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Abstract
IL-4 downregulates BCL6 to promote memory B cell formation in germinal centers
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Germinal center (GC)-derived memory B cells (MBCs) play a pivotal role in humoral
immunity by differentiating into protective antibody-secreting cells upon re-infection. Despite
extensive research focused on GC formation and the cellular interactions occurring within the GC
microenvironment, the precise signals which regulate MBC selection and exit remain incompletely
understood. In these studies, we focus on the role of interleukin-4 (IL-4) in the GC using murine
blood-stage Plasmodium infections as a model of for a type 1 immune response. Our findings
demonstrate that IL-4 signaling can trigger the selection and exit of GC B cells by modulating the
expression of BCL6, the primary transcription factor within the GC. Specifically, we show that
IL-4 induces negative autoregulation of BCL6, leading to a loss in expression of this anti-apoptotic
factor within GC B cells. Consequently, in the presence of excess IL-4, there is increased GC B

cell death and a loss of selection stringency.



Furthermore, we demonstrate that in the absence of IL-4-mediated downregulation of
BCL6, B cells with lower affinity can persist within the GC and contribute to the MBC pool. This
observation highlights the critical role of IL-4-mediated downregulation of BCL6 in maintaining
selection stringency and affinity maturation within the MBC population. By elucidating the role
of IL-4 in modulating the fate of GC B cells, we have demonstrated the significance of IL-4
signaling in shaping the dynamics of the GC selection and subsequent memory formation.

The importance of both GCs and memory formation are further underscored in chapter 3,
in which we analyze the B cell response generated by both protein nanoparticle vaccines and by
natural infection with SARS-CoV-2. As the formation of class-switched MBCs and LLPCs are the
primary correlate of protection for vaccination, our finding that a nanoparticle displaying the
receptor binding domain of SARS-CoV-2 can elicit the formation of a robust GC with class-
switched B cells was very promising for the future of nanoparticle vaccines.

Collectively, these findings offer novel insights into the mechanisms underlying MBC
selection and affinity maturation within the GC. Through the identification of IL-4 as a negative
regulator of BCL6 expression and its impact of GC B cell survival, our study advances the current
understanding of how the immune system maintains an optimal balance between selection
stringency and the generation of diverse MBC populations. Further research in this area will likely
explore additional signaling pathways and molecular players involved in the complex network of
interactions governing GC-derived MBC selection, and ultimately will contribute to the

development of strategies aimed at enhancing immune responses and vaccine efficacy.
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1. Introduction
1.1 Generation of the adaptive immune response

The immune system is a highly intricate network composed of molecules, cells, and tissues
designed to safeguard organisms from detrimental microbes (termed “pathogens”). It functions to
distinguish self from non-self and harmless from harmful, and it undertakes a coordinated
campaign to clear foreign pathogens. This is accomplished through two tiers of immunity: innate
and adaptive. The innate immune system encompasses sentinel cells at barrier tissues as well as
circulating molecules and cells that possess receptors specialized in identifying invariant motifs
that are commonly found on pathogens, also known as pathogen-associated molecular patterns
(PAMPs)!. Following recognition of a PAMP, innate cells are activated and can begin to produce
inflammatory signals such as cytokines and chemokines to both directly harm the invading
pathogen as well as to recruit additional immune cells to the site of infection. While this response
is often highly effective, it is also limited by its inflexibility. Therefore, a key feature of the
innate response is its ability to activate the adaptive immune response, which allows for the
generation of highly specific and long-lasting memory against pathogen-derived antigens.

The adaptive immune response primarily involves white blood cells, specifically T and B
lymphocytes. These cells possess the remarkable capacity to rearrange their antigen-recognizing
cell surface receptors, known as T cell receptors (TCRs) and B cell receptors (BCRs),
respectively. This process of somatic gene rearrangement grants T and B cells the potential to
recognize an almost infinitely diverse array of pathogens®. Upon recognition of an antigen by a
TCR or BCR, the corresponding lymphocyte undergoes both proliferation and differentiation,

leading to the development of a large pool of antigen-specific effector cells. These effector cells

12



have the ability to target infected cells via cytotoxic activity (T cells) or the invading pathogen
itself via antibody secretion (B cells)®. Consequently, the adaptive immune response achieves a
high degree of specificity and effectiveness in targeting pathogens.

An essential attribute of the adaptive immune system is its capacity to form long-lived
memory cells, which reside in tissues and lymphoid organs. These memory cells can be quickly
reactivated upon re-exposure to a pathogen, enabling rapid clearance of the infectious agent.
Thus, while the innate immune system plays a critical role in pathogen recognition and initiation
of the overall immune response, the activation of the adaptive immune response is indispensable
for acquiring antigen-specific defenses that can be recalled over extended periods, sometimes as

long as the lifespan of the host organism.

1.2 T-dependent B cell activation

An anchor of this lifelong protective immunity is the presence of B cells and the antibodies
they generate. Antibodies, also known as immunoglobulins, represent the secreted form of the
BCR. They are soluble, highly specific proteins capable of both directly binding to pathogens to
neutralize them as well as activating other immune cells to phagocytose the pathogen via the
complement cascade or Fc-mediated opsonization. However, the production of antibodies is
contingent upon proper B cell development, activation, and subsequent differentiation into
antibody-secreting cells (ASCs), also called plasma cells*.

B cells originate from hematopoietic stem cells residing in the bone marrow. They undergo a
series of sequential development stages involving gene shuffling and testing of the variable (V),
diversity (D), and joining (J) genes that comprise their BCRs. This process, known as VDJ

rearrangement, ensures the generation of a diverse repertoire of BCRs capable of recognizing a
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wide range of antigens®. B cells that successfully complete this receptor editing and survive
tolerance checkpoints, which prevent strong reactions to self-antigens, are permitted to migrate
from the bone marrow to peripheral tissues. These naive B cells co-express IgM and IgD BCRs
and circulate through secondary lymphoid organs such as the lymph nodes and the spleen, where
they await activation through antigen recognition.

When a naive B cell encounters an antigen capable of binding to its BCR, this event initiates
antigen internalization through receptor-mediated endocytosis. Within the B cell, the internalized
antigen undergoes processing, leading to the generation of antigenic peptides that subsequently
associate with major histocompatibility complex class II (MHC II) molecules. These peptide-
MHC II complexes are then presented on the surface of the B cell. B cells also undergo a series
of migratory changes, relocating from the B cell follicles to the boundary region between the B
cell and T cell zones, known as the T-B border, such that they can present antigens to naive
CD4" helper T cells (Tth).

Upon recognition by a naive Tth, a signaling synapse is formed between the B and T cells,
characterized by MHC II:TCR interactions, as well as costimulatory signals through CD40:CD40
ligand (CD40L) and ICOS ligand (ICOSL):ICOS interactions’. These receptor-ligand
interactions play a crucial role in activating both B and T cells. Moreover, cytokines released by
activated Tth cells or neighboring natural killer T lymphocytes (NKTs) provide additional
stimulation for proliferation and differentiation of B and Tth cells®’. Following these
interactions, a subset of B cells differentiates into short-lived ASCs, or plasmablasts, that secrete
primarily low affinity IgM" antibodies®. This extrafollicular B cell response is critical for early
control of infection, as it supplies a wave of serum antibody while other B cells begin the

lengthier process of affinity maturation in the germinal center.
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1.3 Germinal center initiation and process

Germinal centers (GCs) are specialized structures that form within the B cell follicles of
secondary lymphoid organs and play a critical role in the development of the adaptive immune
response’!'!. These dynamic microenvironments are crucial for generating high affinity
antibodies and selecting of B cells with improved antigen-binding properties. Upon activation of
B and Tth cells as described above, both lymphocytes undergo epigenetic and transcriptional
changes that promote their migration into the B cell follicles and subsequent formation of GCs.
Specifically, both cell types upregulate the chemokine receptor CXCRS, enabling responsiveness
to the chemokine CXCL13, which is abundantly produced by follicular dendritic cells (FDCs)
within the B cell follicles.

Concomitantly, B and Tth cells upregulate the transcription factor BCL6, which serves as the
central regulator of the GC response. BCL6 functions as a transcriptional repressor, inhibiting
the expression of genes involved in terminal differentiation, such as BLIMP1 and GATA3.
Additionally, BCL6 controls B cell positioning within the GC by repressing the expression of
S1PR1 and EBI2 while inducing the expression of SIPR2, thereby maintaining B cells tethered
within the GC. Importantly, BCL6 also promotes the expression of activation-induced cytidine
deaminase (AID), a key enzyme responsible for BCR class-switching and somatic hypermutation
(SHM)'2. Moreover, BCL6 also acts as an anti-apoptotic signal by repressing the expression of
the pro-apoptotic factor BIM and the DNA damage sensor ATR, allowing B cells to undergo
multiple rounds of damage prone SHM without triggering apoptosis'>.

The GC is comprised of two distinct regions: the dark zone (DZ) and the light zone (LZ). The
DZ is characterized by intense B cell proliferation and SHM, leading to the generation of B cells

with diverse antigen receptor specificities. Within the LZ, B cells receive pro-survival signals
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through interactions with their BCR and antigens presented by FDC immune complexes.
Additionally, receptor-ligand interactions between B and T cells initiated by MHC II-TCR
recognition, contribute to B cell survival signals!#. B cells that fail to receive adequate help are
destined for apoptosis, while those that do receive survival signals have two possible fates:
migration back into the DZ for further clonal expansion or differentiation into memory B cell
(MBC) or long-lived plasma cell (LLPCs).

Both MBCs and LLPCs play distinct roles in providing future protection against pathogens,
albeit through different mechanisms. MBCs retain the expression of membrane bound BCRs and
are distributed across secondary lymphoid organs, peripheral tissues, the bone marrow, and in
circulation'>. They ensure a rapid response upon re-exposure to the antigen by either reseeding
secondary germinal centers or undergoing rapid differentiation into high-affinity ASCs. Their
presence in secondary GCs allows for the initiation of an accelerated and focused immune
response, while their capacity to differentiate into ASCs enables the production of specific
antibodies against the re-encountered pathogen.

In contrast, LLPCs significantly downregulate their BCR expression and instead serve as
dedicated antibody-secreting factories'>. They predominately reside in the bone marrow,
although recent studies have identified them in certain mucosal tissues as well. LLPCs maintain
low levels of circulating serum antibodies, providing a first line of defense upon re-exposure to
the pathogen. Their sustained antibody production helps to prevent reinfection or limit the
severity of the subsequent infection, as demonstrated by the emphasis on generating robust
LLPC populations in vaccination strategies. Although the mechanisms underlying LLPC
formation are relatively well understood, there remain significant gaps in our understanding of

the processes that govern the successful selection of high affinity MBCs.
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1.4 Memory B cell selection

The GC-derived memory B cell pool consists of B cells with high affinity to the specific
antigen, however it still encompasses a wide range of affinities. Lower affinity MBC:s still play a
crucial role in recall responses by recognizing heterologous antigens that higher affinity clones
may not bind effectively. The mechanisms governing selection within the GC that support both
the expansion of higher affinity clones while remaining permissive to some lower affinity clones
remain an area of active investigation.

