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Abstract

Regulation of Germinal Center Antibody Responses by TLR Signaling in Dendritic Cells
and B Cells

by
Derek Carl Rookhuizen
Doctor of Philosophy in Molecular and Cell Biology
University of California, Berkeley
Professor Anthony L. DeFranco (UCSF), Co-chair

Professor Greg M. Barton (UC Berkeley), Co-chair

The ultimate goal of the immune system is to eliminate pathogens and establish
an immunological memory for rapid response upon reinfection. It can be broadly divided
into innate and adaptive compartments. Immediately or shortly after infection occurs, the
innate immune system uses pattern recognition receptors (PRRs) to identify ancient
conserved features of pathogens, for example, DNA, RNA and carbohydrate, termed
pathogen associated molecular patters (PAMPs). Stimulation of PRRs by PAMPs triggers
signaling events that both limit the spread of infection as well as inform the adaptive
immune system to generate the appropriate type of immunological memory. For example,
the adaptive system uses cellular immunity to eliminate pathogens such as
Mycobacterium tuberculosis that reside within cells while it generates antibodies
(humoral immunity) to neutralize and remove extracellular pathogens such as the bacteria
Pseudomonas aeruginosa that causes pneumonia. Thus, innate responses provide the first
wave of defense by containing infection while the slower acting adaptive response
eliminates pathogens and programs the ability to respond more efficiently upon
subsequent exposures.

How innate signals sculpt adaptive responses is not well understood, and
therefore, this thesis focuses on the ability of innate signaling by a family of PRRs known
as toll-like receptors (TLRs) to program antibody responses. Ten and twelve TLRs have
been identified in humans and mice, respectively, and they recognize a variety of PAMPs
expressed by bacteria, viruses, fungi, and parasites including lipopolysaccharide (TLR4),
flagellin (TLRS5 and TLR11), and unmethylated CpG motifs in DNA (TLR9). Briefly,
antibody responses may be broadly divided into those that require T cell help (T-
dependent) and those that are independent of T cell help (T-independent). T-dependent
antibody responses can occur either outside the B cell follicle (extrafollicular) or within
the follicle in specialized transient structures termed germinal centers (GCs) that generate
high affinity, long-lived humoral memory. To dissect how TLR signaling impacts GC
antibody responses, I immunized mice with an oligovalent T-dependent protein antigen
that was linked to either oligonucleotides containing (CpG) or lacking (nonCpG) a TLR9
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ligand. In chapter two, I focus on the cellular contribution of TLR signaling to GC
magnitude and quality by using a Cre recombinase system to selectively delete the TLR
signaling adaptor MyD@88 in either dendritic cells or B cells. This series of experiments
revealed a division of labor for TLR signaling in DCs and B cells that controls GC
magnitude and quality, respectively. In chapter three, I address the role of costimulation
by the inducible costimulator (ICOS) on T cells and ICOS ligand (ICOSL) on B cells to
direct the GC response against antigen linked to a TLRY ligand. These experiments
revealed that ICOSL acted B cell-extrinsically to impact GC quality and also unveiled a
surprising B cell-intrinsic role for TLR9Y signaling in affinity maturation. Collectively,
these studies suggest that innate signals imprint the quality of T cell help that
subsequently defines the antibody response and that they also act on B cells receiving
TLRO stimuli to directly enhance their affinity maturation. These results have
implications in both human disease and rational vaccine design.
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Chapter One

Introduction

Informing adaptive immunity with innate signaling pathways
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INTRODUCTION

The ultimate goal of the immune response is to clear pathogens from the host and
to program immunological memory. The innate immune system recognizes and responds
to general features inherent to pathogenic bacteria, viruses, fungi, and parasites and then
informs the adaptive immune system to produce high affinity antibodies for the
elimination of extracellular pathogens (humoral immunity) and/or to activate subsets of T
lymphocytes that instruct the elimination of intracellular pathogens through direct cell-
mediated mechanisms (cellular immunity), and finally to develop an immunological
memory of these pathogens (Fig. 1.1). Briefly, professional antigen presenting cells
(APCs) such as dendritic cells, B cells and macrophage sense pathogen associated
molecular patterns (PAMPS), cardinal features of microbes, through pattern receptors
(PRRs, discussed below) and respond by producing inflammatory cytokines and by
upregulating costimulatory molecules that instruct effector T cells to propel the adaptive
immune response. Understanding how innate stimuli are translated into adaptive
responses and memory is an area of intense effort because of its implications for human
diseases as well as for rational vaccine design and consequently, serves as the main focus
of this thesis.

Innate immunity

Recognition of PAMPS by APCs through pattern recognition receptors (PRRs)
provides the first line of defense against infection. So far, five classes of PRRs have been
characterized: Toll-like receptors (TLRs) that respond to a wide variety of PAMPs, C-
type lectin receptors (CLRs) which recognize carbohydrates, nucleotide-binding domain-
leucine-rich repeat-containing receptors (NLRs) that respond to bacterial peptidoglycans,
RNA helicase RIG-I-like receptors (RLRs) that detect cytosolic viral RNA, and
cytoplasmic DNA receptor AIM2-like receptors (ALRs)'*. TLRs were the first PRRs to
be identified, and their discovery stems from genetic and biochemical studies in the fruit
fly Drosophila melanogaster. That Drosophila could produce antimicrobial peptides™’
(Samakovlis 1990; Kylsten 1990; Wicker 1990) in response to bacterial and fungal
infections began the chain of scientific inquiry that eventually revealed their regulation
by a signaling pathway that could be initiated by the transmembrane receptor, Toll*®. The
observation that Toll and the human interleukin-1 receptor (IL-R) shared homology in
their Toll/IL1-R (TIR) domains and were transmembrane receptors that activated the NF-
kB pathway'*'? gave momentum to Charles Janeway’s Pattern Recognition Hypothesis".
Janeway realized that immunizations worked best in combination with adjuvants which
contain bacteria or their components, “immunology’s dirty little secret,” leading to the
hypothesis that receptors in the mammalian immune system could recognize cardinal
features of pathogens and signal to alarm effector T and B lymphocytes of the adaptive
immune system, thus forming a bridge between innate and adaptive immunity'*. In 1997,
the first human TLR' was cloned and since that time at least 10 and 12 have been
identified in humans and mice, respectively’.
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TLR structure and function

TLRs are germline-encoded type I transmembrane receptors with an ectodomain
that interacts with PAMPs through leucine-rich repeats, a transmembrane region and
intracellular TIR domain that interacts with various adaptor molecules to initiate
downstream signaling events'®. Each TLR or combination of TLRs recognizes unique
PAMPs from a variety of pathogens including bacteria, viruses, fungi and parasites.
TLR2 recognizes triacyl and diacyl lipoproteins from bacteria and mycobacteria, by
forming distinct heterodimers with TLR1 and TLR6, respectively, to induce
proinflammatory cytokines'’. In contrast, TLR2 homodimers signal in response to viral
infection in inflammatory monocytes to stimulate type I interferon production'®. Thus, the
cell type might control the specific PAMP recognized by TLR?2 and its downstream
signaling outcome. TLR4 recognizes lipopolysaccharide (LPS) expressed on the surface
of gram-negative bacteria and stimulates production of inflammatory cytokines. TLRS
recognizes bacterial flagellin and is especially active at mucosal surfaces in lung and
gut'” ", Recognition of dsSRNA by TLR3 stimulates inflammatory cytokines and type I
interferon, and, along with TLRs 7 and 9, TLR3 is endosomally restricted, most likely to
prevent exposure to and activation by self-antigens**'. TLR7 recognizes single-stranded
RNA from viruses and bacteria while TLR9 apparently responds to a variety of PAMPs
including unmethylated CpG motifs in viral, fungal, and bacterial DNA, the sugar
backbone of 2’ deoxyribose, and more recently, it was demonstrated that hemozoin, a
hemoglobin metabolic by-product from malaria parasites, also binds to TLR9'"%*,
although this remains somewhat controversial. Finally, TLR11 was demonstrated to be
important for detecting profilin-like molecules expressed by protozoa such as
Toxoplasma gondii, and just recently, it was demonstrated that recognition of Salmonella
typhi flagellin by TLR11 on gut epithelium protected mice against infection™.

TLRs bind to a variety of adaptor molecules, generating specificity in response to
diverse stimuli. Upon binding PAMPs, TIRs in the cytosolic region of most TLRs, with
the exception of TLR3, associate with the TIR-containing adaptor molecule MyD88,
either directly (TLRs 5,7, 9) or through TIRAP (TLRs 1, 2, 4, 6). While TLR3 associates
exclusively with the adaptor TRIF, TLR4 can also utilize TRIF indirectly through another
adaptor molecule, TRAM. Distinct adaptor combinations result in activation of unique
signaling pathways. Most notably, MyD88 recruits members of the IRAK (IL-1 receptor-
associated kinase) family of serine/threonine kinases through its death domain to initiate
downstream signals that culminate in the activation of nuclear factor (NF)-kB and the
production of inflammatory cytokines such as IL-6, IL-12 and TNFa**. The interaction of
MyD88 with IRAK family members has been termed the Myddosome and has diverse
function in the innate response since, in addition to TLRs, the IL-1,IL-18, and IL-33
cytokine signaling pathways that are involved in inflammation also use it .
Additionally, TLRs 2, 3,4, 7 and 9 can all initiate distinct signaling pathways that result
in translocation of interferon regulatory factors (IRFs) to the nucleus where they
stimulate type I interferon to combat viral replication’.
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TLRs in disease

MyD88-deficient mice are highly susceptible to infection with gram-positive and
gram-negative bacteria, emphasizing the absolute requirement for these pathways in the
host’s first line of defense against infection’’. In humans, multiple defects in TLR
signaling pathways have been linked with disease. Briefly, mutations that compromise
interaction between MyD88 and IRAK4 result in primary immunodeficiency early in life
and manifest a variety of symptoms caused by pyogenic bacteria: meningitis, sepsis,
arthritis ostomyelitis, cellulitis, furunculosis and foliculitis*®*. Interestingly, patients with
autosomal dominant mutations affecting the TLR3 pathway have a selective
susceptibility to recurrent herpes encephalitis for reasons that are not understood at this
time *°. Additionally, TLR7 and TLRS have been linked to celiac disease®. Thus, studies
involving the regulation/dysregulation of innate signaling pathways have clear relevance
to human disease.

Adaptive immunity

In order for the adaptive immune system to respond to infection and program
long-lived memory, the innate system needs a way to communicate with T lymphocytes
that ultimately directs the course of the adaptive immune response. Briefly, exposure of
antigen activates professional antigen presenting cells—dendritic cells (DCs), B cells,
and macrophages—that translate information from innate signaling pathways and deliver
it to T cells through costimulatory receptor/ligand interactions as well as through
production and dissemination of cytokines and chemokines. Thus, innate signaling in
APCs sculpts adaptive responses.

T cell activation requires two signals: 1) engagement of the T cell receptor (TCR)
with peptide-loaded major histocompatibility complexes, and 2) costimulation by
costimulatory ligand-receptor pairs®”'. Initial priming of T cells by DCs instructs the
development of the particular T cell signature that will dominate the immune response.
Distinct helper CD4'T cell subsets with unique transcriptional programs develop
depending on the particular cytokine milieu. For example, the IL-12 cytokine stimulates
naive CD4" T cells to adopt a Th1 signature characterized by the transcription factor T-
bet and production of IFNy. Conversely, exposure to IL-4 turns on the transcription factor
GATAZ3 to polarize a Th2 response that produces more IL-4 and supports humoral
immunity. Additional T cell subsets with distinct properties appropriate for a given
immune response also exist. Upregulation of retinoic acid-related orphan receptor
gamma-t (RORyt) in response to the combination of TGFP and IL-6 cytokines drives
development of inflammatory Th17 cells while TGFf alone induces a FoxP*T regulatory
(Tgeg) cell program. Finally, the combination of IL-6 and IL-21 induces a specialized
subset of T cells that express CXCRS35, the B cell follicle-homing chemokine receptor, and
are particularly well equipped to support B cell responses through provision of cytokines
and robust expression of costimulatory molecules®. Different cytokines induce specific
immunoglobulin class switching in B cells. For example, IL-4 triggers class switch to
IgGl1 and IgE; IFNy, IgG2a; TGFf, IgA. Thus, regulation of costimulatory

4
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receptor/ligand pairs and cytokine production by the innate immune system, for example
by TLR signaling, can manipulate distinct parameters to specify a particular T cell
response™ °,

Costimulation

CD28 on T cells and its ligands CD80 (B7.1) and CD86 (B7.2) were the first
costimulatory receptor/ligand pairs belonging to the CD28/B7 family to be identified and
are essential for T cell activation’’. Subsequently, the inducible costimulator (ICOS) and
its ligand ICOSL (also called B7h, B7RP-1, GL50) were also identified®® > and were
found to have a non-redundant role in T cell activation. Regulation of the CD28 and
ICOS pathways differ in several aspects: 1) CD28 is constitutively expressed on T cells
while ICOS is upregulated by T cell activation, 2) dendritic cells (DC) and B cells
constitutively express ICOSL while activation of APCs induces CD80 and CD86
expression, and 3) activated T cells upregulate CTLA-4 to quench CD28 signaling
whereas ICOS signaling is negatively regulated by at least two pathways. First, the
ubiquitn-ligase roquin limits ICOS expression on T cells by limiting its mRNA*"*', and
second, binding of ICOSL to ICOS induces ICOSL shedding from the antigen presenting
cell surface, suggesting a novel mechanism to rapidly extinguish ICOS signaling®. CD28
and ICOS show uniqueness in their downstream signaling cascades as CD28 induces
robust activation of extracellular signal regulated kinase (ERK) but only moderate
activation of phosphoinositide-3 kinase (PI3K). In contrast ICOS primarily stimulates
PI3K activity, and these signaling differences affect the resulting production of
cytokines®. While CD28 and ICOS are positive regulators of T cell responses, PD-1 and
its ligands, PD-L1 and PD-L2 can attenuate T cells responses, and high PD-1 expression
on effector CD4"T cells during chronic viral infection leads to T cell exhaustion™ .

In addition to the CD28/B7 family of costimulatory molecules, receptor/ligand
pairs belonging to the tumor necrosis factor (TNF) and TNF receptor superfamilies are
also critical mediators of T cell activation and function. Costimulatory signaling by the
TNFR superfamily is distinct from CD28 and ICOS in that it recruits TNF receptor-
associated factor (TRAF) adapter proteins and activates NF-kB*. CD40 on B cells and
CDA40L on T cells belong to the TNFR and TNF superfamilies, respectively, and are
critical for T-dependent immune responses such as germinal center formation. In addition
the OX40/0OX40L receptor ligand pair are also critical for T-dependent responses and can
critically skew the CD4'T effector to Ty ratio®”. In contrast to CD40/CD40L and
0X40/0X40L, other TNF family members such as BAFF (B cell-activating factor of the
TNF family) and APRIL (a proliferation-inducing ligand) promote T-independent B cell
activation by acting as soluble factors to stimulate both B cells in the splenic marginal
zone as well as follicular B cells through engagement of either transmembrane activator
and cyclophilin-ligand interactor (TACI) (BAFF and APRIL) or BAFF receptor
(BAFF)*. Importantly, TLR signaling can cooperate with APRIL and BAFF to promote
T cell-independent immunity and IgA class switch*. The diverse repertoire of
costimulatory receptor/ligand pairs and the complexity of their signaling outcomes

5
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introduce the possibility to refine T-dependent and T-independent antibody responses by
regulating their expression.

Germinal centers

Following activation by encounter with antigen, B cells may initiate either an
extrafollicular antibody response characterized by short-lived Blimp1* plasmablasts and
the generation of low-affinity antibody*” or upregulate the transcription factor Bcl6 and
migrate to the center of the B cell follicle to seed a germinal center (GC) reaction where
affinity maturation, the process by which B cells accrue mutations in IgH and IgL genes
and undergo selection for higher affinity variants, and selection for memory B cells
occurs** . First identified by Flemming in 1884 as the “Mutterform der kleine
Elemente,” meaning that he suspected the GC to be the source of all lymphocytes™, more
than a century of investigation has revealed that GCs are transient reactions where B cells
compete for survival and selection cues in the form of cytokines and costimulatory
signals from the transcriptionally distinct Bcl-6°CXCRS5" T cell subset termed follicular
helper T cells (Tgy)-

GCs are anatomically divided into dark and light zones in which proliferation and
selection occur, respectively, and whose polarization is maintained by regulation of
chemokine receptors CXCR4 and CXCRS5, respectively, on GC B cells and Ty cells™ ™.
It is postulated that BCR affinity drives competition for selection and survival cues from
Try cells. This model predicts that B cells expressing a higher affinity BCR will capture
more antigen retained on follicular dendritic cells in structures referred to as iccosomes™
than lower affinity BCR-bearing competitors, leading to greater presentation of antigenic
peptide-loaded MHC II, and therefore increasing the likelihood of encountering Ty cells
expressing cognate T cell receptors®.

