of the various V,
D and J segments through V(D)J recombination. In brief, RAG recognizes, binds and
cleaves DNA at specific recombination signal sequences (RSS) within the Ig loci.
These RSS are generally located upstream and downstream of various V, D and J
segments. The cleaved DNA ends are repaired by repairing enzymes, mostly through
the non-homologous end joining (NHEJ) pathway (Leavy 2010 & Schatz 2011). An
enzyme called terminal deoxynucleotidyl transferase (TdT) inserts N-nucleotides to
the 3’ ends of the DNA breaks during the recombination process. This imprecise
modification of the DNA breaks during V(D)J recombination, also known as junctional
diversity, further increases the diversity of the antibody repertoire. Furthermore, the
random pairing of IgH with IgL creates additional antigen binding diversity. These
diversity-generating processes mainly affect the two antigen-binding portions of an
antibody, also known as Fab.

During B cell development, clones expressing BCRs that exhibit high affinity to selfantigens are eliminated in the bone marrow by a process known as central tolerance.
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This process prevents the development of detrimental self-reactivity early in life. On
the other hand, clones that express non-autoreactive BCRs are positively selected for
and allowed to become peripheral B cells (Pelanda 2012). The positive selection of
these B cell clones is dependent on many factors such as, expression of certain cell
surface markers, level of BCR and BAFF signaling (Young 1994 & Rowland 2010). In
fact, defects in central tolerance have been implicated in various autoimmune
diseases, as an increased frequency of self-reactive B cells was observed in the
peripheral B cell repertoire of patients with lupus erythematosus or rheumatoid
arthritis (Samuels 2005 & Yurasov 2005). However, before a strongly self-reactive B
cell is induced to go through apoptosis, a process known as receptor editing, which
involved the reactivation of the RAG Ig rearrangement mechanism at the Ig light
chain, takes place in 30-35% of mouse B cells to modify the specificity of an existing
BCR (Yamagami 1999 & Halverson 2004). Receptor editing at the Ig heavy chain has
also been observed, but much more rarely due to the absence of multiple D
segments in an already arranged IgH gene (Zhang 2003 & Koralov 2006).

Interestingly, B cells clones with low level of reactivity to self-antigens can often
“escape” the central tolerance checkpoint in the bone marrow and proliferate as
mature B cells in the periphery (Hayakawa 2003 & Wardemann 2003). These selfreactive B cells are selected for by mechanisms of anergy and/or ignorance
depending on factors that have yet to be clearly understood. However, since these
slightly self-reactive B cells often demonstrate polyreactive to various antigens, their
presence suggests that they might play an important role in providing immune
protection against a wide spectrum of antigens (Mouquet 2010).

Depending on factors such as environmental cues and cell-intrinsic events,
expression of an enzyme called activation-induced cytidine deaminase (AID) is
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triggered in certain activated B cells to drive a process known as class switch
recombination (CSR), through which antibodies of various isotypes are generated.
AID also plays a role in diversifying the antibody repertoire by generating somatic
hypermutations (SHMs) in the IgH and IgL genes (a process discussed in chapter
1.5). The production of IgMs, which are primarily natural antibodies that provide the
first line of humoral defense against a new infection, does not require AID-mediated
CSR (Boes 2000). CSR affects the constant region of the IgH gene and the resulting
Fc portion of an antibody, which influences the antibody’s effector functions. For the
main topics of this thesis, we will focus on IgA, which is the most abundant antibody
isotype found in the mucosal environment such as the digestive and the respiratory
system (Macpherson 2008). Previous studies have shown that in the presence of
TGF-β, along with retinoic acid (RA), IL-6 and other cytokines, B cells are
preferentially induced to undergo CSR to produce IgA (Cerutti 2008 & Suzuki 2009).
The complex roles and importance of IgA are reviewed in Chapter 2 of the
introduction.
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Figure 2. Antibody structure and schematic illustration of the V(D)J recombination
process of the IgH gene during B cell development
An antibody consists of two antigen-binding Fab and an effector Fc portions. The
specificity and affinity of the antigen binding sites are determined by the variable,
also known as V(D)J, region, while the Fc effector portion is encoded by the constant
region of the Ig gene. The germline IgH gene contains many variations of the V, D
and J segments, along with different constant regions, each representing an Ig
isotype. The random process of creating V(D)J combinations from the available
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options is carried out by the RAG enzyme complex. The IgL genes follow a similar
recombination process, but in absence of D segments. The primary transcript of the
Ig gene is then modified by splicing machinery to generate the final mature mRNA
for protein translation to produce antibodies.
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1.3

T-independent immune response

Antibody production can be triggered with or without T cell help. The T-independent
immune response is part of innate immunity and is primarily responsible for
triggering antibodies that recognize simple and repetitive antigens such as
polysaccharides. T-independent type 1 antigens have been shown to trigger class
switching in B cells through TLR signaling (Peng 2005). B cell activation can also be
triggered by type 2 antigens, which usually exhibit highly repetitive structures that
can lead to crosslinking of BCRs on B cell surface. The multivalent interaction
between type 2 TI antigens and multiple BCRs triggers localization of Btk molecules,
which leads to the activation of downstream calcium signaling pathways that
eventually, contributes to antibody production (Mond 1995). Other innate cells, such
as dendritic cells (DC), also play a role in T-independent response by producing and
releasing signaling molecules, like BAFF and APRIL, that enable cell survival and
facilitate CD40L-independent Ig class switching (Bossen 2006 & Litinskiy 2010). Tindependent IgA class switching relies on the receptor TACI (Castigli 2005 & He
2007) (Figure 3). Mice that lack TACI have been shown to exhibit autoimmune and
lymphoproliferative disorders, with impaired antibody response against Tindependent antigens (von Bulow 2001).

Previous studies have shown that T-independent IgA in the mouse intestine is
primarily produced by peritoneal B-1 cells and generally encoded by unmutated
germline Ig sequences (Hayakawa 1988, Macpherson 2000 & Golby 2002). Although
humans do not seem to have B-1 cells as mice do, a subset of transitional B cells
appear to play similar role as mouse B-1 cells in T-independent IgA production
(Wardemann 2003 & Sims 2005). Antibodies triggered by a T-independent
mechanism are generally considered to be of lower specificity and lower affinity than
those produced with T-cell help. This is primarily due to the absence of antigen
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selection and affinity maturation as reflected by the lack of SHMs during Tindependent response. These features of T-independent IgA have been suggested to
play a role in tolerance of commensals in the intestine (Palm 2014). In fact, mice
that lack CD40 (discussed in the next section) or lack T cells were found to be
capable of producing an IgA response to commensals, and at a decreased capacity,
to some pathogens as well (Berqvist 2006 & Macpherson 2000). These results
suggest

that,

although

T-independent

IgA

might

be

triggered

primarily

by

commensals, it is likely to also participate in responses against pathogens.
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Figure 3. Mechanism of T-independent activation of B cell and its potential role in
regulation of intestinal microbes
To activate B cells through a T-independent mechanism, TLR-expressing cells like
DCs recognize TI type 1 antigens and release IgA CSR-inducing factors like BAFF and
APRIL. BAFF and APRIL then bind to the CD40-related receptor TACI expressed on
surface of B cells. In the presence of additional signals from TLR and cytokine
receptors, TACI bound by APRIL or BAFF triggers downstream signaling events that
ultimately induce the expression of AID. On the other hand, TI type 2 antigens can
trigger B cells through BCR cross-linking. AID expression is essential for CSR, which
is dependent on environmental cues usually in the forms of certain cytokines.
Antibodies produced through the T-independent mechanism are generally considered
to be polyreactive and of lower affinity, and are believed to play an important role in
immune tolerance of intestinal commensals.
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1.4

T-dependent immune response

In addition to the T-independent mechanism discussed above, mature B cells can
also be activated by T cells to mount a humoral immune response against complex
antigens, such as proteins and lipids. An epitope (or epitopes) of an antigen binds to
BCR and enters B cell through endocytosis in the form of a phagosome. The now
intracellular antigen is processed by proteases upon fusion with lysosomes and the
digested peptides are presented on B cell surface by MHC-II to CD4+ T cells
(Germain 1994). Interactions between TCR on CD4+ T cell and MHC-II on B cell and
DC, along with that a secondary signal from binding of CD40L (on T cells) to CD40
(on B cells), are responsible for inducing release of various cytokines by T cells that
stimulate B cell proliferation and AID expression (Cerutti 2008). In order to activate
B cells through T-cell help, the T and B cells involved must recognize the same
antigen (but not necessarily at the same epitope) (Bos 2001)(Figure 4).

Antibodies generated through T-dependent mechanisms are generally considered to
exhibit more SHMs as indicative of having undergone processes like antigen selection
and affinity maturation, which primarily occur in the GC. A previous study has
reported that, despite expressing similar level of IgA as wildtype mice, mice that lack
CD40 fail to mount a specific humoral response against various pathogenic antigens
like cholera toxins (Bergqvist 2006). With regard to the origins of T-dependent IgA
producing cells, a previous study investigated the relative contribution of B-1 and B2 cells to intestinal IgA generation in Ig allotype chimeric mice, and found that
monoassociation with intestinal commensals (some of which have since been
identified as pathobionts) induced bacteria-specific IgA responses that are primarily
contributed by B2 cells, and not the innate immunity-associated B-1 cells (Thurnheer
2003). Their results imply that microbe-specific IgAs are primarily produced by B-2
cells, which are associated with the adaptive immune response. However, others
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have since demonstrated that B-2 cell derived IgA does not always exhibit high
affinity, suggesting that using levels of affinity and specificity to distinguish the
mechanism of IgA induction might not be the most accurate approach (Stoel 2005 &
Tsuji 2008).
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Figure 4. Mechanism of T-dependent activation of B cells and its potential role in
regulation of intestinal microbes
To activate B cells through a T-dependent mechanism, a particular T cell must
recognize the same protein (not necessarily at the same epitope) at its TCR as the
MHC on a B cell. This interaction, along with a secondary signal through interaction
between CD40L and CD40, triggers downstream events, such as the induced
expression of AID by B cell and the release of various cytokines by T cell, which
ultimately lead to proliferation and differentiation of the activated B cell into either
plasma cell or memory B cell. Antibodies produced through the T-dependent
response are generally considered to have higher specificity and affinity to antigens
due to increased SHMs consequential of antigen selection and affinity maturation.

16

1.5

Somatic Hypermutation

In order for our immune system to effectively respond to a wide range of different
antigens, various well-studied mechanisms are in place to generate and enhance
diversity of our acquired immunity. Besides participating in Ig class switching, the
enzyme AID also plays a critical role in diversifying antibody repertoire through
introducing point mutations, also referred to as somatic hypermutations (SHM), at
the Ig genes. These mutations, which frequently occur in the variable regions of the
Ig gene that affect antigen binding, can alter the specificity and binding affinity of
the antibody (Rada 2001). With exposure to different antigens over time, the B cell
clones expressing the most “adept” antibodies are selected to survive and proliferate
while the ones that express less “effective” or strongly self-reactive antibodies are
removed from the B cell pool.

SHMs have been shown to be crucial to proper function of intestinal IgA. Mice that
express a mutant form of AID, which demonstrates normal CSR function but is
impaired in inducing SHMs, were found to be more susceptible to oral challenge with
cholera toxin. In addition, the microbiome compositions in these AIDG23S mice were
also altered due to impaired SHMs during B cell development. More specifically, an
expansion of anaerobic bacteria was observed in AIDG23S compared to wildtype mice,
although the specific strains of expanded microbes were different in the individual
mouse (Wei 2011). These findings indicate that SHMs play an important role in
immune regulation of intestinal homeostasis.

1.6

Gene conversion as a mechanism of generating antibody diversity and
the use of VV29 transgene to detect gene conversion event
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Another way through which AID contributes to antibody diversity is Ig gene
conversion. Ig gene conversion results from the non-reciprocal homologous
intrachromosomal recombination between an upstream donor antibody V gene
segment and a downstream acceptor V gene segment (Reynaud 1985). Unlike CSR
and SHM, which are found in all higher vertebrates, gene conversions at the
endogenous immunoglobulin loci have only been reported in a limited number of
species such as chickens and rabbits (Knight 1990 & Kurosawa 2011). In fact, Ig
gene conversion in the Bursa of Fabricius of chicken is part of the primary
lymphocyte developmental process and is an antibody diversifying mechanism that is
independent of antigen stimulation (Reynaud 1987, Ratcliffe 2005 & Tarlinton 2008).
Several species, such as rabbits, pigs and sheep, exhibit extensive Ig gene
conversion in gut-associated lymphoid tissues (Becker & Knight 1990, Jenne 2006 &
Lanning 2015), however the possibility of gene conversion as an approach to
generating diversity in mouse intestinal antibodies has yet to be investigated. In
addition, recent study has demonstrated that Rag-dependent receptor editing occurs
in mouse LP, which further supports the notion that the repertoire of intestinal
antibodies can be modified within the intestine (Wesemann 2013). Although Ig gene
conversion has been found to be extremely rare in mouse splenic B cells (Wysocki
1989 & Kong 1998), it is possible that, given the unique environment of the
intestinal mucosal and the presence of microbiome, gene conversion might be a
mechanism of generating antibody diversity in intestinal B cells. With the use of the
VV29 transgene, our lab has been able to identify gene conversion events among
activated B cells in Ars-KLH immunized transgenic mice (Tsai 2002), therefore, we
decided to employ this existing system to detect evidence of potential gene
conversion in mouse intestinal plasmablasts.
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The VV29 transgene construct is a DNA sequence containing two homologous heavy
chain V(D)J tandem segments (Figure 5). The two VDJ segments are derived from
the 2BR hybridoma and the R16.7 hybridoma, respectively. Both of these V(D)J
segments confer affinity to phenylarsonate (ARS) hapten and are highly homologous
with only 17 nucleotide differences. The only promoter within the transgene is
upstream of the R16.7 segment, and therefore, all expressed heavy chain transcripts
are expected to contain only the R16.7 V(D)J segment in the absence of gene
conversion. The VV29 mice used by our lab are generated on C57BL/6 background
and were bred to wildtype C57BL/6 mice. These offsprings were genotyped to
confirm the presence of the VV29 transgene before any experiments were conducted
using these mice. Our lab has previously identified parts of 2B4 segment within the
R16.7 region in expressed transcripts of immunized transgenic mice. In addition,
SHMs are also evident in the previously identified VV29 transcripts (Xu 1994 & Tsai
2002), suggesting that gene conversion occurs, along with SHMs, as part of the
process for diversifying antibody repertoire during B cell differentiation in the VV29
transgenic mouse model.

19

Figure 5. Gene conversion detection using the VV29 transgene
The VV29 transgene consists of two tandem V(D)J segments (2B4 and R16.7), a Eµ
intronic enhancer, a 600bp Sµ switch region, and a Cµ H-chain. A promoter region is
located 1.5kb upstream of the second V(D)J segment (R16.7) (Xu 1994). In the
absence of gene conversion at the VV29 transgene, transcripts should only contain
the R16.7 segment without any contribution from the 2B4 V(D)J segment. On the
other hand, gene conversion events are detected as identification of a portion of the
2B4 segments (the donor) within the R16.7 segment (the acceptor) in the final
transcript.