Two prevailing models of positive selection in the GC are the death- and birth-limited
models of positive selection, nicely summarized by Victora and Nussenzwieg!®. The death-
limited model proposes that higher affinity B cells receive signals that enable their migration to
the DZ to undergo proliferation, while lower affinity clones are eliminated by apoptosis. In the
birth-limited model, all B cells can enter the DZ, but the extent of proliferation corresponds to
affinity, resulting in a considerable expansion of higher affinity clones compared to lower
affinity clones. Both models are supported by experimental observations, including the finding
that a significant proportion of LZ B cells do not reenter the DZ, supporting the death-limited
model'®!7, and the observation of clonal bursts dominating the GC response supporting the birth-
limited model'®'. Tt is likely that a combination of both models is involved: lower affinity B
cells are more prone to apoptosis, and high affinity clones receive greater proliferative signals.

Both models agree that BCR affinity is a critical determinant of selection. The exact
mechanisms by which BCR affinity influences selection are still debated. It is unclear whether
survival signals are initiated by BCR binding to antigen, or if they are attributed to T cell help
following antigen internalization, processing, and presentation. Studies using antigen delivery

via DEC-205, which decouples BCR and T cell help, have shown that B cell proliferation can
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occur independently of BCR signaling!®2%2!, However, the addition of BCR signal in
conjunction with DEC-205 does enhance positive selection, suggesting a likely synergy between
BCR and T cell help in promoting B cell survival and proliferation!¢-2%23,

On a molecular scale, the regulation of GC selection is still being investigated. Several
groups have demonstrated that the transcription factor c-myec is transiently upregulated as B cells
receive T cell help in the LZ, promoting GC cycling?*?°. These c-myc” cells migrate to the DZ,
where the transcription factor AP4 maintains the transcriptional programs initiated by c-myc,
facilitating entry into the cell cycle and subsequent proliferation?. Notably, c-myc and BCL6
have been shown to be antagonistic, but c-myc appears to act as an anti-apoptotic factor to
promote B cell survival during its transient upregulation and corresponding transient
downregulation of BCL6%. CD40-CD40L interactions have also been shown to transiently
disrupt the BCL6 repressor complex, allowing for the temporary alleviation of repression of the
DNA damage sensor ATR?’. This disruption may serve as a checkpoint to eliminate B cells with
ongoing DNA damage via apoptosis, ensuring the maintenance of genomic integrity.

Throughout the GC reaction, a subset of LZ GC B cells exits the GC instead of cycling back
into the DZ. Studies have consistently shown that early GC emigrants predominantly consist of
MBCs and are generally of lower affinity compared to late GC emigrants, which are primarily
LLPCs?>2. Distinct transcriptional and cell surface protein profiles have been identified in pre-
memory and pre-plasma cell GC B cells. Recent RNASeq and imaging experiments have
contributed to the identification of memory precursors, and have shown that these cells are found
in the LZ, particularly near the GC border, and have high transcriptional similarity to MBCs?*-!,

Various groups have characterized memory precursors as CCR6" or Ephrin-B1*S1PR2-20-29-32.33,

The transcription factor BACH2 has been implicated in predisposing GC B cells towards MBC
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differentiation, though it is not sufficient to do s0*>=*4. The transcription factors HHEX and TLE3
were demonstrated to be required for MBC differentiation™.

Notably, the downregulation of BCL6 and the release of its repression of pro-migratory cues
is a necessary step for a memory precursor to successfully migrate out of the GC and complete
its differentiation into a long-lived MBC. Also critical is the upregulation of various signals to
promote MBC survival and maintenance. Bhattacharya et al. identified several such signals,
including KLF2, SKI, NFKB, and BCL2*}. Through retroviral transductions, they confirmed that
BCL2, SKI, and NFKB promote B cell division, while BCL2, NFKB, and KLF2 reduce the
frequency of apoptotic B cells. The importance of BCL2 for proper MBC survival has been
corroborated by multiple independent studies**323, Critically, the precise signals that initiate the
downregulation of BCL6, upregulation of the pre-memory transcription factor HHEX, or
upregulation of BCL2 and other MBC survival signals, as well as the temporal order of these

steps, remain unknown.

1.5 Role of cytokines in the germinal center

The GC process involves intricate interactions between GC B cells and Tth cells, mediated
by cognate and receptor-ligand interactions. Several studies have highlighted the significance of
these interactions, including not only MHC II: TCR, but also CD40:CD40L, ICOSL:ICOS, PD-
L1/PD-L2:PD-1, SAP:SLAM and others, in guiding B cell proliferation and differentiation®”#°.
However, cytokines also play a critical role in B cell fate determination. Interferon gamma,
interleukin (IL)-4, and IL-13 promote class-switching to specific antibody isotypes associated
with different types of infections”**2, Other cytokines such as IL-2, IL-6, and IL-10, are

involved in B cell activation and the differentiation of Tth or T follicular regulatory (Tfr) cells**~
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45, Recently, IL-9 has been identified as a key cytokine in promoting MBC development®!-4°,
However, the primary cytokines produced within the GC are IL-21 and IL-4.

IL-21, predominately produced by Tth cells in both the extrafollicular region and the GC, is
one of the most extensively studied and pleiotropic cytokines involved in the GC process. Tth
cells begin producing IL-21 as early as 2-3 days after immunization*’. IL-21 acts through the
STAT3 pathway to promote expression of BCL6 and thereby promote GC formation*®#°. In the
absence of the IL-21 receptor, GCs are significantly smaller and there is an imbalance of
organization that favors the LZ*’. This observation is consistent with other studies showing that
IL-21-producing Tth cells are primarily located near the DZ-LZ border and that IL-21
upregulates the transcription factor AP4, promoting B cell proliferation in the DZ>%!,
Interestingly, IL-21 also upregulates BLIMP1, which antagonizes BCL6, allowing for the exit of
LLPCs from the GC>-¢, However, since BLIMP1 is a key transcription factor in LLPC
development but is not required for MBC formation, this dual role of IL-21 in regulating BCL6
does not contribute to MBC exit.

The role of IL-4 in the GC has not been as extensively characterized as IL-21, although it has
been established to be essential to proper type 2 immune responses®’>°. Nevertheless, several
studies have demonstrated that IL-4, acting through STAT6, promotes BCL6 expression in B

cells and synergistically enhances GC formation alongside IL-2147:48-8

. However, studies using
STAT6 knockout mice have shown that normal, properly organized GCs can still form, albeit
with a slight delay compared to wild-type mice, suggesting compensatory effects of IL-21 in the
absence of IL-4*7. Despite this known role for IL-4 in supporting GC formation, several groups

observed that Tth cells do not begin to produce IL-4 until after they have entered the B cell

follicles and GC formation is already underway*’->%%°, These findings were reconciled by recent
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work from Facundo Batista’s lab, which demonstrated that NKT cells near the T-B border are
responsible for an early wave of IL-4 over the first 3-5 days of influenza infection, and that Tth
cells start producing IL-4 as the early NKT-derived IL-4 recedes, around 6-9 days post-
infection®. Notably, they also show that the early NKT-derived IL-4 does promote faster GC
formation.

Although Tth cells within the GC produce IL-4 and activated B cells upregulate the I1L-4
receptor alpha (IL4Ra), the role of IL-4 within the GC itself has only recently begun to be
elucidated®®®!. Work from Jason Cyster’s lab in 2021 demonstrated that FDCs in the GC can
bind IL-4, which limits excessive IL-4 signaling in B cells®2. Conditional knockout of IL4Ra. on
FDCs increased the bioavailability of IL-4 within the GC, resulting in a reduced memory B cell
formation and decreased MBC affinity. The authors hypothesized Tth production of IL-4
triggered by interactions with high affinity GC B cells could restrain memory cell formation and
promote the continued participation of lower affinity clones within the GC, thereby diversifying
the memory B cell response. However, further evidence is required to support this hypothesis, as
it implies an inefficient production of IL-4 if FDCs are constantly required to limit the reach of

the cytokine.

1.6 Questions to address

The GC process is incredibly intricate and encompasses numerous complex signaling
pathways. The successful generation of high affinity GC-derived MBCs and LLPCs is critical for
the establishment of robust humoral immunity, and plays a pivotal role in the efficacy of many
successful vaccines. Furthering our understanding of the mechanisms governing selection and

exit of high affinity MBCs from the GC would therefore contribute to the development of more
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effective vaccination strategies. Despite recent advancements in the field, including the
identification of memory precursors within the GC and the characterization of key transcription
factors involved in MBC differentiation, the specific signals and molecular mechanisms
responsible for the selection of MBCs for GC exit are still unknown.

In the studies presented here, we employed tetramer enrichment strategies to study the
development of antigen-specific B cell responses in several infection and immunization models.
In chapter 2, we focus on elucidating the role of IL-4 in the GC using murine models of blood-
stage Plasmodium infection. Our findings revealed that, similar to IL-21, IL-4 exerts a dual
influence on GC dynamics. It facilitates the upregulation of BCL6 expression in naive B cells,
while subsequently triggering negative autoregulation of BCL6 within the GC, priming memory
precursors for exit. We explored the impact of both excessive IL-4 levels and restricted 1L-4
signaling on the magnitude and quality of the memory B cell pool. In chapter 3, in collaboration
with several other research groups, we investigated the potential of protein nanoparticle vaccines.
This research was conducted during the ongoing SARS-CoV-2 pandemic, and we characterized
the longevity of the antibody elicited following infection. Furthermore, we evaluated the
effectiveness of several protein nanoparticles displaying the SARS-CoV-2 receptor binding
domain in inducing a GC B cell response and the generation of class-switched MBCs. Notably,
one of these nanoparticles has now obtained approval as a vaccine in South Korea. Overall, our
studies contribute to the broader understanding of the GC response and the factors which
influence selection and generation of high affinity MBCs. The insights gained from our work

hold promise for the development of novel vaccination strategies.

2. IL-4 downregulates BCL6 to promote memory B cell selection in germinal centers
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2.1 Introduction

Germinal centers (GCs) are highly organized structures found within B cell follicles. In
the GC, activated B cells proliferate, diversify their B cell receptors, and are selected to mature
into memory cells that provide humoral protection from disease®. Temporally and spatially
distinct and complex interactions between B cells and other cells in the GC including CD4" T
follicular helper (Tth) cells and follicular dendritic cells (FDCs) influence the initiation,
maintenance, and dissolution of GCs. While many of these interactions have been well-
characterized, many others, including how affinity-matured memory B cells (MBCs) are selected
to exit the GC, remain poorly defined?>-3237:63-67 Specifically, the mechanisms underlying the
CD4" T cell-mediated selection process that leads to the downregulation of GC B cell-defining
transcriptional programs and concomitant upregulation of transcriptional programs associated
with long-lived memory B cell formation are unknown?®3>6¢, Tt is well accepted that BCL6, a
repressive transcription factor, actively maintains the GC and must be downregulated for MBCs
to form, but the signals that initiate the downregulation of BCL6 have not been identified®-°.
Understanding how this process takes place is critical for generating high affinity memory B cell
formation for optimal vaccine development or for targeting this process therapeutically during
autoimmunity.