Considerable progress has been made in the elucidation of selection events during
affinity maturation”’. Indeed, several groups have used elegant microscopy and cell-based
techniques to generate data both in vivo and in vitro demonstrating that BCR affinity
determines the amount of antigen captured™, that GC Tj cell help is selectively limited
compared with access to antigen™, and that eliminating B cell competition by delivering
antigen to all GC B cells boosted Ty, cell numbers and equalized affinity maturation
across GC B cell clones®. Thus, better affinity maturation translates to increased T cell
help.

While these data support an incremental affinity maturation process during the
GC response, precursor affinity may determine extrafollicular versus GC B cell fate
decisions at the beginning of the response. Early experiments showed that low affinity
precursors preferentially adopted the GC B cell fate while high affinity BCRs drove the
extrafollicular antibody response®'; however, a growing collection of observations
supports the opposite, that B cells bearing relatively higher affinity BCRs are selected
into the GC pathway®**. These apparently contradictory observations may reflect
differences between the transgenic MD4 BCR that recognizes hen egg lysozyme (HEL)"'
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and the B1-8 and quasimonoclonal (QM) transgenic systems that recognize nitrophenol-
haptenated antigen® *.

Early studies suggested that affinity of BCRs for antigen might drive selection of
B cells within the GC to seed the memory B cell compartment for rapid recall upon
secondary Ag exposure or to become long lived plasma cells that reside in bone marrow
and continuously proved antibody®. However it now appears that while high affinity
clones are preferentially selected within the GC to build B cell memory, a GC-
independent pathway also exists for the production of low affinity unswitched memory B
cells®“’. These low affinity memory B cells are postulated to serve as a recall reservoir
for the rapid induction of GCs and new rounds of affinity maturation upon secondary
antigenic challenge®.

Follicular helper T cells (Tyy)

As previously mentioned, Ty, cells are well-equipped to provide B cell help by
localization to the GC light zone through upregulation of CXCRS, expression of
costimulatory molecules such as ICOS, BTLA (B and T lymphocyte attenuator), and
CD40L*, and through ample provision of cytokines such as IL-4 and IL-21 that propel
GC B and Ty cell survival and also promote affinity maturation and B cell memory® ",
Although Ty, cells possess a distinct transcriptional program characterized by high Bcl6
expression’"”?, they can also adopt additional characteristics normally associated with
other T cell subsets such as IL-17" and IFNy”* production®. In mouse models, nematode
infection stimulated the development of Th2-like IL-4-producing Tjy cells” while viral
infection stimulated a majority of IFNy*Tg, cells and only a minority of IL-4"Ty, cells™.
Thus, these observations suggest that the uniqueness of an innate stimulus will be
reflected in the quality of the Ty, cell compartment and hence, in the ensuing antibody
response. Reinhardt et al.”’, elegantly demonstrated this principle using I1-4 and IFNy
reporter mice to show that B cells from doublets containing IL-4"Ty, cells expressed
IgG1 rearrangements while doublets containing IFNy* Ty, cells expressed 1gG2a
transcripts. These data combined with other observations demonstrating that TLR
signaling, for example, can boost the number of Ty, cells’ start to provide a framework
for the rational design of vaccines that can precisely define a particular Ty, cell
phenotype to direct a desired antibody response.

TLRs and B cell responses

Although TLRs affect B cell proliferation and class switch recombination in a
cell-intrinsic manner, their ability to impact T-dependent antibody responses remained
controversial as two groups arrived at completely opposite conclusions "**. These
differences may stem from the use of distinct antigens, ovalbumin versus haptenated
proteins, and a subsequent publication demonstrated the MyD88-independent
adjuvanticity of haptenated antigens®'. Nevertheless, multiple groups using different
approaches have now confirmed the ability of TLR signaling to enhance T-dependent
antibody responses. Using mice that were specifically deleted for MyD8&8 in B cells, Hou
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et al.** clearly showed that TLR signaling in B cells boosted the antibody and GC
response to a multivalent antigen containing a TLR ligand. These findings were
corroborated by a separate group that used antigen and TLR ligands absorbed to separate
nanoparticles to demonstrate that B cell-intrinsic TLR signaling expanded the overall
antibody response, boosted GC persistence and increased affinity maturation®. Finally, in
a live infection model, B cell-intrinsic TLR7 signaling was required for B cell
participation in the GC response against lymphocytic choriomeningitis virus (LCMV)
infection*.

Thesis overview

How TLR signaling impacts qualitative aspects of the GC reaction such as affinity
maturation, immunoglobulin class switch, and memory B cell formation is not well
understood. In order to unearth these mechanisms, I conjugated the T-dependent antigen
nitrophenol-haptenated chicken gamma globulin (NP-CGG) to oligonucleotides
containing (CpG) or lacking (nonCpG) a TLRO ligand and used it to address these
questions at two levels:

1. First, I used mice that were Myd88-deficient in either DCs or B cells to dissect the
cellular contribution of TLR signaling to GC quality. This revealed that TLR signaling in
DCs primarily regulated GC magnitude by boosting the number of Ty, cells with robust
ICOS expression and consequently increased the number of antigen-specific GC B cells.
Separately, TLR signaling in B cells controlled GC quality by enhancing affinity
maturation, producing more IgG2c, and making more memory B cells. Both cell types
affected Ty quality by modulating the expression of costimulatory receptors such as
ICOS and PD-1 and also by regulating the ratio of Ty, to FoxP3'T follicular regulatory
(Tgg) cells which likely affected GC selection.

2. Second, since ICOS levels were significantly boosted in response to NP-CGG linked to
a TLR ligand, I investigated the cellular requirements for ICOS/ICOSL costimulation in
TLR9-enhanced T-dependent GC responses. Using ICOSL-deficient mice as well as a
series of mixed bone marrow chimeras, we demonstrated that deletion of ICOSL on B
cells compromised the expansion of diverse affinity IgG and that this could be rescued by
the presence of approximately 50% Icosl** B cells, indicating that ICOSL acted B cell-
extrinisically to boost the antibody response. Extrinsic effects of ICOSL expression were
also evident in the Ty compartment as the presence of 50% Icosl” B cells halved the
number of T, cells. Surprisingly, the presence of 50% Icosl™ B cells only partially
restored affinity maturation in Icosl” B cells, revealing that ICOSL also had B cell-
intrinsic effects and demonstrating that TLR9 specifically required ICOSL on the
responding B cell to enhance affinity maturation.
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Figure 1.1 Innate immunity informs adaptive responses. Soon after infection occurs,
pathogen associated molecular patterns (PAMPS) bind pattern recognition receptors
(PRRs) expressed by both hematopoietic and non-hematopoietic cells to stimulate
inflammatory or anti-viral signaling events such as the release of signaling molecules
termed cytokines. These signals ultimately direct T cells and B cells to establish a
memory of the invading pathogen, a process that requires days to weeks. Immunological
memory allows a more rapid adaptive response to occur upon reinfection, and thus,
establishment of memory is the ultimate goal of vaccines.

Figure 1.2 TLR signaling in DCs and B cells can augment the germinal center
response. It was previously shown that TLR signaling in DCs and B cells could augment
the size of a GC response depending on both the physical nature of the antigen as well as
the solubility of the TLR ligand. Coadministration of a TLR ligand either attached or
unattached to a soluble protein antigen augmented GC formation by signaling in DCs*.
Similarly, immunization with a particulate antigen such as a virus-like particle (VLP) and
soluble TLR ligand also required DCs to enhance the antibody response; however,
inclusion of a TLR ligand within a VLP or infection with LCMV was shown to trigger
robust GC formation by stimulating B cells**™.
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Chapter Two

Enhancement of germinal center magnitude and quality by TLR/
MyD88 signaling in dendritic cells and B cells

Modulation of Tyy cell quality and B cell selection
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ABSTRACT

To dissect how recognition of pathogen associated molecular patterns by toll-like
receptors (TLR) enhances germinal center (GC) responses, mice selectively deleted for
MyD88 in B cells or dendritic cells (DCs) were immunized with antigen bound to a
TLRO ligand. TLR9Y signaling in DCs boosted GC magnitude by expanding follicular
helper T cells (Tgy) and GC B cells, while in B cells, it improved GC quality through
affinity maturation, class switch to IgG2a, and enhanced B cell memory. Qualitative
changes resulted from B cell-intrinsic and -extrinsic effects, paralleling changes in Tgy
and FoxP3" follicular regulatory CD4'T cells (Ty). Combined with recent reports, our
data indicate a pervasive role for TLR/MyD88 signaling in specifying antibody responses
through coordinated regulation of multiple cell types.
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INTRODUCTION

The ability of the innate immune system to survey infection relies on pattern
recognition receptors (PRRs) such as TLRs that signal through myeloid differentiation
primary-response protein 88 (MyD88) upon recognition of PAMPs. By directing DCs to
activate naive T cells **” or by promoting B cell activation and terminal differentiation to
antibody secreting plasma cells***, TLRs shape adaptive immunity. Following infection
or vaccination, antibody responses generally proceed in two phases, an initial
extrafollicular response, which rapidly generates short-lived plasmablasts that secrete low
affinity IgM and isotoype-switched antibodies*” and a slower germinal center (GC)
response where B cells switch Ig isotype and increase affinity for antigen through
somatic mutation of IgH and IgL genes and stringent selection processes*. Importantly,
the GC builds humoral memory and protection from reinfection by selecting long-lived
plasma cells and memory B cells from cells expressing isotype-switched affinity-matured
BCREs. Initially, it was proposed that TLR signaling selectively favored the extrafollicular
component of serological immunity® but subsequently it was shown that in B cells it

could greatly augment the GC response to virus-like particles, nanoparticles, or virions*
83,90

Ty cells govern GC maintenance and selection for GC B cells with increased
affinity for antigen®. The transcriptional repressor Bcl-6 is essential for Ty cell
development and for the upregulation of CXCRS expression that allows Ty cells to
migrate to GCs where they interact with GC B cells through costimulatory ligand-
receptor pairs and provide survival and selection cues’*. Recently it has become clear
that some follicular CXCR5"CD4T cells are typically-derived FoxP3" regulatory T cells,
referred to as Ty cells’ ™. Although their function is poorly understood at this point, T
cells appear to limit the size of the GC response” ™.

Recent studies have shown that physical linkage of a TLR7 or TLRY ligand to a
particulate antigen can substantially boost the GC response and lead to greater production
of high affinity antibody; however, the mechanisms underlying these effects are poorly
understood*>**. Moreover, previous studies were limited in their ability to compare
pathogen infection or VLP immunization to an immune response lacking PAMPs. To
understand the mechanisms by which TLRs promote GC antibody responses, we created
conjugates between a model protein antigen (nitrophenol-haptenated chicken gamma
globulin, NP-CGG) and oligonucleotides that either contained or lacked a TLR9 ligand
consensus CpG motif. Both antigens induced robust GC responses, but the CpG-
containing antigen induced more anti-NP IgG early in the response, better affinity
maturation, and more memory B cells. Immunization of mice with DC- and B cell-
specific deletion of MyD88 unveiled separate roles for TLR9 control of the GC reaction,
illuminating multiple checkpoints by which TLR recognition promotes GC output. In
DCs, TLR9 signaling augmented the scale of the GC by increasing Ty cell and antigen-
specific B cell numbers. In contrast, TLRY signaling in B cells did not affect GC
magnitude but enhanced selection for high affinity antibody, class switch to IgG2a, and
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memory B cell formation. Some of these changes required TLR/MyD88 signaling in the
responding B cells whereas others may have been mediated through effects on Ty and
Trg cell populations. Our data, take together with several recent reports demonstrating
that TLR signaling can greatly enhance antibody responses, indicate a widespread role
for TLR signaling in the control and refinement of antibody responses through careful
regulation of GC reactions.
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RESULTS
TLRY signaling enhances the germinal center response

To characterize the contribution of TLRO signaling to the GC response, we
established an immunization strategy that allowed us to compare the quality of GCs
reacting to antigen that either contained or lacked a TLR9 ligand. I used streptavidin to
link a biotinylated form of the T cell-dependent antigen NP-CGG to either a biotinylated
CpG-containing oligonucleotide (CpG-NP-CGG) or to a control oligonucleotide lacking
a CpG motif (nonCpG-NP-CGG). Immunization of C57BL/6 mice with either form of
the antigen induced a robust GC response as detected by enumeration of GC B cells
(B220"IgD"Fas") by flow cytometry (Fig. 2.1A, B). The numbers of GC B cells or of
NP-specific GC B cells were increased on day 14 after immunization with either antigen,
but the numbers were about 2-fold greater with the CpG oligonucleotide-containing
antigen (Fig. 2.1B). Similarly, inclusion of a TLR9 ligand within the antigen boosted the
total anti-NP IgG response by 2-3 fold on day 14 (Fig. 2.1C), although by day 21 both
responses were of similar magnitude when diverse affinities were measured (e.g., ELISA
with NP s-BSA) (Fig. 2.1C, D). In contrast, when high affinity anti-NP IgG was
selectively measured (e.g., ELISA with NP,-BSA), it was evident that there was
substantially increased production of high affinity antibodies in the response to the CpG-
containing antigen (Fig. 2.1C, D). In addition, CpG-NP-CGG enhanced class switch to
the highly inflammatory IgG2a” (IgG2c) isotype (Fig. 2.1E). Thus, inclusion of a TLR9
ligand in the antigen promoted the early production of IgG, whereas at later times, it
enhanced affinity maturation and class switch to IgG2a”, but did not affect overall IgG
titers.

As expected from increased titers of anti-NP IgG at day 14 in mice immunized
with CpG-NP-CGG, these mice also increased production of NIP-specific plasmablasts
14 days after immunization (Fig. 2.2A, B). To see if TLRY stimulation also promoted the
memory B cell component of the GC reaction, I immunized mice with nonCpG- and
CpG-NP-CGG and boosted both groups of mice with NP-CGG in saline 7.5 weeks (53
days) later (Fig. 2.1C, left). The secondary IgG response was significantly elevated in
mice that were initially immunized with CpG-NP-CGG, as demonstrated by the fold
increase from day 53 to day 60 (day 7 post secondary challenge) of diverse affinity anti-
NP IgG (Fig. 2.1D, left). The enhanced IgG recall response was dominated by high
affinity antibody (Fig. 2.1C, right; D), which is consistent with memory B cells that are
generated from a GC response undergoing selection for increased affinity®. Thus, in
addition to boosting anti-NP IgG affinity and class switch to IgG2a”, inclusion of a TLR9
ligand linked to a protein-based antigen also promoted GC quality through generation of
more high affinity memory B cells.

TLRY signaling increases the number and alters the phenotype of follicular T cells

The GC response is highly dependent on Ty, cells that localize to the GC and
provide selection signals for GC B cell survival, affinity maturation, and fate decisions™
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*. Immunization with CpG-NP-CGG significantly boosted the total number of Ty
(CXCR5'PD-1"CD44"CD62L" CD4") per LN, and also increased the percentage of
activated (CD44"CD62L") CD4" T cells that were T, cells as defined by CXCR5*PD-1"
expression (Fig. 2.3A, B). Expression of the Ty, cell-lineage transcription factor Bcl-6,
confirmed the identity of these cells (Fig. 2.3C, and Fig. 2.4A). TLR9Y stimulation also
enhanced the frequency of Ty cells relative to the number of GC B cells in the draining
lymph node by approximately 2-fold (Fig. 2.3D). Immunofluorescent labeling of frozen
LN sections confirmed the presence of a CD4" Ty, cell population in GCs following
immunization with nonCpG- as well as CpG-NP-CGG conjugates (Fig. 2.4A). The
increased numbers of T, cells relative to GC B cells may have contributed to the
enhanced affinity maturation and memory B cell generation in mice immunized with
CpG-NP-CGG.

CpG-NP-CGG immunization also produced striking effects on the cell surface
expression of the costimulatory family molecules ICOS and PD-1 by Ty cells. Surface
expression of ICOS was enhanced on Ty cells by 3-4 fold on average in mice immunized
with CpG-NP-CGG compared to those immunized with nonCpG-NP-CGG (Fig. 2.3E),
and furthermore, this was selective for the Ty, population as Ty cells only modestly
increased their expression of ICOS (Fig. 2.3E). As ICOS is required for the GC
reaction’”, enhanced ICOS expression on Ty cells may contribute to enhanced GC
responses. In contrast to the relatively homogenous expression of ICOS on Ty cells, PD-
1 expression was heterogeneous, and an increased proportion of these cells had low
expression of PD-1 after immunization with antigen containing a TLRO ligand (Fig. 2.3F,
G). PD-1 is an inhibitory receptor in the context of effector T cell responses'”, and its
blockade is associated with Ty, expansion'”""'*, consistent with an inhibitory role for PD-
1 on T, cells as well.