20

Several species exhibit extensive Ig gene conversion in gut-associated lymphoid
tissues. AID, the enzyme that is responsible for gene conversion, can be induced in
immature B cells and can play a role in B cell development (Kuraoka 2011 & Han
2007).
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1.7

The role of regulatory T cells in intestinal health

In addition to intestinal IgA, other immune cells, like T cells, also play a role in
regulation of intestinal homeostasis. T-helper cells (both Th1 and Th2 cells) have
been shown to produce pro-inflammatory cytokines, such as IFN-γ and TNF-β, when
presented with mucosal antigens and trigger effective immune response against
certain antigens (Neurath 2002). Furthermore, other innate lymphoid cells, including
natural killer (NK) cells, also contribute to maintaining intestinal health, for example,
by recognizing and eliminating infected cells from circulation (Tomasello 2013).
Although proper T-helper functions are crucial to protecting host from harmful
agents, too much of the pro-inflammatory responses from T-helper cells have been
shown to lead to various diseases such as IBD and allergic asthma (Simpsons 1998 &
Finotto 2002). One of the control mechanisms to keep T-helper cells in check is
through T regulatory (Treg) cells. In addition to Th1 and Th2 cells, Treg cells are a
subset of CD4+ T cells that are functionally distinctive from T-helper cells. Previous
studies have shown that the transcription factor FOXP3 is essential to the induction
and maintenance of Treg cell phenotypes (Josefowicz 2012). Different from effector T
cells, Treg cells function through production of various regulatory cytokines, like IL10 and TGF-β, that modulate antigen-presenting cells and alter cellular metabolism
(Vignali 2008 and Shevach 2009).

Treg cells have been shown to play a crucial role in maintaining the homoeostasis
between tolerance and immunity, especially in the intestinal environment (Laffont
2010). Treg cells are maintained at high frequency in the intestine and disruption of
Treg cell function has been shown to result in chronic intestinal inflammation in nongerm free (GF) animals (Izcue 2009). In support of the role of Treg in the regulation
of intestinal homeostasis, recent reports have demonstrated that the TCR repertoire
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of colonic Foxp3+ Treg cells to be different from that of Foxp3+ Treg cells in systemic
tissues, with increased specificities for microbial populations (Lathrop 2011).

Among the various Treg-associated cytokines, IL-10, in particular, has been
demonstrated to play a crucial role in intestinal tolerance. Mutations in IL-10 or IL10R in both humans and mice can lead to early-onset Inflammatory Bowel Disease
(IBD) (Glocker 2009). IL-10 has also been shown to be essential for suppressing
inflammation mediated by Th17 cells (Chaudhry 2011). Besides suppressing effector
T cell functions, Treg cells also express IL-10R, which is an important component of
the feedback signaling pathway for Treg cell functions (Murai 2009).

23

Chapter 2. Immunoglobulin A and its role in maintenance of intestinal
microbiome homeostatsis
IgA plays an important role in promoting general health. Its significance is
particularly apparent in the mucosal environment, in which IgA is the most abundant
antibody isotype. Although IgA deficiency is not a severe medical condition,
individuals with impaired or no IgA production have been shown to exhibit various
symptoms, with the most prominent differences between wildtype and IgA-lacking
patients manifested in forms of intestinal diseases (Yel 2010). Others have also
demonstrated potential relationships between IgA and microbiome composition in
the intestine (Suzuki 2004, Tezuka 2007 & Salzman 2014). Therefore, more
comprehensive knowledge on the IgA repertoire is crucial to better understand the
homeostasis between intestinal microbiome and immunity.

2.1

The gut-associated lymphoid tissue (GALT)

The GALTs are essential to the development of a functional intestinal immune
system. These tissues primarily include PPs, mesenteric lymph nodes (MLNs) and
solitary intestinal lymphoid tissues (SILTs) like colonic patches and isolated lymphoid
follicles (ILFs). Development of the GALTs is dependent on signals between
lymphotoxin (LT) and stromal cells that express the corresponding LT receptors.
Although the initial formation of MLNs and PPs occurs before birth, full development
of the GALTs is achieved after birth and is dependent on the intestinal microbiota
(Silva 2015). Mice that lack Rorγt, the transcription factor important in the
development of LTi cells that produce LT, do not develop PP, MLN and ILF (Sun 2000
& Eberl 2004).

The PPs are considered as the primary site of IgA production due to the presence of
GCs, where antigen presentation between T cells and B cells and the subsequent
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expression of AID is induced (Muramatsu 2000). In addition, PPs are covered by
follicle-associated epithelium that is rich in M cells, which are specialized antigendelivering cells that present certain gut lumen antigens to DCs that will eventually
migrate to the T cell-rich regions within GCs (Neutra and Kozlowski 2006 & Neutra
1999). Other factors, like the high B to T cell ratio and the increased level of IgAinducing cytokines like TGF-β, also contributed to the belief that PPs are the major
site of production of IgA-secreting cells (Stevens 1982 & Gonnella 1998).

It has long been established that the PPs, as the site that harbors 70% of GC B cells,
is the primary location for antigen-specific T-dependent IgA responses, particularly
those triggered by pathogens (Yamamoto 2004 & Hashizume 2008). However, the
idea of PP as an exclusive T-dependent inductive site has since been challenged by
others. One of these studies showed that the majority of IgA CSR in CD40-/- mice
that have impaired T-dependent signaling is found in the PPs (Bergqvist 2010).
However, another study demonstrated that DCs from ILFs alone, but not those in the
PPs, are sufficient in inducing T-independent IgA production (Fagarasan 2010).
Others have also reported that ILFs and MLNs are potential IgA inductive sites for
both T-dependent and T-independent IgA production. Studies performed in mice that
lack PPs, but not ILFs and MLNs, were capable of producing IgA plasma cells that are
specific against an orally administered antigen (Kang 2002 & Yamamoto 2004).
Interestingly, LTα-/- mice that lack PPs and ILFs retain the ability to produce intestinal
IgA, although at lower levels (Thurnheer 2003), indicating that IgA-secreting cells
can be produced elsewhere, for example, within the LP (Suzuki 2005). However,
another group has published conflicting results. Despite being GC-independent, Tindependent IgA CSR, as measured by level of post-switch circular DNA transcripts, ,
was not observed in the LP (Bergqvist 2006). Their results have since been
challenged by other reports that demonstrated induced AID expression (Crouch
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2007) and presence of extrachromosomal switch circles, by-products of ongoing IgA
CSR (He 2007), in the LP, suggesting that IgA CSR can occur in the LP.

The search for alternative sites of IgA cell induction has since become part of an
ongoing effort to achieving comprehensive understanding of intestinal immunity. In
2014, Masahata et al. reported that IgAs in the small intestine are generated at
different locations, and potentially by a different mechanism, from the IgAs in the
colon. Although PPs are traditionally considered as the primary site of GC
differentiation of intestinal IgA producing cells, this group demonstrated that the CPs
also play a major role in generation of intestinal IgA. In fact, investigation of the
chemokine receptor expression of IgA secreting cells showed that both CCR9- (small
intestine-specific) and CCR10- (colon-specific) expressing cells were found to have
originated from the CPs, while only CCR9-expressing cells were isolated from IgA
secreting cells generated in the PPs. Their results suggest that in addition to the
differences in origin of IgA induction, homing of IgA plasma cells to various locations
along the intestinal tract might also contribute to variations in the repertoire and
function of IgA isolated from different parts of the intestine.

26

Figure 6. Interaction between microbes and intestinal immune cells in the gutassociated lymphoid tissues (GALTs)
IgA-producing plasma cells are released into the LP from both ILFs and PPs. Antigenloaded DCs present intestinal antigens to lymphocytes within the various GALT
locations and induce T-dependent IgA production in the germinal centers, while also
provide signals for T-independent IgA CSR in the ILFs, and potentially within the LP.
Microbial antigens can also cross the intestinal epithelium through M cells and trigger
immune response in the PPs. (Modified from Maynard 2012)
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2.2

The production and the role of IgA

IgA is the most abundant antibody isotype generated in the human body with the
majority of it being produced by plasma cells in the intestinal mucosa. IgA molecules
are first synthesized as dimers. These IgA dimers can interact with polymeric Ig
receptor (pIgR) expressed on the basement membrane of epithelia cells and
translocate to the lumenal surface of epithelia, where they can bind to different
antigens present in the intestinal tract. During the translocation process, the pIgRbound dimer IgA is cleaved, resulting in the release of sIgA and along with a free
secretory component (Johansen 2011).

Although intestinal immunity involves a complex system of immune cells, secretory
IgA (sIgA) plays a major role in confining intestinal microbes and dietary antigens to
the gastrointestinal lumen and preventing them from triggering unwanted
inflammation through interaction with the gut epithelium (Mestecky 1999,
Macpherson & Uhr 2004 & Geuking 2012). In fact, mice that lack IgA show increased
levels of microbe-specific IgG in serum, indicating that in the absence of IgA,
intestinal microbes can escape to the periphery (Johansen 1999 & Sait 2007). On the
other hand, intestinal IgA can also promote removal of microorganisms and proinflammatory compounds like LPS, through other immune cells like DCs and
neutrophils, that are triggered by antigen-bound IgA through their Fc-alpha receptor
(FcαRI) (Fernandez 2003 and Suzuki 2007). In fact, mice that lack IgA exhibit
altered intestinal microbial composition and increased serum LPS levels indicative of
increased bacterial colonization (Suzuki 2004, Shulzhenko 2011 & Rigoni 2016).
Another study demonstrated that intestinal IgA plasma cells can also directly produce
antimicrobial factors like tumor-necrosis factor-α (TNF-α) and inducible nitric oxide
synthase (iNOS), which further supports the role of IgA in maintaining intestinal
health (Fritz 2011).
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IgA deficiency, as a disease, is generally asymptomatic despite being associated with
an increase susceptibility to certain infections (Mantis 2011). In fact, IgA deficient
humans live generally normal and healthy lives. This phenomenon could potentially
be attributed to the fact that other mechanisms, such as increased expression of
antimicrobial epithelial peptide RegIIIγ and increased IgM production, can
compensate for the lack of IgA (Slack 2012 & Cahenzli 2013). Besides their direct
influence on intestinal microbiome, IgA plasma cells have also been demonstrated to
upregulate Treg cell differentiation through TGF-β and RA, and thereby, further
exerting an effect on intestinal homeostasis (Feng 2011 & Kim 2013).

2.3

The intestinal IgA repertoire

The massive and diverse collection of microbes present in the intestinal environment
led to the speculation that the repertoire of IgA produced in the intestinal mucosa
would be just as diverse. However, until recent technological advances in gene
sequencing and the capability of single-cell analysis, previous studies on the IgA
repertoires of mice and humans often reported conflicting findings.

It is also important to note that the intestinal mucosal IgA produced in the GALT are
different from systemic IgA found in circulation. Not only are the two types of IgA
different in terms of functions, they have also been demonstrated to exhibit different
repertoires. Holtmeier et al., reported a restricted circulating IgA repertoire different
from that of colon IgA in humans based on results from CDR3 length analysis
(Holtmeier 2000).

A RT-PCR spectrotyping technique was performed in one of the earliest studies on
intestinal IgA to analyze the length variations in the CDR3 regions of IgHs of IgA-
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producing B cells in mouse intestines (Stoel 2005). In brief, sequences between the
FR3 and Cα regions of the IgH genes in sorted IgA producing B cells were amplified
using PCR and the fragment sizes were analyzed. Since the IgH transcripts were
amplified from a polyclonal sample of different B cells, one would expect the
fragment length distribution of the analyzed IgH sequences to fall into a Gaussian
pattern. Surprisingly, intestinal IgA-producing cells did not follow the same H-CDR3
spectrotype pattern that resembles a diverse repertoire in this study. Instead, peak
intensities of fragment lengths were distributed in a non-Gaussian pattern, which
indicated a restricted repertoire (Stoel 2005). Furthermore, the same study also
found that the spectrotype patterns of cells isolated from LP and PP were unique to
each mouse. In addition, sequence analysis of amplified VH genes confirmed that
multiple sequences exhibit identical V(D)J junctions, which indicates the presence of
clonally related sequences (expanded clones) (Stoel 2005). Several human studies
also confirmed the presence of expanded clones among IgA-producing cells isolated
from the intestine (Holtmeier 2000 & Yuvaraj 2009).

The restricted nature of the intestinal IgA repertoire has since been challenged by
other groups, who have demonstrated that both expanded clones and non-expanded
clones contribute to the intestinal IgA pool, with non-expanded clones contributing to
the majority of observed CDR3 diversity (Lindner 2012). The contribution of nonexpanded clones was also shown to increase with age, as was the accumulation of
SHM (Lindner 2012). Interestingly, the patterns of IgA repertoire were found to differ
along the length of the intestine. Samples isolated from small intestine were shown
to contain more expanded clones compared to those from the colon (Lindner 2012).

In addition, the notion that expanded clones contribute to a substantial amount of
the intestinal IgA-producing cells was also challenged by a study on IgA plasma cells
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from intestinal tissues of colon cancer patients (Benckert 2011). Results from this
study demonstrated that only 3.7% of the isolated plasmablasts represent expanded
clones, which is a much smaller proportion than other reports have presented
(Benckert 2011).

Although the exact proportions of expanded and unique clones differ in these
studies, findings from the majority of these reports agree with the presence of two
compartments of the intestinal IgA repertoire. It is still unclear, however, what might
have led to these conflicting observations. It is possible that different intestinal
microenvironment (i.e. healthy versus intestinal diseases) might play a role in
shaping the IgA repertoire. A recent study using Rag2 reporter mice also found that
the specificities of intestinal IgA can be further diversified by RAG-dependent
receptor editing in the mouse lamina propria, and that the frequency of this process
is dependent on the presence of a complex microbiome, indicating that the intestinal
IgA repertoire does not necessarily remain constant through life (Wesemann 2013).
In addition, mouse strain has also been demonstrated to affect intestinal IgA
production and microbiome composition (Fransen 2015).
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Human Studies

Mouse Studies

Holtmeier 2000 –
1. In colons, evidence of repetitive
and clonally related clones (based
on CDR3 spectrotyping and
nucleotide sequencing).
2. Analysis of the represented VH
families showed that those belong
to VH6 and 7 are oligoclonal,
whereas VH1-5 are more diverse.
(CDR3 length analysis)
3. Most nucleotide substitutions were
silent mutations (51%) or resulted
in amino acid replacements with
similar chemical properties (20%).

Stoel 2005 –
1. Restricted repertoire based on HCDR3 spectrotyping.
2. Restricted usage of VH genes with
independently acquired mutations
(not clonally related).
3. Results suggest clonal expansion
in the absence of affinity
maturation. (R/S ratios in CDRs
and FWRs were not significantly
different)
4. Both B1 and B2 cell derived IgA
plasmablasts showed restricted
repertoire.
5. Mutation frequency ranged from 013% (0-28 mutations)

Benckert 2011 – single cell experiment*
1. In small intestines (from colon
cancer patients), 3.7% represent
expanded clones (based on VH
gene usage and CDR3 length).
2. Extensive SHMs that indicate
antigen-mediated selection. (High
ratio of R/S in CDR1 and 2
compared to FWR1-3).
3. Total number of mutations range
from 0-60 (mean is around 22.7
in IgH or 7.1%).
4. 26% of antibodies tested were
reactive with at least 2 antigens
and were considered polyreactive
to both self and non-self antigens
including bacteria.
5. 3% of IgA showed specific binding
to intestinal tissues.
6. 21% expressed HEp-2 cell
reactive antibodies. But 48% of
them are also polyreactive.
7. 7% were reactive to bacterial
strains.