Interleukin-4 (IL-4) is a key T cell-derived molecule that has been attributed with
conflicting roles in the regulation of the GC*"-62, Early after the initiation of an anti-viral
response, IL-4 produced by natural killer T cells is able to stimulate GC formation by promoting
B cell expression of BCL6%4748, BCL6 acts via repressor-of-repressor circuits to modulate
transcriptional programs that keep B and Tth cells tethered in the GC and prevent them from

terminally differentiating’®72, BCL6 also suppresses the DNA damage sensor ATR, thereby
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acting as an anti-apoptotic factor to keep GC B cells alive as they undergo rounds of DNA
damage-prone somatic hypermutation!*”?. Yet how subsequent IL-4 production by CD4* Tth
and GC Tth cells impacts BCL6 expression, GC maintenance, and memory formation is unclear.
Recent work from Duan and colleagues demonstrated that excess availability of IL-4 could
reduce memory B cell formation and reduce selection stringency, although the underlying
mechanisms were not defined®?. Herein we have sought to define how IL-4 functions in the GC
and to determine if it could influence the selection or exit of MBCs through its regulation of
BCL6. We demonstrate that while IL-4 promotes BCL6 in naive and activated B cells to
encourage GC formation, it can also induce the negative autoregulation of BCL6 in a GC B cell-
intrinsic manner. This IL-4-mediated downregulation of BCL6 initiates a selection event,
allowing pre-memory GC B cells that can obtain additional survival signals to exit the GC,

whereas those that cannot undergo cell death.

2.2 Results
2.2.1 IL-4 can be produced by GC Tfh cells and perceived by GC B cells during Plasmodium
infection

To better understand how CD4" T cell-derived IL-4 can impact B cell differentiation during
infection, we first characterized the identity and kinetics of IL-4-producing CD4"* T cells specific
for Plasmodium-derived antigens during a GC response. To accomplish this, KN2 (knock-in
huCD2) mice that express cell surface-associated huCD2 protein under control of the IL-4
promoter were infected with 10° Plasmodium yoelii-GP66 (P.y-GP66)-infected red blood cells
(IRBCs). We examined IL-4 production from days 6-18 after Plasmodium infection as our

previous work demonstrated that this is a critical window for Plasmodium-specific B cell
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differentiation, encompassing the initiation and propagation of the GC as well as early memory
formation’™. IL-4 producing GP66-specific CD4" T cells were identified using previously
published tetramer enrichment and flow cytometric techniques’. In response to Plasmodium, the
number of [L-4-producing T cells increased throughout the acute stage of infection, as previously
shown in influenza and helminth infections®>%’¢ (Figure 2.1A and 2.1B). Of interest, although
Tth cells contributed to early IL-4 production, the majority of IL-4-producing CD4" T cells
identified were GC Tth (Figure 2.1B). This indicates that in a Type 1 immune response to
infection, the bulk of CD4" T cell-derived IL-4 is produced by GC Tth cells after the GC has
formed, suggesting contributions beyond solely early GC formation.

We generated B cell tetramers containing the Plasmodium blood-stage antigen Merozoite
Surface Protein-1 (MSP1) to characterize IL-4 receptor alpha chain (IL4Ra;; CD124) expression
on responding B cells over the course of infection’. There was a large population of IL4Ro*
MSP1-specific CD38 " GL7" B cells in uninfected mice (day 0), suggesting naive B cells can receive
IL-4 signals early in infection (Figure 2.1C and 2.1D). IL4Ra expression remained high on
MSP1-specific CD38"GL7 as well as GL7" B cells throughout acute P.y-GP66 infection (Figure
2.1D). Overall, this demonstrates that B cells are capable of perceiving Tth- and GC Tfh-derived

IL-4 both prior to and within an ongoing GC.
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Figure 2.1. Kinetics of IL-4 production and IL4Ra expression throughout acute Plasmodium
infection. KN2*-mice were infected with blood-stage P.y-GP66, and GP66-specific CD4" T cells
and MSP1-specific B cells were assessed for IL-4 production or IL4Ra expression, respectively,
at the time points indicated. (A) Representative gating strategy for evaluating GP66-specific CD4*
T cells. Non-doublet lymphocytes were gated on CD3"B220°CD11b-CD11¢c'CD4°CDS8", then
further gated as CD44"GP66". Gating on huCD2 expression on naive KN2"- CD4" T cells (left),
and WT (middle) and KN2*"- (right) gp66*CD44*CD4" T cells 12 days post-P.y-GP66 infection.
(B) Number (left) and frequency (right) of IL-4-producing (huCD2*) GP66-specific CD4" T cells
by subset, with GC Tth identified as PD-1"CXCR5 (grey), Tth as PD-1"CXCR5" (blue), and Teff
as PD-1"CXCRS5 (green). Data are combined from three independent experiments with 6-8 mice
per time point. (C) Representative gating strategy for evaluating MSP1-specific B cells and
plasmablasts. Non-doublet lymphocytes (A) were further gated on CD3'B220*decoy MSP1* cells.
Memory B cells (grey) were defined as CD138"CD38"GL7" and GL7" B cells (blue) as CD138"
CD38"-GL7". Representative gating for IL4Ro. on MSP1-specific B cells from WT mice infected
with P.y-GP66 using a staining panel excluding (left; fluorescence minus one or FMO) or
including (right) IL4Ra.. (D) Number and frequency of IL4Ra-expressing MSP1" memory and

GL7" B cells. Data are combined from three independent experiments with 6 mice per time point.

2.2.2 IL-4 has opposing effects on the B cell response over the course of infection

The kinetics of CD4" GC Tth production of IL-4 in conjunction with GC B cell expression
of IL4Ra suggested a role for IL-4 in the GC that perhaps went beyond solely GC entry. We
therefore asked how in vivo administration of exogenous IL-4 at various time points affects B cell

development after Plasmodium infection. In an effort to maximize IL-4 bioavailability, we utilized
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complexed IL-4 (IL4C; recombinant IL-4 complexed to anti-IL-4 antibody) to prolong the half-
life of the cytokine in vivo’’, a strategy commonly used to assess in vivo exogenous IL-4
signaling®®2. We infected C57BL/6 (WT) mice with 10° Plasmodium chabaudi (P.ch)-iRBCs and
administered IL4C or phosphate buffered saline (PBS) intravenously on the first 3 days of infection
to determine if early IL-4 enhances CD38 GL7* GC B cell differentiation as seen in influenza and
other infections®’” (Figure 2.2A). We observed a significant increase in the number and frequency
of MSP1-specific GC B cells by day 8 post-infection in mice treated with IL4C compared to
untreated controls, suggesting that this role for early IL-4 in promoting GCs is common to multiple
infections® (Figure 2.2B and 2.2C).

We next asked if IL4C administration to P.ch-infected WT mice during an ongoing GC
had a similar effect. Mice were administered PBS or IL4C in staggered three-day windows
following GC formation (day 10) and the MSP1-specific B cell response was analyzed one day
following the last treatment (Figure 2.2D). Although there was no significant impact on the B cell
response when mice received IL4C on days 10 and 12, there was a surprising loss of MSP1-specific
B cells when IL4C was administered on days 12 and 14 (Figure 2.2E). A similar trend was
observed for the later IL4C treatment windows as well. Importantly, MSP1-specific cells in IL4C-
treated mice did not have higher plasmablast numbers, BLIMP1 expression, or anti-MSP1 serum
IgG, indicating that IL-4 is not diverting MSP1-specific B cells to a plasmablast fate (Figure 2.3A-
2.3C). Thus, although early IL-4 encourages GC formation and the ensuing antigen-specific GC
B cell expansion, IL-4 restrains the B cell response once GCs have developed. Of interest, in mice
treated with IL4C on days 12 and 14 that experienced the greatest loss of MSP1-specific B cells,

there were no significant changes in the frequencies of any one specific B cell subset examined
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(Figure 2.2F), suggesting that IL-4 may be impacting and restricting the GC process, which could

affect multiple subsets equally.
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Figure 2.2. The effect of IL-4 on the antigen-specific B cell response varies over the course of
infection. (A) WT mice were infected with P.ch and treated with PBS or IL4C on days 0, 1, and
2 post-infection. Representative flow cytometry plots of MSP1-specific cells at 8 days post-

infection from mice treated with PBS (top) or IL4C (bottom), with further gating on non-plasma
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cells (CD138") and GC B cells (CD38°GL7") as defined in Figure 2.1. (B) Total MSP1-specific B
cells in each treatment group at day 8. (C) Number (left) and frequency (right) of MSP1-specific
GC B cells in each treatment group at day 8. Data are combined from two independent experiments
with 6 mice per group. (D) WT mice were infected with P.ch and treated with IL4C or PBS over
two-day windows and MSPI1-specific B cell responses were analyzed the following day, as
indicated. Representative flow cytometry plots from mice treated with PBS (top) or IL4C (bottom)
on days 12 and 14 and analyzed on day 15. (E) Number of MSP1-specific B cells at each time
point analyzed. (F) Frequency of CD38°GL7", GC B cells, and MBCs (CD38"'GL7
CD73a4°rCD80") in each treatment group at day 15, following PBS or IL4C treatment on days 12

and 14. Data are combined from two independent experiments with 5-6 mice per group.
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ID. (A) Number of MSP1" plasmablasts (gating as in Figure 2.1 at each endpoint. (B)
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Representative flow plots and quantification of BLIMP1 expression in total MSP17B220°CD3"
lymphocytes in naive mice, or mice treated with PBS or IL4C on days 12 and 14 and analyzed
on day 15. (C) Serum was collected at each endpoint and anti-MSP1 IgG levels were measured
by ELISA. Anti-MSP1 IgG ELISA dilution curves from serum collected at each endpoint. Data

are combined from two independent experiments with 5-6 mice per group.

2.2.3 IL-4 downregulates BCL6 and enhances expression of CD80

To test if [L-4 was restricting the GC, we next imaged spleens to visualize GCs in mice
treated with IL4C on days 12 and 14. Interestingly, we found that GCs in IL4C-treated mice
were smaller in size, supporting our hypothesis that IL-4 can constrain an ongoing GC response
(Figure 2.4A and 2.4B). This could reflect an effect of IL-4 on GC precursors, GC B cells,
exiting GC B cells, or all three B cell populations. Cells transitioning through a CD38"GL7" state
(see model in Figure 2.5A) include both GC precursors and pre-memory, exiting GC B cells as
shown in analyses of B cell populations in UBP-2A-Fucci mice (which report distinct phases of
cell cycle) as well as B cells responding to infection with lymphocytic choriomeningitis virus
(Armstrong strain; LCMVam)?**31-78. However, the markers used to identify these pre-memory
cells thus far are proteins that are either also expressed on GC precursors (CCR7, CD62L) or are
also expressed prior to and within the GC (Ephrin B1)?*!. This makes it difficult to accurately
define B cells exiting the GC by flow cytometry. We therefore sought to identify a marker of
GC-exiting pre-memory B cells that is not expressed on GC precursors or GC B cells but is
upregulated on MBCs. We hypothesized that within the CD38"GL7" “GC transit” B cell
population, differing expression of BCL6 and the co-stimulatory molecule CD80 could be used

to distinguish pre-GC B cells from post-GC B cells. Activated B cells upregulate BCL6 very
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early after immunization, and GC transit B cells show increasing BCL6 expression as the GC
develops” (Figure 2.5B and 2.5C). In order to form memory B cells, GC B cells must
downregulate BCL63+7%3%, This releases the repression of numerous migratory and functional
programs, including allowing the expression of CD808!. Indeed, we did not observe CD80" cells
in the GC when BCL6 is most highly expressed, yet a distinct population of CD80"BCL6" GC
transit B cells emerges after cells begin to downregulate BCL6 and form MBCs 10 days after
Plasmodium infection®>%3 (Figure 2.5B and 2.5C). We can therefore identify “entering” GC
transit cells as BCL6*CD80-CD38"GL7" B cells and “exiting” GC transit cells as BCL6
CD80"CD38'GL7" GC B cells.