To further characterize the quality of follicular helper CD4'T cells induced by the
two different immunizations, I amplified mRNAs encoding hallmark helper cytokines
from sorted Ty cells and measured their levels by quantitative RT-PCR. The sorted cells
were phenotypically Ty, cells, showing high Bcl-6 and c-Maf, and low Prdml mRNA
expression (data not shown). IL-21, which affects Ty, cell maintenance, affinity
maturation and GC B cell fate decisions® ", exhibited a modest but significant increase
in its mRNA in Ty cells from mice immunized with CpG-NP-CGG compared to
nonCpG-NP-CGG (Fig. 2.3H). Interestingly, inclusion of a TLR9 ligand in the antigen
resulted in substantially decreased IL-4 mRNA and increased IFNy mRNA (Fig. 2.3H),
which is consistent with the observed increase in isotype switching to IgG2a” '**. These
data indicate that TLR9 stimulation promoted increased numbers of Ty, cells within the
GC and also affected them in qualitative ways that are consistent with the observed
effects on affinity maturation and class switch to IgG2a”.

TLRY signaling in dendritic cells and B cells regulates the magnitude and quality of
the GC reaction, respectively

To investigate how TLRO signaling impacts the quality of the GC reaction, I
16
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employed mice that are defective in the key TLR signaling adaptor MyD88 selectively in
either DCs or B cells. CD11c-Cre Myd88"" mice delete the Myd88 gene in
approximately 98% of conventional DCs and in about 80% of plasmacytoid DCs,
whereas Mb1-Cre Myd88"™" mice delete Myd88 in 98% of B cells*’. As seen previously,
immunization of WT mice with CpG-NP-CGG induced a 2-3-fold greater accumulation
of total and NP-binding GC B cells, compared to mice immunized with nonCpG-NP-
CGG. Deletion of TLRY signaling in DCs (DC™) selectively blocked this increase,
whereas its deletion in B cells (B”) did not have a clear effect on GC B cell numbers
(Fig. 2.5A and data not shown).

Next, I examined anti-NP IgG affinity maturation as the ratio of the amount of
high affinity anti-NP IgG to that of diverse affinity anti-NP IgG 14 days after
immunization. In WT mice, inclusion of CpG-containing oligonucleotides in the antigen
boosted affinity maturation, increasing the anti-NP,/NP,;IgG ratio approximately 4-5
fold (Fig. 2.5B). In mice lacking MyD88 in DCs, the titers of anti-NP,; IgG at day 14
were not boosted by the presence of a TLR9 ligand in the antigen complex; however, the
anti-NP,/NP,; IgG ratio remained similar to WT (Fig. 2.5B and Fig. 2.6A, B),
demonstrating that affinity maturation in these mice remained intact despite reduced GC
B cell numbers. Likewise the reduction in diverse affinity anti-NP IgG titers reflected
trends in the generation of NIP-binding B220°CD138" plasma cells on day 14
(Supplementary Fig. 2.2A, B).

Although mice lacking MyD88 only in B cells still exhibited an increase in the
number of NP*GC B cells (Fig. 2.5A) and NIP-binding plasma cells (Fig. 2.2A, B)
following immunization with CpG-NP-CGG, there was a selective impairment of class
switch to IgG2a” (Fig. 2.5C) and of affinity maturation as evidenced by a reduction in
high affinity anti-NP IgG production and therefore a diminished anti-NP,/NP,; ratio (Fig.
2.5B and Fig. 2.6A, B). These mice also did not exhibit an increase in the number of NP-
specific memory B cells, as assessed by boosting with NP-CGG in saline 53 days after
the initial immunization with a CpG-containing complex of NP-CGG and measuring the
magnitude of the secondary response 7 and 14 days later (Fig. 2.5D). In contrast, MyD88
signaling in DCs only minimally influenced class switch to IgG2a”—both total IgG and
IgG2a” titers were reduced by deletion of Myd88 in DCs—and was not required for the
generation of robust anti-NP memory B cells (Fig. 2.5C, D). Thus, TLR9 signaling in
DCs boosted the magnitude of the GC reaction, whereas in B cells it promoted the
qualitative aspects of the GC, including improved affinity maturation, more class switch
to IgG2a’, and generation of more memory B cells, without affecting accumulation of
NP-specific GC B cells. Thus, the ability of a TLR9 ligand complexed with NP-CGG to
enhance IgG production reflected a stimulation of both DCs and B cells, which were able
to enhance the GC response in distinct ways.

I also generated mice deficient for MyD88 in both DCs and B cells (DC"B™) by
inclusion of both CD11c-Cre and MbI-Cre transgenes together with Myd88™". When
these mice were immunized with CpG-NP-CGG, they had compromised NP-specific GC

17



DISSERTATION FALL 2012 ROOKHUIZEN

B cell numbers similar to what was observed in DC” mice (Fig. 2.5A). Furthermore,
affinity maturation in these mice was comparable to those of mice deficient for MyD88 in
B cells (Fig. 2.5B, Supplementary Fig. 2.6A, B). These data corroborated data obtained
from individual knockouts.

Effects of TLR9-Stimulated DCs and B cells on Follicular Helper T cells

We next examined how TLR9/MyD88 signaling in DCs and B cells affected the
expansion and phenotypic properties of Ty cells. MyD88 deletion in DCs compromised
the burst in Ty, cell expansion in response to CpG-NP-CGG (Fig. 2.7A) and reduced the
number of activated CD4" T cells in the draining lymph node (Fig. 2.8A), thereby leaving
unaltered the frequency of Ty, cells relative to the number of activated T cells (Fig.
2.7B). The expansion of GC B cells was also compromised in these mice as described
above, possibly as a secondary consequence of decreased numbers of Ty, cells'™ ', and
therefore, the ratio of Ty to GC B cells was not affected (Fig. 2.8C). Thus,
TLR9/MyD88 signaling in DCs boosted GC magnitude, at least in part, by promoting
antigen-specific activation and proliferation of CD4 T cells which commit to the Ty cell
fate. MyD88/TLRO signaling in DCs also impacted Ty, cell quality, as sorted Ty, cells
from DC" mice expressed less IL-21 mRNA (Fig. 2.8B).

MyD88 deletion in B cells did not decrease the expansion of Ty, cells following
CpG-NP-CGG immunization (Fig. 2.7A), although there was a statistically non-
significant trend toward reduction in the frequency of Ty cells relative to the pool of
activated CD4" T cells (Fig. 2.7B). These results suggest that TLR9/MyD88 signaling in
B cells promotes stabilization of activated T cells as Ty, and/or their proliferation or
survival. In line with the first hypothesis, IL-21 mRNA expression in sorted Ty from B”
mice was reduced compared to WT littermate controls (Fig. 2.8B).

I also examined the requirements for MyD88 in DCs and B cells for the changes
in ICOS and PD-1 expression on the surface of Ty cells in response to immunization
with an antigen containing a TLR9 ligand. While increased levels of ICOS on Ty, cells
were partially abrogated by deletion of Myd88 in either DCs or B cells (Fig. 2.7D), the
effect of TLRO signaling on Ty, cell expression of PD-1was primarily due to
TLRY9/MyDS88 signaling in DCs (Fig. 2.7E).

Role of cell-intrinsic MyD88 signaling in B cells for the germinal center response

The qualitative effects on the GC reaction mediated by TLR9/MyD88 signaling in
B cells could result from enhanced stimulation of antigen-specific Ty, cells, which in turn
could affect selective processes of the GC reaction generally, or they could result from
direct effects on B cells receiving stimulation via TLR9/MyD88 signaling. To address
this mechanistic question, I generated mixed bone marrow chimeras that included B cells
expressing MyD88 and those that did not, and expressed distinct IgH allotypes, making it
possible to distinguish the cellular source of antigen-specific IgG. Lethally irradiated
mice were reconstituted with equal portions of either B” (MbI-cre MyD88", IgH") and
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WT (IgH“) bone marrows or with a mixture of WT (IgH”) and WT (IgH") bone marrows
as a control. Myd88 deficiency did not affect representation of B cells within the mature
population of the LNs (Fig. 2.10A). At day 14 post-immunization, CpG-NP-CGG
induced an elevated level of diverse affinity anti-NP IgG2a of both allotypes and this
occurred similarly in both chimeras (Fig. 2.9A), whereas there was a selective defect in
production of high affinity anti-NP IgG2a” by MyD88-deficient B cells even in the
presence of roughly 50% Myd88*"* B cells (Fig. 2.9A). The affinity maturation of
Myd88*"* B cells was apparently not adversely affected by the presence of Myd88” B
cells. Thus, TLRY regulated affinity maturation in a B cell-intrinsic fashion. Since
Myd88" B cells in these mixed bone marrow chimeras made as much diverse affinity
(high and low affinity) IgG2a anti-NP antibody as did the Myd88** B cells, they did not
have a defect in class switch to IgG2a (Fig. 2.9A). Thus, the failure of MyD88™ B cells
to make high affinity anti-NP IgG2a”* was due to a cell-intrinsic impairment in affinity
maturation. The decreased production of high affinity IgG2a”" antibody by MyD88” B
cells was paralleled by a reduction in the number of IgG2a”* GC B cells in the draining
lymph node on day 14 (Fig. 2.9B), and a correspondingly diminished frequency of
IgG2a"* B cells among the NP* GC B cell population (Fig. 2.10B). To confirm that
reduced numbers of 1gG2a""Myd88" GC B cells did not reflect a class switch defect, I
adopted a second mixed bone marrow chimera approach using equivalent portions of
bone marrows expressing different allotypic forms of Ly5 (Fig. 2.10C) to distinguish
Myd88" and Myd88*"* GC B cells. Following immunization of these mice with CpG-NP-
CGG, I observed a similar disadvantage of Myd88” B cells in GCs from draining iLNs
(Fig. 2.9C). Interestingly, the same trend was evident in GCs from mesenteric LNs
(mLNs), where there is likely to be a high exposure to TLR ligands (Fig. 2.9D).
Importantly, in both chimeric settings Fas*IgD"B220" GC precursor B cells were
generated similarly (Fig. 2.10D, E), suggesting that TLR/MyD88 signaling in B cells
acted later during the GC reaction to enhance selection rather than earlier at the time of
GC formation.

These data indicate that much of the ability of TLR9/MyD88 signaling in B cells
to enhance affinity maturation in the GC response was a cell intrinsic effect requiring
signaling in the responding B cell. Nonetheless, in these experiments defective
TLR9/MyD88 signaling in a fraction of the GC B cells clearly impacted Ty, cells in the
GC and also the neighboring Myd88** B cells. The number of Ty cells per lymph node
trended lower in the mixed BM chimeras that had 50% Myd88" B cells compared to
those that were 100% Myd88*"™* (Fig. 2.9D). Correspondingly, expansion of Myd88**B
cells trended lower in the chimeras containing 50% Myd88”B cells compared to the
control chimeras that had 100% Myd88** B cells (Fig. 2.9B).

TLRY signaling in DCs and B cells suppresses FoxP3*T,; accumulation

Recent studies have revealed that follicular CD4" T cells are comprised of both
Try cells as well as CXCRS" FoxP3* Ty cells, the function of which is not fully
understood but may include negative regulation of both T, and B cells during a GC
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response’ " Five days after immunization of WT and MyD88 conditional knockout
mice with nonCpG- and CpG-NP-CGG, the Ty, cell frequency was similar among all
groups (Fig. 2.12A). However, by day 14 the Ty, cell frequency relative to Ty, cells was
decreased by 3-fold in WT mice that were immunized with CpG-NP-CGG conjugates
compared to the nonCpG conjugates (Fig. 2.11A, B), and these changes were paralleled
by diminished FoxP3 mRNA in follicular CD4" T cells (Fig. 2.12B). At day 14,
FoxP3"CD3" Ty cells were visible in the follicles and GCs of draining iLNs (Fig. 2.4C)
and their total numbers per lymph node increased in mice immunized with CpG-
containing antigen (Fig. 2.11C). This expansion was balanced by an even greater
increase in the number of Ty, cells (Fig. 2.7A). Interestingly, there was no effect of
inclusion of a TLRO ligand bound to the antigen on the number of Ty cells as a
frequency of activated CD4"T cells in the non-follicular component of the CD4'T cell
response (Supplementary Fig. 2.12C). Thus, the presence of a TLRO ligand conjugated
to protein antigen selectively modulated the composition of follicular CD4"T cells.

Deletion of MyD88 signaling in DCs compromised the expansion of Ty cells
(Fig. 2.7A), but it did not change the magnitude of the Ty, cell compartment induced by
immunization with CpG-NP-CGG, and therefore the number of Ty cells as a percentage
of follicular CD4"T cells was positively impacted by loss of MyD88 signaling in DCs
(Fig. 2.11A, B). Thus, TLR9/MyDS88 signaling in DCs selectively favored Ty, expansion
over Ty cell expansion. When Myd88 was deleted in B cells, total Ty, cell numbers per
lymph node increased (Fig. 2.12C) without significantly affecting Ty, cell numbers (Fig.
2.7A), again increasing the frequency of Ty cells in the follicular CD4T cell pool (Fig.
2.11A, B). Deletion of MydS88 in both B cells and DCs in the same mice significantly
boosted the number of Ty cells per LN compared to mice with MyD88 deletion in DCs
alone but did not surpass the number observed in B” mice, consistent with a distinct role
for TLR9/MyD88 signaling in B cells limiting the number of Ty, cells (Fig. 2.11C).
Thus, MyD88 signaling in B cells and in DCs had different influences on the expansion
of T, and Ty cell populations, in both cases favoring Ty, cells over Ty, cells.
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DISCUSSION

While a number of studies have indicated that TLRs promote rapid production of
low affinity immunoglobulin through extrafollicular antibody responses, several recent
reports have shown that TLRs can also promote GC responses®**'?, To analyze the
mechanisms by which TLR signaling contributes to GC processes, I turned to an
oligovalent haptenated protein antigen (NP-CGG) complexed with an oligonucleotide
either containing or lacking CpG motifs. In agreement with earlier results indicating that
haptenated soluble proteins are strongly immunogenic and do not require MyD88
signaling to induce vigorous antibody production®', immunization with the nonCpG-NP-
CGG induced a robust GC response. When the TLR9 ligand was included, however,
more IgG was produced at early stages of the response, prior to day 21, and in addition,
features associated with the quality of the GC reaction were substantially boosted. These
changes were separately controlled by TLR9Y signaling in DCs and B cells. TLR9/MyD88
signaling in DCs increased the magnitude of anti-NP IgG produced by promoting the
expansion of Ty, and GC B cells, whereas in B cells, it primarily affected the quality of
the GC response, resulting in better selection for high affinity antibody, more class
switching to IgG2a” and generation of more memory B cells.

A variety of studies have indicated that the initial activation of naive T cells by
DCs induces some of them to become Ty, cells, and that in many circumstances, this is
followed by a second checkpoint where interaction with antigen-presenting B cells
induces Ty, cells to acquire a full GC Ty, cell phenotype, allowing them to enter GCs and
contribute to selection'””"'"". Our data are consistent with this sequential model, as TLR9
signaling in DCs increased numbers of Ty cells, while in B cells it affected Ty, cell
expression of ICOS, which is critical for Ty, cell development’, longevity and, ultimately,
GC persistence” ™' '"* ICOS expression by Ty cells was also boosted by
TLR9/MyD88 signaling in DCs. Importantly, a mutation of a negative regulator of ICOS
mRNA, Roquin, leads to autoimmunity that has been attributed to overly active Tgy
cells*”*'. Thus, elevated levels of cell-surface ICOS likely enhances Ty cell function and
contributes to the elevated GC response that resulted from linkage of a TLR9 agonist to
the antigen.

Our findings complement emerging evidence showing that unique properties of
different pathogens and immunization strategies imprint on Ty cells to uniquely define
their cytokine and costimulatory profile and ultimately specify the antibody response*®'"?
7114 A possible distinguishing feature among pathogens is differential expression of
TLR ligands, which may stimulate DCs to influence their cytokine profile and ability to
promote Ty cell expansion. Importantly, a previous study demonstrated that unlinked
CpG oligonucleotide could enhance Ty cell development in vivo'"”, which may reflect an
effect of TLR stimulation on DCs.

Stimulation of TLR9 in B cells by inclusion of a TLR9Y ligand in the
oligonucleotide-NP-CGG antigen enhanced the quality but not the overall magnitude at
later times of the GC reaction. Compared to the response to nonCpG-NP-CGG, the anti-
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NP response to CpG-NP-CGG included higher affinity IgG, more IgG2a, and greater
production of anti-NP memory B cells. Surprisingly, each of these features was lost in
mice selectively deleted for MydS88 in B cells, resulting from a combination of effects on
the follicular CD4" T cell population and direct effects within the responding B cells.
With regard to the former mechanism, I observed both quantitative and qualitative
differences in the follicular T cell compartment of mice lacking MyD88 selectively in B
cells. First, there was a downward trend in the representation of Ty cells as a fraction of
activated CD4'T cells (Fig. 2.7A, B), and secondly, their expression of ICOS was also
reduced, suggesting that TLR9-stimulated B cells were better able to provide signals that
maintain Ty, cell identity, promote their survival, and/or stimulate their proliferation. In
line with this, previous reports have demonstrated that antigen presentation by GC B cells
to Ty cells resulted in higher expression by these cells of CXCRS and costimulatory
molecules such as ICOS™ ',

In addition to positive regulation of GCs by Ty, cells, Ty cells function at least in
part to restrict the GC reaction”""*'*. T found that TLR9/MyD88 signaling in both DCs
and B cells affected the relative balance between Ty, and Ty cells in the GC. When
Myd88 was deleted selectively in B cells, the numbers of Ty, cells were increased
whereas the numbers of Ty, cells were unchanged. In contrast, when MydS88 was
selectively deleted from DCs, there were fewer Ty cells, but the numbers of Ty, cells
were largely unaffected. Thus, TLR/MyD88 signaling in both DC and B cells acted to
increase the number of Ty, cells relative to the number Ty cells, but in complementary
ways. The relative balance between Ty, and Ty cells is likely to have important
functional consequences, as several studies have indicated that Ty cells can inhibit both
Ty cells and B cells to control different elements of GCs’***; however, further
investigation will be needed in this system to determine whether some portion of the
effects of MyD88 signaling in DCs or B cells is mediated by decreasing the proportion of
T cells among the follicular CD4" T cell population.