Lindner 2012 –
1. In small intestines, 65-75% were
expanded clones, but the rest were
non-expanded clones (based on
CDR3 sequences).
2. Expanded clones were evenly
distributed along the small
intestine and dominated the
repertoire in young mice.
3. In colons, few expanded clones
were found. The % of nonexpanded clones increased with
age.
4. Results indicate a highly diverse
polyclonal IgA repertoire with very
little overlap between mice.
5. The number of low frequency
clones increases with age.
6. Substantial SHMs and the number
of mutations increased with age.
7. Mutation frequencies were highest
in CDR1 and 2.
8. SHM were strictly dependent on T
cells and RORγt.

Table 1. Summary of previous findings regarding the intestinal IgA repertoire
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2.4

Reactivity profile of intestinal IgA

Since intestinal IgAs have been shown to play a role in regulation of the intestinal
microbiome, it is speculated that a substantial amount of intestinal IgA should be
reactive to commensals found in the intestinal environment. To investigate how IgAs
modulate immune response against intestinal microbes, Benckert et al. examined the
reactivities of rAb produced from IgA sequences isolated from single-cell sorted IgA
plasmblasts from human LP. Although a few of their rAb show specific binding to
bacteria, the majority of their rAb are either polyreactive or ‘non-reactive’. Some of
their rAb are also reactive to self-antigens like RNA and ssDNA (Benckert 2011). A
recent study of a population of T-independent CD27- IgA+ circulating human memory
cells also demonstrated that a significant proportion of antibodies produced from
these cells were polyreactive (Berkowska 2015). Other groups also reported that the
percentage of IgA-coated bacterial cells in mouse fecal samples ranged from 2-11%,
depending on mouse genotype and disease state (Palm 2014 & Rigoni 2016). These
results imply that although IgA is important in intestinal homeostasis, its function
might not be dependent on its direct binding to intestinal microbes at high specificity
or at high affinity. To date, only the human studies mentioned above investigated
the IgA repertoire in detail using a single-cell approach (Benckert 2011 & Berkowska
2015). Although mice are the most frequently employed animal model for studying
intestinal immunity and microbiome, the reactivity profile of mouse intestinal IgA has
yet to be determined using a single-cell approach.
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Chapter 3. The Intestinal Microbiome
The intestine is home to a diverse population of about 1014 bacterial cells that exist
in a symbiotic relationship with the host. Despite the abundance of bacteria in the
human body, most of these microbes are not harmful. In fact, some of these bacteria
have been shown to play important roles in host function, including digestion of
complex polysaccharides, vitamin synthesis, maintenance of the intestinal epithelia
and protection against colonization by pathogens (Backhed 2005 & Cerutti 2008).

3.1

Role of the intestinal microbiome in various biological processes

In recent years, mounting evidence has demonstrated that the intestinal microbiome
might be involved in many important biological processes. Established in 2008, the
Human Microbiome Project is an ongoing effort to characterize the microbial
composition in different sites of the human body at the genetic level. Sequencing
data, along with findings from demonstration projects aimed to establish a
relationship between the microbiome and various diseases and biological processes,
has implicated potential links between microbiome composition and human health
(Cho 2012 & Silva 2015). For example, dysbiosis (imbalance) of commensal
microbes and intestinal immunity has been implicated in diseases like Crohn’s
disease and Inflammatory Bowel Disease (Li 2012 & Shapiro 2015). In addition,
depletion of certain intestinal microbes by early exposure to antibiotics has been
shown to contribute to an increase in incidence of allergies in organs within and
without the digestive system (Russell 2012 & Reynolds 2013). Therefore, proper
maintenance of homeostasis between commensal microbes and host immunity at all
stages of development is crucial to general intestinal health.

Although intestinal bacteria are generally harmless in healthy individuals, some of
these symbiotic microbes have been demonstrated to induce pathology in immune
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compromised or certain genetically predisposed cases (Round 2010). These
‘pathobionts’ are different from typical pathogens in that they are generally
associated with chronic inflammation instead of acute infections (Chow 2011).
Several species of intestinal microbes, such as segmented filamentous bacteria
(SFB), Helicobacter hepaticus and Helicobacter pylori, have been classified as
pathobionts based on findings from animal models (Palm 2014, Ivanov 2009, Ward
1996 & Odenbreit 2000). Potential differences in pathogenicity between pathobionts
and other commensal bacteria could be potentially attributed to the ability of
pathobionts to adhere and invade the intestinal epithelial layer (Palm 2014). Other
groups have also demonstrated that the composition of the intestinal microbiota
changes with age and that some species like proteobacteria, which are found in
young mice, could trigger an antigen-specific IgA response when transferred into
adult mice, indicating the dynamic nature of the intestinal microbiota might play an
important role in shaping the intestinal IgA repertoire and vice versa (Mirpuri 2014).
Despite improved understanding of the intestinal microbiome in recent years, the
exact mechanism of immune regulation of intestinal microbe and the potential
relationships between bacterial pathogenicity and the types of immune responses
induced are still poorly understood.

3.2

Interaction between the intestinal microbiome and the innate
immune system

GF mice provide a powerful tool for investigating the effects that particular microbes
exert on the intestinal immune response. Certain intestinal microbes have been
shown to inhibit innate immune responses through suppression of TLR expression
(Asquith 2010), which might explain why commensal microbes are generally
tolerated and allowed to colonize the intestine. In fact, previous reports have shown
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that when challenged with DSS, mice with impaired innate immunity are more likely
to develop colitis and other intestinal diseases than wild-type mice (Araki 2005). This
implies that the innate branch of the immune system might play a role in
maintaining intestinal health, possibly by preventing invasion of intestinal microbes
when integrity of the epithelial barrier is compromised.

More specifically, the T-independent immune response has been demonstrated to
affect intestinal IgA production as mice deficient in T cells (Tcrb-/- Tcrd -/-) are
capable of producing IgAs, although at lower levels than wildtype mice (Macpherson
2000). However, investigations regarding the role of TLR signaling in the regulation
of intestinal microbiota have produced some conflicting results. For example, the
composition of intestinal microbiota in healthy adult mice lacking MYD88, an
important signaling molecule of the TLR signaling pathway, was found to be similar
to that of adult wild-type mice based on 16S sequencing of Enterobacteriaceae and
Bacteroidaceae, the two most dominant intestinal microbes in mice (Mirpuri 2014).
However, mice that are deficient in the pattern-recognition receptor (PRR) NLRP6
exhibit an altered intestinal microbiome and are more susceptible to DSS-induced
colitis than wild-type mice, suggesting that different innate receptors might have
different role in the innate response against intestinal microbes (Elinav 2011).
Another study has also demonstrated that mice that lack MYD88 specifically in T cells
display significant reduction in percentage of IgA-coated fecal bacteria and skewed
intestinal microbial composition (Kubinak 2015). Furthermore, mice that lack a Tindependent immune response were found to exhibit a heightened T-dependent
response, as evidenced by higher titer of serum antibodies against intestinal
commensals, which could be explained by an increase in commensals present in the
spleen, suggesting that T-independent response might be important in confining
commensals in the intestinal lumen and preventing them from accumulating in other
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organs, where their presence would trigger a strong and unwanted adaptive
response (Slack 2009).

Given the complexity of the intestinal immune response, it is likely that, although Tindependent immunity might be important in certain aspects of the regulation of
intestinal microbes, other components of the immune systems are also involved in
maintaining intestinal homeostasis.

3.3

Interaction between intestinal microbiome and the adaptive immune
system

Similar to innate responses, adaptive immunity also plays a critical role in
establishing a complex and effective intestinal immune response. Mice that lack T
cells have been shown to produce less intestinal IgA compared to wild-type mice,
indicating that T cells are required for normal IgA production (Macpherson 2000). In
addition, Rag1-/- mice that are deficient in adaptive immune responses were shown
to have a vastly different intestinal microbiota compared to wildtype mice,
suggesting that adaptive immunity plays a role in regulating the composition and
diversity of the intestinal microbiome (Zhang 2015).

Besides stimulating the innate branch of the immune system, certain types of
intestinal microbes have also been shown to activate specific adaptive immune
responses. For example, SFB alone is sufficient in inducing a substantial increase in
Th17, and to a lesser extent, Th1 responses in GF mice (Gaboriau-Routhiau 2009
and Ivanov 2009). Another example is H. hepaticus infection, which could induce a
Th1 and Th17 inflammation response in IL-10 deficient mice that have impaired Treg
cell functions (Kullberg 2003). However, the exact mechanism by which these
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microbes affect the development and differentiation of the adaptive immune
response has yet to be determined.

It is generally believed that, as part of adaptive immunity, T-dependent antibody
production is primarily responsible for triggering responses against pathogens and
harmful antigens in the intestine. The reason being that T-dependent antibodies are
commonly considered as highly specific antibodies that bind to particular antigens at
affinity strong enough to trigger downstream effector responses, such as activation
of macrophages or effector T cells.

Furthermore, differentiation and functions of Treg cells can also be affected by
intestinal microbes. For examples, Bacteroides fragilis has been demonstrated to
induce IL-10 production, while ameliorating Th17 response during intestinal
inflammation (Round and Mazmanian 2010). Other bacterial strains, like Clostridia,
have also been shown to facilitate accumulation of Foxp3+ Treg cells in GF mouse
colons (Atarashi 2011).

Chapter 4. Conclusion
Intestinal homeostasis between microbiota and host immune system contributes
greatly to health of the host beyond the intestinal environment. In recent years, the
amount of research on the intestinal microbiome has increased tremendously. These
studies have generated important findings that help improve our understanding of
the maintenance of intestinal homeostasis. However, given the dynamic and complex
nature of the intestinal microbiome and immunity, many questions concerning the
potential mechanisms of immune regulation of commensals and other antigens have
yet to be answered.
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Using a single-cell approach, the work presented in this thesis analyzed the
composition of intestinal IgA, followed by investigation of the reactivity profile of
recombinant antibodies (rAb) generated using IgA sequences isolated from healthy
mouse. We also compared IgA plasmablasts from wild-type mice to those from
MyD88KO mice to determine if difference in mechanism of antibody induction (Tdependent versus T-independent) might play a role in shaping the IgA repertoire.
Results from our work provide important insights into the potential mechanism of
how intestinal IgA might play a role in triggering differential regulatory immune
responses to commensals and pathogens.
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Materials and Methods
Mice
Wild-type C57BL/6 mice and MyD88KO mice (Cat#009088) were obtained from the
Jackson Laboratory and maintained under SPF conditions at the animal facility of
Tufts University School of Medicine for at least 8 weeks prior to day of experiment in
order to minimalize variations between composition of intestinal microbiome caused
by different housing conditions. VV29 mice has been described elsewhere (Xu 1994 &
D’Avirro 2005), All experiments were approved by and performed in accordance with
the regulations of the Tufts University School of Medicine IACUC.

Isolation of IgA plasmablast from lamina propria of mouse colon
Mice were euthanized according to DLAM animal protocol. Mouse colons, defined as
the tissue between the ends of caecum to the mid-length of the rectum, were
removed and opened longitudinally. The intestinal contents were removed using PBS
and saved for later use. The remaining colon tissues were rinsed in ice cold RPMI, cut
into half inch pieces and submerged in HBSS. The tissues were incubated in
HBSS+DTT+EDTA for 20 minutes in a 37°C water bath with shake at 240 rpm three
times. Each incubation was followed by two washes with HBSS. After the three
incubations in HBSS+DTT+EDTA, the tissues were incubated in collagenase in LGM
media for 30 minutes in a 37°C water bath with shake at 240 rpm. Following the
collagenase digest, tissues were mashed using a 1mm syringe without needle. The
entire sample was filtered through gauze padding into a 50ml conical tube. Additional
LGM media were used to collect leftover cells in flask and added to filtered sample to
bring the total volume to 50ml. The sample was centrifuged at 2300rpm for 5
minutes, and the supernatant was carefully removed by pipetting. The cell pellet was
resuspended in 4ml of 40% percoll in PBS and overlaid with cautious on top of 2.5ml
of 80% percoll in PBS. To bring total volume to 11ml, RPMI media were added to the
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top of the cell layer. The percoll gradient was centrifuged at 670g for 30 minutes at
room temperature with no brake. After centrifugation, the cell layer around the
2.5ml mark was carefully transferred to a fresh 15 ml conical tube. Additional LGM
media were added to the cells to bring volume to 13ml and the sample was
centrifuged at 2000rpm for 5 minutes at 4°C followed by removal of the supernatant.
The LGM wash step was repeated one additional time to ensure removal of remaining
percoll. Cells were counted prior to and after the percoll step. Finally the cells were
resuspended in staining buffer for FACS analysis or cell sorting.

Intestinal content and fecal sample preparation
Intestinal contents and fecal samples were collected from mouse colons and stored in
5mL of 1x PBS (Life Technologies #10010-031) at -80°C until FACS analysis. To
prepare samples for FACS analysis, intestinal contents and fecal samples were
thawed and vortexed vigorously to break up large chunks. Then, the samples were
centrifuged at 50 x g for 20 minutes at 4°C to deposit non-bacterial materials. After
centrifugation, the supernatant containing intestinal bacteria was carefully removed
and divided into polystyrene tubes. Bacterial cells were washed with 5ml of staining
buffer and centrifuged at 8000 x g for 5 minutes at 4°C prior to preparation for FACS
staining.

Whole-cell intestinal microbes and microbial lysates
Agar plates containing the whole-cell live intestinal microbes for Bacteroides
distasonis, Prevotella biviia, Bacteroides vulgatus and Porphyromonas gingivalis were
obtained from the Tufts Nutrition Infection Unit. Bacterial colonies were picked and
vortexed in 1ml 10mM Hepes buffer. Lysozyme solution containing 20mg of
lysozyme in 4ml of TEN buffer was added to the bacteria and the sample was
incubated on ice for 5 minutes. The microbial cells were then centrifuged at
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13000rpm for 5 minutes and the supernatant containing soluble proteins was
removed. The remaining pellet was resuspended in TEN buffer and 10% SDS was
added to each sample, followed by incubation at 37°C for 10 minutes. The microbial
lysates were stored at -80°C until use. Microbial lysates for Escherichia coli 1 and
Enterobacter cloacae were prepared by and obtained from the Harvard Digestive
Disease Core. Agar plates containing whole-cell microbes for Alistipes onderdonkii,
Bacillus subtilis, Staphylococcus epidermidis and Bacteroides fragilis were obtained
from Dr. Michael Malamy at Tufts University.