To test if and how IL-4 could be impacting these populations, we analyzed BCL6 and
CD80 expression on MSP17* B cells by flow cytometry after IL4C treatment. In opposition to the
current paradigm that IL-4 promotes BCL6, we observed an insignificant decrease in BCL6
expression in GC B cells as well as a significant loss of BCL6 in GC transit B cells in mice
treated with IL4C on days 12 and 14 compared to controls (Figure 2.5D). To confirm that this
was not unique to an IL4C signal as opposed to non-complexed IL-4, we also treated mice with
non-complexed IL-4 on days 12-14. Both the loss of MSP1-specific cells noted in Figure 2.2 as
well as the loss of BCL6 expression were recapitulated with IL-4 alone, demonstrating that this
phenotype is IL-4-mediated and not dependent upon signaling alterations due to complexing IL-4
with antibody (Figure 2.4C; Figure 2.5E).

Our data suggested that IL-4 signaling may differentially impact B cells at different
stages of differentiation during an immune response. To test this hypothesis directly, we isolated
naive splenic B cells from naive mice or GL7" splenic B cells from mice at least 12 days post-

Plasmodium infection and cultured them with an agonistic anti-CD40 antibody (1 ug/mL) to
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promote in vitro GC B cell survival®*%, Both cell types were cultured in the presence or absence
of non-complexed recombinant IL-4 (10 ng/mL) for 24 hours. Naive B cells analyzed after 24h
culture with anti-CD40 and IL-4 had significantly higher BCL6 expression than those cultured
with anti-CD40 alone, consistent with previous literature*® (Figure 2.5F). However, GL7" B
cells cultured in the presence of anti-CD40 and IL.-4 lost BCL6 expression (Figure 2.5F),
mirroring the in vivo phenotype observed in mice treated with IL4C or IL-4 (Figure 2.5D and
2.5E). This indicates that IL-4 can have opposing effects on BCL6 expression in B cells at
various stages of differentiation, perhaps contingent on the level of BCL6 already present in the
cell.

While the reduction in BCL6" GC transit B cells could be indicative of a loss of GC
precursors, it corresponded to an increase in the frequency of CD80" GC transit B cells,
suggesting that IL-4 may be downregulating BCL6 in GC B cells, resulting in increased GC exit
(Figure 2.5G and 2.5H). We further analyzed expression of the ectonucleotidase CD73, used to
identify functional memory B cells that have received CD4" T cell help’#82838¢ Nearly all of the
CD80" GC transit B cells in both PBS- and IL4C-treated mice co-expressed CD73, further
supporting the idea that these are indeed exiting pre-memory B cells (Figure 2.5G and 2.5H).
Surprisingly however, despite the proportional increase in exiting CD73*CD80" GC transit B
cells, IL4C-treated mice exhibited a specific loss of GC-derived class-switched (IgMIgD;
swlg") CD73*CD80"CD38"GL7- MBCs (Figure 2.4D; Figure 2.51). Thus, although I1L-4
appears to be increasing GC exit into the GC transit pool, the overall loss of MSP1-specific B
cells and of GC-derived MBCs suggests that the IL-4-mediated downregulation of BCL6 may

not be the only signal required for long-lived MBC formation.
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As Tth cells are also a critical part of GCs, we characterized the effect of IL-4 on the
antigen-specific T cell response. We infected mice with Py-gp66, treated them with IL4C on
days 12 and 14, and analyzed the gp66-specific CD4+ T cell response on day 15. Interestingly,
although there was a marked loss of GC Tth and Tth cells with IL4C treatment, there was no
decrease in BCL6 expression in either subset (Figure 2.6A and 2.6B). This was true of splenic T
cells isolated from Plasmodium-infected mice and cultured with IL-4 (10 ng/mL) for 24h as well
(Figure 2.6C). The lack of IL-4-mediated downregulation of BCL6 in Tth cells is perhaps not
surprising given that activated T cells have been shown to downregulate IL4Ra, and thus are not
poised to respond to IL-4%. As GC B cells are known to maintain Tth cells, it is possible that the
downregulation of BCL6 and resulting loss of GC B cells is responsible for the corresponding

reduction in Tth numbers?’.
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Figure 2.4. IL-4 administered after GC formation limits GC size and output. WT mice were
infected with P.ch and treated with IL4C or PBS on days 12 and 14, and analyzed on day 15. (A)
Representative images of GCs from spleen sections stained with anti-IgD, anti-CD3, anti-BCL6,
and anti-CD35; PBS-treated (left) and IL4C-treated (right). (B) Diameter (left) and
circumference (right) of GCs in mice treated with PBS or IL4C; each dot represents one GC.
Spleens were collected from two independent experiments and 3 spleens per group were
sectioned and stained, with 4-5 GCs analyzed per section. (C) Number of MSP1" B cells at day
15 in mice treated with PBS or non-complexed IL-4 on days 12, 13, and 14 post-P.ch infection.
Data are representative of one experiment with 3 mice per group. (D) Representative flow
cytometry plots indicating gating of CD73 and CD80 on MSP1-specific IgD" (blue) and swig"

(green) CD38"GL7" B cells on day 15 in PBS- or IL4C-treated mice.
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Figure 2.5. IL-4 downregulates BCL6 during an ongoing GC. (A) Flow key indicating the
identification of naive and memory B cells, GC transit B cells, and GC B cells by CD38 and GL7

expression. (B) Representative flow plots and (C) quantification of BCL6 and CD80 expression
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in MSP1" GC transit B cells (bottom) and GC B cells (top) from P.ch-infected WT mice on the
indicated days post-infection. Data are combined from two independent experiments with 6 mice
per group. Representative histograms (top) and quantified mean fluorescent intensity (MFI) of
BCL6 expression (bottom) in GC B cells and GC transit B cells at day 15 in mice treated with (D)
PBS (grey) or IL4C (red) on days 12 and 14 post-P.ch infection or (E) PBS or non-complexed IL-
4 on days 12, 13, and 14 post-P.ch infection. Data in (D) are combined from two independent
experiments with 6 mice per group, and data in (E) are from one experiment with 3 mice per group.
(F) Naive or GL7" B cells were isolated from naive or P.ch-infected murine spleens, respectively,
and cultured with agonistic anti-CD40 antibody with or without non-complexed IL-4.
Representative histograms and quantified MFI of BCL6 expression after 24h. Data are combined
from three independent experiments, with each symbol representing the average of three technical
replicates from each experiment. (G) Representative flow plots and (H) quantification of GC
transit B cell expression of CD80 and CD73 in mice treated with PBS or IL4C. (I) Number of
MSP1"swlg'CD73"CD80" MBCs. Data are combined from two independent experiments with 6

mice per group.
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Figure 2.6. IL-4 does not downregulate BCL6 in T cells. WT mice were infected with Py-
gp66 and treated with IL4C or PBS on days 12 and 14, and the gp66-specific CD4+ T cell
response was analyzed on day 15. (A) Number of gp66-specific GC Tth, Tth, and Teff cells. (B)
BCL6 expression on GC Tth and Tth cells. T cells were negatively selected from murine
splenocytes and cultured with or without 10 ng/mL of recombinant IL-4 for 24h, then stained for
flow cytometry. (C) BCL6 expression on naive CD4+ T cells (CD44 CD62L"CXCR5PD-1"),

GC Tth cells (CD44"CD62L CXCR5'PD-1"), and Tth cells (CD44*CD62L-CXCR5'PD-1").

2.2.4 IL-4 directly downregulates BCL6 on GC B cells via negative autoregulation

We sought to understand both how IL-4 was regulating BCL6 expression in GC B cells
and why this may not be enough to generate long-lived MBCs. Although our primary B cell
culture data suggested that IL-4 is acting directly on B cells to downregulate BCL6, we aimed to
confirm this in vivo using mice in which IL4Ra is conditionally deleted from GC B cells. SIPR2
is upregulated as B cells enter the GC and acts as a tethering protein to maintain B cell

positioning within the GC®. S1IPR2creERT2"-TdTomato"* mice have been shown to accurately
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label GC B cells and fate map GC-derived MBCs?’. We therefore crossed SIPR2creERT2"-
Tdtomato™* mice to IL4Ra** mice to allow for the conditional deletion of IL4Ra from GC B
cells after the GC has formed. We infected SIPR2creERT2*-Tdtomato* IL4Ra°* and their
S1PR2creERT2- littermates with P.ch and fed them tamoxifen chow beginning on day ten?>. We
then analyzed the MSP1-specific B cell response on day 20 to determine if IL4Ro-expressing
GC-experienced cells were more likely to have downregulated BCL6 and exited the GC
compared to IL4Ra-deficient cells, which cannot respond to IL-4 (Figure 2.7A). Using
TdTomato as a fate reporter for SIPR2 expression, we observed that while >90% of MSP1-
specific B cells were TdTomato", only ~50-70% of the cells within each B cell subset had
successfully deleted IL4Ra (as seen by flow cytometric analysis of anti-IL4Ra staining) (Figure
2.7A). This has been previously described with these mice, and suggests that the IL4Ra locus
may be less accessible than the Rosa26 locus for the cre recombinase®?. Interestingly, within the
TdTomato" cells from the SIPR2creERT2"" mice, the frequency of BCL6" GC transit B cells
was significantly higher in the IL4Ra” population compared to the IL4Ra™ population (Figure
2.7B). This loss of BCL6 in IL4Ra" GC transit B cells additionally corresponded to an increase
in CD80" GC transit B cells, further supporting that these CD80" cells GC transit cells are GC-
experienced, as they were fate-mapped with SIPR2 (Figure 2.7B). Together, these findings
demonstrate that IL-4 is directly acting on GC B cells to downregulate BCL6.