While some of the effects of TLR9/MyD88 signaling in B cells appeared to be
mediated by their modulation of the phenotype of Ty, cells and/or of the relative fraction
of Ty cells, the more prominent effects were intrinsic to MyD88** B cells when they
were combined with MyD88™ B cells in mixed bone marrow chimeric mice. In this
experimental system, any effects of TLR signaling in B cells on Ty, cell function would
likely be reflected equally by both types of B cells, since it is known that cognate
interactions between Ty cells and GC B cells are short-lived relative to the time frame of
the GC responses being analyzed'*''**. When different alleles of the cell surface molecule
LyS5 were used to distinguish separate genotypes of B cells in response to CpG-NP-CGG,
it was evident that Myd88™” B cells in the GC were underrepresented relative to Myd88*"™*
B cells (Fig. 2.9C). Thus, B cell-intrinsic TLR9 signaling improved selection of antigen-
specific B cells into the GC compartment, boosted their expansion, and/or enhanced their
survival. Since GC precursor B cell frequency was similar between both genotypes, it
suggests that TLR9/MyD88 signaling acted during the GC reaction rather than at the time
of GC formation in order to modulate selection. These results agree with a recent study
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showing that TLR7 signaling in B cells was required for full participation in the GC
response to LCMV infection*'. Interestingly, the same discrimination against Myd88™”
cells was seen in GC B cells from the mesenteric LNs of Ly5.1/Ly5.2 chimeric animals
(Fig. 2.9C), indicating that B cell-intrinsic MyD88 signaling contributes importantly to
GC responses to gut microbiota-derived antigens. This function of MyD88 could
contribute to the great susceptibility to encapsulated pathogenic bacteria seen in
individuals deficient in MyD88 or IRAK4®, Similarly, when I used IgH allotype markers
and focused on GC B cells that had isotype switched to IgG2a, we observed a decreased
representation of Myd88'1gG2a"”*GC B cells compared to Myd88**1gG2a** GC B cells
(Fig. 2.9B and Fig. 2.10B). Interestingly, B cell-intrinsic MyD88 signaling enhanced the
amount of high affinity IgG2a” secreted but did not affect the titer of diverse affinity
IgG2a” (Fig. 2.9A). Thus, B cell-intrinsic TLR9/MyD88 signaling conferred an
advantage to B cells for GC development and/or survival that translated to increased
production of high affinity IgG. In contrast, class switch to I[gG2a was similar in both
Myd88" and Myd88** B cells in mixed bone marrow chimeras, whereas it was defective
if all B cells were Myd88". Therefore, I hypothesize that Myd88** B cells in the GC of
mixed bone marrow chimeric mice were able to promote the ability of Ty, cells to induce
B cells of either genotype to class switch to IgG2a (Fig. 2.9A), for example by
production of IFNYy. Previous studies have demonstrated that in some immunizations
class switch to IgG2a can be a B cell-intrinsic function of TLR9 signaling® '**, but it is
also well established that IFNYy promotes class switch to IgG2a'” ', Thus, there appear
to be two distinct mechanisms by which TLR signaling promotes class switch to IgG2a in
vivo.

The experiments presented here largely agree with a recent report by Pulendran
and colleagues®’, which showed that co-administration of TLR ligands and antigen
adsorbed separately to nanoparticles stimulated a vigorous GC response characterized by
secretion of a large amount of high affinity antibody and robust B cell memory. In our
experiments, a robust response was obtained by direct linkage of a haptenated protein
antigen to a TLR9 ligand in oligomeric soluble complexes. In both systems, TLR
signaling in DCs and in B cells was important for the enhanced IgG response achieved
with this type of adjuvant. I have extended these findings by characterizing how TLR
signaling in DCs and B cells differentially informs follicular CD4" T cell populations,
composed of both Ty, and Ty, cells. In addition, I identified B cell-intrinsic requirements
for TLR signaling that enhance affinity maturation and increase the number of antigen-
specific memory B cells. The results from the two systems were not entirely identical as
nanoparticle immunization was similar to that observed with virus-like particles
containing TLR7 or TLRY ligands®** where selective deficiency of MyD88 from B cells
decreased the overall IgG response. This difference could reflect the particulate nature of
these immunogens. Collectively these reports indicate that delivery of TLR ligands to B
cells can result in significantly improved production of high affinity antibody and
improved B cell memory, both of which are desirable goals of vaccination.

23



DISSERTATION FALL 2012 ROOKHUIZEN

Materials and Methods

Mice. Mice carrying a floxed MydS§8 allele (Myd88™", CBy.129P2(B6)-Myd88™'"/J)
were generated as described previously®* and backcrossed to the C57BL/6 background
for at least 10 generations. C57BL/6 backcrossed Mb1-Cre'*® and CD11c-Cre'*’ mice
were crossed to Myd88"" mice to generate mice deleted for MydS88 selectively in B cells
or in dendritic cells, respectively. The following mice were obtained from Jackson
Laboratory: C57BL/6 (B6), B6.Cg-Igh® Thyl® Gpil‘/J, B6 CD45.1 (Ly5.1"BoylJ, from
Jackson or NCI). Male or female cohorts between 8 and 12 weeks were age matched
within two weeks. Mice were housed in a specific pathogen-free animal facility at the
University of California San Francisco. All procedures involving mice were preformed
with institutional animal care and use committee (IACUC) approval and in accord with
National Institutes of Health guidelines.

Generation of CpG- and nonCpG-NPCGG conjugates and mouse immunizations.
10mg of lyophilized 4-Hydroxy-3-nitrophenyl-haptenated chicken gamma globulin (NP,
17CGG, Biomol) was reconstituted in 1mL 0.1M sodium bicarbonate buffer (pH 8.3) and
biotinylated by adding dropwise 112mL of a solution containing biotin-sulfosuccinimidyl
ester (Invitrogen, B6352) dissolved in dimethylformamide (10mg/mL) with constant
stirring at 25°C. The reaction was allowed to proceed for 3hrs in the dark followed by
three washes in Dulbecco’s PBS by 30-fold dilution and centrifugation in an Amicon
Ultra Centrifugal Filter (Millipore) with a 50kD molecular weight cut-off according to
manufacturer’s guidelines. Biotin-CpG1826 (TCCATGACGTTCCTGACGTT) or
biotin—nonCpG1982 (TCCAGGACTTCTCTCAGGTT) (Integrative DNA Technologies)
containing a phosphorothioate backbone in PBS was mixed with biotin-NP-CGG at a
molar ratio of 2.6 to 1, followed by the addition of 4 moles of streptavidin monomer for
each mole of NP-CGG in an equivalent volume of PBS. The mixture was incubated on a
rocker for 3 h at 4°C, washed as described for biotinylated NP-CGG, and the final
concentration adjusted to 0.5-0.66 mg of NP-CGG/ml in PBS. Mice were injected
subcutaneously with 50 ul in the hind flanks, sacrificed at days 14 or 21-post
immunization, and the draining inguinal lymph nodes harvested for analysis by flow
cytometry or frozen in OTC for histological examination. For antibody titers, blood was
collected by submandibular lance using Goldenrod lancets, in most cases on days 7, 14,
21 and every two weeks thereafter for time courses.

Flow Cytometry and Cell Sorting. Lymphocytes were harvested from inguinal lymph
nodes by passage through a 40mm mesh filter (Fisher Scientific) and labeled in flow
cytometry buffer HBSS (Cellgro) supplemented with ImM EDTA, 2% heat-inactivated
FBS, and 0.02% sodium azide) with antibodies to the following antigens: CXCRS5-biotin,
IgG2a“biotin, IgG2ab—biotin, CD45.1-biotin, CD4-PECy7, PD-1-PE, IgD-FITC, CD44-
FITC, CD44-APC, B220-PacBlu, B220-Alexa647, CD25-APC (BD Biosciences), IgD-
PerCPCy-5.5, ICOS-PerCPCy-5.5, ICOS-PECy7, B220-APC-Cy7, CD62L-APC-Cy7,
CD45.1 PercPCy5.5, CD45.2-PacBlu, CD45 .2-Alexa700 (Biolegend) IgD-APC, and
GL7-APC (eBioscience). Biotinylated antibodies were detected with streptavidin-
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Qdot605 (Invitrogen). Lymphocyte nuclei were stained with anti-FoxP3-eFlour450
(eBioscience) using the BrdU Flow Kit from BD Biosciences. Antigen-binding cells were
detected with NP (4-Hydroxy-3-nitrophenyl)- or NIP (4-Hydroxy-3-iodo-5-nitrophenyl)-
labeled (Biosearch Technologies) R-phycoerythrin (P801, Invitrogen) and
allophycocyanin (A803, Invitrogen), which were prepared as previously described'*®. All
flow cytometry data were generated on an LSRII (Becton Dickinson) and analyzed with
FlowJo (TreeStar) software, version 9.5. For sorting Ty, CD4"T cells were enriched by
negative selection using Dynal Mouse CD4 Negative Isolation Kit (Invitrogen, Cat. No.
114.15D) before labeling 15x10° cells with antibody in a one ml volume of HBSS buffer
containing 2%BSA and ImM EDTA. Cells were sorted on a MoFlo cell sorter (Dako
Cytomation) into cold complete RPMI1640 medium containing 20% heat-inactivated
FBS, pelleted in a microcentrofuge and stored at -80°C until RNA extraction.

Bone marrow chimeras. To generate MbI-cre/Myd88™":WT mixed bone marrow
chimeras with different IgH allotypes, Ly5.1"BoyJ mice (Jackson) were lethally-
irradiated and reconstituted with 3 x 10° bone marrow cells composed of equal portions
of bone marrows from Mb-1cre/Myd88™"(1gH”) and B6.Cg-Igh*Thy1°Gpil“/J WT (IgH*)
or from C57BL/6 WT (IgH”) and B6.Cg-Igh“Thy1°Gpil*/J WT (IgH") as a control. The
same protocol was used to generate MbI-cre/Myd88"":WT mixed bone marrow chimeras
expressing different Ly5 allotypes using either Mb-1cre/Myd88™(Ly5.2") and BoyJ
(Ly5.1%) or C57BL/6 (Ly5.2%) and BoyJ (Ly5.1%) as a control. Chimeric mice were
allowed to reconstitute for 10 weeks before immunization.

Immunohistochemistry. Draining lymph nodes were embedded in optimal cutting
temperature compound (OCT) (Sakura Finetek), frozen on dry ice and liquid N, and
sectioned into 7mm slices using a Leica CM3050S cryomicrotome. Fresh sections were
allowed to dry o.n. at room temperature before acetone-dehydration and storage at -80°C.
Thawed sections were incubated in Tris-buffered saline (TBS), pH 8.5 containing
5%BSA and 1% normal mouse serum for lhr at room temperature, rinsed in TBS, and
endogenous streptavidin and biotin sites blocked using a Streptavidin and Biotin
Blocking Kit (Vector Labs). GCs, Ty, and Tz were visualized by labeling blocked
sections with IgD-APC (Biolegend), CD3-FITC (BD Biosciences), followed by FoxP3
nuclear staining with biotin-FoxP3 (eBioscience) and streptavidin-Cy3 (Jackson) using
the eBioscience FoxP3 staining kit. All images were captured with an Axio Observer Z1
microscope (Carl Zeiss) using Axiovision software version 4.8. All kits were used
according to the manufacturers’ protocols.

mRNA isolation, cDNA, and real-time PCR analysis. Frozen cell pellets were
harvested in RLT lysis buffer (Quiagen) containing 0.1% 2—mercaptoethanol and RNA
isolated using the RNeasy Micro Kit (Quiagen, Cat. No. 74004) with on-column DNA
digestion. cDNA was reverse transcribed from total RNA using the iScript cDNA
Synthesis Kit (Bio-Rad, Cat. No. 170-8890). A Sybr Green (Roche) assay was used to
detect amplification of cDNA by quantitative PCR on an ABI 7700 sequence detection
system (Tagman; PE Applied Biosystems) with the following primers: IL-21 forward, 5’-
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GCTCCACAAGATGTAAAGGG-3’; reverse, 5’-TTATTGTTTCCAGGGTTTGA-3’;
IL-4 forward, 5’- AGATCATCGGCATTTTGAACG-3’; reverse, S'-TTTGGCACAT -
CCATCTCCG-3'; IFNy forward, 5’-AACATAAGCGTCA-TTGAATCA-3’; reverse 5’-
GCTGGACCTGTGGGTTGT-3’, FoxP3 forward, 5’-TCCAGGTTGCTCAAAGTC-
TTCTTG-3’; reverse, 5’-AGGCTGCTGTTACGGGA- ATAGG-3’; glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) forward, 5’-GGTCTACATGTTCCAGTATG -
ACTCCA-3’; reverse, 5’-GGGTCTCGCTCCTGGA- AGAT-3’. Sequence Detection
software version 1.2.2 was used to calculate cross-threshold (Ct) values. mRNA
expression was calculated relative to GAPDH.

ELISA. 96-half-well high binding polystyrene plates (Costar 3690) were coated
overnight at 4°C or for one hour at 37°C with NP, ;-BSA to capture diverse affinity anti-
NP antibodies, or with NP -BSA for high affinity anti-NP IgG. Briefly, antigen-coated
ELISA plates were blocked with 2% heat-inactivated FBS in PBS for 1hr at room
temperature, incubated with serum overnight at 4°C for diverse and high affinity ELISAs
followed by 4 washes in PBS (pH 7.4) supplemented with 0.02% Tween-20. Plates were
then coated with horseradish peroxidase-conjugated detection antibodies (Southern
Biotechnologies)—anti-total IgG (1/5000), -IgG1 (1/5000), and -IgG2c (1/5000)—for
one hour at room temperature and then washed four times. For quantification of distinct
IgH allotypes, biotinylated antibodies against IgG14(1/100), IgG1” (1/200),
IgG2a“(1/100), and IgG2a”(1/200) (BD Biosciences) were incubated with serum-coated
plates for one hour at room temperature, washed four times and then labeled with
streptavidin-HRP (1/5000) for an additional hour and then washed as before. ELISA
plates were then developed with 3,3°,5,5’-tetramethylbenzidine (TMB) substrate (Vector
Labs) and the reaction quenched with 2N sulfuric acid. The optical densities at 450 and
570 were measured on a VERSAmax microplate reader (Molecular Devices), and the
difference in optical densities (0.D.450-570) was plotted for comparison of the slopes
and calculation of relative titers.

Statistical analyses. One-way analysis of variance (ANOVA), Bonferroni’s correction
for multiple groups and Student’s #-tests were performed with a 95% confidence interval
using GraphPad software from Prism.
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Figure 2.1 Attachment of a TLRY ligand enhances the GC response to NP-CGG. (A)
Gating strategy for flow cytometric identification of NP-specific GC B cells
(B220"NP'IgD"Fas") in the draining inguinal lymph nodes (iLN) after subcutaneous
(s.c.) immunization of C57BL/6 mice with CpG-NP-CGG (CpG) or nonCpG-NP-CGG
(non) conjugates. (B) Enumeration of total GC B cells (B220"IgD"Fas", open) and NP-
specific GC B cells (B220*NP*IgD"Fas", filled). Each symbol represents the value
obtained for a single mouse. (C) Kinetics of primary and secondary diverse affinity anti-
NP IgG (left) and high affinity anti-NP IgG (right) antibody levels following
immunizations as in a. and boosted s.c. on day 53 with NP-CGG in saline. (D) Diverse
affinity (anti-NP s, left), high affinity (anti-NP,, center), and affinity maturation (ratio of
anti-NP, to anti-NP,; IgG, right) of anti-NP IgG measured by ELISA at day 21 following
immunization of WT mice as in A. (E) Total anti-NP IgG2a” measured by ELISA at day
21 following immunization as in a. (F) Effect of CpG inclusion in the antigen on
generation of memory anti-NP B cells. Shown is fold increase in diverse affinity anti-NP
IgG titers from day 53 to day 60 (day 7 post-secondary challenge), left, and in high
affinity anti-NP IgG titers from day 53 to day 67 (day 14 post-secondary challenge)
following secondary immunization with NP-CGG in saline: Black, CpG-NP-CGG:; grey,
nonCpG-NP-CGG. Data in A, B, D, and E are representative of at least 6 experiments
and in C and F, of two experiments. *p<0.05, **p<0.005, ***p<0.0001 (#-test). CpG,
CpG-NP-CGG; non, nonCpG-NP-CGG. dpi, days post immunization.