Flow cytometry
All cells were washed twice with staining buffer (1X PBS, 5% rat serum and sodium
azide) prior to incubation with the corresponding antibodies. For IgA plasmablasts,
cells collected from the lamina propria were incubated with anti-mouse IgA labeled
with PE (Southern Biotech) and anti-mouse CD138 labeled with Alexa-647 (Southern
Biotech). Single stained and unstained controls were prepared by substituting labeled
antibodies with staining buffer. For staining of intestinal content, fecal sample and
whole intestinal microbes, various recombinant antibodies generated per methods
described below were used as primary antibodies, while anti-human IgG antibodies
labeled with Alexa-647 (Southern Biotech) were used secondary antibodies. All
samples were washed twice with staining buffer after antibody incubation.
Propirdium iodide (PI) was added prior to FACS analysis with FACSCalibur (BD
Biosciences).

Single cell sorting
IgA-producing plasmablasts from mouse colon lamina propria were isolated by
sorting for CD138+IgA+ populations and spiting individual cell into each well of a 96
well plate. Each of the 96 wells was pre-filled with first strand synthesis buffer (Life
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Technology #) and tRNA prior to cell sorting. Gate setting for CD138+IgA+ population
was guided by FACS data collected from unstained, CD138+ stained and IgA+ stained
controls. Sorting was performed by either MoFlo Astrios EQ (Beckman Coulter) or
Legacy MoFlo (Beckman Coulter).

Cell sorting of intestinal content and intestinal microbes
For analyses of intestinal content, fecal sample and intestinal microbes, cells bound
by recombinant antibodies were isolated by sorting for IgGhigh populations into PBS
using either MoFlo Astrios EQ (Beckman Coulter) or Legacy MoFlo (Beckman
Coulter). Unstained and secondary antibody only controls were used for gate setting.

PCR amplification of IgA sequences
Single cells were sorted onto 96 well plates prefilled with buffer. NP-40 was added to
each well prior to cDNA synthesis with SuperScript (Lifescience #). IgA heavy chain
genes and IgK/L light chain genes were amplified in two rounds of semi-nested PCR
as previously described (Tiller 2008). PCR products were subjected to gel
electrophoresis. PCR products that matched the expected size were extracted and
purified with QIAquick gel extract kit (Qiagen #28706), then sent to Tufts University
Core Facilities or Genewiz (http://www.genewiz.com/) for DNA sequencing.

Sequence and mutation analysis
Sequencing data were entered into IgBLAST for analysis of Ig gene usage and
mutation status (http://www.ncbi.nlm.nih.gov/igblast/). Clonal relationships were
determined based on IgH V(D)J usage and junctional nucleotides. Only mutations
within the region of CDR1 to FWR3 were included in analysis to minimize artificial
effects of sequencing errors most frequently found in the ends of the amplified
sequence. Frequencies of replacement and silent mutations in FWR2 and FWR3
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versus those in CDR1 and CDR2 were calculated for each sequenced IGH, IGK, and
IGL chain gene.

Sequence analysis for gene conversion
Amplified IgA sequences from colon LP plasmablasts were first aligned to the R16.7,
then to the 2B4 sequences in order to identify IgA plasmblasts that expressed the
VV29 gene. Mismatched nucleotides identified from the R16.7 alignment were
highlighted and then compared to the 2B4 sequence, to look for potential gene
conversion. Gene conversion was defined as the transfer of sequences resembling
that of 2B4 to the transcribed R16.7 sequence. Mismatched nucleotides that did not
align with either the R16.7 or the 2BR sequence were assumed to represent somatic
hypermutations in the R16.7 sequence or expression of endogenous VH genes
instead of the VV29 transgene.

Introduction of restriction enzyme sites
After identification of Ig gene usage, first round PCR products of selected sequences
were used as templates for additional PCR to incorporate the corresponding
restriction enzyme sites for subsequent expression-vector cloning. Restriction
enzyme site PCR was carried out using primers and protocol as previously described
(Tiller, et al. 2008). Primer selection and PCR protocol were dependent on VH, VK, VL,
JH, JK and JL families.

Expression-vector cloning
PCR products containing the intended restriction enzyme sites were extracted after
gel electrophoresis using QIAquick gel extract kit (Qiagen #28706) according to
manufacturer’s protocol. The extraction products of the heavy chain were ligated into
human IgG1 vector and the light chains were ligated into human Ig Kappa or Ig
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Lambda vector using the pGEM®-T Easy Vector System I (Promega #A1360).
Vectors containing the Ig sequences of interest were transformed into NEB 5-alpha
Competent E. coli (New England Biolabs, Inc. #C2987H) according to manufacturer’s
protocol. The cloned plasmid DNAs were extracted and purified using QIAGEN
Plasmid Mini Kit (Qiagen #12125) according to manufacturer’s protocol. Identities of
the IgH and IgL sequences within the plasmids were confirmed using primers and
PCR protocol as previously described (Tiller 2008). PCR products were sent to Tufts
University Core Facilities for sequencing.

Recombinant antibody production and purification
Plasmids containing the cloned IgA heavy and light chains were transfected into
HEK293T cells using Lipofectamine® LTX Reagent with PLUS™ Reagent (Life
Technologies #A12621) according to manufacturer’s protocol for recombinant
antibody production. Briefly, lipofectamine® LTX Reagents were incubated in OptiMEM® I Reduced Serum Medium (Life Technologies #31985-062) for 5 minutes at
room temperature. Then, plasmid DNAs were added dropwise with swirling motion to
the lipofectamine mixture and incubated for 30 minutes at room temperature. The
resulting mixture was added to HEK293T cells and the cells were incubated in a 37°C
cell culture incubator for 5 hours. Additional HEK293T cell media were added to the
cell without removing the lipofectamine-plasmid mixture and cells were allowed to
proliferate over the course of 7 days. Supernatants containing the recombinant
antibodies were collected and transferred to Amicon® Ultra-15 Centrifugal Filter Units
(Merck Milipore Ltd #R4CA38427) and centrifuged at 3500rpm at 4°C. The residual
media (about 1ml) in the filtered unit were used to rinse off any remaining
recombinant antibodies that were attached to the filter membrane. Media containing
the recombinant antibodies were harvested and aliquoted into smaller volumes for
later use. Total IgG ELISAs were performed to determine antibody concentrations.
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ELISA
Recombinant antibodies were tested for reactivity against dsDNA, RNA, LPS and cell
lysates of various intestinal microbes. In brief, ELISA plates (Costar; Nunc for RNA)
were coated with Poly-L-Lysine (0.1% w/v) for 4 hours for anti-RNA and overnight
for anti-LPS ELISA or 100µg/ml of methylated BSA in PBS for 3 hours for dsDNA.
Plates were emptied and incubated overnight with 10µg/ml yeast RNA (Ambion
#AM7120G) or 50µg/ml of calf thymus DNA (Sigma) in 1x Borate buffer or 5 µg/ml
LPS (Sigma #L2880) in carbonate buffer, respectively. Then, the plates were
emptied once again and blocked with 1% BSA + 0.1% sodium azide + Borate buffer
for anti-RNA and anti-dsDNA ELISA overnight. For anti-LPS ELISA, plates were
blocked with 1x PBS + 0.1% Tween + 3% skim milk overnight. After washing with
Borate + 0.1% Tween, plates were incubated with primary antibodies at serial 1:2
dilution at 37°C for 1 hour or at 4°C overnight. A polyreactive recombinant antibody
ED38 and supernatant from non-transfected HEK293T cells were used as positive
and negative control, respectively. After incubation with primary antibodies, ELISA
plates were washed and incubated with AP-labeled goat anti-human IgG Fc
antibodies (Southern Biotech), followed by three washes with Borate +0.1% Tween
and addition of the AP substrates, 4-Nitrophenyl phosphate disodium salt
hexahydrate (PNPP). AP substrate tablets were dissolved in ELISA buffer by
vortexing. ODs were measured at 405nm at various time intervals (1 hr, 3 hr, 5 hr
and overnight). OD readings collected at 3 hr post addition of AP substrates were
used for comparison. All samples were plated in triplicates and averages of the three
data points were used in data analysis. ELISAs against microbial lysates were
performed as described above, except that 0.5µg of bacterial lysates in Borate buffer
were added into each well as antigens.
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For quantification of recombinant IgG antibodies harvested from transfection, total
human IgG ELISAs were performed using unlabeled goat anti-human IgG antibodies
(1:1000) as capturing proteins. To create a standard curve, human IgG antibodies
(100µg/ml) were used in each Total IgG ELISA experiment. The rest of the ELISA
procedure was similar to that described above. Briefly, harvested recombinant
antibodies were added onto coated ELISA plate at in serial 1:2 dilution. Plates were
incubated at 4°C overnight, followed by three washes with Borate +0.1% Tween and
incubation with AP-labeled goat anti-human IgG antibodies (1:1000) as secondary
antibodies at 37°C for 1 hour. Plates were then washed three times with Borate
+0.1% Tween, followed by addition of AP substrate. ODs were measured at 405nm
at various time intervals (1 hr, 3 hr, 5 hr and overnight). OD readings collected at 3
hr post addition of AP substrates were used for comparison. All samples were plated
in triplicates and averages of the three data points were used in data analysis.
Concentrations of recombinant antibodies harvested from transfection of HEK293T
cells were determined based on standard curve generated in the same experiment by
manually plotting the absorbance values of the standard on the Y-axis versus
concentration on the X-axis. Absorbances of each sample were then interpreted as
protein concentration by multiplying the concentration of standard correlated with
the particular absorbance by the dilution factor of the recombinant antibody sample
at that absorbance.

Immunohistochemistry of murine colon tissue
Murine colon tissue sections were prepared from C57BL/6 mice. The colon was
removed, washed in ice-cold PBS, and incubated in 4% PFA for 20 minutes at 4°C.
The tissue was washed again and incubated in 0.5 M sucrose-PBS solution until it
sank to the ground followed by overnight incubation in 1 M sucrose PBS solution.
Fixed tissue samples were embedded in cryo-medium and stored at –80°C until
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further use. Frozen section slides were prepared by the Tufts Animal Histoloy Core.
For tissue staining, frozen tissue slides were fixed with iced acetone and blocked with
5% goat –serum in PBST before incubation with recombinant antibodies. Slides were
then washed three times with PBST and incubated with anti-human IgG labeled with
DyLight 405 as secondary antibodies, followed by three washes with PBST. Analyses
of staining patterns were carried out using an electron microscope. Fluorescence
intensity was quantified using ImageJ. Briefly, an outline was drawn around a
randomly selected area and circularity, area, mean fluorescence measured, along
with several adjacent background readings. To account for background fluorescence,
corrected total cell fluorescence (CTCF) was calculated using this formula:

CTCF = Integrated Density – (Area of selected cell x Mean fluorescence of
background)

16S rRNA sequencing
To identify the microbes present in sorted 080212Ab-bound intestinal content and in
negative control, DNA from sorted cells (approximately 20,000 cells) was extracted
using the QIAamp Fast DNA Stool Mini Kit (Qiagen #51604) with addition of cocktail
A and cocktail B at various steps of the manufacturer’s protocol. Cocktail A contained
0.9 µL lysozyme, 6 µL Mutanolysin and 1.5 µL Lysostatin. Cocktail B contained 10 µL
proteinase K, 50 µL 10% SDS and 20 µL RNase.

For qPCR of 16S rRNA gene sequencing, 5 µL of DNA isolated from sorted cells were
used, along with µL SYBR Green Mastermix, 3.5 µL RT-PCR water, 0.6 µL 10uM 806R
primer, 0.6 µL 10uM 515R primer and 0.3 µL 338P FAM-tagged Primer. Primer
sequences are as followed (Caporaso 2012):
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515F 5’ GTG CCA GCM GCC GCG GTA A 3’
806R 5’ GGA CTA CHV GGG TWT CTA AT 3’
338P FAM-tagged 5′-FAM-GCT GCC TCC CGT AGG AGT-BHQ1-3′

qPCR was carried out under the following thermal condition:
15 mins at 95°C
40 cycles of
- 15 seconds at 94°C
- 30 seconds at 56°C
- 30 seconds at 72°C
Read at 56°C

PCR products of the expected size (about 300 bp) were gel extracted and then
cloned into pGEM vectors (see detailed protocol in “Expression-vector cloning”).
Resulting plasmids were purified and sent to Tufts Core Facility for sequencing.

For microbial identification, sequencing results were aligned to microbial sequences
in the Ribosomal Database Project (rdp)
(https://rdp.cme.msu.edu/seqmatch/seqmatch_intro.jsp),Center for Microbial
Ecology, Michigan State University.
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Results
IgA has been shown to play an important role in maintenance of intestinal
homeostasis. Not only does IgA protect the intestinal mucosa from pathogens and
harmful substances, IgA has also been shown to facilitate and maintain colonization
of intestines by various commensal microbes. Despite the significance of intestinal
IgA, the mechanisms through which IgA distinguishes between pathogens and
commensals, and ultimately drives different immune responses depending on
microbial pathogenicity, remain largely unclear. Using a single-cell sequencing
approach followed by subsequent recombinant antibody production, I have
investigated the repertoire and reactivity profile of intestinal IgA. My studies have
also directed toward understanding the mechanism of induction for intestinal IgA
antibodies and determine whether T-dependent and T-independent responses
contribute differently to the IgA repertoire.
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Chapter 1 - Analysis of the IgA repertoire in wildtype C57BL/6 mice
Previous reports demonstrated conflicting findings with regard to the composition of
the intestinal IgA repertoire, with some results indicating the substantial contribution
of expanded clones, while others presented evidence that support a diverse, uniqueclone dominated IgA repertoire (Stoel 2005 & Benckert 2008). To better understand
the roles that IgA play in regulating intestinal homeostasis, we carried out our own
investigation of the IgA repertoire of plasmablasts isolated from mouse colon LP and
analyzed the clonal origins of IgA-producing cells based on the combination of their
V(D)J region and junctional sequences. We adopted the nomenclatures used in
previously published reports for categorizing IgA plasmablasts based on results of
single-cell sequencing: expanded (clonally related clones) and unique (clonally
unrelated clones).

1.1 Detection and comparison of B220+ IgA+ cells in various mouse organs
To investigate the IgA repertoire in mouse intestine, we first examined the
proportions of B lymphocytes isolated from mouse spleen, PPs and LP using labeled
anti-B220 (also known as CD45) as B cell identification marker. B220 cells were
examined because our lab has established a protocol for isolation and FACS staining
of splenic B cells; therefore, FACS results of B220+ cells from PPs and LP could be
compared to the splenic cell sample. We also stained these isolated cells with antiIgA antibodies for detection of any surface IgAs. Although the percentages of B220+
cells were substantial in mouse spleen (37.1%) and PPs (23.35%), the proportion of
B220+ cells in LP was relatively low (10.5%). Cells isolated from the spleen and PPs
of AID-/- mice, which do not express the class-switching enzyme AID and should not
produce IgA, were used as negative controls.
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Since the majority of IgA CSR occurs in the germinal centers of the PPs (Fagarasan
2001), we expected the percentage of B220+ IgA+ cells to be highest in the PPs.
Indeed, the percentages of B220+ IgA+ cells were highest in PPs (0.35%) and in
spleen (0.33%). However, a very small population of B220+ IgA+ cells was found in
the LP (0.027%). The small percentages of B220+ IgA+ cells were not entirely
surprisingly since B220+ cells do not usually express cell surface IgA, and therefore,
the majority of B220+ cells would be IgA-, and not IgA+ cells. Interestingly, a small
percentage of B220- IgA+ cells (4.1%) was observed in the LP sample, but not in the
spleen and PPs. This population of surface IgA-expressing could potentially represent
large of amount of IgA plasma cells that seed the LP, but not the PP and spleen. In
addition, a distinctive population of B220- IgAintermediate cells were also found in the LP,
but were absent in spleen and PPs. The identity of this cell population is unclear, but
we assume that it could represent IgA plasma cells with less surface IgAs than the
B220- IgA+ cell population.