As it was now evident that expression of IL4Ra on GC B cells was required for the 1L-4-
mediated loss of BCL6 expression in GL7" B cells, we next sought to understand how IL-4 was
differentially affecting BCL6 in B cells. Important work in the oncology field and more recently
in CD4" T cells has demonstrated that BCL6 is able to negatively autoregulate its own

expression, a process that is often disrupted in B cell lymphomas’!-*%!, It was formally possible
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that while early IL-4 enhances BCL6 expression and GC entry early in an immune response,
administration of IL-4 to GC B cells that express a high enough threshold of BCL6 may promote
BCL6 to bind its own promoter and negatively autoregulate its own expression. We therefore
sought to elucidate the specific signaling components that may be involved in this regulatory
cascade. IL-4 can signal through both STAT6 and IRS-2, although its ability to promote BCL6
expression has been shown to depend upon the STAT6 binding site in the BCL6 promoter
region*®23, To demonstrate a role for STAT6 signaling in the IL-4-mediated repression of
BCL6, we treated P.ch-infected WT and STAT6-deficient (STAT6KO) mice with IL4C and
analyzed BCL6 and CD80 expression in MSP1-specific GC transit B cells as above. Of interest,
both GC B cells and GC transit B cells in both WT and STAT6KO mice were able to express
equivalent amounts of BCL6, consistent with prior literature demonstrating that IL-21 and other
molecules contribute to B cell expression of BCL6%7°34 (Figure 2.8A). However, while IL4C
treatment of WT cells led to BCL6 downregulation and CD80 upregulation as shown above, GC
transit B cells that lack STAT6 did not alter their expression of BCL6 or CD80 in response to
IL4C, demonstrating that this IL-4 driven process is STAT6-dependent (Figure 2.8A and 2.8B).
We next directly tested if the IL-4-STAT6 pathway was promoting BCL6 to engage its
negative autoregulation by using ABPS1 mice, which have an 8-nucleotide deletion in the BCL6
promoter binding site 1 (BPS1) that prohibits BCL6 from binding to its own promoter’!. We
adoptively transferred splenic B cells isolated from CD45.2" ABPS1 mice into CD45.1" WT
hosts, infected the hosts with P.ch and treated the mice with IL4C on days 12 and 14, prior to
analysis of the MSP1-specific B cell response on day 15 (Figure 2.7C; Figure 2.8C). In both
GC B cells and GC transit B cells, BCL6 expression remained significantly higher in the ABPS1

cells than in WT cells (Figure 2.7C). Additionally, the IL-4-mediated downregulation of BCL6
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in WT GC transit B cells corresponded to an increase in CD80 expression, whereas CD80 was
not upregulated in ABPS1 GC transit B cells after IL4C treatment (Figure 2.7D). We
additionally used the same primary murine B cell culture setup as above to determine how non-
complexed IL-4 affects both ABPS1 naive and GC B cells. We isolated naive or GL7" B cells
from WT or ABPS1 naive mice or mice 10 days post-LCM V.m infection, respectively, and
cultured them with an agonistic anti-CD40 antibody (1 ug/mL) in the presence or absence of IL-
4 (10 ng/mL) for 24h. IL-4 similarly increased BCL6 expression in WT and ABPS1 naive B cells
(Figure 2.7E). However, while WT GL7" B cells downregulated BCL6 in response to I1L-4,
consistent with our findings in Figure 2, ABPS1 GL7" B cells showed no significant change in
BCL6 expression following culture with IL-4 (Figure 2.7E). In fact, BCL6 expression was
significantly higher in ABPS1 GL7* B cells cultured with IL-4 compared to WT GL7" B cells.
Together, these data show that IL-4 signaling via STAT6 leads to BCL6 negative autoregulation
in GL7'BCL6" B cells, enhancing GC exit via a CD38"GL7°CD80" transition stage, yet these

cells do not survive to become MBCs.
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Figure 2.7. IL-4 signaling in GC B cells triggers BCL6 negative autoregulation. (A)
S1PR2creERT2"-TdTomato™*IL4Ra!** mice and S1PR2creERT27 littermates were infected
with P.ch and fed tamoxifen chow beginning 10 days post-infection and analyzed on day 20.
Representative flow plots and quantification of TdTomato™ cells that retained or successfully
deleted IL4Ra shown on the bottom. IL4Ra gating based on FMO control, as shown in Figure 2.1.
(B) Representative flow plots (top) and quantification (bottom) of BCL6 and CD80 expression
within IL4Ro" or IL4Rar MSP1'TdTomato” GC transit B cells from S1PR2creERT2"
TdTomato™* IL4Ro.** mice. Data are combined from three independent experiments with 6 mice
per group. (C) Splenic B cells were isolated from ABPS1 mice and transferred into WT hosts. The
mice were infected with P.ch, treated with IL4C on days 12 and 14, and the MSP1-specific B cell
response was analyzed on day 15. Representative histograms and quantification of BCL6
expression in WT (grey) and ABPS1 (blue) GC B cells and GC transit B cells on day 15. (D)
Representative flow plots depicting BCL6 by CD80 expression in MSP1" GC transit B cells and
quantified frequency of CD80" GC transit B cells. Data are from two independent experiments
with three mice. (E) BCL6 expression on naive or GL7" B cells isolated from naive or LCMV-
infected murine spleens, respectively, and cultured with agonistic anti-CD40 antibody with or
without non-complexed IL-4 for 24h. Data are from one experiment, with each symbol

representing replicates from one (naive) or two pooled (GL7") mice.
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Figure 2.8. IL-4-mediated acts directly on B cells in a STAT6-dependent manner to
downregulate BCL6. WT and STAT6KO mice were infected with P.ch and treated with IL4C or
PBS on days 12 and 14, and the MSP1-specific B cell response was analyzed on day 15. (A)
Frequency of MSP1* GC B cells and GC transit B cells expressing BCL6. (B) Frequency of MSP1*
GC transit B cells expressing CD80. Data are combined from two independent experiments with
6 mice per group. (C) Splenic B cells were isolated from ABPS1 mice and transferred into WT
hosts. The mice were infected with P.ch, treated with IL4C on days 12 and 14, and the MSP1-
specific B cell response was analyzed on day 15. Representative flow plot indicating gating on

MSP17CD45.1" WT and CD45.2* ABPSI1 B cells.

2.2.5 IL-4-mediated cell death limits the formation of GC-derived MBCs
To better understand why the IL-4-mediated downregulation of BCL6 was not associated

with enhanced MBC formation and survival, we began to dissect where along the path of MBC
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formation these cells were lost. We first interrogated any changes in GC cycling, as a disruption
of positive selection of light zone (LZ) GC B cells into the dark zone (DZ) could explain the lack
of swig" MBCs (Figure 2.5I). However, there were no changes in the proportion of GC B cells in
the LZ or DZ, as measured by CXCR4 and CD86 expression, in response to IL4C treatment
(Figure 2.9A). We confirmed this by examining the expression of c-myc, a transcription factor
which is transiently upregulated as GC B cells migrate into the DZ!''**7. We did not observe any
changes in c-myc expression in GC B cells, BCL6:CD80" GC transit B cells (exiting GC), or
CD73"CD80" memory B cells in WT mice infected with P.ch and treated with IL4C or PBS
(Figure 2.9B).

To test if [L4C treatment was impacting the formation of memory precursors in the GC or
their successful exit, we additionally analyzed expression of CD23 and BCL2 on the three
populations described above. CD23 is upregulated on GC B cells that have recently received IL-4
and/or CD40L signals from T cells, and CD23* GC B cells have been identified as memory B cell
precursors?*%2, IL4C treatment led to a significant increase in CD23"BCL6°CD80" GC transit B
cells, whereas GC B cells and MBCs had modest, but statistically insignificant increases in CD23
expression in response to IL4C (Figure 2.10A). This suggests that IL-4 is promoting memory B
cell differentiation, and is consistent with our hypothesis that the CD80" GC transit B cells have
recently left the GC in response to IL-4 signaling. We also stained for BCL2, an anti-apoptotic
protein that is critical for MBC survival®*343668. BCL2 is highly expressed by naive B cells, is
downregulated upon GC entry, and is upregulated again as GC B cells form MBCs?¢. Importantly,
it can repress BCL6, and it has been suggested that this antagonism is mutual®>**, Interestingly,
GC B cells and MBCs from mice treated with IL4C had a striking loss of BCL2 compared to

control-treated mice, while BCL2 expression in BCL6-CD80* GC transit B cells was unchanged
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between groups (Figure 2.10B). This suggests that B cells may be dying while exiting the GC due
to a lack of BCL2 upregulation within the GC, which could explain the numerical loss of GC
transit B cells and GC-derived MBCs following IL4C treatment (Figure 2.2H and 2.2I).
Importantly, ~80% of MBCs were still BCL2", suggesting that the vast majority of these cells are
still viable (Figure 2.10B). Together, these data suggest that IL-4 downregulates BCL6 in GC B
cells to promote MBC formation, but is insufficient to upregulate BCL2, which could replace
BCL6 as an anti-apoptotic signal. This results in an increase in GC exit, but may also lead to cell
death, as exiting GC B cells that lack both BCL6 and BCL2 would not have the signals needed to
survive as long-lived MBCs.

To test if the diminished expression of BCL2 in GC B cells following IL4C treatment is
indicative of increased death of IL-4 “selected” pre-memory GC B cells and recently formed
MBCs, we administered IL4C or PBS simultaneously with the pan-caspase inhibitor emricasan to
WT mice infected with P.ch (Figure 2.10C). Emricasan treatment resulted in an increase in MSP1-
specific B cells regardless of PBS or IL4C treatment, demonstrating that, as expected, blocking
cell death increases MSP1-specific B cell numbers in the presence or absence of IL-4 treatment
(Figure 2.10D). However, while mice treated with both PBS and emricasan had only modest
increases in GC B cells and swlg'CD73"CD80" MBCs compared to PBS-treated mice (fold

changes of 1.22 and 0.15, respectively), mice receiving IL4C and emricasan had a 5-fold increase

in GC B cells and a 6-fold increase in swlg"CD73"CD80* MBCs compared to mice treated with
IL4C alone, demonstrating that IL-4 is leading to increased GC B cell death (Figure 2.10D).
Consistent with this finding, mice treated with IL4C and emricasan had a significantly higher
number of BCL6” GC B cells compared to mice treated with PBS and emricasan, indicating that

there is a large proportion of GC B cells dying due to IL-4-mediated downregulation of BCL6
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(Figure 2.10E). IL4C and emricasan treatment also resulted in an increase in CD80" GC transit B
cells compared to IL4C alone, suggesting that IL-4-mediated cell death is preventing pre-memory
cells from surviving after exiting the GC (Figure 2.10F).

We additionally validated these results in BCL2 transgenic mice (BCL2-Tg), which have
a functional human BCL2 transgene expressed only in the murine B cell lineage®®. We infected
WT and BCL2-Tg littermates with P.ch and treated them with IL4C or PBS on days 12 and 14
(Figure 2.9C). As with the use of emricasan, there was no loss in antigen-specific B cells between
BCL2-Tg mice treated with PBS or IL-4 at day 15 (Figure 2.9D). Consistent with BCL2 acting
antagonistically to the GC transcriptional program, BCL2-Tg mice did not form significantly
larger GCs (Figure 2.9D). However, IL4C treatment in BCL2-Tg mice resulted in a significant
increase in swlg"CD73"CD80" MBCs compared to littermate controls, whereas PBS treatment in
BCL2-Tg mice did not specifically impact swlg"CD73*CD80* MBCs (Figure 2.9D). Together,
these data demonstrate that the loss of B cells in response to IL4C treatment is due to the death of
pre-memory swlg® GC B cells following the IL-4-mediated downregulation of BCL6. Preventing
this cell death through either caspase inhibition or overexpression of an anti-apoptotic signal fully

recovers both GC B cells and GC-derived MBCs.
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Figure 2.9. IL-4 increases pre-memory GC B cell death. WT mice were infected with P.ch and

treated with PBS or IL4C on days 12 and 14. (A) Representative flow plots and quantification of

MSP1" GC B cells in the dark zone (CXCR4"CD86°) or light zone (CXCR4°CD86"). (B)

Representative flow plots and quantification of MSP1*c-myc* GC B cells (left), BCL6-CD80* GC
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transit B cells (middle), and MBCs (right). Data are combined from three independent experiments
with 5-6 mice per group. (C) WT mice and BCL2-Tg littermates were infected with P.ch and
treated with PBS or IL4C on days 12 and 14 and analyzed on day 15. Representative flow plots
showing gating on MSP1" B cells from WT (top) and BCL2-Tg (bottom) mice treated with IL4C.
(D) Number of MSP1* total B cells, GC B cells, and swlg® CD73*CD80" MBCs in each group.