Figure 2.2 Total numbers of NIP-binding plasma cells (B220°CD138"NIP'IgD") per LN
14 days post-immunization. NIP (4-Hydroxy-3-iodo-5-nitrophenyl) is an iodinated form
of the hapten NP (4-Hydroxy-3-nitrophenyl) which binds with higher affinity than NP to
BCRs of the same specificity. (A) Representative flow cytometry plots for detection of
B220°CD138"NIP'IgD" plasma cells. (B) Enumeration of the total number of NIP-
binding plasma cells per draining iLN.

Figure 2.3 A TLRO ligand increases the numbers of Ty, and alters their phenotype. (A)
Representative flow cytometry plots of CD4" T cells depicting Ty, gating scheme
(CD62L"B220"°FoxP3 CD44"PD-1*CXCRS5"). (B) Frequencies and numbers of Ty, 14
days after immunization with CpG-containing or non-CpG-containing NP-CGG
conjugates. Upper, frequency of Ty, determined as shown in @ and displayed as percent
of activated (CD44"CD62L") CD4+ T cells. Lower, total number of Ty, per lymph node
(LN). (C) Cells identified as Ty in A were Bcl-6" as shown by flow cytometry
histograms comparing Bcl-6 expression in Ty, T,, and naive CD4'T cells. (D) Relative
abundance of follicular helper T cells calculated as the ratio of the number of Ty, to the
number of GC B cells per draining lymph node. (E-G) Effect of TLR9 ligand on Ty cell
expression of ICOS and PD-1. (E) Left, flow cytometry histogram of ICOS expression on
CD4'T cells (B220°CXCRS5', filled grey), and T cells from lymph nodes of nonCpG-
(open grey) and CpG-NP-CGG-immunized mice (open black). Right, ICOS expression
represented as median fluorescence intensity (MFI) of Ty, cells (filled) and effector
CD4'T (Tggp)cells (CD62L°B220°CD44"CXCR5 FoxP3", open). (F) Flow cytometry
histograms of PD-1 expression of all Ty, cells gated as CD4"CD62L"°CD44"CXCRS5".
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Right, PD-1 expression represented as median fluorescence intensity (MFI) of all Ty, and
T (G) As PD-1 expression on Ty, was heterogeneous, the fraction of Ty, expressing
PD-1 at a higher level is also shown. Left, flow cytometry plots showing the percentage
of Ty cells gated as CD62L"°CD44"FoxP3 CXCR5'CD4" that are PD-1". Right,
summarized data from flow cytometry analysis depicted in left panel. (H) Cytokine-
encoding mRNA expression by Ty, cells defined as in panel A and isolated by sorting
cells from draining lymph nodes of mice immunized with nonCpG- and CpG-NP-CGG
14 days prior. (B, D, G) Open circles, nonCpG-NP-CGG:; filled circles, CpG-NP-CGG.
(E, F) Open circles, Tgg; closed, Ty,. (C-G) statistical significance is indicated as
follows: *p<0.05, **p<0.005, ***p<0.0001 (student’s ¢-test) and H, *p<0.05 (paired -
test).

Figure 2.4 Bcl-6 expression in mLN Ty, and iLN GC B cells and localization of Ty, and
T cells in the GC. (A) flow cytometry histogram of nuclear Bcl-6 staining in naive T
cells (CD4"CD62L*"CD44, filled grey histogram), effector T cells (CXCR5CD62L
CD44*CD4", open grey histogram), and follicular helper T cells (CD62L ' CD44*PD-1*
CXCRS5CD4", open black histogram) from mesenteric LNs of WT C57BL/6 mice. (B)
Flow cytometry histogram of nuclear Bcl-6 staining in naive I[gD*Fas’ B220" B cells
(filled grey histogram) and IgD"°Fas"B220*GC B cells from inguinal LNs as a negative
and positive control, respectively, for Bcl-6 staining in follicular helper CD4'T cell
depicted in A. (C) Immunofluorescent staining of with anti-CD3 for T cells (green), anti-
FoxP3 (red) for regulatory T cells (red and green) and anti-IgD-APC to delimit the B cell
follicles (blue) and T cell zone in LN sections sections from WT mice immunized with
nonCpG- or CpG-NP-CGG 14 days prior. Ty (green) and Ty (green and red) cells can be
seen inside germinal centers located within the IgD" area at the centers of IgD" (blue)
follicles, top panel. Bottom, digitally magnified insets correspond to numbered white
boxes, showing red FoxP3" nuclear staining with surrounding CD3" (green) surface
staining: 1, extrafollicular region; 2-5, germinal center. White arrows indicate
FoxP3"CD4" cells.

Figure 2.5 TLRY signaling in DCs and B cells control magnitude and quality of the GC
response, respectively. (A) Wild type, CDI1c-cre/MyD88™ (DC™"), Mb1-cre/MyD88" "
(B7),and CDIIc-cre x MbI-cre/MyD88" " (DC"B™) mice were immunized with
nonCpG- (white bars) or CpG-NP-CGG (dark bars) and the total number of NP*GC B
cells per LN were determined 14 days after immunization as described in Fig. 1.
Preimmune numbers of GC B cells are also shown (gray bar). (B) Ratio of high affinity
anti-NP IgG to diverse affinity anti-NP IgG as in Fig 2.1D. (C) Levels of class switched
IgG2a” (IgG2c, left) and IgG1 (right) anti-NP antibodies present in the serum of DC” and
B mice 14 days after immunization with CpG-NP-CGG. (D) The cell-type specific
requirements for TLR9 signaling to promote formation of memory B cells were assessed
by measuring the fold-increase in diverse (left) and high affinity (right) IgG anti-NP
antibody 7 or 14 days, respectively, following secondary immunization with NP-CGG in
saline 53 days after the primary immunization. Statistical significance between different
genotypes of mice was measured by one-way analysis of variance (ANOVA) and
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Bonferonni’s post hoc analysis for comparison of individual groups immunized with
CpG-NP-CGG (A-D). For comparison between WT (+/+) mice immunized with non-
CpG and CpG-NP-CGG, a Student’s r-test was performed. *p<0.05, **p<0.005,
*#%p<0.0001. A-C represent one of four replicate experiments and D represents one of
two.

Figure 2.6 Production of diverse and high affinity anti-NP IgG in WT, DC”,B”, and
DC"B™ mice. (A) Relative concentrations of diverse affinity anti-NP IgG from mice with
cell type-specific deletion of MyD88 were determined by ELISA 14 days after
immunization with non-CpG (white bars) or CpG-NP-CGG (black bars). (B) Relative
concentrations of high affinity anti-NP IgG from mice with cell type-specific deletion of
MyD88 were determined by ELISA 14 days after immunization as in B. A, WT,DC"",
B”, one of four experiments where similar results were obtained; DC"B™, one of two
where similar results were obtained. B, experimental averages of anti-NP, IgG titers. A
and B, white bars, nonCpG-NP-CGG; black bars, CpG-NP-CGG.

Figure 2.7 TLRY signaling in DCs and B cells determines Ty number and phenotype.
WT mice (+/4) or mice deleted for Myd88 selectively in DCs or B cells or both DCs and
B cells were immunized with non-CpG- (white bars) or CpG-NP-CGG (black bars) as in
Fig. 2.1 and were analyzed by flow cytometry on day 14. Preimmune (“unimmunized”)
numbers of Ty, cells are also shown (gray bar). (A) Total numbers of Ty, per LN. (B)
Pooled data showing frequency of Ty, (PD-1"*CXCRS5") from WT, DC”, and B and DC”
B mice as a percentage of activated CD4'T cells (CD62L""CD44"). (C) Ratio of Ty to
GC B cells in draining lymph nodes of individual mice, normalized to WT mice
immunized with nonCpG-NP-CGG. (D) Cell surface expression of ICOS (median
fluorescence intensity, MFI) of Ty from the draining lymph nodes, displayed as the fold
increase relative to WT mice immunized with nonCpG-NP-CGG. (E) Percentage of PD-
1" Ty, gated as in Fig. 2.3G in WT and MyD88 conditional knockout mice. (A-E)
*p<0.05, **p<0.005, ***p<0.0001 (one-way ANOV A and Bonferonni’s post hoc
correction for multiple group analysis of different genotypes immunized with CpG-NP-
CGG; student’s t-test for comparison of two-different types of antigen for wild type mice
as in Fig. 2.5. A-C, pooled data from two of two replicate experiments; D, WT, DC"" and
B data are from three experiments; DC”B” data are from two; E, WT,DC” and B™
data are from four experiments; DC'B™ data are from two.

Figure 2.8 Expansion of Ty cells in response to CpG-linked antigen and cytokine
expression in sorted Ty from WT, DC”, B”, and DC"B” mice. (A) Comparison of the
total number of CD4*CD62L"°CD44"FoxP3™ T cells per LN at day 14 post
immunization with nonCpG- or CpG-NP-CGG in WT littermate control, CDI1c-Cre
Myd88" (DC"), MbI-Cre Myd88™(B™), and CD11c+MbI-Cre Myd88™ (DC'B™)
mice. Circles: open, nonCpG-NP-CGG; black, CpG-NP-CGG; grey, unimmunized. (B)
Cytokine mRNA expression in sorted T cell subsets. Tgg: (black), Ty, (grey), and naive
CD4'T cells (light grey) from WT Myd88™, CD11c-Cre Myd88™ (DC™), and MbI-Cre
Myd88"(B™) mice were sorted by flow cytometry according to surface expression of
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proteins defined for each subset in Fig. 2.4. IFNy, IL-21, and IL-4 cDNA were amplified
using a qPCR SYBR Green assay and normalized to expression levels of GAPDH as
described in materials and methods.

Figure 2.9 B cell-intrinsic TLRY signaling promotes affinity maturation in the GC.
Mixed bone marrow (BM) chimeras were generated by reconstituting lethally-irradiated
Ly5.1" BoyJ mice with equal parts of B"(Mb1-cre)/MyD88" (IgH") and WT(IgH) bone
marrows or control WT (IgH”) and WT(IgH") bone marrow. After reconstitution for 10
weeks, mice were immunized with nonCpG (open circles) or CpG-NP-CGG (closed
circles). (A) 14 days post immunization, the relative amounts of diverse affinity (anti-
NP, , right) and high affinity (anti-NP,, left) IgG2a” (top) and IgG2a® (bottom) were
determined by ELISA as in Fig. 2.1. (B) Numbers from individual draining lymph nodes
of allotyope-specific (IgG2a’, top or IgG2a“, bottom) NP-binding GC B cells obtained
from mixed BM chimeric mice 14 days after immunization. (C) Left, flow cytometry
gating logic for distinguishing Ly5.1" and Ly5.2" follicular B cells (IgD") and GC B cells
(B220"IgD"Fas") from draining inguinal LNs or from mesenteric LNs (mLNs) of a B”
(Mb1-cre Myd88™) (Ly5.2%): WT (Ly5.1") chimeric mouse. Right, percentage of
NP*Ly5.1"or NP*Ly5.2* GC B cells per total GC B cells from draining inguinal LNs
(upper) or mLNs (lower) 14 days after immunization with CpG-NP-CGG. (D) Total Ty,
cells in individual lymph nodes, enumerated on day 14 as in Fig. 2.5B. One-way
ANOVA and Bonferonni’s post hoc correction for multiple group analysis; Student’s #-
test for comparison of two-different types of antigen for wild type mice as in Fig. 3,
*p<0.05, **p<0.005, ***¥p<0.0001. Data are from two of two replicate experiments in
which similar results were obtained.

Figure 2.10 B cell-intrinsic and -extrinsic MyD88 signaling promotes selection in the
germinal center. (A) Lethally irradiated Ly5.1"BoyJ mice were reconstituted with mixed
bone marrow carrying allotypically distinct IgH* and IgH” alleles as in Fig. 5. The
percentage of IgD"Fas B220" B cells expressing either IgD* (open circles) or IgD’ (closed
circles) is shown. (B) Representative 2-dimensional flow cytometry plots displaying
gating strategy to enumerate allotype-specific NP-binding GC B cells (B220*NP*IgD
Fas'IgG2a“* or IgG2a"") from WT (IgH”): WT(IgH*) and Mb1-cre/MyD88"" (IgH"):
WT(IgH) BM chimeras two weeks after immunization with nonCpG-NP-CGG and
CpG-NP-CGQG, left. Right, compiled flow cytometry data showing the frequencies of NP-
specific GC B cells that expressed either IgG2a“" or IgG2a”" on their cell surface. (C)
Summarized flow cytometry data showing the reconstitution efficiencies of Ly5 allotype-
expressing IgD"Fas follicular B cells from mixed bone marrow chimeras generated by
reconstituting Ly5.1"BoyJ mice with equal parts of either MbI-Cre MyD88"(Ly5.2") and
WT(Ly5.1%) bone marrows or WT(Ly5.2") and WT(Ly5.1") bone marrows as a control.
(D) Flow cytometry gating scheme to distinguish Fas"B220" GC precursor B cells that
expressed either IgD* or IgD” (IgD*). Graph, percentage of Fas-positive IgD** (open
circles) or IgD"" (filled circles) B220* GC precursor B cells in draining iLNs 14 days after
immunization of chimeric mice. (E) Flow cytometry plots showing gating strategy to
distinguish IgD*Fas® GC percursor B cells that expressed either Ly5.1 or Ly5.2, left.
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Right, summary of percentage of GC precursor B cells expressing either Ly5.1 (open
circles) or Ly5.2 (filled circles) from draining iLNs (open bars) or mLNs (grey bars) of
chimeric mice 14 days after immunization with CpG- and nonCpG-NP-CGG conjugates.
(F) The number of FoxP3"Ty; as a percentage of total follicular CD4'T cells
(CD62L"°CD44"CXCRS5'PD-1%) in draining LNs from the same mixed bone marrow
chimeras described in A and Fig. 5. Data are from one of two replicate experiments with
similar results.

Figure 2.11 TLRO signaling in DCs and B cells preferentially enhances development and
maintenance of Ty, over FoxP3*T follicular regulatory cells (Ty). Wild type mice or
mice deleted for Myd88 selectively in DCs, B cells, or both DCs and B cells were either
immunized with nonCpG-NP-CGG (open symbols) or CpG-NP-CGG (closed symbols).
Preimmune Ty, numbers are also shown (grey circles). (A) Analysis by flow cytometry of
FoxP3*follicular T cells (gated as CD4"CD62L'B220°CD44"PD-1"CXCR5"FoxP3"). The
percentage of follicular CD4'T cells that are FoxP3" in individual lymph nodes are
indicated on the representative plots. (B) Percentage of Ty cells in the follicular CD4" T
cell pool, gated as in A. (C) Total number of Ty, per draining lymph node. Symbols
represent individual mice. One-way ANOVA followed by Bonferroni’s post hoc analysis
for comparison of groups immunized with CpG-NP-CGG; Student’s #-test for
comparison of two-different types of antigen for wild type mice as in Fig. 2.5, *p<0.05,
**p<0.005, ***p<0.0001. Figure represents pooled data from two of two replicate
experiments in which similar results were obtained.

Figure 2.12 TLR9/MyD88 signaling modulates the frequency of follicular but not
extrafollicular FoxP3"CD4'T cells. (A) The number of FoxP3" Ty, as a percentage of
follicular CD4'T cells at days 5 and 14 after immunization of WT littermate control,
DC", and B" mice with nonCpG- and CpG-NP-CGG. (B) Relative expression of FoxP3
mRNA in follicular T cells sorted as CD4*CD62L"B220"°CD44"PD-1*CXCR5" from WT
mice that were immunized 14 days prior with either nonCpG- or CpG-NP-CGG. (C)
Number of FoxP3" Tgy cells as a percentage of activated extrafollicular T cells
(CD4*CD62L"°CXCR5 CD44"CXCR5).