Based on these preliminary results, we concluded that our cell isolation protocol for
intestinal organs was successful. However, in order to isolate enough IgA-producing
cells for single-cell sorting, we would need to stain for cells that express some
surface IgA. Therefore, we next investigated the proportion of plasma cells with
surface IgA that are detectable using FACS.
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Figure 1. B220+ IgA+ cells comprise a small proportion of cells isolated from various
mouse organs
APC-labeled anti-B220 and PE-labeled anti-IgA antibodies were used to stain for IgAproducing B cells that express surface IgA isolated from mouse spleen, PPs and LP.
Top row: spleen and PPs of AID-/- mice were used as negative control. Bottom row:
spleen, PPs and LP isolated from the same wild-type C57BL/6 mouse were analyzed.
The majority of B220+ cells do not express surface IgA. A small percentage of B220IgA+ cells was observed in the LP sample, but not in the spleen and PPs. Different
protocols were used for cell isolation from the various organs prior to FACS analysis.
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1.2 Detection and comparison of CD138+ IgA+ cells in mouse small intestine and
mouse colon
Since most IgA in the intestine is produced by plasma cells and that the amounts of
IgA transcripts expressed in plasmablasts are higher than those in B cells (Coronella
2000 & Fagarasan 2001), we investigated if using CD138 (also known as syndecan1), which is a highly expressed surface marker for plasma cells, would allow us to
identify more IgA-expressing cells than using B220. Because both T-dependent and
T-independent triggered IgA plasma cells have been shown to home to the LP (Lamm
2002 & Cerutti 2008), we felt that analyzing IgA plasmablasts sorted from LP cells
would give us a more accurate description of the overall IgA repertoire in the
intestine.

As expected, more CD138+ IgA+ cells than B220+ IgA+ cells were observed in mouse
colon LP. More specifically, we identified a small population of CD138high IgA+ cells
(2.44%) and a bigger population of CD138intermediate IgA+ cells (6.23%) from mouse
LP. Both CD138intermediate IgA+ and CD138highIgA+ cell populations were sorted as
CD138+ IgA+ cells for subsequent single-cell experiments (Figure 2). LP cells were
also isolated from mouse small intestine and analyzed using FACS. However, the
percentage of CD138+ IgA+ cells was negligible compared to that observed in cells
from mouse colon LP (data not shown).
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Figure 2. CD138+ IgA+ cells comprise a small proportion of cells isolated from mouse
colon lamina propria
APC-labeled anti-CD138 and PE-labeled anti-IgA antibodies were used to stain for
IgA-producing B cells in mouse colon LP. Right: LP cells stained with anti-IgA
antibody only. Left: LP cells stained with anti-CD138 and anti-IgA antibodies. A
CD138high IgA+ cell population (2.44%) and a CD138intermediate IgA+ cell population
(6.23%) were identified. For subsequent single-cell experiments, cells within the
green box (including both CD138high IgA+ and CD138intermediate IgA+ cell populations)
were sorted as CD138+ IgA+ cells using FACS.
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1.3 Expanded and unique clones contribute equally in terms of abundance to the IgA
repertoire of plasmablasts from the mouse colon LP
Based on the V(D)J usage and V(D)J junctions of the sequenced IgA transcripts, we
divided the isolated IgA plasmablasts into two categories: expanded clones that
consist of groups of IgA sequences with shared V(D)J usage and junctional
nucleotides; and unique clones of individual IgA sequences with V(D)J usage and
junctional nucleotides distinct from all of the other analyzed sequences.

In our preliminary experiment, 21 IgA sequences were amplified from 32 single-cell
sorted CD138+ IgA+ plasmablasts from a 29-week-old wild-type C57BL/6 mouse. Out
of the 21 sequences, 14 of them (67%) were unique clones while the remaining 7
sequences belonged to 3 different expanded clones (Figure 3). Analysis of the Ig
light chains further confirmed the identity of the unique clones, since none of these
sequences expressed the same V and J combinations or shared the same VJ
junctional nucleotides. In addition, plasmablasts that exhibited many SHMs in their
IgH also expressed heavily mutated IgL (Figure 4).
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Figure 3. Single-cell sorted intestinal IgA plasmablasts from a healthy 29-week-old
wild-type C57BL/6 mouse demonstrated contributions from both highly mutated
unique and unmutated expanded clones
In a preliminary experiment, 21 IgA transcripts from single-cell sorted plasmablasts
of a 29-week-old healthy mouse were sequenced and analyzed. Three groups of
expanded clones were identified. Sequences in these expanded clones contained very
little to no mutations. In contrast, the unique clones (67% of sequences) appeared
to exhibit more SHMs than the expanded clones. Each circle represents a point
mutation. Only the IgH sequences are depicted.
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Figure 4. Sequence analysis of Ig light chain confirms the categorization and SHM
status of IgA plasmblasts isolated from a 29-week-old wild-type mouse.
In a preliminary experiment, 21 IgA transcripts from single-cell sorted plasmablasts
of a 29-week-old healthy mouse were sequenced and analyzed. Analysis of VJ
regions and junctional nucleotides of amplified IgL sequences (both IgKappa and
IgLambda) confirmed the presence of unique clones (and expanded clones – data not
shown). Furthermore, the rate of SHMs in the IgL gene also corresponded with that
of the IgH gene expressed by the same IgA plasmablast. Each circle represents a
point mutation. Only the IgL sequences are depicted.
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Results from our preliminary experiment demonstrate that our protocols for isolating
LP IgA plasmablasts and subsequently amplifying IgA transcripts from sorted single
cells are effective. We then repeated the experiment using LP cells isolated from an
18-week-old wild-type C57BL/6 mouse. Out of 61 amplified IgA sequences, about
half of them belonged to each of the two groups (Figure 5), indicating that both
expanded and unique clones contribute to a significant portion of the mouse
intestinal IgA repertoire. Although, the majority of analyzed intestinal IgA belonged
to the VH1 subgroup, a preference for VH5 was observed in the expanded group
(Figure 6).

Taken together, our findings further confirm that our single-cell approach is effective
for analyzing the clonal nature of IgA plasmablasts. Our sequencing results also
suggest that, in terms of abundance, both expanded and unique clones might
contribute in roughly equal proportion to the mouse intestinal IgA repertoire

1.4 Rate of somatic hypermutations in unique clones is slightly higher than that in
expanded clones
Previous studies have indicated that Ig genes in plasmablasts generated by a Tindependent mechanism generally exhibit fewer SHMs than those induced by a Tdependent response (Stoel 2005 & He 2010). To investigate whether T-cell
involvement is associated with the production of expanded and unique clones in the
LP, we calculated and compared the numbers of mutation per nucleotide in the
sequenced VH transcripts from plasmablasts in both the unique and expanded
groups. In order to avoid including sequencing errors in our mutation analysis and
ultimately overestimating the amount of SHM, we chose to only take into account
mutations that are located between the start of CDR1 and the end of V region.
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We found that IgA sequences from the 29-week-old mouse exhibited more mutations
than those from the 18-week-old mouse. This observation agrees with previously
published results that indicate SHMs accumulate with age (Lindner 2012). In the 18week-old mouse, unique clones exhibited an average of 1.0 x 10-2
mutation/nucleotide-sequenced (mut/nt-seq), whereas the expanded clones
exhibited an average of 6.8 x 10-3 mut/nt-seq (Figure 5). Mutations in both unique
and expanded clones were indicative of antigen selection, with replacement versus
silence ratios within the CDRs as 2.7 and 3.7, respectively. Our results indicate that
unique clones exhibited less than 2-fold more SHMs than expanded clones. This
observation suggests that unique clones might not be significantly more mutated
than expanded clones in healthy C57BL/6 mice. The non-significant difference in
SHMs between expanded and unique clones also implies that both T-dependent and
T-independent responses might be involved in generating the two components of the
intestinal IgA repertoire.
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Figure 5. Single-cell sorted intestinal IgA plasmablasts from a healthy 18-week-old
wildtype C57BL/6 mouse demonstrated contributions from both unique and
expanded clones
A and B) Unique and expanded clones contributed in similar proportions to the
mouse intestinal IgA repertoire. A) Each bar represents one clonal group of IgA
transcripts that share the same V(D)J combinantion and same junctional nucleotides.
The Y-axis represents the number of IgA transcripts in each clone. Clonal groups that
contain only one IgA transcript are categorized as unique clones. C) The numbers of
SHMs identified in the IgH gene in sequences belonged to the unique clones were
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similar to those in the expanded clones. Numbers in pie charts represent the
numbers of mutations identified in each IgH sequence. Sizes of the slice represent
the relative abundance of sequences exhibiting a particular number of mutations.
Over half of sequences in each of the two components of the IgA repertoire displayed
a single to no mutation in their V(D)J regions. A-D) Data presented were based on
analysis of the IgH only. A comprehensive visualization of the location of each SMH is
presented in Figure 7.
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Figure 6. Analysis of VH gene usage of IgA plasmablasts from unique and expanded
clones indicate similar preferences for VH1 family genes
Although IgA sequences from expanded clones exhibited 2-fold more expression of
VH genes belonged to VH5 family, the majority of IgA sequences from both
expanded and unique clones expressed VH genes from the VH1 family.
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Figure 7 Comprehensive visualization of all IgH sequences amplified from single-cell sorted IgA plasmablasts of a
18-week-old healthy mouse.
The top half represents the the 30 unique clone sequences and the bottom half depicts the 31 expanded clone
sequences. Among the expanded clones, sequences highlighted in the same color are in the same clonal group and share
the same V(D)J combination and junctional sequences. Each circle represents a nucleotide. Each filled circle represents a
mutation.

Chapter 2 - Comparison of the IgA repertoire of wild-type C57BL/6 mice to
MyD88KO mice that are impaired in T-independent immune response
Since previous studies have indicated that innate immunity plays a crucial role in
intestinal homeostasis and that IgA generated through a T-independent mechanism
might be important in binding of commensal microbes (Kubinak 2015 & Slack 2009),
we asked if the IgA repertoire in mice with an impaired T-independent response
might display different characteristics from those in wild-type mice. In order to
investigate this potential difference, we employed MyD88KO C57BL/6 mice that lack
the innate TLR signaling molecule MyD88 and compared IgA transcripts from colon
LP plasmablasts of these mice to those isolated from wild-type C57BL/6 mice.

2.1 Proportions of expanded versus unique clones in the IgA repertoire of
plasmablasts from the mouse colonic LP of wildtype are similar to those of
MyD88KO mice
Since previous publications have speculated that expanded and less mutated IgA
clones are induced mainly by the innate T-independent response, we asked if mice
lacking MyD88, an important protein in the toll-like receptor signaling pathway,
might have less expanded and less mutated IgA plasmablasts compared to wild-type
C57BL/6 mice housed in the same facility. Mice were kept at the Tufts animal
housing for at least 8 weeks before any procedure was performed in order to control
for potential differences in microbiome contributed by housing environment. Since
we were only comparing the general compositions of the intestinal IgA repertoire
between wild-type and MyD88KO mice, IgA heavy chain transcripts from bulk-sorted,
instead of single-cell sorted, CD138+ IgA+ cells collected from mouse colon LP were
analyzed to minimize time and cost of the experiment. The proportions of expanded
and unique clones in wild-type (96.6% expanded and 3.4% unique) and MyD88KO
(94.0% expanded and 6.0% unique) mice were found to be similar, with the majority
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of analyzed IgA plasmablasts belonging to the expanded clones (Figure 5). In
addition, sequences found in each mouse did not overlap with those identified in
others, indicating the absence of potential contamination. The observation that wildtype and MyD88KO mice shared similar ratios of expanded to unique clones suggests
that neither T-dependent nor T-independent response is exclusively responsible for
the generation of either of the two components of the IgA repertoire in mouse
intestine.

2.2 Analysis of somatic hypermutations in unique versus expanded clones in wildtype
versus Myd88KO mice
SHM is an important feature in antigen selection and affinity maturation of Tdependent response. Since MyD88KO mice are deficient in T-independent response
and might therefore, have less IgA plasmablasts that are generated through the Tindependent mechanism, we asked if the proportion of non-mutated “innate-induced”
IgA clones in MyD88KO mice might be smaller than that in wild-type mice.
Interestingly, we found that the numbers of SHMs in the expanded and those in the
unique clones were comparable in wild-type (2.3x10-3 mut/nt-seq in expanded and
3.4x10-2 mut/nt-seq in unique) and in MyD88KO mice (3.6x10-3 mut/nt-seq in
expanded and 2.4x10-2 mut/nt-seq in unique)(Figure 8). Although, the expanded
clones in both MyD88KO and wild-type mice appeared to exhibit 10-fold less
mutations than the unique clones, overall mutation rates in MyD88KO mice were not
significantly higher than those in wild-type mice. In addition, examination of the
junctional nucleotides of the amplified sequences shows that the expanded clones
are unlikely to be germline clones as they exhibited noticeable N-diversity, which are
characteristics indicative of non-germline sequences. Taken together, our results
indicate that, in regard to the proportion of unique versus expanded clones, IgA
repertoire of wild-type mice is similar to that of mice with an impaired T-independent
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signaling response. In addition, T-cell involvement might not be the only factor
affecting the rate of SHMs during intestinal IgA generation and that both Tdependent and T-independent immune responses might be involved in the
generation of the two components of the intestinal IgA repertoire.
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Figure 8. No significant differences in composition and mutation status of the IgA
repertoire were found in wild-type C57BL/6 mice and MyD88KO mice
Bulk-sorted IgA transcripts from plasmablasts of wild-type mice (n=2) and MyD88KO
mice (n=2) were sequenced and analyzed. a) The majority of IgA clones from both
mice belonged to the expanded group (about 96-97%) with small contributions from
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unique clones (about 3-4%). b) The numbers of SHMs in IgA sequences isolated
from wild-type mice were similar to those from MyD88KO mice, with wild-type mice
exhibiting slightly more total SHMs. Numbers in circles represent the number of
mutations. Sizes of the circles represent the relative amount of sequences exhibiting
that number of mutations. (i.e. The number of sequences with 18 SHMs was highest,
while the numbers of sequences with 17 or 22 mutations were lowest in wild-type
mice).
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Chapter 3 – Detection of gene conversion in IgA plasmablasts from lamina
propria of VV29 transgenic mouse
One of the approaches to generate diversity in antibody response is through gene
conversion. Previous studies in other animal models (i.e. rabbits) have successful
demonstrated that gene conversion occurs in the GALTs (Lanning 2000 & Zhai
2014). In addition, a recent study demonstrated that mouse LP contains Ragexpressing B cells, suggesting that intestinal B cells might have the capacity to
modify their antibody specificity through mechanisms like receptor editing
(Wesemann 2013). Results from these studies support the notion that intestinal B
cells exhibit different characteristics and functions when compared to splenic B cells.
Although gene conversion has not been commonly observed in circulating antibodies
in mice, these antibodies are typically produced by plasma cells originating from
splenic B cells. Given the uniqueness and flexibility of the intestinal
microenvironment, it is possible that gene conversion might occur in intestinal B cells
as a mean of diversifying the intestinal IgA repertoire.