Data are combined from three independent experiments with 5-6 mice per group.
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Figure 2.10. Excess IL-4 leads to increased GC B cell death and loss of MBCs. WT mice
were infected with P.ch and treated with IL4C or PBS on days 12 and 14, and the MSP1-specific
B cell response was analyzed on day 15. Representative flow plots and quantification of MSP1*
(A) CD23" and (B) BCL2" GC B cells (left), BCL6-CD80" GC transit B cells (middle), and
MBCs (right). Data are combined from three independent experiments with 5-6 mice per group.
(C) WT mice were infected with P.ch and treated with PBS or IL4C both with or without
emricasan on days 12 and 14. Representative flow plots showing gating on MSP1* B cells from
mice treated with IL4C (top) or IL4C and emricasan (bottom) on day 15 post-infection. (D)
Number of MSP1* total B cells, GC B cells, and swlg"CD73"CD80* MBCs in each group. (E)
Flow plots and quantification of BCL6~ GC B cells. (F) Number of CD80" GC transit B cells in

each group. Data are combined from three independent experiments with 6 mice per group.

2.2.7 IL-4 signaling regulates MBC selection stringency

Together, our data suggested that GC B cell-intrinsic IL-4 signaling has the capacity to
drive the exit of nascent, CD23"CD80" memory precursor cells from the GC. This raises the
possibility that IL-4 from GC Tth cells could be a key cue involved in the selection of somatically
hypermutated (SHM) GC B cells. Germinal center selection is necessary to ensure that a diverse
population of B cells with mutated BCRs of sufficient affinity survive into the MBC pool, and this
selection process occurs via interactions with GC Tth cells and antigen-bearing follicular dendritic
cells!. The specific cues that direct this selection process remain unknown. Based on our data, we
hypothesized that IL-4 from a GC Tth cell can select B cells to exit the GC via the downregulation
of BCL6. Additional cues to the B cell would lead to the expression of anti-apoptotic molecules

like BCL2, which would then promote long-lived MBC survival. We therefore aimed to assess if

53



modulating IL-4 signaling could alter GC B cell selection into the MBC pool. We hypothesized
that the addition of exogenous IL4C would inappropriately “select” GC B cells that had not
undergone sufficient cycles of somatic hypermutation and affinity maturation to have been
selected under physiological conditions. To test this, we sorted MSP1-specific IgG'CD80" GC
transit B cells and IgG"CD73"CD80" MBCs on day 15 following PBS or IL4C treatment on days
12 and 14 and bulk-sequenced their B cell receptors (BCRs). Cells from the IL4C-treatment group
in both populations had fewer somatic hypermutations than those from control-treated mice, which
has been shown to correlate with affinity?® (Figure 2.11A).

To verify that MBCs formed in the presence of excess IL-4 are in fact of lower affinity, we
used a re-challenge model to induce memory B cell differentiation into plasmablasts, which allows
for the analysis of MBC-derived serum antibodies by ELISA. We infected mice with P.y.-GP66
and administered PBS or IL4C every other day from day 12 through day 25, then re-challenged
the mice with 107 P.y.-GP66-iRBCs. We analyzed anti-MSP1 IgG antibody titers in the serum by
ELISA under normal and chaotropic or “stringent” conditions using a urea wash to disrupt weak
bonds to get a measure of antibody affinity/avidity. Serum was collected at both 25 days post-
infection and 5 days post-challenge when swlg” MBCs differentiate into plasmablasts’ (Figure
2.11B). There were no significant differences in serum anti-MSP1 IgG levels prior to challenge at
day 25 as measured by normal or stringent ELISA, suggesting that antibody quantity or quality
present at this time point was not impacted by ILAC treatment > (Figure 2.11B, Figure 2.12A).
After challenge, normal ELISAs revealed higher serum antibody titers in both challenged groups,
although not significantly so for the IL4C-treated animals. Furthermore, although there are not
significant differences in antibody titers seen in stringent ELISAs on serum from the two groups

at day 25, after rechallenge, stringent ELISAs showed a significant drop in signal from the IL4C-
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treated mice compared to the PBS-treated mice (Figure 2.11B). This indicates that while early
antibody secreting cells are not impaired in the IL4C-treated mice after a primary infection, MBCs
formed in the presence of excess IL-4 were of lower affinity than those formed in control-treated
mice. Together, these results suggest that IL-4-mediated downregulation of BCL6 and the resulting
increase in cell death underlies both the loss of MBCs and of high affinity MBCs.

These results led us to hypothesize that in an environment with physiological levels of IL-
4 signaling, a lack of IL4-signaling may maintain longer GCs and produce lower affinity MBCs.
To test this, we infected WT mice and global IL4Ra-deficient (ILARaKO) mice with P.y-GP66
and analyzed the MSP1-specific B cell response at day 60 to determine if there were differences
in GC maintenance or memory B cells (Figure 2.11C). Importantly, IL4RaKO mice have been
shown to develop GCs at a similar rate to WT mice, likely due to the outsize role of IL-21 in
promoting GC formation and in keeping with our data demonstrating equivalent BCL6 expression
in STAT6KO B cells*”*°. WT and IL4RaKO mice infected with P.y-GP66 had similar numbers
of total MSP1-specific B cells and no differences in the number of swlg"CD73"CD80* MBCs,
demonstrating that IL-4 is not the only cue that can promote MBC formation (Figure 2.11D).
However, IL4RoKO mice had significantly larger GCs at day 60 by both number and frequency
(Figure 2.11D). The larger GCs cannot be attributed to a lack of parasite clearance, as the
IL4RaKO mice controlled parasitemia as well as the WT mice throughout infection (Figure 2.12B
and 2.12C). Together, these data suggest that while MBCs can still form, there may be increased
retention or survival of GC B cells in the absence of IL-4 signaling. Importantly, there were no
significant differences in serum anti-MSP1 IgG levels as measured by ELISA or by stringent
ELISA (Figure 2.12D and 2.12E). Thus, while IL-4 may impact MBC survival and selection

within the GC, it may not affect plasma cell selection.
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We next sought to determine whether the longer lasting GCs were due to enhanced survival
of lower affinity GC B cells, which would then result in the formation of lower affinity MBCs. To
test this, we re-challenged WT and IL4RaKO mice with 107 P.y-GP66-iRBCs at day 60 and
analyzed the serum antibody response 5 days post-challenge, when MBCs have begun to
differentiate into plasmablasts’™* (Figure 2.11C). Serum anti-MSP1 IgG levels were similar
between the two re-challenged groups by normal ELISA, indicating that the lack of IL-4 signaling
does not impact MBC differentiation into plasmablasts (Figure 2.11E). Stringent ELISAs,
however, revealed a significant reduction in signal in serum from IL4RaKO mice compared to
serum from WT mice at day 5 post-challenge, suggesting that the bulk of IL4RaKO MBC-derived
antibodies were lower affinity than those from WT mice (Figure 2.11F). This indicates that in the
absence of IL-4-mediated downregulation of the anti-apoptotic BCL6, lower affinity B cells can
persist in the GC, thus leading to a lower affinity MBC pool. Together, these findings suggest that
IL-4 tightly regulates MBC selection in the GC, and that both too little or too much IL-4 signaling

can lead to a loss of MBC selection stringency.

56



A. CD80+ IgG+ CD73+CD80+
GC transit B cells IgG+ MBCs
15 0.003 15 0.045
1 | —
2 2
o 10 ' o 10
5 5
2 2
* *
Pés IL‘4€ P‘BS ILZSC
B PBS or IL4C
P.y.-GP66 P.y-GP66
| l | ]
I I I 1
do d12 25 +5
0.002 0.030
Day 25 Stringent ELISAs Day 25+5 Stringent ELISAs
25 Anti-MSP1 1gG Anti-MSP1 IgG
B 20 [ pBs
[=]
o's M 4
Q‘ 1.0
0
3 05
(=]
0.0
10 10f  10° 10* 105 10f 107 10! 102 10° 10 105 108 107 PBS ILAC PBS IL4C
Dilution Factor Dilution Factor Day25 Day 25+5
c Py-GP66 Py-GP66 D
) ) F————s
do deo
WT or T T 20000 2000
IL4RaKO ] o &
3 15000 o 2 Grswe
. o om
e i78 + 100001 % ) z im
Rl . % 50004 *® 8 E = s00
WT e 1 = *ee OO On
1 L S SO —— * 0
. ; WT IL4RaKO WT IL4RaKO
S o S 0.025 <0.001
o 8000 T 1
w R
o i |90 ] ° =2
S ’1,0- ? 6000 [} ?‘;
IL4RaKO 7 G “' — @ 400 o @
j; H. 8 2000 Ce °°g° 80
~ At < % . ®
MSP1 CD138 WT IL4RaKO WT IL4RaKO
E. Day 60 + 5 normal ELISAs - Anti-MSP1 IgG F. Day 60 + 5 Stringent ELISAs - Anti-MSP1 IgG
W wr 0.221 N owr 0.028
3 M IL4RakO 7 3 M IL4RaKO —
o * o
5 E.l o
8 2 8l 2 ‘ g 150000
o . e . < 100000
2 X
(=] o
o 0
10 107 100 10* 10° 10° 107 WT ILARaKO 10" 102 10 10* 10° 10° 107 WT IL4ARaKO
Dilution Factor Dilution Factor

Figure 2.11. IL-4 signaling regulates MBC selection stringency. (A) Number of somatic
hypermutations in MSP1*IgG* CD80" GC transit and CD73"CD80" memory B cells sorted and
sequenced on day 15 following PBS or IL4C treatments on days 12 and 14. Data are representative
of two independent experiments with 6 mice per group. (B) WT mice were infected with P.y.-

GP66 and treated with PBS or IL4C every other day between days 12-25, and re-challenged on
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day 25. Stringent ELISA dilution curves and AUC for anti-MSP1 IgG in serum collected at day
25 and 5 days post-challenge. Data are combined from two independent experiments with 4-5 mice
per group. (C) WT and IL4RaKO mice were infected with P.y-GP66 and the MSP1-specific B
cell response was analyzed on day 60, or mice were re-challenged on day 60 and analyzed 5 days
post-challenge. Representative flow plots showing gating on MSP1" B cells from each group. (D)
Number of MSP1* B cells and swIg"CD73*CD80" MBCs (top) and number and frequency of GC
B cells (bottom) at day 60. Data are combined from three independent experiments with 6-10 mice
per group. (E) Normal and (F) stringent ELISA dilution curves and AUC for anti-MSP1 IgG in
serum collected 5 days post-challenge. Data are combined from two independent experiments with

6 mice per group.
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Figure 2.12. Characterization of the memory response in IL4RaKO mice. WT mice were

infected with P.y.-GP66 and treated with PBS or IL4C every other day between days 12-25, and

re-challenged on day 25. (A) Normal ELISA dilution curves and AUC for anti-MSP1 IgG in

serum collected at day 25 and 5 days post-challenge. Data are combined from two independent
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experiments with 4-5 mice per group. WT and IL4RaKO mice were infected with P.y-GP66 and
analyzed 60 days post-infection. (B) Representative gating scheme to identify Plasmodium-
infected iRBCs, gated as Ter119"CD45 Hoechst" in 1uL of blood from a WT mouse 9 days post-
infection. (C) Parasitemia throughout the 60 days of infection in each group. Data are combined
from three independent experiments with 6-7 mice per group. Dilution curves and AUC of (E)
normal and (F) stringent ELISAs to assess anti-MSP1 IgG serum levels. Data are combined from

four independent experiments with 11 mice per group.