Figure 2.13 TLR signaling in DCs and B cells controls GC magnitude and quality,
respectively. The experiments presented in chapter two add to previous knowledge
represented in Fig.1.2. Deletion of MyD88 in DCs and B cells revealed a division of
labor in the GC response where DCs set the magnitude of the GC reaction by
significantly augmenting Ty, cell development in response to TLR stimuli. Separately,
TLR signaling in B cells controlled qualitative aspects of the GC by enhancing affinity
maturation, B cell memory, and class switch to IgG2a” (IgG2c¢). Still signaling in DCs
and B cells both modulated the qualitative aspects of the Ty compartment by modulating
ICOS and PD-1 levels as well as the composition of FoxP3" Ty cells in the follicular
CD4'T cell pool, likely impacting selection.
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Figure 2.5
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Figure 2.6
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Chapter Three

Requirement for ICOS/ICOSL costimulation in TLR-enhanced GC
reactions and affinity maturation

B cell-extrinsic and -intrinsic roles for ICOSL during affinity maturation
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ABSTRACT

TLR signaling informs adaptive responses such as germinal center (GC) responses that
critically require ICOS/ICOSL costimulation for reciprocal maintenance between cognate
follicular helper CD4'T cells and GC B cells. How TLRs enhance GC output such as
affinity maturation is not well understood. To investigate the regulation of ICOS/ICOSL
costimulation by TLR signaling during a GC response, I linked a T-dependent antigen to
oligonucleotides containing (CpG) or lacking (nonCpG) a TLRO ligand. TLRO signaling
boosted the GC response by expanding Ty, as well as GC B cell numbers and by
increasing production of diverse and high affinity IgG. Experiments using Icosl” mice as
well as a series of mixed bone marrow chimeras demonstrated that TLRO required
ICOSL expression on B cells to promote production of diverse affinity IgG and to expand
the Ty cell compartment in a B cell-extrinsic way. Surprisingly, TLRO9 required ICOSL
expression specifically on responding B cells to enhance affinity maturation, revealing
that ICOSL plays a previously unknown B cell-intrinsic role in GC selection processes.
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INTRODUCTION

Antibody quality and serological memory are refined in germinal centers (GCs),
transient structures that form in B cell follicles in response to antigen and that are
exceptionally well-suited for B cells to affinity mature their B cell receptors as they
compete for survival and selection cues from a transcriptionally distinct subset of CD4'T
helper cells that express CXCRS5", follicular T helper cells (Tgy)*>*. The costimulatory
receptor ICOS and its ligand ICOSL belong to the larger CD28/B7 family of
costimulatory receptor-ligand pairs and their expression is critical for germinal center
formation and persistence, most likely due to their ability to support Ty, cell development
and maintenance™ """ 1%,

Try and GC B cell development are codependent. Early reports described the
presence of CD4'T,, cells in humans that expressed high levels of both CXCRS5 and
ICOS, localized to the light zone of germinal centers where selection occurs, and were
superior to CXCR5"CD4'T cells in their provision of B cell help’®™. Subsequently, it was
observed that ICOS-deficient patients as well as Icos™ mice had a reduction or absence of
CXCRS5'CD4' Ty cells'>'*. Tt is now apparent that Ty, cells and ultimately GCs develop
through two key checkpoints: a first checkpoint in which antigen-presenting DCs induce
clonal expansion of naive CD4'T cells, which then adopt either an effector T (Tgg) or a
Ty cell fate, and a second checkpoint in which cognate GC B cells interact with Ty, cells
to induce their full maturation or stabilization as Ty cells. The first checkpoint requires
ICOSL expression on DCs for Ty cell development and GC formation'* . The second
checkpoint depends on the homophilic interaction of Ly108, a member of the signal
lymphocyte activation molecule (SLAM) family of cell adhesion molecules that signals
through SLAM associated protein (SAP) and on ICOSL™ 7108 111122123 31 Dyring the
second phase, ICOSL on B cells stimulates production of IL-4 and IL-21 cytokines from
Ty cells™ ' which promote Ty and GC B cell survival, affinity maturation, plasma cell
formation and B cell memory**™,

ICOSL expression on B cells is dynamically regulated by multiple mechanisms.
For example, BAFF-R and CDA40 transcriptionally upregulate expression of ICOSL on B
cells through noncanonical NF-kB signaling'*. Conversely, another TNFR family
member on B cells, TACI appears to negatively regulate ICOSL levels on B cells'”.
ICOSL expression on B cells is reduced upon interaction with T cells expressing ICOS
by shedding from the cell surface, and TLR7 or TLR9 signaling in B cells can prevent
this shedding* "**. In several of these studies, changes in ICOSL levels on B cells
correlated with the size of the GC reaction.

Several groups have shown that TLR signaling in B cells can impact the size and
quality of a GC reaction***"'**, but how this might interface with ICOSL/ICOS
costimulation is not known. To address this issue, I studied the GC antibody response to
conjugates made by linking the T-dependent antigen NP-CGG to oligonucleotides that
either contained (CpG) or lacked (nonCpG) a TLR9Y ligand. Interestingly, attachment of a
TLRO ligand to NP-CGG induced a stronger GC response that resulted in more anti-NP
IgG and enhanced affinity maturation, compared to immunization with a control
conjugate lacking a CpG motif. Strikingly, Ty, cells expressed 3-fold higher levels of
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ICOS when the antigen contained a TLRY ligand. The CpG enhancement of the GC
response was not seen in Icosl”” mice or in mixed bone marrow chimeric mice in which B
cells were selectively deficient in ICOSL expression, demonstrating that ICOS
costimulation was required during the phase of the GC response when cognate B cells
interact with T, cells. ICOSL expression on B cells appeared to contribute to the
enhanced GC response by stabilizing Ty, cell function and also by a cell-intrinsic
enhancement of the ability of ICOS-expressing GC B cells to be selected for higher
affinity.

RESULTS

Attachment of a TLRY ligand to a haptenated protein antigen enhances the
germinal center response

To address how TLR signaling can enhance a T cell-dependent antibody response,
I linked nitrophenol-haptenated chicken gamma globulin (NP-CGG) with a biotinylated
oligonucleotide either containing (CpG) or lacking (nonCpG) a TLRO ligand motif. In
Icosl*"™* (C57BL/6) mice, the IgG anti-NP response was enhanced 2-5-fold by conjugation
of a TLRO ligand to the antigen and this enhancement was greater when only high
affinity IgG was assessed with an ELISA using NP,-BSA on the plate than when diverse
(high plus low) affinity IgG was measured using NP,;-BSA (Fig. 3.1A). This
enhancement was lost when Icosl” mice were immunized, even though the response to
the nonCpG conjugate was only decreased by 2-fold (Fig. 3.1A). The enhanced high
affinity IgG response seen when a TLRO ligand was conjugated to NP-CGG was
accompanied by a several-fold increase in the number of PD-1"CXCRS5" Ty, cells per
draining LN (Fig. 1B) and an increase in the fraction of GC phenotype B cells (Fig.
3.1C). The 2-fold increased number of GC B cells was absent in immunized Icosl” mice.
Interestingly, the conjugation of a TLR9 ligand to NP-CGG increased the expression of
ICOS on the Ty by approximately 3-fold (Fig. 3.1D). Since the enhanced IgG response
and GC B cell expansion were dependent on ICOSL, this increase in ICOS expression on
Try 18 likely to be a contributor to the enhanced response. Interesting in this regard,
ICOSL expression on GC B cells was unaffected by TLRY stimulation (Fig. 3.1E).

ICOSL on DC:s is sufficient for GC formation but not for antibody abundance or
quality in mice lacking ICOSL selectively in B cells

The requirement of ICOSL for TLR9 to enhance the GC response to CpG-NP-
CGG could originate during the early phase of GC development when costimulatory
interactions between DCs and T cells activate CD4*T helper cells, during which ICOS
stimulation can enhance adoption of the Ty, cell fate by some of these cells'* ''*'* !
it could reflect a role for ICOSL later during the ongoing GC reaction when Ty, cell
maintenance relies mainly on antigen presentation and costimulatory signals from
cognate GC B cells'® """+ 3% 137 Tq address this question, I generated mixed bone
marrow chimeras in which the B cells were selectively defective in ICOSL. Lethally-
irradiated Ly5.1" mice were reconstituted with a 4:1 mixture of bone marrows from uMT
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(B cell-deficient) and Icosl” mice, respectively, or, as a control, with a 4:1 mixture of
bone marrow from uMT and Icosl*"* (C57BL/6) mice. In the former, bone marrow
chimeric mice, 80% of hematopoietic-derived cells other than B cells express ICOSL
normally, whereas all donor-derived B cells are ICOSL-deficient. These mice were
immunized as above with CpG-NP-CGG or with nonCpG-NP-CGG. At day 7, diverse
affinity anti-NP IgG titers were significantly expanded following immunization of the
Icosl*"™; uMT chimeras with CpG-NP-CGG compared to those similar mice that received
nonCpG-NP-CGG (Fig. 3.2A). Deletion of ICOSL on B cells significantly reduced the
titers of anti-NP IgG to similar levels seen upon immunization with nonCpG-NP-CGG
(Fig. 2A). Similarly, mice lacking ICOSL on donor B cells produced much less high
affinity anti-NP IgG on day 14 (Fig. 3.2B). This correlated with a decrease in the number
of Ty, cells in the lymph node (Fig. 3.2C). A complication of these experiments was that
recipient B cells, which were wild type for the ICOSL gene, were not totally depleted by
the procedure used (Fig. 3.2D). This may explain why the differences in diverse affinity
anti-NP IgG were less different between the experimental groups on day 14 after
immunization with CpG-NP-CGG (data not shown), as by this time the wild type
recipient B cells may have made a greater contribution to the overall IgG response.
Despite this complication, it was clear from these experiments that ICOSL expression on
DC and cells other than B cells was not sufficient to enable a TLR9 ligand to enhance the
IgG response to NP-CGG, and therefore ICOSL expression on B cells was an important
contributor to the response.

B cells lacking ICOSL fail to be selected for high affinity antibody production
normally in response to an antigen containing a TLRY ligand

As ICOSL on B cells was found to be important for the magnitude of the anti-NP
IgG response, and for generation of high affinity anti-NP IgG, I next created mice in
which wild type and ICOSL-deficient B cells were equally prevalent and were IgH
allotype marked to make it possible to determine the ability of each type of B cell to
contribute to the anti-NP IgG response. For this purpose, I generated mixed bone marrow
chimeras by reconstituting lethally-irradiated Ly5.1" mice with equal portions of bone
marrow from Icosl”"(IgH”) and from Icosl*”(IgH") mice, or as a control equal portions of
bone marrow from Icosl"*(IgH”) and Icosl"*(IgH") mice. Immunization of these two
types of chimeric mice with CpG-NP-CGG induced robust production of diverse affinity
and high affinity anti-NP IgG2a“ from the wild type B cells in both types of mice,
measured 14 days after immunization. Diverse affinity anti-NP IgG2a” antibody was also
produced at similar levels in both types of chimeric mice. In contrast, the Icosl” B cells
produced several-fold less high affinity anti-NP IgG2a” than their wild type counterparts
on day 14 (Fig. 3.3A). Correspondingly, the fraction of anti-NP IgG2a” antibody that had
attained a high affinity, as reflected by anti-NP,/NP ; ratio, was approximately 5-fold
reduced in the mice where the IgH” B cells were ICOSL-deficient compared to the
control chimeric mice, whereas there was only a small downward trend in the
corresponding ratio for IgG2a® (Fig. 3.3B). These results demonstrate that the
requirement for B cell expression of ICOSL for affinity maturation was mediated via a
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cell intrinsic effect, and Icosl*"* B cells in the same mice had only a slight decrease in
their ability to undergo affinity maturation. Interestingly, the presence of 50% Icosl*"B
cells in the Icosl "(IgH"); Icosl™* (IgH*) chimeric animals restored the magnitude of
diverse affinity anti-NP IgG2a” production by Icosl” B cells (Fig. 3.3A). Taken together
with the results described above, this result indicates that the overall magnitude of the
anti-NP IgG2a component of the response requires ICOSL expression on some B cells,
but not necessarily on the responding B cells themselves. Thus, ICOSL expression on B
cells contributed to the response to a TLR9 ligand-containing haptenated antigen in at
least two ways, one mechanism that only operated to enhance the response in ICOSL
expressing B cells and that was important for affinity maturation and another mechanism
that operated in a more general fashion to enhance the magnitude of the antibody
response, perhaps by enhancing the numbers and/or function of Ty, cells.

In these experiments, it appeared that [COSL-expressing B cells had some
advantage in expansion and/or survival in the GC. The chimeric mice that had 50%
ICOSL™ B cells had a lower percentage of GC B cells that had switched to IgG2b than
did the control chimeric mice. This analysis includes both the ICOS-deficient and the
ICOS-expressing B cells. In contrast, no decrease was seen in the percentage of GC B
cells that had switched to IgG2a“, which only detects the wild type B cells in both types
of chimeric mice (Fig. 3.3E), suggesting that the decreased percentage of IgG2b GC B
cells represented primarily the ICOS-deficient B cells. In these experiments, I did not
directly follow the IgG2a’-expressing B cells due to technical challenges; however, both
the reduced frequency of IgG2b*GC B as well as reduced titers of high affinity anti-NP
IgG2a” were likely conservative measurements as Icosl” hematopoietic cells
demonstrated a slight advantage after reconstitution (Fig. 3.4).

There was a substantial decrease in diverse affinity anti-NP IgG production in the
CpG/NP-CGG immunized bone marrow chimeric mice that had a high percentage (80-
90%) of ICOSL-deficient B cells in the context of 80% ICOSL-expressing DCs and other
hematopoietic cells (Fig. 3.2A), whereas there was no detectable decrease in these
antibodies in immunized mice containing approximately 50% Icosl” hematopoietic cells
and 50% Icos!*"* hematopoietic cells (Fig. 3.3A). Therefore, I examined the number of
Ty and their expression of ICOS in the latter mice. Interestingly, CpG-NP-CGG
immunized mice containing 50% Icosl” hematopoietic cells had approximately 2-fold
fewer Ty cells than did the immunized control chimeric mice (Fig. 3.5A), whereas there
was no difference in Ty cell numbers following immunization with nonCpG-NP-CGG.
Thus, in the context of TLR9 stimulation, ICOSL expression was limiting for Ty, cell
expansion or maintenance. Interestingly, TLR9 stimulation increased ICOS levels on Ty,
cells similarly in the immunized chimeric mice containing 50% Icosl”™ bone marrow-
derived cells and in the control chimeric mice (Fig. 3.5B), indicating that TLR9
stimulation of DCs can lead to an upregulation of ICOS expression on Ty cells in a
manner that is less dependent on ICOSL expression than is Ty, cell number. In addition,
TLRO signaling selectively triggered Ty cell expansion, as there was no difference in the
total number of Ty cells between these groups of mice (data not shown).
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DISCUSSION

Recently, others have found that TLR ligands can enhance the magnitude of the
germinal center antibody response and can promote increased affinity matur-ation®**'%,
Mice immunized with the T cell-dependent antigen NP-CGG conjugated to an
oligonucleotide containing a TLR9 ligand made more anti-NP IgG by day 14 and
especially made more high affinity anti-NP IgG, compared to mice immunized with a
NP-CGG conjugate containing a control oligonucleotide. This response also exhibited
increased numbers of T, cells, indicating that TLRY signaling enhanced T, cell
differentiation, proliferation, and/or survival. Interestingly, Ty cell ICOS levels were
upregulated about 3-fold more when the immunogen included a TLRO ligand. As the
ICOS/ICOSL costimulatory pathway is critical for the GC response, I conducted a series
of experiments designed to characterize the role of this costimulatory pathway in the
TLRO9-enhanced germinal center response. These experiments demonstrate that ICOSL
expression on B cells was important to the enhanced GC response seen upon
immunization with NP-CGG conjugated to a CpG-containing oligonucleotide and
contributed to the response both by boosting the GC in a general way and by
strengthening affinity maturation selectively of B cells expressing ICOSL.

When Icosl” mice were immunized with the NP-CGG conjugates, the anti-NP
IgG response to the conjugate containing a nonCpG oligonucleotide was only slightly
decreased, whereas the response to the CpG-containing conjugate was much weaker and
was no longer greater than the response to the nonCpG conjugate. Thus, the response to
CpG-NP-CGG conjugates was highly dependent on ICOS costimulation. This is
consistent with the hypothesis that the upregulation of ICOS expression on Ty, cells was
important for promoting the GC response to this antigen. High ICOS levels on Ty, may
contribute to their increased survival due to enhanced costimulation by ICOSL-
expressing GC B cells that were also expanded in response to CpG-NP-CGG. Important
in this regard, ICOS signaling through PI3-kinase and c-Maf has been shown to increase
production of the hallmark Ty, cyokine IL-21, which is important for both Ty, and GC B
cell persistence*> 707 131 138

A variety of studies have indicated that full maturation and maintenance of Ty
cells in the GC response involves at least two checkpoints: early priming of Ty cells by
antigen presenting DCs during the first several days post immunization, and a later phase
requiring antigen-presentation by cognate GC B cells, which are reciprocally maintained
by Ty cell help "7 1% JCOSL is constitutively expressed by DCs and B cells, and
its expression can be further modulated by TLR ligands"**"**'*, Thus, to investigate the
relative role of ICOSL during these two checkpoints, I generated mixed bone marrow
chimeras by reconstituting lethally-irradiated Ly5.1"BoyJ mice with a 4:1 mixture of
bone marrows from uMT and Icosl” mice, respectively, or a 4:1 mixture of bone
marrows from uMT and Icosl*"* (C57BL/6) mice as a control. In the first scenario, all
donor B cells lacked ICOSL while 80% of DCs expressed it, and in the second scenario,
all B cells and DCs were Icosl™*. Immunization of Icosl*”*; uMT chimeric mice with
CpG-NP-CGG boosted total anti-NP IgG , expanded the numbers of Ty, and GC B cells,
and enhanced affinity maturation, consistent with data from Icosl*"* animals. When

51



DISSERTATION FALL 2012 ROOKHUIZEN

ICOSL was selectively deleted on B cells in Icosl”; uMT chimeric mice, increased
numbers of both Ty, and GC B cells were evident; however, fewer Ty, cells were
maintained, consistent with another report'®. Interestingly, ICOSL deficiency of B cells
blocked the increase in both total anti-NP IgG as well as affinity maturation, indicating
that ICOSL expression on B cells was required for TLR9 enhancement of these elements
of the response.