In the past, our lab has employed the VV29 transgene to identify sequence transfers
at VH genes that are indicative of gene conversion events. By analyzing sequences of
IgA transcripts from the LP of VV29 mice, we might be able to identify evidence of
sequence transfer from donor 2BR VH gene to the recipient R16.7 VH domain. This
tool allows us to quickly assess if gene conversion contributes to generating a
diverse intestinal IgA repertoire.

3.1 Amplification of IgA transcripts in sorted single cells using the VV29 transgene,
R16.7 VH gene, specific L3RI primer
In order to analyze individual IgA transcripts, we single-cell sorted a population of
CD138+ IgA+ cells from LP of VV29 transgenic mouse. We observed more CD138+
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IgA+ cells in VV29 than in C57BL/6 mouse. IgA transcripts from VV29 lamina IgA+
CD138+ IgA+ cells were amplified using the transgene specific 5’ L3RI primer, which
is specific for the VV29 transgene and 10 other endogenous VH genes. A Cα primer
was used as reverse primer. A total of 144 sorted single cells from non-immunized
VV29 mice were analyzed. None of the 14 IgA amplified transcripts matched the
R16.7 sequence in the VV29 transgene. However, we were able to identify them as
various endogenous V genes. Two out of the 14 sequences were identified as
originated from the same B cell clone because they contain the same V(D)J
segments and share the same junctional sequences (Table 1). We also observed Nnucleotides in 6 of the 14 sequences, which indicates that not all of these transcripts
are germline sequences. These findings suggest that gene conversion is not a major
mechanism of generating diversity in IgA repertoire in mouse intestine. The results
also suggest that the VV29 transgene might only be a reliable tool for detecting gene
conversion in immunized mice that preferentially express the R16.7 V region over
endogenous V genes.
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Table 1. IgA transcripts amplified from VV29 transgenic mice express endogenous VH
segments
From 144 IgA plasmablasts, 14 IgA transcripts were successfully amplified using the
VV29 transgene specific 5’ primer L3RI. However, none of the amplified sequence
aligned with either the R16.7 or the 2BR segments within the VV29 transgene.
Instead, 14 endogenous VH regions were identified. Out of the 14 sequences, 2 of
them (highlighted in yellow) share the same VH, while the other 12 sequences
express different VH segments. Both NCBI and IMGT nomenclatures were shown in
table.
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Chapter 4 – Reactivity profile of the intestinal IgA repertoire of wildtype
C57BL/6 mice
Although intestinal IgA is crucial to intestinal homeostasis, the exact mechanisms of
IgA regulation within the intestinal microenvironment remain unclear. Previous
studies have suggested that IgA is capable of binding to pathogenic bacteria and
triggering effector responses that result in removal of harmful bacteria/substances
(Macpherson 2001). Others have speculated that IgA plays a role in commensal
maintenance by preventing their entry into the intestinal epithelium (Mantis 2010).
However, little is known about how intestinal IgA can discriminate between
pathogens and commensals and ultimately, how IgA can contribute to differential
responses to microbes of varying pathogenicity. It has been proposed that natural
IgA produced by T-independent immune responses are generally of lower specificity
and lower affinity compared to IgA generated by T-dependent responses. We
therefore, asked if intestinal IgA from the two components of the IgA repertoire
might exhibit different reactivity profiles. In particular, the reactivity profiles of the
expanded group of intestinal IgA have not yet been reported for either human or
mouse.

4.1 Generation of recombinant antibodies by lipofectamine transfection of HEK293T
cells
To investigate the reactivity of IgA from expanded and unique clones, we generated
recombinant antibodies (rAb) that contain the antigen binding portion of our
sequenced mouse IgA attached to the constant region of a human IgG. To assess the
efficiency of our transfection protocol, total IgG ELISA were carried out to measure
the amount of rAb in the supernatant of transfected cells after concentration by
dialysis. Although similar concentrations of plasmids and HEK293T cells were used in
all our transfection experiments, the amounts of rAb produced using this protocol
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vary depending on the antibody. The variability could potentially be attributed to
varying protein stability of our rAb. Despite the differences in transfection yields, we
were able to demonstrate that our transfection protocol was successful in generating
rAb for subsequent reactivity assays.

4.2 Autoreactivity of recombinant antibodies
4.2.1 Reactivity of recombinant antibodies to auto-antigens
Previous study of the reactivity of human intestinal IgA demonstrated that a
significant number of intestinal IgA are reactive to self-antigens such as dsDNA,
insulin and intestinal tissues (Benckert 2011). Therefore, we asked whether the
mouse intestinal IgA repertoire also consists of antibodies that bind to self-antigens.
We found that some of our rAb showed very little to no reactivity against dsDNA or
RNA. However, a number of antibodies from both the expanded and unique clones
demonstrated strong binding to either or both of these self-antigens (Figure 9).
Specifically, about 46% of all recombinant antibodies (50% of all unique clones and
43% of all expanded clones) reacted to either RNA or dsDNA or both. In addition,
auto-reactive antibodies from the expanded group all belonged to the same clonal
group. In general, the antibodies that showed binding to RNA also reacted with
dsDNA, but at lower affinities. Interestingly, only two (18%) of the auto-reactive
antibodies were highly mutated. These results indicate that a substantial amount of
mouse IgA is self-reactive, however, IgA binding to self-antigens might not be driven
by SHMs.
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Figure 9. Half of the recombinant antibodies generated from mouse intestinal IgA
exhibit reactivity against self-antigens and/or LPS
About half of our rAbs were reactive to dsDNA, RNA and LPS. A few of the reactive
antibodies displayed polyreactivity against multiple antigens: 080212-Ab (red),
100212-Ab (purple), 090212-Ab (green) and 140212-Ab (orange). Two of the unique
clone antibodies (690212-Ab and 071126-Ab) and one of the expanded clone
antibodies (550212-Ab) exhibited reactivity to LPS from E. coli, but not to dsDNA or
RNA, indicating that they might be involved in control of microbial infection. The
strongly polyreactive ED38 antibody was used as positive control (dotted line) and
supernatant from non-transfected HEK293T cells was used as negative control (blue
line). Each data point represents average of duplicated values.
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4.2.2 Reactivity of recombinant antibodies to intestinal tissues (IHC)
One of the proposed functions of intestinal IgA in maintenance of commensal
microbes relies on its ability to serve as an anchor between bacteria and intestinal
tissue (Macpherson & Uhr 2004). Previous study has also demonstrated that a
substantial amount of human intestinal IgA is reactive to intestinal tissues (Benckert
2011). We, therefore, asked if mouse intestinal igA also bind intestinal tissue.
Interestingly, we found that rAb that reacted strongly with dsDNA and/or RNA
showed stronger binding to mouse colon tissue. On the other hand, the antibodies
that bound weakly to dsDNA and/or RNA did not react strongly with intestinal tissue.
Despite significant differences in the strength of fluorescence signals, almost all of
our rAb showed a basal level of reactivity to intestinal tissues when compared to
negative controls (Figure 10). Taken together, our results agree with previously
published report on human intestinal IgA repertoire and confirm that a portion of IgA
is reactive to intestinal tissues.
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Figure 10. Recombinant antibodies generated from mouse intestinal IgA exhibit
varying reactivity against intestinal tissues
Immunohistochemical staining of mouse colon tissues indicate that some of the rAb
show significant binding to intestinal tissues. A secondary anti-human IgG antibody
labeled with DyLight 405 (blue) was used to detect binding of rAb to intestinal
tissues.
Top: a) Unstained control b) Secondary antibody only control c) 010212-Ab d)
071126-Ab e) 080212-Ab f) 100212-Ab g) 140212-Ab h) 430212-Ab i) 630212-Ab j)
690212-Ab k) 710212-ab. All photographs were taken at 300ms exposure time.
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Bottom: fluorescence intensity was quantified using ImageJ. Corrected Total Cell
Fluorescence (CTCF) was calculated to account for background fluorescence. Data
are depicted as mean ± SEM. Statistical significance in difference between various
samples and unstained control was calculated using unpaired t test (*** p<0.005 **
p <0.01 * p<0.05).
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4.3 Reactivity of recombinant antibodies to microbes
It has been established that intestinal IgA plays a role in coating intestinal bacteria
and preventing them from entering the sterile inner mucus layer of the intestinal
epithelium (D’Auria G 2013 & Palm 2014). In order to accomplish these functions,
intestinal IgA have to be able to recognize and bind to surface epitopes of microbes.
We, therefore, asked if our rAb are reactive to some of the most common intestinal
microbes found in mice.

4.3.1 Reactivity of recombinant antibodies to LPS
LPS is an endotoxin commonly found on the cell membrane of Gram-negative
bacteria. It is also an endotoxin known to trigger production of innate antibodies
through binding to TLR (Alexander 2001). We asked if any of our rAb recognizes this
bacterial antigen. We found that 5 of the rAb that were reactive to self-antigens also
reacted to LPS from E. coli, a known TI antigen that stimulates innate immune
response through TLR-4. Interestingly, we also identified 3 (2 from the unique group
and 1 from the expanded group) rAb that were reactive to LPS, but not to dsDNA or
RNA (Figure 9). Our results demonstrate that polyreactivity is a common feature of
some of our rAb. They also suggest that some of our rAbs might be generated in
response to specific bacterial antigens and might contribute to microbe removal
or/and maintenance.

4.3.2 Reactivity of recombinant antibodies to microbial lysates
Similar to results from the anti-RNA and anti-dsDNA ELISA, our rAb also showed
various degrees of reactivity to intestinal microbes, with six of the eighteen tested
rAb (four out of eight unique clones and two out of ten expanded clones)
demonstrated strong binding to bacterial cell lysates (Figure 11). In addition, four
out of the six rAb that showed binding to bacterial cell lysates belong to unique
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group. Interestingly, these unique clone antibodies exhibited various amounts of
SHMs in their Ig genes, with half of them being highly mutated and the other half
exhibiting very few to no mutations. In contrast, only two antibodies from the
expanded clone, 140212-Ab and 090212-Ab, showed noticeable binding to microbial
cell lysates (Figure 11). Both of these expanded clones exhibited none to very few
mutations. In addition, two of the microbe-reactive rAb, 071126-Ab and 090212-Ab,
showed binding to the two Bacteroides strains, but not to Prevotella and
Porphyromonas (Figure 11). Our results suggest that rAb from the unique clones
might be slightly more reactive than those from the expanded clones in terms of
binding to microbial lysates. Furthermore, amount of SHMs did not appear to
influence IgA specificity and affinity to the tested bacterial lysates.
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Figure 11. Some of the recombinant antibodies generated from mouse intestinal IgA
exhibit strong reactivity to microbial lysates
Reactivity of rAb to various common mouse intestinal commensals was assessed by
ELISA. Although the majority of our rAb were nonreactive to lysates prepared from
some of the common mouse intestinal microbes, a few of the reactive antibodies
displayed polyreactivity against multiple strains of intestinal microbes: 080212-Ab
(red), 100212-Ab (purple), 090212-Ab (green) and 140212-Ab (orange). Antibodies
from the unique clones appeared to be slightly more reactive to the tested bacterial
strains compared to the majority of antibodies from the expanded clones. The
strongly polyreactive ED38 antibody was used as positive control (dotted line) and
supernatant from non-transfected HEK293T cells was used as negative control (blue
line). Each data point represents average of duplicated values.
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4.3.3 Development of a FACS staining protocol for intestinal microbes using an
established antibody against a capsule antigen in AC316 wildtype Streptococcus
pneumonia and a capsule-lacking mutant strain

To directly test for antibody reactivity to microbes present in the mouse intestine, we
decided to analyze binding of our rAb to intestinal content isolated from mouse
colons using FACS. Since our lab had not worked with FACS staining of bacterial
cells, we developed a protocol for FACS staining applicable for intestinal contents,
which contain mixed populations of cells and bacteria of unknown identities and
quantities.

In our preliminary experiment, I obtained a polyclonal antibody specific to the grampositive pathogen Streptococcus pneumonia, henceforth referred to as AC316WT,
and a purified culture of S. pneumonia from Mara Shainheit in the Camilli lab. I
performed FACS using both AC316WT and a mutant strain lacking the capsule
antigen the polyclonal antibody is specific for and was able to reproduce her result,
indicating that our protocol is effective for FACS analysis of antibody binding to
bacterial cells. I have also tested the AC316WT specific antibody for binding to a
purified E. coli sample. As expected, the antibody did not reacted with E. coli cells
(Figure 12).