2.2.8 A lack of IL-4 signaling in B cells promotes longer-lasting GCs and lower affinity MBCs
Although GC formation has shown to be largely normal in IL4RaKO mice, the lack of IL-
4 signaling in other cell populations may be involved in the increased GC longevity and lower
affinity MBCs observed above. To address this, we infected S1PR2creERT2""
Tdtomato™*IL4Ra* mice and their SIPR2creERT27- littermates with P.y.-GP66 and fed them
tamoxifen chow from day 10 through day 60 (Figure 2.13A). This model allows us to determine
whether a specific lack of IL-4 signaling in GC B cells impacts GC persistence and MBC
formation. As observed with these mice at day 20 (Figure 2.7A), there was an incomplete deletion
of IL4Ra. on TdTomato* B cells, limiting numerical analyses between groups. Within the MSP1-
specific TdTomato™ (S1PR2 fate-mapped) population from S1PR2creERT*" mice, there is no
difference in the frequency of IL4Ra cells found within total B cells or swig"CD73"CD80"
MBCs, indicating that GC-derived MBCs can still form in the absence of IL-4 signaling, as shown
above (Figure 2.13B). However, there was a significantly increased proportion of IL4Ra” B cells
within the GC compared to other B cell subsets, suggesting these cells are more likely to be

retained in the GC (Figure 2.13B). Similarly, there was a consistently higher frequency of GC B
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cells within the IL4Ra'TdTomato™ population compared to GC B cells within the
IL4Ra'TdTomato" population (Figure 2.13C). This recapitulates the findings in the IL4RaKO
mice, demonstrating that GCs can persist for longer in the absence of the IL-4-mediated
downregulation of BCL6, potentially due to increased GC B cell survival. Importantly, we also
noted that within the MSP1-specific TdTomato®™ population from S1PR2creERT*" mice, the
tetramer mean fluorescence intensity (MFI) was significantly higher on IL4Ra*
TdTomato"swIg‘CD73"CD80" MBCs compared to their IL4Ro counterparts within the same
animal (Figure 2.13D). The MFI of antigen binding has been shown to correlate with BCR affinity,
thus this indicates that the absence of IL-4 signaling in GC B cells may result in the formation of
lower affinity GC-derived MBCs”’1%, This agrees with our observations in the IL4RaKO mice
that the IL-4-mediated downregulation of BCL6 in GC B cells is necessary to limit the persistence

of lower affinity GC B cells in the memory B cell pool.
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Figure 2.13. Lower affinity B cells persist into the memory pool in the absence of B cell-
intrinsic IL-4 signaling. (A) SIPR2creERT2"-TdTomato™*IL4Ra** mice and S1PR2creERT2
" littermates were infected with P.y-GP66 and fed tamoxifen chow beginning 10 days post-
infection and analyzed on day 60. (B) Representative flow plots and quantification of IL4Ra* and
IL4Ro TdTomato" B cells. (C) Representative flow plots and quantification of GC B cells within
IL4Ra" or IL4Ro MSPI-specific TdTomato"™ B cells. (D) Representative histograms and

quantification of MSPI1 tetramer MFI on IL4Ra* and IL4ARa"
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MSP1*TdTomato 'swlg"CD73"CD80" MBCs. Data are combined from three independent

experiments with 5 mice per group.

2.3 Discussion

Our data support a model in which IL-4 can promote either GC B cell entry or exit depending
on the amount of BCL6 expression in a given cell. Cells that express no to low levels of BCL6
enhance BCL6 expression in response to IL-4 signaling, while those that have high levels of BCL6,
like GC B cells, downregulate BCL6 in response to IL-4. More specifically, as previously shown,
IL-4 produced by NKT cells or Tth cells early in an immune response acts upon naive and early

6,48,58 In

activated B cells to promote BCL6 expression and thereby promote migration into GCs
multiple models, there continues to be a significant amount of IL-4 produced by CD4" T cells
following GC formation within the GC itself’-*%!%1| consistent with our own findings that GC Tth
are the predominant CD4" T cell source of IL-4 in response to Plasmodium infection. However,
the role of IL-4 within the GC has only recently been examined through our work and very recently
from the work of Duan and colleagues®?, which demonstrated that unrestricted IL-4 availability in
the GC can constrain memory cell formation. In keeping with earlier reports that IL-4 is broadcast
around a T cell instead of secreted directly at the synapse!®?, their data suggested that IL4Ra
expressed on FDCs serves as a sink for excess IL-4, thereby limiting its effects on bystander GC
B cells that are not actively engaged with a GC Tth cell. Importantly, these studies did not define
the mechanism via which IL-4 was acting on GC B cells.

Herein, we demonstrate that IL-4 acts on GC B cells to downregulate BCL6, whether

administered exogenously or perceived in situ, by enhancing BCL6 expression to a threshold level

that triggers its own negative autoregulation’**!, This correlates with increased cell death, which
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we found to be associated with a loss in selection stringency as measured by both a decrease in
somatic hypermutation as well as in the affinity of antibodies from MBC-derived plasmablasts.
We found that in the absence of IL4Ra signaling, B cells were preferentially able to remain in the
GC, although they could still exit to form MBCs. This suggested a potential lack of the positive
selection that would limit survival to high affinity clones over their lower affinity counterparts.
Indeed, we determined that a global or GC B cell-intrinsic loss of IL-4 signaling resulted in the
formation of lower affinity MBCs. Together, our findings indicate that BCL6 serves as a tunable
switch responding to T cell IL-4 secretion, thereby releasing cells that have acquired adequate help
and have therefore been selected.

We additionally identified a novel approach to distinguish memory precursors that have exited
the GC through a combination of differing BCL6 and CD80 expression. This allowed us to
determine that while IL-4 increased the proportion of exiting GC B cells, it also increased GC B
cell death, as evidenced by the higher number of BCL6 GC B cells and CD80* GC transit B cells
found when mice were treated with IL4C in conjunction with the pan-caspase inhibitor emricasan.
One possible explanation for the IL-4-mediated cell death was the finding that GC B cells did not
appropriately upregulate the anti-apoptotic protein BCL2 in response to IL4C treatment. It has
previously been suggested that during a selection event, the downregulation of BCL6 should
release repression of BCL2, as BCL2 is required for proper MBC survival**34. Our findings
therefore decouple these two events, and raise the possibility that two distinct signals from T cells
are required for MBC selection: IL-4 to downregulate BCL6 and release cells from the GC
transcriptional program, and an additional signal to upregulate MBC survival signals. It is likely
that the loss of MBCs in response to increased IL-4 observed in our work and that of Duan and

colleagues is due to an imbalance in the number of GC B cells that are downregulating BCL6 and
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the number of the GC B cells that can receive additional T cell or BCR survival signals®?. While
the additional required signal(s) is still unknown, previous studies have dissected how the strength
of T cell-B cell receptor-ligand interactions can dictate whether a GC B cell migrates to the DZ or
differentiates into a memory B cell or plasma cell; thus, the amount of IL-4 received may also
factor into these fate choices?>-37-38:86,

Interestingly, our results indicated that IL-4 impacts MBC selection, but did not appear to
impact plasma cell selection. Similarly, IL-21 has been shown to play an important role in clonal
expansion in the DZ as well as in long-lived plasma cell formation, but has not been shown to
significantly impact MBC formation®!3-36:13 'What makes a Tth cell secrete IL-4 versus IL-21 in
response to an interaction with a GC B cell has not been determined; however, it is known that
very few Tth cells can produce both cytokines simultaneously>. IL-4 and IL-21 production appear

to be relatively segregated to the light zone or dark zone, respectively’#7->°

, suggesting cytokine
signals in the GC may be temporally and spatially regulated, and perhaps memory B cell versus
plasma cell fate are as well.

The signals underlying GC B cell selection and memory B cell exit have remained elusive, in
part due to the complex nature of cellular interactions in the GC. The finding that IL-4 can promote
GC entry early in an immune response as well as initiate selection and exit later in the GC
illuminates a significant role for cytokines in tuning BCL6, which may go beyond the GC. How
GC B cells integrate IL-4 with other cytokine or receptor-ligand signals remains to be determined,

yet the ability to modulate IL-4 throughout an immune response may on its own allow for the

manipulation of MBC affinity in vaccine settings.
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3. Characterization of protein nanoparticles as a vaccine tool
3.1 Introduction

Protein nanoparticles have emerged as a versatile and promising platform in the field of
nanotechnology, offering great potential for various applications ranging from drug delivery to
vaccine design. These nanoparticles are intricately engineered structures composed of multiple
protein subunits that self-assemble into well-defined architectures. They exhibit unique
properties such as high stability, controllable size, and tunable surface characteristics, making
them highly attractive for a wide range of biomedical applications. The design and fabrication of
protein nanoparticles have been revolutionized by advances in computational modeling and
protein engineering techniques. Researchers have employed rational design principles to
accurately engineer and predict the self-assembly of multi-component protein nanomaterials. In a
seminal study by King et al., the authors demonstrated the successful design of co-assembling
protein nanomaterials with precise control over their structure and properties'®. This work
showcased the potential of protein engineering to create highly tailored protein nanoparticles
with desired characteristics.

Building upon these advances, Bale et al. extended the design principles to larger protein
complexes, specifically focusing on the assembly of megadalton-scale two-component
icosahedral protein complexes!'®. The step forward highlighted the potential for designing
intricate protein architectures at a massive scale, opening up possibilities for creating novel
protein nanoparticles with unprecedented complexity and functionality, including as an
innovative vaccine platform. This was demonstrated by a study in which immunization with
protein nanoparticles displaying the prefusion respiratory syncytial virus (RSV) F protein (preF)

successfully induced potent neutralizing anti-preF antibody responses in both mice and non-
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human primates!®. This study exemplifies the potential of protein nanoparticles as a vaccine
platform, as it harnesses their ability to present antigens in a highly organized and immunogenic
manner.