To dissect in more detail the role of ICOSL on B cells for affinity maturation, I
generated mixed bone marrow chimeras containing equal numbers of Icosl** and Icosl”
B cells with distinct IgH allotypes (IgH* and IgH’, respectively), allowing us to determine
the extent to which B cell participation in the GC reaction and in affinity maturation
required expression of ICOSL on the responding B cell. Immunization with CpG-NP-
CGG resulted in roughly equivalent diverse affinity anti-NP IgG2a” responses in mice
containing 50% ICOSL-deficient IgH” B cells combined with 50% Icosl™* 1gH* B cells
and in chimeric mice in which both IgH allotype B cells were Icosl™*. Strikingly, Icosl”
B cells produced much less high affinity anti-NP IgG2a” than did Icos/”*GC B cells in
the immunized control chimeras. Thus, there was a selective defect in affinity maturation
of ICOSL-deficient B cells, even though these B cells were making a normal amount of
lower affinity IgG. While the exact mechanism of this cell-intrinsic defect in affinity
maturation of ICOSL-deficient B cells was not determined, it appeared that ICOSL
deficiency on B cells decreased their fitness in the germinal center, even in the context of
50% ICOSL-expressing B cells. This was suggested by the drop in the number of
IgG2b*(IgH***"***) GC B cell in the mice containing both Icosl™* and Icosl” B cells
compared to the control mice with all Icosi** B cells (Fig. 3E). This was likely due to a
selective decrease in ICOSL-deficient B cells, as Icosl™* (IgG2a’") GC B cells developed
equivalently between the two sets of chimeras. The number of antigen binding (NIP*) B
cells in the GC of these mice also trended downward, which would be consistent with
poorer fitness of Icosl” GC B cells, although it did not reach statistical significance (Fig.
2.3D). These results extend previous findings showing that ablation of ICOS signaling
using an ICOS blocking antibody during GC onset at days 5, 6 and 7 post immunization
with NP-CGG in alum reduced high affinity antibody titers that was most evident in the
memory B cell compartment'*'; however, the reduction seen by those investigators could
simply reflect reduced GC output from smaller GC reactions as a consequence of ICOS
blockade. Importantly, our data reveal that TLR9-enhanced affinity maturation following
immunization with CpG-NP-CGG required ICOSL directly on the responding B cell to
enhance GC selection in a way that was not transferrable to neighboring B cells, and
primarily affected high affinity IgG titers.

Thus, our findings demonstrate that ICOSL expression on B cells acts beyond the
extrinsic maintenance of Ty, cells that was previously reported'® "> '*"*! and in addition,
functions intrinsically to promote GC B cell selection and affinity maturation. The ability of GC
B cells to capture and present antigen is thought to drive competition for selection and survival
cues from Ty cells*™ * '*' and conversely, prolonged TCR stimulation through antigen
presentation preferentially stimulates/maintains Ty cells'''"*. This hypothesis predicts that GC
B cells with the highest affinity BCRs will capture, and thus present, more antigen than GC B
cells with BCRs of weaker affinity, allowing them to monopolize help from T, cells and
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undergo positive selection. During collaboration with Ty, cells, GC B cells also provide
costimulatory signals through ICOSL that stimulate production of cytokines such as IL-21*"",
IL-21 acts on B cells to promote proliferation, memory B cell formation, and affinity
maturation® . Therefore, in our system, the ability of Icosl*"* B cells to stimulate ICOS on Ty
cells likely permitted those B cells to receive more or better help from Ty cells, resulting in
better affinity maturation. In addition, ICOSL/ICOS costimulation in the GC improved the
availability of T cell help for Icosl”GC B cells in the Icosl”(IgH");Icosl™* (IgH) mice, since
lower affinity anti-NP IgG2a” titers were improved to a level close to that seen in the control
chimeric mice.

As mentioned above, expression of ICOSL on B cells was necessary for a robust
germinal center response, including maintenance of Ty cell numbers. This effect was
also evident to some extent in Icosl” (IgH);Icosl** (IgH*) mice, which had reduced
numbers of Ty cells following immunization with CpG-NP-CGG compared to the
control chimeric mice. These results agree with recent findings demonstrating that the

amount of ICOSL expressed by B cells can adjust the size of the Ty, cell compartment
133

132,

As mentioned above, the conjugation of a TLR9 ligand to NP-CGG increased the
magnitude and the degree of affinity maturation of the anti-NP IgG response in a manner
that was dependent on ICOSL. Interestingly, recent studies have demonstrated that
enhanced ICOS signaling through increased ICOSL expression on B cells can augment
the GC reaction "**'*, raising the possibility that part of the mechanism by which TLR9
signaling in GC B cells enhanced the GC response may have been through enhancement
of ICOSL expression. However, at the time points examined, ICOSL expression levels
on GC B cells were identical in wild type mice immunized with CpG-NP-CGG or with
nonCpG-NP-CGG. This was surprising to us because ICOS on Ty cells was increased
about 3-fold, and in vitro experiments have demonstrated that association of ICOS with
ICOSL can cause shedding of ICOSL from the surface of B cells'**. In vivo data suggest
that this is an important mechanism of regulating ICOSL expression. For example,
ICOS-deficient patients diagnosed with common variable immune deficiency (CVID)
show increased expression of ICOSL on B cells'* and transgenic overexpression of ICOS
on CD4'T cells in mice was found to downmodulate ICOSL expression on APCs through
a post-transcriptional mechanism'*. Interestingly, in vitro experiments demonstrated that
ICOS-induced shedding could be prevented by TLR signaling in B cells'**. Thus, it is
possible that part of the mechanism by which TLR9Y signaling enhanced the response of
GC B cells was by stabilizing their expression of ICOSL, for example, by reducing
shedding. This hypothesis would explain why ICOSL levels were maintained on GC B
cells despite 3-fold higher ICOS levels on Ty, cells. However, I did not see direct
evidence for regulation ICOSL expression on GC B cells, so this hypothesis remains
speculative at this time.

The ability of innate immunity to sculpt adaptive responses and program
immunological memory is an area of intense focus for its implications in rational vaccine
design as well as human diseases™ '**. CVID which is an umbrella diagnosis that
describes a broad spectrum of defects in B cell function that manifest as low serum titers
of switched immunoglobulin, reduced frequencies of CD27"memory B cells, and poor
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response to certain types of vaccination among a host of other phenotypes'*. The data
presented in this study have particular relevance to understanding CVID as homozygous
deletion of ICOS was the first genetic defect identified in CVID patients'*. Although
mutations in the gene encoding ICOSL, ICOSLG, have not yet been identified, other
mutations have come to light including members of the TNF receptor superfamily,
TNFRSFI13B and TNFRSF13C, that encode TACI and BAFF-R, respectively''* and
have demonstrated roles in B cell survival as well as the regulation of ICOSL
expression'”>'*>'** Finally, the use of nucleic acids as vaccine adjuvants has received
considerable attention and the experiments in this study shed light on the mechanism of
nucleic acid adjuvanticity, revealing potent expansion of a Ty, cell compartment with
robust ICOS expression that improves GC output of high affinity antibody, a central aim
of vaccine development.

MATERIALS AND METHODS
Mice

WT (C57BL/6)), Icosl” (B6.129P2-Icoslg™™*/T), IgH* (B6.Cg-Igh Thyl* Gpil“/J), and
Ly5.1"WT (B6.SJL-Ptprc* Pepc’/BoyJ) mice were purchased from the Jackson
Laboratory and housed in specific pathogen free facilities at the University of California
San Francisco. Mouse procedures were performed according to the National Institutes of
Health guidelines and with approval from the UCSF institutional animal care and use
committee (IACUC). Mice were immunized by subcutaneous flank injection with CpG-
or nonCpG-containing oligos linked to NP-CGG in 50ul of PBS, and 7 or 14 days later,
blood was collected by submandibular bleeding or cardiac puncture for quantification of
relative anti-NP IgG concentrations by ELISA and the LNs harvested for analysis of
lymphocyte populations by flow cytometry.

Generation of CpG- and nonCpG-NP-CGG oligonucleotide conjugates

Lyophilized 4-Hydroxy-3-nitrophenyl-haptenated chicken gamma globulin (10 mg, NP,
17, Blomol was reconstituted in ImL of a 0.1M solution of sodium bicarbonate buffer (pH
8.3) and was conjugated with biotin by adding 112 ul of a solution containing 1.12 mg of
biotin-sulfosuccinimidyl ester (Invitrogen, B6352) in dimethylformamide, followed by
constant stirring at room temperature in the dark. After three hours, biotin-NP-CGG was
washed three times in Dulbecco’s PBS by 30-fold dilution and centrifugation in an
Amicon Ultra Centrifugal Filter (Millipore) with a 50kD molecular weight cut-off
according to the manufacturer’s guidelines. Biotinylated oligonucleotides with a

phosphorothioate backbone (Integrative DNA Technologies) containing CpG (CpG1826,
TCCATGACGTTCCTGACGTT) or lacking CpG-motifs (nonCpG1982,
TCCAGGACTTCTCTCAGGTT) were combined with biotin-NP-CGG in PBS (pH 7.4)
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at a molar ratio of 2.6 to 1, respectively, and linked by the addition of 4 moles of
streptavidin (Invitrogen, 434302) for each mole of biotin-NP-CGG in an equal volume of

PBS. Conjugation was carried out for 3hrs on a rocker at 4°C, followed by four washes as
described for biotin-NP-CGG, and the final concentration adjusted to 0.5-0.66mg of
biotin-NP-CGG/ml for subcutaneous injection of 50ul per flank. The total amount of
CpG or nonCpG-containing oligonucleotide was estimated at 25-30ug/injection.

Construction of mixed bone marrow chimeric mice

To generate Icosl”;uMT and Icosl**;uMT mixed bone marrow chimeric mice, lethally-

irradiated Ly5.1"WT (B6.SJL-Ptprc* Pepc’/BoyJ) mice were reconstituted with a 4:1
mixture of bone marrows from either uMT and Icosl” mice or uMT and Icosl*"* mice as
a control. Thus, in the Icosl”;uMT chimeric mice, all B cells lacked ICOSL and 80% of
other types of hematopoietic cells including DCs expressed it, whereas in Icosl**;uMT
mice, all B cells and DCs were IcosI*"*. For the generation of Icosl”(IgH); Icosl*"* (IgH*)
and Icosl*"*(IgH); Icosl*"* (IgH*) mixed bone marrow chimeric mice, lethally-irradiated
Ly5.1"WT (B6.SJL-Ptprc* Pepc’/BoyJ) mice were reconstituted with equal portions of
bone marrow from either Icosl”(IgH®) and Icosl™*(IgH") mice or from Icosl*"*(IgH") and
IcosI™*(IgH) mice as a WT control. All chimeric mice were reconstituted for 10 weeks
before immunization with nonCpG- or CpG-NP-CGG conjugates.

Analysis of lymphocyte populations by flow cytometry

Draining inguinal lymph nodes from immunized mice were harvested and passaged
through a 40um cell strainer (Fisher Scientific) to separate cells for labeling in flow
cytometry buffer (Hank’s Balanced Salt Solution (Cellgro) supplemented with 2% heat-
inactivated FBS (GIBCO), ImM EDTA, and 0.02% NaNj,). Antibodies with specificities

to the following antigens were used to distinguish lymphocyte populations: CXCRS5-
biotin, IgG2a“-biotin, IgGZab -biotin, CD45.1-biotin, CD4-PECy7, PD-1-PE, IgD-FITC,
CD44-FITC, CD44-APC, B220-PacBlu, B220-Alexa647, CD25-APC (BD Biosciences),
IgD-PerCPCy-5.5, ICOS-PerCPCy-5.5, ICOS-PECy7, B220-APC-Cy7, CD62L-APC-
Cy7, B7Th/ICOSL-PE (clone HKS5.3), CD45 .2-Pacific Blue, CD45.2-Alexa700
(Biolegend) IgD-APC, and GL7-APC (eBioscience). Biotinylated antibodies were
labeled with streptavidin-Qdot605 (Invitrogen) —PE (Jackson). To reveal antigen specific
NP-binding B cell populations, NP (4-Hydroxy-3-nitrophenyl)- or NIP (4-Hydroxy-3-
1odo-5-nitrophenyl)-labeled (Biosearch Technologies) R-phycoerythrin (PE; P801,
Invitrogen) or allophycocyanin (A803, Invitrogen) were prepared as previously
described'”. All labeling procedures were performed on ice except CXCRS5 for
identification of Ty cells which was performed at room temperature for 30 minutes,
followed by secondary coating with streptavidin during a 20 minute incubation on ice.
Flow cytometry data were generated on an LSRII (Becton Dickinson) and analyzed using
FlowJo (TreeStar) software, version 9.5.

Enzyme-linked immunosorbent assay (ELISA)

NP,;-BSA and NP,-BSA in PBS (pH7.4) were used to coat 96-half-well high binding
polystyrene plates (Costar 3690) overnight at 4°C to capture diverse and high affinity
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anti-NP antibodies, respectively. Antigen-coated plates were blocked with 2% FBS in
PBS for 1hr at room temperature, incubated with two-fold serial dilutions of serum
(1/6400 starting concentration) over night at 4°C and washed four times in PBS (pH 7.4)
containing 0.02% Tween-20 detergent. Bound anti-NP IgG was detected with anti-IgG
antibodies conjugated to horseradish peroxidase (Southern Biotech) at a concentration of
1/6000 for 1 hour at room temperature. For quantification of allotype-specific titers,
biotin-anti-IgG 1, starting concentration, 1/100; biotin—anti—IgGlb, 1/200; biotin-anti-
IgG2a“, 1/100; biotin anti—IgGZab , 1/200 antibodies were used to label serum-bound
plates before washing as above and application of horseradish peroxidase-linked
streptavidin (1/5000, Southern Biotech) for one additional hour at room temperature.
Serum-bound and Ig-labeled plates were washed four more times and the relative
amounts of anti-NP IgG visualized by colorimetric change following addition of the HRP
substrate 3,3°,5,5’-tetramethylbenzidine (TMB) (Vector Labs). TMB development was
quenched by the addition of 25ul 2N sulfuric acid and the optical densities at 450 and
570 were measured on a VERSAmax microplate reader (Molecular Devices). The
difference in optical densities (0.D.450-570) was then plotted to compare slopes and
calculate relative titers.

Statistical analyses

One-way analyses of variance (ANOVA), Newman-Keuls tests for comparison of
multiple groups, and Student’s #-tests were performed with a 95% confidence interval
using Graphpad’s Prism software, version 5.0b.

Figure 3.1 Immunization with antigen linked to CpG-containing oligonucleotides
programs a Ty, cell compartment with robust ICOS expression and augments germinal
center antibody production. (A-C) C57BL/6 mice were immunized either in the footpad
or flank with NP-CGG linked to either CpG- or nonCpG-containing oligonucleotides and
Ty and GC B cell populations analyzed by flow cytometry14 days later. (A) Anti-NP
IgG response at day 14 post immunization, measured as total anti-NP IgG, using ELISA
of binding of IgG to NP,;-BSA-coated plates (anti-NP,5, left) and high affinity anti-NP
IgG, using ELISA of binding of IgG to NP1-BSA-coated plates (anti-NP,, right). (B) The
gating strategy for characterization of CD4"CD44"CD62L PD-1"CXCRS5" Ty, cell
populations is shown (left) and compiled data from groups of mice enumerate the total
number of Ty, cell in draining lymph nodes (right). (C) Flow cytometry gating strategy
for characterization of IgD'B220*Fas™ GC B cells from the same mice depicted in panel A
(left), and enumeration of GC B cells from individual mice immunized as in panel A
(right). (D) Expression profiles of ICOS on Ty, cells as defined in panel A are shown
along with the median fluorescent intensity of ICOS expression for individual mice
immunized with the two types of antigen. Open circles, CD62L"CD44 CD4" naive T
cells; grey circles, CD4"CD44"CD62LPD-1"CXCRS™ Ty cells; filled circles, Ty cells
gated as in panel A. (E) Flow cytometry histograms of ICOSL expression on naive B
cells (grey, B220"IgD*Fas’) and GC B cells gated as in panel C (left), and compiled data
showing ICOSL mean fluorescence intensities of GC B cells from C57BL/6 mice
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immunized with nonCpG- and CpG-NP-CGG (right). (A-D) Unpaired Student’s ¢ test
*p<0.05, ¥*p<0.001, ***p<0.0001 .