4.3.4 Reactivity of recombinant antibodies to intestinal contents based on FACS
analysis
Under the assumption that the majority of IgAs are generated in response to
intestinal microbes, we collected contents from the colon lumens of healthy mice and
tested our rAb for reactivity against mouse intestinal contents, which contain
heterogeneous sample of intestinal microbes and other potential antigens.
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Figure 12. FACS staining of Streptococcus pneumonia and Escherichia coli using a
polyclonal antibody made specific for Streptococcus pneumonia showed that FACS
protocol for bacterial cell staining is effective for detecting antibody reactivity to
microbes.
S. pneumonia capsule-specific antibodies only bound to cell populations that
expressed the capsule epitopes. In the presence of a mixed population of S.
pneumonia and E. coli (lacking capsule), the antibody retained its specificity to only
S. pneumonia. a) Mutant strain of S. pneumonia without capsule. Negative control.
b) S. pneumonia only. Majority of the sample stained positive. c) E. coli only.
Majority of the sample stained negative. d) S. pneumonia and E. coli. In d, staining
pattern resembled that of a positively stained S. pneumonia population and a
negatively stained S. pneumonia and E.coli population. Of note, the amount of E.coli
in d was considerably lower than that of S. pneumonia. However, the actual ratio of
E. coli to S. pneumonia was not known.
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Based on our FACS results, we found that our rAb demonstrated a wide range of
reactivity against intestinal contents. The highly polyreactive 080212-Ab showed the
most substantial reactivity (3.09%) to a distinct cell population, followed by 140212Ab (2.06%) and 010212-Ab (1.22%). FACS staining of intestinal contents with
090212-Ab also resulted in an interesting pattern that is indicative of varying
reactivity to the different cell types within the sample (Figure 13). The rest of our
rAb showed low levels of reactivity to intestinal content, with the percentages of
positively stained cells ranged from 0% to 0.55%. In summary, our results suggest
that most of our rAb are reactive to intestinal contents, which indicates that
intestinal IgA are generated in response to antigens present in the intestinal
environment, and therefore, might play a role in regulating the maintenance or
removal of these antigens from the intestine.
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Figure 13. Recombinant antibodies generated from mouse intestinal IgA exhibit
noticeable, but variable, reactivity against mouse intestinal contents
Although some of our rAb (i.e. 680212-Ab and 730212-Ab) showed little to no
binding to contents isolated from mouse colon, the majority of our rAb exhibited
noticeable binding to the heterogeneous intestinal content compared to negative
controls. Among the reactive rAb, 080212-Ab and 090212-Ab displayed staining
patterns indicative of reactivity against distinctive cell populations within mouse
intestinal contents, whereas, the rest of the reactive rAb (i.e. 010212-Ab, 140212Ab, 310212-Ab and 500212-Ab) showed less obvious binding. Green squares were
drawn around the names of the rAb prepared from expanded clones. Gates were
drawn based on staining pattern of unstained and secondary antibody only controls
that were prepared on the same day as the corresponding rAb samples. Gates for
samples stained with 080212-Ab and 090212-Ab were drawn differently to better
illustrate the distinct populations of positively stained cells.
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4.3.5 Identification of 080212-Ab-reactive cell population using electron microscopy
As discussed previously, the auto-reactive 080212-Ab also demonstrated strong
reactivity against a distinct population of cells within mouse intestinal content (Figure
14). We suspected that this population of cells might represent a group of intestinal
commensals. To identify these 080212Ab-bound cells, we sorted this population
using FACS, and then examined these cells under an electron microscope. At 40X
magnification, we observed a group of bacteria-resembling cells of identical
morphology in the 080212Ab-bound sample that was absent in both the pre-FACSsort and the 080212Ab-negative sample, suggesting that 080212-Ab might bind
preferentially to a particular group of microbes present in the intestine. Interestingly,
the 080212Ab-bound cells formed a tree-like pattern that was not found in the other
control samples. We speculated that this pattern could be attributed to 080212-Ab
crosslinking.
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Figure 14. The rAb 080212-Ab binds to a distinct population of bacteria-like cells
within mouse colon intestinal contents
Microscopic images of FACS pre-sort and post-sort intestinal contents of C57BL/6
mice stained with or without 080212-Ab were taken using an electron microscope.
a) Bright field image of unstained FACS pre-sort intestinal content (100X) shows a
mixed population of bacterial cells (red arrow) and cell debris in sample.
b) Bright field image of 080212-Ab stained FACS pre-sort intestinal content (100X)
shows a mixed population of bacterial cells (red arrows) and cell debris in sample.
c) Bright field image of 080212-Ab stained FACS sorted intestinal content (40X)
shows a uniform population of cells arranged in an unique pattern not found in the
other control samples.
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4.3.6 Identification of 080212-Ab-reactive cell population using 16S rRNA sequencing
To investigate the identity of microbes in mouse intestinal contents that reacted with
our rAb, we sorted population of cells stained positive for one of our rAb, 310212-Ab,
and plated the cells at various dilutions on blood agar plates, BHIS plates, regular
ampicillin plate and BHIS broth, respectively. Cells were grown in either aerobic or
anaerobic condition for 3 days. Unfortunately, we saw no growth at any of the above
conditions when sorted positive cells were plated. However, growth was observed in
culture containing cells plated before FACS sorting. Our results imply that the FACS
sorting process resulted in a significant amount of cell death, which might have
prevented us from growing the sorted intestinal contents for identification of the
bacteria that were bound by our rAb, In other words, an alternative approach is
needed for further investigation of the identity of the rAb-bound populations

To identify the microbe (or microbes) within the intestinal contents that appeared to
react with 080212-Ab in our FACS experiment, we sorted 080212-Ab positive and
080212-Ab negative populations for 16S rRNA sequencing. To minimize potential
contamination from the FACS machine, we purchased sterile FACS buffer and flushed
the machine with the buffer prior to running our samples. To ensure quality of the
FACS buffer, 16S rRNA sequencing was also performed on FACS buffer before and
after it had gone through the FACS machines. These quality control steps are crucial
to accurate analysis of the sorted 08012-Ab sample, since 16S rRNA sequencing is a
fairly sensitive tool.

Based on our sequencing results, we identified multiple strains of microbes in both
the 080212Ab-negative and 080212Ab-positive samples. Due to the complex nature
of bacterial taxonomy and unavailability of detailed information of some of the
strains on the Ribosomal Database Project, we chose to categorize our results based
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on bacterial genera instead of species. We found few overlaps between microbes
identified in the two samples. Most of the genera presented in the 080212Ab-positive
population were not found in the 080212Ab-negative population, suggesting that
080212-Ab, despite being polyreactive, is somewhat selective about binding to
certain, but not all, microbes (Figure 14).

4.3.7 Verification of 16S rRNA sequencing results
To further confirm that 080212-Ab is in fact reactive to the strains identified in the
080212-positive population by 16S rRNA sequencing, we obtained pure microbial
cultures and stained these bacteria with 080212-Ab for FACS analysis. As shown in
Figure 11, 080212-Ab reacted to both Alistipes onderdonkii and Escherichia coli,
supporting the results of our 16S rRNA sequencing analysis. Of interest, the
080212Ab-bound A. onderdonkii and E.coli cells appeared as a distinct populations of
cells easily distinguishable from the negative population. FACS staining of
Bacteroides fragilis, a close relative of the Bacteroides strains of commensal
microbes we tested for in the ELISA experiments discussed above, demonstrated
that 080212-Ab reacted to this particular bacteria, but at a substantially lower level
than to A. onderdonkii and the E.coli (Figure 15). We have not tested 080212-Ab for
binding to the bacteria present in the 080212Ab-negative population to confirm its
non-reactivity. However, FACS staining of Staphylococcus epidermidis, a nonintestinal strain, for 080212 reactivity showed proportionally less 080212Ab-positive
cells than those in the A. onderdonkii and the E.coli samples. To verify that 080212Ab is unique in its reactivity profile, another rAb 500212-Ab was also tested for
binding to B. fragilis, E. coli and S. epidermidis. Consistent with results from the
other reacitivty profiling experiments (i.e. ELISA, FACS analysis of intestinal content,
etc), 500212-Ab did not react to any of these bacteria. These results not only
verified the 16S rRNA sequencing results discussed above, they also further
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confirmed that 080212-Ab is polyreactive against some, but not all, intestinal
microbes.
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Figure 15. Recombinant antibody 080212-Ab is reactive to multiple, but not all,
strains of intestinal microbes
a) 16S rRNA sequencing analysis of FACS-sorted intestinal contents demonstrated
that 080212-Ab bound population contained microbial strains that were absent in
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populations of cells not bound by 080212-Ab. Sequencing results were categorized at
the genus level. b) FACS analysis of 080212-Ab reactivity to pure culture of various
microbial strains of interest. Different gates were set for each microbial strain based
on secondary antibody stained control for the corresponding strain. Left column:
secondary antibody only control showing gate-setting criteria. Right column:
080212-Ab stained bacterial samples. Percentages indicate the proportion of
080212-Ab bound cells relative to total number of events. First row: Alistipes
onderdonkii. Middle row: Escherichia coli. Bottom row: Bacteroides fragilis.
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4.4 Summary of reactivity of recombinant antibodies
Results from this thesis work indicate that intestinal IgA generated from expanded
and unique plasmablasts share some reactivities to various self and microbial
antigens. Overall, antibodies from the unique clones showed slightly stronger
reactivity to the tested antigens than those from the expanded clones, however, the
difference between the two components of IgA repertoire is not statistically
significant.

Previous study of single-cell sorted IgA plasmablasts from human lamina propria
demonstrated that about 75% of intestinal IgA are either nonreactive or polyreactive
to the tested antigens, and that about 25% are specifically reactive to self-antigens
such as dsDNA and intestinal tissues (Benckert 2011). A recent study of a population
of human CD27- IgA+ memory B cells, which shares many features with colon LP
IgA+ cells, further demonstrated that a significant portion of intestinal IgA are
polyreactive (Magdalena 2011). Our results also revealed polyreactive IgA in mouse
intestines. We found that 5 (56%) of the antibodies that were reactive to selfantigens also bound strongly to intestinal microbial cell lysates. In addition, 3 of the
5 polyreactive antibodies were generated from clonally unique plasmblasts. It
appeared that polyreactivity is a feature common to both unique and expanded
clones (Figure 16).

Furthermore, we found that the number of SHMs within the Ig genes did not
consistently reflect the specificity and affinity of the antibodies. For examples, clones
with few mutations (like 100212-Ab) showed similar reactivity to multiple tested
antigens as highly mutated clones (080212-Ab). Therefore, mutation status should
not be used as a reliable parameter for categorizing the reactivity of our rAb.
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Figure 16. Summary of reactivity of recombinant antibodies showed that
polyreactivity is a common feature of intestinal IgA
a) The majority of rAbs from both unique and expanded clones displayed no
reactivity against the tested antigens. A small portion of rAbs was self-reactive, while
a large portion of reactive rAbs was polyreactive against multiple antigens. No drastic
difference was observed between the reactivity of unique and that of expanded
clones. b) Previous study of reactivity of human intestinal IgAs demonstrated similar
results. The majority of rAbs showed no known reactivity. Self-reactivity and
polyreactivity were also observed in the human study. Pie-chart in (b) was generated
based on published report (Benckert 2011).
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Discussion
The crucial role of microbiota in intestinal health has been receiving an increasing
amount of interest in recent years. Although some studies have suggested that
commensal bacteria are capable of stimulating IgA production, the mechanisms
through which the intestinal immune system distinguishes and responds differently
to commensals, pathobionts (opportunistic resident bacteria) and pathogens remain
unclear. Using a single-cell approach, I was able to demonstrate that both expanded
and unique clones of IgA plasmablasts are present in the mouse colon LP. Findings
presented in this thesis further confirmed results of previous reports that the
majority of intestinal IgA antibodies are polyreactive. Adding to the existing
knowledge on intestinal immunity, our results demonstrate that some of the
intestinal IgA react strongly with commensal bacteria, intestinal tissues and various
self-antigens. Most importantly, we found that rates of SMHs do not appear to drive
antibody specificity and affinity, as one would expect. Although rAb generated from
unique clones appear slightly more reactive to the tested antigens than those
produced from expanded clones, the difference between the two components is not
statistically significant. Nevertheless, our findings provide important insights into the
complex mechanisms of immune regulation and maintenance of commensal bacteria
in the intestinal environment.
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Chapter 1 – Difficulties in isolating IgA plasmablasts from mouse colon LP
and in amplifying IgA transcripts from single cells
Consistent with previous results from our lab, B220+ cells are abundant in mouse
spleen (37.1%). Since the cell isolation protocol for intestinal organs involves
multiple washing and denaturing steps to release immune cells from the layers of
epithelial and connective tissues, we anticipated a lower yield of B220+ cells in mouse
LP and PP. Since the PPs is the primary location of GCs within the GALT, we expected
the percentage of B220+ cells to be higher in the PP than in the LP. In fact, the
percentages of B220+ cells identified in these organs were 23.35% and 10.5%,
respectively. Since most B220+ cells do not express surface Ig, we did not expect to
find large population of B220+ IgA+ cells in any of the samples. Indeed, we observed
negligible staining of B220+ IgA+ cells in mouse spleen, LP and PPs.

Staining LP cells using CD138 as marker for plasmablasts showed that more
plasmablasts, as compared to B220+ cells, express surface IgAs, as the percentage
of CD138+ IgA+ cells was higher than that of B220+ IgA+ cells from mouse LP.
However, the population of CD138+ IgA+ cells was still relatively small considering
that the majority of plasmablasts in the intestine are IgA-producing. We speculated
that staining for surface IgA with anti-IgA antibodies might not have allowed us to
identify all IgA plasmablasts since not all of these cells express substantial amount of
surface Ig (Kamata 2000 & Pinto 2013). Staining for intracellular IgA of
permeabilized cells might be more effective for distinguishing IgA plasmablasts from
the rest of the LP cells. However, since our experiment involves PCR amplification of
Ig gene in sorted single cells, permeabilizing LP cells for intracellular staining might
not be a viable option. The relatively low percentages of IgA+ cells observed also
agree with previously published reports (Kamata 2000 & Kunisawa 2001).
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Chapter 2 – Lack of evidence for gene conversion in IgA plasmablasts
isolated from VV29 transgenic mouse model
We did not observe any gene conversion event or any transcript containing the
R16.7 domain in IgA plasmablasts isolated from VV29 mouse. This result indicates
that the VV29 transgene was not preferentially expressed in non-immunized mice. It
also implies that our single-cell sequencing approach to identifying gene conversion
event might not be the most effective in these non-immunized mice. In order to fully
assess the frequency of gene conversion using the VV29 transgene, we would need
to analyze IgA transcripts from mice immunized with Ars-KLH, since they might
express the R16.7 sequence at a higher rate than non-immmunized mice.

In addition, only 14 transcripts were amplified from 144 sorted cells from the VV29
mouse. The low number of PCR products could be attributed to the fact that that the
L3RI primer is only specific for the VV29 transgene and 10 endogenous VH genes,
and therefore, would not amplify any IgA transcripts that express other VH genes.
Furthermore, as discussed previously, these LP cells were isolated from nonimmunized VV29 mice and therefore, might not have preferentially expressed the
R16.7 VH gene over other endogenous VH genes.
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Chapter 3 – The mouse colon intestinal IgA repertoire consists of both
expanded and unique clones that display various amounts of somatic
hypermutations
Although previous studies reported conflicting findings regarding the composition of
the intestinal IgA repertoire, with some results supporting the predominance of
unique non-expanded clones over expanded clones (Benckert 2011 & Lindner 2012),
and others demonstrating the opposite (Holtmeier 2000, Stoel 2005 & Lindner
2015). Our results demonstrate that intestinal IgA originates from both unique and
expanded clones, with about 50% of all analyzed sequences belonging to expanded
clones, suggesting that both expanded and unique clones contribute in similar
proportion to the intestinal IgA repertoire. The presence of expanded clones
observed in our study also agrees with previous reports (Lindner 2015 & Stoel
2005). The discrepancies reported in different studies might be attributed to the
differences in location along the intestine where the analyzed plasmablasts were
collected. We chose to focus on the colon because the amount of microbes present in
the colon (1012 cells/gram of tissue) is reported to be much higher than that in the
small intestine (103-7 cells/gram of tissue) (Sekirov 2010). Therefore, we assumed
that the intestinal IgA repertoire in colon LP plasmablasts might be more heavily
influenced by intestinal microbes. Some of the previous reports on the IgA repertoire
analyzed plasmablasts collected from other parts of the gastrointestinal tract (i.e.
small intestine and caecum)(Benckert 2011 & Lindner 2012), which might have a
slightly different IgA repertoire than colon LP plasmablasts. Furthermore, the
compositions of intestinal microbiota in various parts of the intestine have been
shown to differ (Gu 2013), which could further contribute to differences in IgA
repertoire observed in these studies.
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Comparing the IgA repertoire of 29-week-old to that of 18-week-old mouse, we
found that the percentage of unique clones was slightly higher in the older mouse.
This observation is consistent with previously published studies, which reported that
the percentage of unique IgA clones in mouse intestine increases with age (Linder
2012). The increase in proportion of unique clones could be reflective of a shift from
an innate-dominant intestinal IgA response in young mice to a more adaptivedominant immune response in older mice as the animals are exposed to more
antigens as they age (Kolling 2012).

The majority of analyzed IgA sequences exhibited very little to no mutations
regardless of whether they belong to the expanded or the unique group, suggesting
that SHMs might be occurring at lower rate in the intestinal microenvironment
(Lindner 2015). Previous studies suggested that IgA generated through Tindependent responses generally exhibition less mutations than those triggered by Tdependent responses (Palm 2014). Although IgA produced by unique clones
displayed slightly more SHMs than those from the expanded clones, no significant
difference in SHMs between the two components of IgA repertoire was observed. If
the rate of SHMs in the Ig gene is used as a criteria for determining whether a
plasmablast is triggered through a T-dependent or T-independent response, our
results would suggest that expanded and unique clones could be generated through
either mechanism.

Most of the mutations identified in the expanded sequences were shared by
members within the same clonal group, which further confirmed that these
plasmablasts were originated from the same B cell. In some occasions, additional
mutations were observed in some, but not all, of the sequences within the same
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expanded clonal group. This could be explained by circulating B cells re-entering
germinal center and acquiring additional SHMs (Lindner 2015 & Berkowska 2015).
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Chapter 4 – T-independent and T-dependent immune responses are likely to
be involved in the generation of both expanded and unique intestinal IgA
plasmablasts
Given the number of sequences (100+ from each mouse) we analyzed, we are
surprised to find very few unique clones in both the wild-type and MyD88KO mice.
Even though the number of unique sequences is slightly higher in the MyD88KO mice
than in the wild-type mice, it is still insignificant relative to the number of unique
clones we observed in the single-cell experiment (about 50% contribution from
unique clones). It is possible that PCR amplification of IgA transcripts using a
universal heavy chain primer is not sensitive enough for amplifying sequences
belonging to the unique clones in bulk-sorted samples. In other words, sequences
from expanded clones might be over-represented in our final results. Another
explanation is that although the particular universal primer we employed has been
shown to successfully cover most VH genes (9 out of 14 VH family) (Wang 2000), it
does not recognize 100% of VH genes in the mouse genome. Furthermore, it is
possible that the primer sets preferentially amplify transcripts with certain VDJ
combinations over others in a bulk-sorted sample of many IgH genes. This issue
would not have been noticeable in our single-cell experiment since only one VDJ
sequence template was present in each single-cell PCR preparation.

One could also argue that the expanded clones we identified might be an artifact
resultinged from contamination. Since sets of IgH sequences amplified are unique to
each mouse, the expanded clones are unlikely to be caused by contamination. In
other words, our sequencing results from each independent experiment do not
overlap with others. In case of contamination, we would have found the same IgA
sequence (the contaminant) in experiment conducted on different days and from
different mice. In addition, the proper negative controls were used to ensure that no
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contaminant was present during the PCR process (i.e. water and control RNA were
used as negative control). Therefore, we are confident that the expanded clones
identified in all of our experiments (both single-cell and bulk-sorted) are not artifacts
resulted from contamination.

Although we originally expected T-cell involvement to be associated with generation
of predominantly unique clones, the proportions of unique and expanded clones
observed in wild-type C57BL/6 mice are similar to those found in MyD88KO mice,
despite slightly higher percentages of unique clones in MyD88KO mice. In addition,
the substantial amount of expanded clones observed in our experiment are unlikely
to be from germline clones since N-nucleotides were identified in most of these
expanded sequences. This suggests that both T-independent and T-dependent
mechanisms might be involved in the generation of the two components of the IgA
plasmablasts. It is also possible that T- independent response is not completely
impaired in MyD88KO mice given that other signaling proteins like TRIF might
compensate for the lack of MyD88 signaling or that other T-independent signaling
pathway might be sufficient for driving T-independent IgA production in the
MyD88KO mice. In addition, other pattern-recognition receptors (PRR) like Nod-like
receptors (NLR) could potentially compensate for the lack of Myd88 in these mice
during the antibody induction process. There are all possible explanations for the lack
of significant difference in the proportion of expanded and unique clones in wildtype
versus Myd88KO mice.
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Chapter 5 – Somatic hypermutation serves to promote polyreactivity,
instead of antigen specificity, in the intestinal environment
Although the substantial amount of replacement mutations located within the CDRs
suggests that affinity maturation and antigen selection occurred during the
development of intestinal IgA plasmablasts, interestingly, our results indicate that
highly mutated clones were just as, if not more, polyreactive than clones that
contained very few mutations. Some of our highly mutated rAb showed stronger
reactivity to various antigens than less mutated rAb, however, they were certainly
not more antigen- specific. Previous study has demonstrated that SMHs are crucial to
intestinal homeostasis as AIDG23S mice that had defective SHMs but not CSR
exhibited compromised immune defense, indicating that SHMs play certain roles in
regulation of intestinal immunity (Wei 2011). Our observation that some of the
polyreactive clones exhibit many SMHs further suggest that SMHs might be a driving
force of polyreactivity, instead of antigen specificity, in the intestinal environment.
The predominance of polyreactivity observed among our recombinant antibodies also
supports the speculation that cross-reactivity in the intestinal environment might
play a role in maintenance of intestinal commensals.

A recent report on a subset of T-independent human memory B cells demonstrated
that polyreactive clones contained more SHMs than their non-polyreactive
counterparts, which further supported the idea that polyreactivity might be a
beneficial feature of intestinal immunity that is selected for, rather than against
(Berkowska 2015). Furthermore, the large proportion of polyreactive IgA was also
observed in humans (Benckert 2011). Taken together, these findings suggest that in
a normal intestinal environment, polyreactivity is common feature of intestinal IgA.
Unlike its role in production of serum antibodies, SHMs might serve to promote
polyreactivity, rather than specificity to one particular antigen, in intestinal IgA.
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Chapter 6 – Potential explanations for the low levels of reactivity observed
among the recombinant antibodies
Exposure to a complex microbiota is crucial to establishing a diverse intestinal IgA
repertoire, as evidenced by comparison between IgA sequences in germ-free mice
colonized with a specific microbe and those in mice housed under SPF condition
(Hapfelmeier 2010 & Lindner 2015). Interestingly, about 50% of our rAb
demonstrated no or very weak reactivity to the various antigens tested. Although
some of our rAb showed reactivity against common mouse intestinal microbes, most
of the antibodies that were reactive to commensals also reacted to other tested
antigens, like dsDNA and/or RNA. With the exception of 080212-Ab, which appeared
to react to a specific group of cells, many of our rAb only reacted to small
populations of intestinal contents isolated from mouse colon. The low levels of
binding of our rAb to intestinal content are consistent with the low percentage of
IgA-coated intestinal microbes in mouse feces observed in pervious studies, which
supports the notion that most IgA do not bind strongly to intestinal microbes (Palm
2014). In fact, other studies have demonstrated that certain species of pathogenic
and opportunistic bacteria, such as SFB, are more heavily coated with IgA than most
common intestinal commensals and can induce an antigen-specific immune response
after mono-colonization (Palm 2014,Talham 1999 & Lecuyer 2014). A recent study
detected a small percentage (4%) of plasma cells specific for LPS upon infection of
mice with Salmonella typhimurium. These plasma cells were absent in biopsies from
the same mice pre-infection, indicating that pathogen-specific antibodies are
produced by a small fraction of newly recruited B cells (Lindner 2015). Since the
mice used in this study are healthy with no sign of microbial infection, their IgA
repertoire might comprise mostly of cells that are “primed” by commensals, but not
pathogens. As a result, most of the IgA in these healthy mice might not demonstrate
strong and specific antigen binding compared to those observed in studies that
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involved mice infected with pathogens. It is also possible that newly recruited B cells
that had undergone affinity maturation in germinal centers, where antigens were
presented through a T-dependent mechanism do exist in healthy mice, however,
these antigen-specific plasmablasts might be present in such low quantities that we
did not come across them due to our small sample size.

Previous studies have also observed that the IgA repertoire and the composition of
intestinal microbiome vary from mouse to mouse (Lindner 2012 & Hufeldt 2010). In
fact, the intestinal microbiota appears to be dynamic and is hugely dependent on
different genetic and environmental factors such as diet, exercise and disease state
(Berry 2015). Previous studies have demonstrated that colonization of certain
intestinal microbes differs depending on mouse strains (Buhnik-Rosenblau 2011). In
addition, a recent study compared intestinal IgA from BALB/c mice and C57BL/6
mice and found that BALB/c mice exhibit more total IgA and more antigen-specific
IgA than C57BL/6 mice (Fransen 2015), which might explain the few reactive rAb
observed in our C57BL/6 mice.

Furthermore, microbiome composition and IgA repertoire have been shown to vary
from mouse to mouse (Benson 2010 & Lindner 2012). In fact, the intestinal
microbiota profile within the same mouse has also been demonstrated to differ
depending on age and other environmental factors (Tachon 2013 & Langille 2014).
Since all our rAb were generated using IgA transcripts from one C57BL/6 mouse,
these rAb might not be responsive to intestinal contents collected from another
mouse. However, since isolating colon LP plasmablasts requires sacrificing the
animal, it would be impossible to collect enough intestinal content for multiple FACS
experiments from the same mouse we use for rAb generation.
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Finally, the lamina propria has been shown to be one of the sites for T-independent
IgA class switching (Fagarasan 2001). Other studies have also shown that B cells
isolated from colon LP exhibit very little to no SHM, suggesting that IgA producing
cells in the LP are most likely induced through a T-independent mechanism
(Shimomura 2008). Therefore, the majority of rAb we analyzed might be Tindependent antibodies that are of lower affinity and lower specificity. It is possible
that if we were to analyze IgA plasmablasts from other intestinal tissues like PPs or
ILF, where T-dependent IgA induction is more prominent, we might be able to
identify IgA that exhibit higher specificity and affinity to particular antigens.
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Chapter 7 – Comparison of our results to previously published reports on
intestinal IgA repertoire
Similar to results from previous studies, a majority of our recombinant antibodies
appeared to be non-specific to the range of antigens tested (Benckert 2011 & Palm
2014). Given the substantial number of different antigen one can be exposed to, it is
possible that these “non-specific” antibodies are reactive to antigens we have yet to
test for. However, assuming that they are non-specific, it is unclear as to what could
have driven their corresponding B cells to differentiate into IgA plasmablasts in the
first place. It also raises the question as to what purpose might these antibodies
serve in the maintenance of host-microbe homeostasis. A hypothetical model was
recently proposed suggesting the IgA repertoire stimulated by commensal bacteria is
dynamic, with antibody responses varying based on factors like epitope drift and
shielding of antigens from GALT (Brandtzaeg 2013). Multiple studies have
demonstrated that the clonal stability and expansion of clonally related clusters are
important features of the intestinal IgA repertoire in both mice and humans. These
stable clones are believed to have been generated early in life and persist as
memory B cells from which modulation by SHMs can generate the dynamic antibody
response essential to the proper maintenance of intestinal health (Linder 2015 &
Berkowska 2015). Others have also suggested that SHM acquisition is essential to
gut homeostasis as mice carrying a mutant form of AID, which is incapable of
inducing SHMs without affecting class switch recombination, displayed compromised
immune responses against intestinal microbes (Wei 2011). It is possible that the
majority of the antibodies we observed in this study fit into this category of
“primitive” B cells that might have been stimulated by a T-independent response and
therefore, produced antibodies that are of low affinity and specificity. These “nonspecific” IgA clones might acquire SHM over time as the host is exposed to a
multitude of different antigens and might eventually become more antigen specific
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by re-entering germinal centers and undergoing antigen selection and affinity
maturation (Berkowska 2015).
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Chapter 8 – Potential mechanism of immune regulation of intestinal
microbes through IgA
Based on our results, intestinal microbes are likely to stimulate both the generation
of unique and expanded B cell clones. At birth, our intestine begins to encounter
various microbial antigens. Since the adaptive immune response is not yet fully
developed at young age, most intestinal IgA produced in newborns are likely
triggered through a T-independent mechanism. Most of these natural IgA are
polyreactive and exhibit weak affinity to their respective antigens. Overtime,
exposure to additional microbes, both pathogens and commensals, leads to the
generation of IgA through both T-independent and T-dependent mechanisms.
Although pathogenicity might be predictive of which antibody induction mechanism
(TI versus TD) is more dominant in the IgA response against that a particular
microbe, it is likely that both T-independent and T-dependent responses are involved
in producing a comprehensive and effective IgA repertoire for regulating intestinal
homeostasis. In addition, memory cells that are triggered by either T-dependent or
T-independent response can re-enter germinal center and acquire new SMHs that
could alter their specificity and affinity, which further blurring the line that divides
the two induction mechanisms based on antigen specificity and mutation status. The
resulting intestinal IgA repertoire, therefore, comprises of both highly mutated and
non-mutated IgA clones generated through both T-independent and T-dependent
responses.
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Figure 1. Potential mechanism of IgA regulation of commensals versus
pathogens/pathobionts in the intestinal environment
At birth, commensals started to colonize the intestine and trigger IgA production
primarily through a T-independent mechanism. Overtime, exposure to pathogens
and other antigens further diversifies the IgA repertoire through both T-independent
and T-dependent mechanisms. In addition, circulating memory cells can re-enter
germinal centers and acquire new SMHs that can potentially affect the antigenspecificity and affinity of intestinal IgA. The resulting intestinal IgA repertoire,
therefore, comprises of both highly mutated and non-mutated IgA clones generated
through both T-independent and T-dependent responses.
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Chapter 9 – Overall significance
The work presented in this thesis provides important insights into the potential
mechanism of IgA regulation of the intestinal microbiota. Using a single-cell
approach, we verified the presence of the two components, expanded and unique
clones, of the IgA repertoire in healthy wild-type mice. We also addressed the
question of whether T cell involvement affects the general composition of the IgA
repertoire and showed that the proportions of expanded and unique IgA plasmblasts
are similar in wild-type and MyD88KO mice, which suggests that both components of
the IgA repertoire can be generated through both T-dependent and T-independent
mechanisms. We also investigated the reactivity profile of intestinal IgA and found
that a significant portion of intestinal IgA are of low specificity and low affinity
regardless of their mutation status and clonal origin. In addition, consistent with
multiple recent human studies, we found that polyreactivity is a common features
shared by many of our rAb, indicating that intestinal IgA might contribute to
maintenance of commensals by cross-reacting to self-antigens like intestinal tissues
and dsDNA.

Many questions remained to be answered about the exact mechanism of IgA
regulation of intestinal homeostasis. For example, how does polyreactive IgA lead to
immune tolerance of commensals while triggering effector responses against
pathogens. However, the evidence presented in this thesis clearly suggests that
intestinal IgA are different from serum antibodies in that SHMs found in intestinal
IgA do not appear to drive specificity to a particular antigen. In addition, our results
challenge the current paradigm that T-independent response is solely responsible for
the production of expanded antibody clones of low affinity and low specificity, as rAb
from unique and expanded clones do not differ significantly in terms of reactivity.
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Further investigations are necessary in order to fully understand the complex role of
IgA regulation of intestinal homeostasis. We are currently exploring the possibility of
feeding the highly reactive 080212-Ab to mice and ask if this antibody can alter the
intestinal microbiota and immune response in these mice. Based on mounting
evidence that intestinal health is closely associated with microbiome composition, our
antibody feeding approach could potentially have a therapeutic impact on diseases.
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