Figure 3.2 Requirement for ICOSL expression on B cells for the germinal center
response to an antigen linked to a TLRY ligand. (A) Total diverse affinity anti-NP (anti-
NP,;) IgG levels in serum 7 days after immunization of mixed bone marrow chimeric
mice in which the B cells are selectively deficient in ICOSL (Icosl”;uMT) or control
bone marrow chimeric mice (Icos!™*;uMT) or of mice deficient in ICOSL in all bone
marrow-derived cells (Icosl”>BoyJ) or in control bone marrow chimeric mice
(Icosl**>Boyl). Mice were immunized with NP-CGG conjugated to either nonCpG
oligonucleotide (open circles) or to CpG oligonucleotide (closed circles). (B) High
affinity (anti-NP,) anti-NP IgG titers from mice 14 days after subcutaneous immunization
as in A. (C) Total number of Ty, cells from chimeric mice immunized as in A and
enumerated as in Fig 2.1B. (D) presence of recipient-derived CD45.1" B cells in mixed
bone marrow chimeras. Percent of antigen-specific naive B cells (B220"IgD*Fas") that
were CD45.1" recipient cells 14 days after immunization as in A (left), and percent of
antigen-specific GC B cells (NIP*B220"IgD*Fas™) that were CD45.1" recipient cells 14
days after immunization as in A (right). (A, B) A one-way analysis of variance
(ANOVA) followed by Newman-Keuls ad hoc test for comparison of individual groups
was employed to determine statistical significance. *p<0.05, **p<0.001, ***p<0.0001.

Figure 3.3 Expression of ICOSL on B cells enhances GC selection and affinity
maturation in a cell intrinsic manner. Lethally-irradiated WT Ly5.1"BoyJ mice were
reconstituted with equivalent portions of either ICOSL"(IgH”) and WT (IgH*) bone
marrows or with C57BL/6 (IgH”) and WT (IgH*) bone marrows as a control. (A) Diverse
affinity and high affinity anti-NP IgG2a” (top) and IgG2a“ (bottom) titers at day 14 post
immunization with nonCpG-NP-CGG (open circles) or with CpG-NP-CGG (closed
circles). (B) Degree of affinity maturation of allotype-marked IgG2a antibody as assessed
by the fraction of anti-NP IgG that was high affinity (anti-NP,/NP,; ratio) of mice
immunized as in panel A, IgG2a” (top) and IgG2a“ (bottom). (C) Degree of affinity
maturation of all anti-NP IgG antibody from immunized bone marrow chimeric mice at
day 14 post immunization. (D) Total number of antigen-binding (NIP*) GC B cells per
draining LN, enumerated as in Fig. 2.1 except also gated for binding to the hapten NIP
conjugated to APC. (E) Frequencies of IgG2a® or IgG2b (IgH*"***"*) isotype-switched
GC B cells, gated as shown (left) from mixed bone marrow chimeric mice immunized as
in panel A. Summary of frequencies of IgG2a* and IgG2b“"*GC B cells as a percentage
of B220'IgDFas*GC B cells (right). (A-D) Open bars, C57BL/6 (IgH");WT(IgH"); grey
bars, ICOSL""(IgH”); WT(IgH"). (E) Closed circles, IgG2b*(IgH*"”"**) GC B cells; open
circles, [gG2a"*(IgH") GC B cells. (A, D, E) A one-way analysis of variance (ANOVA)
followed by Newman-Keuls ad hoc test for comparison of individual groups was
employed to determine statistical significance. (B, C) An unpaired Student’s 7 test was
performed to compare two individual groups. *p<0.05, **p<0.001, ***p<0.0001 .
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Figure 3.4 Reconstitution of Ly5.1*BoyJ mice with equal portions of Icosl”(IgH") and
IcosI*"*(IgH) bone marrow or of Icosl*"*(IgH") and IcosI** (IgH") bone marrow. (A)
Percentage of B220"B cells among peripheral blood mononuclear cells. (B) Fraction of
peripheral blood B220" cells that expressed IgM*. (C) Fraction of peripheral blood B220*
cells that expressed IgM”. (D) Ratio of B220" B cells to CD4" T cells in peripheral blood.
Unpaired student’s #-test was used to determine statistical significance, ***p<0.0001 .
Data in Fig. 3.4 show reconstitution efficiencies of mixed bone marrow chimeric mice
used in the experiments displayed in Fig. 3.3 and 3.5.

Figure 3.5 Decreased magnitude of the Ty, cell compartment in mice containing 50%
ICOSL-deficient B cells. The numbers of Ty, and their expression of ICOS was
determined in the ICOSL"(IgH");WT (IgH) and C57BL/6 (IgH");WT (IgH) bone
marrow chimeric mice analyzed in Fig. 2.3. (A) The numbers of Ty, in draining LNs 14
days after immunization with either nonCpG-NP-CGG or CpG-NP-CGG were
determined by flow cytometry as in Fig. 2.1A. Open circles, nonCpG-NP-CGG; closed
circles, CpG-NP-CGG. (B) ICOS expression on T cells 14 days after the indicated
immunization; Ty cells (black line) and T, ;. CD4" cells (filled histogram).
Representative flow cytometry profiles of ICOS expression (left) and ICOS median
fluorescent intensity (MFI) (right); open circles, nonCpG-NP-CGG immunization; closed
circles, CpG-NP-CGG immunization, naive T cells (open bars) and Ty cells (black bars).
Statistical significance was determined using the student’s r-test. **p<0.001,
**%p<0.0001.

Figure 3.6 Direct requirement for ICOSL on the responding B cell during TLR9-
enhanced affinity maturation. Following immunization with an oligovalent antigen linked
to a CpG-containing oligo (+TLR9), a robust GC reaction produces high affinity antibody
and this is blocked when mice are deficient for ICOSL (ICOSL™). However, the
presence of roughly 50% ICOSL**B cells can partially restore affinity maturation in
ICOSL”B cells, revealing the expected B cell-extrinsic effect of ICOSL and also an
unexpected B cell-intrinsic role for ICOSL in GC B cell selection.
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Figure 3.1
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Figure 3.4
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Figure 3.6
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THESIS SUMMARY

The body of work presented here expands our understanding of the relationship
between innate and adaptive signaling by extending the findings of others that
demonstrated the ability of TLR signaling to impact the size of a GC reaction and T-
dependent antibody responses. It was previously known that TLR signaling in both DCs
and B cells augmented T-dependent antibody responses specifically to soluble versus
multivalent particulate antigens** ™, respectively, and that TLR signaling in B cells could
enhance development of antigen-specific GC B cells to particulate antigen®* as well as
to LCMV infection*, and also improve affinity maturation®’. The work presented in this
thesis extends these observations by elucidating the cell-specific requirements for TLR
signaling in DCs and B cells to regulate the magnitude and quality of a GC reaction,
respectively. Furthermore, aside from one observation that a TLR ligand supported Tpy
cell formation™, the effects of specific TLR signaling on T cell quality and number had
not been addressed even though it is a key component for understanding the ability of
TLRs to choreograph GC reactions. In addition, I addressed the cellular requirements for
ICOS/ICOSL signaling, which is crucial to Ty cell development and persistence in TLR-
enhanced GC responses. Surprisingly, the ability of TLR9 to enhance the GC response
required ICOSL expression specifically on responding B cell to fully enhance affinity
maturation, revealing a previously unappreciated B cell-intrinsic role for ICOSL.

The experiments presented here open more avenues of investigation. For instance
whether TLR signaling programs B cell memory in a B cell-intrinsic or -extrinsic fashion
is not clear. The specific DC and B cell signals that modulate the Ty, and Ty cell
composition in the follicular CD4" T cell compartment is also of interest as the ability to
limit Ty, cell expansion and helper ability is crucial for immune homeostasis as shown by
the phenotype of mice lacking a negative regulator of ICOS expression, roquin. A
mutation in this RING-type ubiquitin ligase exacerbated autoimmunity in mice
characterized by increased Ty, and GC B cells, elevated IL-21 levels, and
hypergammaglobulinaemia*-*'.

The signals that promote selection of GC B cells into the memory compartment
are not entirely understood, and multiple factors may influence whether B cells are
selected to become quiescent memory B cells or Ig-secreting long-lived plasma cells that
reside in the bone marrow'®. Important in this regard, experiments using mice that are
specifically deleted for MyD88 in B cells revealed that TLR signaling in B cells
promoted memory B cell formation (Chapter 2). However, it remains to be answered
whether this is a B cell-intrinsic or -extrinsic event as memory B cells require T cell help
for expansion upon secondary antigen exposure'”’. My data indicate that TLR/MyD88
signaling in B cells boosts collaboration between Ty, and GC B cells. Thus, it could be
that the memory defect observed in mice with Myd88-deficient B cells resulted from
extrinsic properties of TLR signaling in B cells that helped mature the Ty cell population
to acquire a memory phenotype. Memory Ty, cells were previously reported to develop
in response to immunization with a protein antigen"'. These putative memory Ty, cells
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exhibited a quiescent state characterized by reduced ICOS protein and cytokine mRNA
expression and were retained it the draining LN, potentially to strategically position them
near memory B cells which reside near retracted GCs in draining LNs"* "',

Although much progress has been made to understand Ty, cell function, the
signals delivered by APCs during T cell priming that promote Ty cell development
remain less well characterized. I have demonstrated that TLR signaling in DCs triggered
robust Ty, cell development (Chapter 2). This may be expected given that cytokines
downstream of TLR stimulation in DCs such as IL-6 and IL-12 are able to drive Ty,
formation'>*"**. Alternatively, it was previously demonstrated that TCR receptor avidity
for peptide-MHC complexes promoted Ty, cell development'”, and it is plausible that
TLR signaling in DCs partially controlled TCR signal strength my modulating MHC-
peptide topography'*. Furthermore, while Ty cells exhibit a unique transcriptional
program governed by the transcriptional repressor Bcl6’""?, they frequently adopt
characteristics shared by other T cell subsets such Th17 (IL-17 production) and Th2 (IL-4
production) cells, making their etiology unclear. For instance, it is possible that Ty cells
develop from previously differentiated helper T cells or that the specific priming events
during activation of naive T cells prime them to adopt a Ty cell fate™. In our system,
TLR signaling in DCs selectively promoted Ty, cell expansion while in B cells it had no
effect on Tpy cell numbers, suggesting that events more proximal to T cell activation
determined Ty, cell development, consistent with an origin independent of other T cell
subsets.

The ability of different adjuvants as well as microbes to imprint Ty cell character
is gaining appreciation for what it reveals about Ty, development as well as for how it
could potentially inform vaccine design®. Interestingly, TLR signaling in both B cells
and DCs shaped Ty, cell quality at the levels of costimulatory receptor expression and the
composition of Ty, and FoxP3*Ty, cells in the follicular CD4'T cell pool. Regarding
modulation of costimulatory receptors, it was interesting that the TLR-boost in ICOS
expression was attenuated by deletion of MyD88 in both DCs and B cells but that the
presence of ICOSL on DCs or B cells apparently did not affect ICOS levels. Furthermore,
expression of the RING-type ubiquitin ligase roquin that restricts ICOS expression in T
cells® was not affected by TLR signaling in our system (data not shown). In a more
speculative light, it is plausible that upregulation of the transcription factor T-bet which
regulates the Th1/IFNy* T cell phenotype may positively regulate ICOS in our system'*.
Conversely, T-bet negatively regulates PD-1 levels in some circumstances'”’. The
decreased ICOS levels on Ty, cells from mice with Myd88-deficient B cells suggests
there may be a reduced interaction between GC B and Ty cells as SAP signaling
downstream of SLAM interactions between B and T cells boosts ICOS expression'*,

The percentage of follicular CD4'T cells that were FoxP3" Ty cells increased in
mice with Myd88-deficient DCs even though their total numbers did not change relative
to WT. T cells have the capacity to limit Ty, cell expansion’**, and it may be that
TLRO signaling in DCs leads to Ty, cell expansion in part through inhibition of Ty cells.
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Multiple studies have unveiled the ability of TLR2, TLR4 and TLRO to restrict Tygg
suppressive capacity and to boost expansion of Ty cells relative to Tygg cells by
triggering DCs to produce IL-6, a potent inducer of Ty cell development’® *> 3161,
Furthermore, it was recently demonstrated that ICOS costimulation was selectively
required when unlinked TLR ligands were administered with protein antigen to trigger
vigorous Ty cell expansion that potently skewed the Tpp/Tgpg balance''. Thus, the
ability of Ty cells to expand robustly in the presence of restrictive Ty, cells following
CpG-NP-CGG immunization may be linked to either an IL-6-mediated reduction in
suppressive capacity of Tgg cells or to enhanced ICOS expression by Ty cells.

In contrast to mice with Myd88-deficient DCs, mice with Myd88-deficient B cells
had an increase in the total number of Ty, cells. Furthermore, when ICOSL was
specifically deleted on B cells, the number of T, cells decreased (data not shown).
Together, these data suggest that TLR9 signaling in B cells regulated Ty, cell numbers
through a mechanism involving cell contact and ICOS costimulation. Since cell contact is
required for B cells to maintain follicular T cells, it is possible that B cells interacted
more efficiently with Ty, and provided to them proliferation and/or survival signals when
TLRO signaling was compromised. Cell contact-dependent repression of both Ty, and B
cells by Ty cells has been demonstrated in vitro” *°. Whether TLR signaling in DCs and
B cells affected Ty cell quality and/or suppressive capacity will require further
investigation in our system.

The level of selection stringency determines the quality of antibody and humoral
memory generated by GC reactions. When stringency is highest, GC B cell clones
expressing BCRs with the strongest affinity will capture antigen and present it to T cells
more efficiently than lower affinity clones. Through this process, the memory
compartment becomes enriched for cells expressing high affinity BCRs*. During the GC
reaction, multiple factors modulate selection stringency including the availability and
quality of help from Ty cells, manifested, for example, by the provision of cytokines and
costimulatory signals*. In our system, TLR signaling appeared to reduce GC selection
stringency by increasing production of IL-21 and expression of ICOS as well as reducing
the relative number of Ty cells in the follicular CD4"T cell pool. Surprisingly then, TLR
signaling still increased affinity maturation as well as the number of antigen-specific GC
B cells despite what appeared to be less stringent selection. These observations are
somewhat surprising given that more stringent selection is thought to enrich the pool of
antigen-specific GC B cells and lead to better antibody affinity**"**. Recent reports
suggest that the availability of help from Ty, cells drives competition and affinity
maturation™ ®. Given that T numbers are boosted by TLRY signaling, the enhancement
of affinity maturation suggests that there is a qualitative difference in the ability of the
Ty cells to help GC B cells. Although the frequency of Ty cells relative to the number of
Try cells decreased following immunization with an antigen linked to TLR9 ligand, their
suppressive qualities could be enhanced, increasing selection stringency. It is also
tempting to speculate that an alternative cell type with suppressive function such as the
so-called regulatory B cell (B,.,) imparts selection stringency. Regulatory B cells express

reg
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high amounts of IL-10 and suppress autoimmunity and excessive inflammation'®.
Intriguingly, B cell-deficient uMT mice and mice with B cells that lack MyD88 develop
more severe EAE'®. Moreover, TLR9 stimulation in B cells increases IL-10
production'®, and a recent report demonstrated a requirement for IL-21 in B,
development, suggesting that Ty, cells in GCs or Th17 cells might create an environment
conducive to B,,, formation'**. Accordingly, further investigation into the mechanism of

reg

TLR-established selection stringency is warranted.

The work here represents a small piece of understanding in the increasingly
complex array of innate signaling pathways. Since the discovery of TLRs, a variety of
other receptors belonging to the RLR, NLR, CLR and ALR families of PRRs’ have also
been discovered that can interact with each other and with TLRs, revealing a highly
regulated, labyrinthine system of innate sensing for containing infection and refining
adaptive responses. This is good news for vaccine development. Since its discovery as an
effective adjuvant for antibody responses in 1926'*’, alum has been preferentially used in
vaccines worldwide'®®. However, its usefulness is limited in that it does not stimulate
broad T cell responses which are required in the case of intracellular pathogens such as
Mycobacterium tuberculosis, for example, and can complement antibody responses to
viruses that are present in both intra- and extracellular spaces. Thus, a more precise
understanding of how individual PRR signaling pathways affect adaptive responses will
facilitate the rational design of vaccine adjuvants to tailor a desired outcome. For this
reason, the possibility of an HIV vaccine is finally foreseeable'*’. The HIV envelope
(Env) spike is a heterodimer of glycoproteins gp120 and gp41 that facilitates binding of
CD4 and either CCRS or CXCR4 on target cells, and examination of broadly neutralizing
antibodies generated in a fraction of HIV-infected individuals has revealed multiple
epitopes in this region'”’, identifying the targets for a successful vaccine. Indeed, passive
immunization with broadly neutralizing antibodies (bnAbs) protected against HIV
infection and reduced viral loads to below detectable levels in nonhuman primates and in
humanized mice'**'”. Detailed studies of innate signaling networks will undoubtedly
help generate the blueprint for the specification of bnAbs with key attributes for
protection against HIV infection in humans. The innate instructions for development of
Ty cells will need to be included in this blueprint for their integral role in the production
of highly neutralizing antibodies as indicated by the observation that Ty, cell frequency
correlates with serum anti-HIV IgG quantity and quality in nonhuman primates'’'. Thus,
studies in fruit flies and Charles Janeway’s receptor recognition hypothesis, which
roughly coincide with the discovery of HIV over 3 decades ago, triggered a conflagration
of investigation that is still accelerating and, as it turns out, providing a lot of hope.
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