However, despite the success of these and other nanoparticle designs, the interplay
between the immunogenicity of the nanoparticle components and the displayed antigen is not
well understood. Specifically, while anti-scaffold antibody responses remained low and did not
seem to interfere with the antibody response to the displayed antigen in nanoparticle vaccines for

RSV, influenza, or Plasmodium'°%-1%

, a study of HIV-1 Env-ferritin nanoparticles did appear to
show that anti-ferritin antibody interfered with the formation of anti-Env antibodies!!. Thus, it is
important to understand the immunodominance of the nanoparticle components and displayed
antigen, as well as whether ‘scaffold masking’ by glycan shielding can help to focus B cell
responses to the displayed antigen of interest. Here, we demonstrate that glycan shielding does
not alter the immune response to the nanoparticle scaffold or displayed antigen when the
displayed antigen is immunodominant.

Additionally, as with all vaccine candidates, the platform must be tested for each
immunogen of interest. When the SARS-CoV-2 pandemic began in early 2020, the King and
Veesler labs were able to rapidly mobilize their nanoparticle design platforms to create potential
nanoparticle vaccines that displayed the viral spike receptor-binding domain. One key question
was whether these RBD nanoparticles could successfully elicit a robust RBD-specific GC B cell
response that would form long-lived memory. In these studies, we first characterize the antibody

response to SARS-CoV-2 infection and show that natural infection induces a persistent,

neutralizing anti-RBD antibody response. We then analyze the magnitude and quality of the GC
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in response to immunization with RBD nanoparticles, and demonstrate that they do induce an

RBD-specific, class-switched GC B cell population.

3.2 Results
3.2.1 Displayed antigen is immunodominant to nanoparticle scaffolds

The King lab designed three versions of the [53 dn5 nanoparticle displaying HA (HA-
153 dn5) with different types of scaffold masking by adding /) 10 glycans (HA-I53 dn5 Agly),
2) 1 linear PEG chains (HA-I53 dn5 2Cys2kPEG) to the pentamer, or 3) 5 unsaturated
polypeptides rich in proline, alanine, and serine (PASylation; HA-I53_dn5 PAS)!!l:!12 They
immunized mice intramuscularly with these nanoparticles or with unmasked HA-I53 dn5 or a
non-assembling scaffold control (HA-1naOC3_int2 + dn5A). On day 15 post-immunization, we
analyzed the popliteal lymph nodes for HA-specific and scaffold-specific B cells using tetramers
for HA as well as the scaffold components dn5SA and dn5B (Figure 3.1A).

Regardless of masking status, the HA-I53 dn5 nanoparticles elicited similarly large
proportions of HA-specific GC B cells, all higher than the unassembled control (Figure 3.1B).
GC responses to both the dn5A or dn5B scaffold components were quite low across all groups,
suggesting that the immunodominance of HA to the scaffold is not enhanced or diminished by
scaffold masking (Figure 3.1C and 3.1D). We next assessed the level of class-switched antigen-
specific B cells in all groups to determine the quality of B cell responses raised to both HA and
the nanoparticle scaffold. Immunizing with any of the assembled nanoparticles resulted in ~20-
40% of HA-specific B cells switching from IgD"IgM ™" to IgDIgM*, and ~20% of HA-specific B
cells becoming IgDIgM, or class-switched (swlg*), whereas the B cells responding to the

unassembled control primarily remained IgD", consistent with the small GC response to HA
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(Figure 3.1E). Interestingly, a higher proportion of dn5A- and dn5B-specific B cells were swlg™,
even in response to the unassembled control protein (Figure 3.1F and 3.1G). The lack of GC
response to these antigens suggests that these swlg* cells may be cross-reactive memory B cells;
however, further analysis would need to be performed to confirm this. These findings are
consistent with other glycan masking studies in which the masking was performed within the
antigen instead of on the nanoparticle domains, which demonstrated an increased proportion, but
not increased numbers, of antigen-specific B cells'!*!!4. Overall, these data demonstrate that
scaffold masking does not further focus the B cell response to the displayed antigen when the
displayed antigen is immunodominant, and thus immune responses to the nanoparticle itself need
only be taken into consideration when the displayed antigen is subdominant, such as in the case

of HIV Env-1110:112,
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Figure 3.1. B cells responses to nanoparticle scaffolds and displayed antigens. (A) Gating
strategy for analyzing dn5A, dn5B, or HA-specific B cell responses. Frequency of (B-D) GC B
cells and (E-G) isotype switched B cells in mice immunized with either unassembled protein, an

unmasked nanoparticle, or three versions of a masked nanoparticle.
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3.2.2 Mild COVID-19 induces persistent, neutralizing anti-SARS-CoV-2 IgG antibody

The SARS-CoV-2 pandemic that began in early 2020 provided an opportunity to study a
novel immune response in real time, as well as to take advantage of adaptable vaccine platforms
such as protein nanoparticles that can be rapidly mobilized for new pathogens. To first
understand the memory response formed in response to infection as a baseline for correlates of
protection we would want from a vaccine, we analyzed the antibody responses in 15 SARS-
COV-2 gqPCR" individuals who experienced mild COVID-19, as well as 17 healthy controls over

the course of three months (Figure 3.2A-C; Figure 3.3A).
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Figure 3.2. Healthy controls do not have SARS-CoV-2 RBD or spike-specific antibodies.
ELISA dilution curves and area under the curve (AUC) for anti-RBD and anti-spike (A, C) IgG
and (B, D) IgM in plasma collected from individuals prior to 2020 and the SARS-CoV-2
pandemic (historical negatives, HN, black), from healthy controls (HC, at Visit 2), and from
individuals that tested PCR+ for SARS-CoV-2 (COV2*, at Visit 1). Dashed lines indicate mean

+ 3 SD of HN AUC values.
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The presence of anti-RBD and spike antibodies in the 15 qPCR" individuals was
determined by ELISA from plasma samples collected at a median of 35 (Visit 1) and 83 (Visit 2)
days following the onset of symptoms, to represent early and late memory timepoints,
respectively. At Visit 1, 100% of qPCR+ individuals had anti-RBD IgG AUCs greater than 3
standard deviations above the mean of the uninfected controls, compared to 93% with anti-RBD
IgM and 73% with anti-RBD IgA above the negative threshold, indicating the presence of
SARS-CoV-2 plasmablasts or early-emerging long-lived plasma cells (LLPCs) (Figure 3.3B
and 3.3C). A greater percentage of individuals possessed IgG, IgM, and IgA antibodies that
could bind to the full spike protein at this timepoint, although antibody responses to the two
proteins were highly correlated (Figure 3.4A and 3.4B). Anti-RBD IgM and IgA antibodies
were found to have decreased by the late timepoint, with 71% of individuals testing positive for
IgM and 35% for IgA (Figure 3.3B and 3.3C). However, all qPCR" individuals still tested
positive for anti-RBD IgG at the second timepoint, consistent with the emergence of
predominantly IgG* LLPCs observed in other infections.

As RBD is a key domain of the spike protein that is required for viral entry into the cell,
antibodies that target the RBD can be potent inhibitors of infection'!>!16, To determine whether
CoV2" individuals form and maintain neutralizing antibodies, we tested plasma antibody
neutralization indirectly using a cell-free assay of RBD-ACE2 binding inhibition (surrogate virus
neutralization assay, SVNT)!!7. Cov2* plasma inhibited RBD-ACE2 binding significantly more
than HC plasma did, and this inhibition correlated strongly with anti-RBD IgG levels at both
Visit 1 and Visit 2 (Figure 3.3D and 3.3E). Additionally, this RBD inhibition was maintained

from Visit 1 to Visit 2, suggesting LLPC antibody maintains virus neutralizing potential (Figure
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3.3F). Together, these data indicate that there is a lasting humoral immunity formed in response

to SARS-CoV-2 infection, and that RBD could serve as a good target for vaccine responses.
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Figure 3.3. Mild COVID-19 induces persistent, neutralizing IgG antibodies. (A) Study

timeline indicating range and median of each visit. (B) ELISA dilution curves and AUC for anti-

RBD IgG (left), IgM (middle), and IgA (right) at Visit 1 (top) and Visit 2 (bottom). Dashed line

indicates mean + 3D of the HC AUC values. (C) Paired Visit 1 and Visit 2 AUC of each isotype

for HC and CoV2" individuals. Visit 2 samples were normalized to Visit 1 samples run alongisde

Visit 2 samples. (D) Percent inhibition of RBD binding to ACE2 by sVNT at a 1:2 plasma

dilution. (E) Spearman correlation between RBD inhibition by sVNT and anti-RBD IgG at both

visits. (F) Paired Visit 1 and Visit 2 percent RBD inhibition at a 1:2 plasma dilution.
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Figure 3.4. Anti-spike antibodies highly correlate with anti-RBD antibodies. (A) ELISA
dilution curves and AUC for anti-spike IgG (left), [gM (middle) and IgA (right) at Visit 1. (B)
Spearman correlation of Visit 1 anti-RBD and anti-spike IgG (left), I[gM (middle), and IgA

(right).

3.2.3 RBD nanoparticle vaccines elicit a robust B cell response

To test whether nanoparticles could be used to elicit an effective immune response against
RBD, the King and Veesler labs collaborated to create several versions of the two-component
protein nanoparticle 153-50 that displayed RBD in a multivalent manner!%>-!18, Specifically, they
fused the RBD to I53-50A linkers with either 8, 12, or 16 glycine and serine residues (RBD-8GS-
, RBD-12GS-, and RBD-16GS-153-50A, respectively), to allow for a range of flexible presentation
of the RBD off of the nanoparticle surface. Each RBD-153-50A component was then mixed with
pentameric 153-50B to form the full nanoparticles, referred to as RBD-8GS, RBD-12GS, and
RBD-16GS. To determine whether these nanoparticles could lead to the formation of class-
switched memory B cells and long-lived plasma cells, they immunized mice with monomeric
RBD, a prefusion stabilized SARS-CoV-2 S-2P trimer, or the RBD-8GS, RBD-12GS, and RBD-

16GS nanoparticles. At 11 days post-immunization, we analyzed the RBD-specific response to
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determine whether the immunization had led to the formation of GC precursors and B cells as well
as class-switched RBD-specific B cells (Figure 3.5A). Immunization with RBD nanoparticles led
to an expansion of both RBD-specific B cells as well as RBD-specific GL7* B cells (Figure 3.5B-
D). Immunization with the S-2P trimer led to a detectable but modest B cell response, whereas
immunization with the RBD monomer did not cause a noticeable expansion of RBD-specific B
cells. In keeping with these observations, the majority of GL7" B cells in mice immunized with
the S-2P trimer or RBD nanoparticles were class-switched, suggesting ongoing affinity maturation
in a GC (Figure 3.5E). This was especially striking when compared to higher proportion of IgD*
GL7" B cells in RBD monomer-immunized mice. Lastly, to evaluate the longevity of the humoral
response, we measured the number of S-2P-specific antibody-secreting cells in the bone marrow
by ELISpot at 20 weeks post-S-2P trimer or -RBD-16GS immunization. There were ~3 fold more
S-2P LLPCs in mice immunized with RBD-16GS compared to S-2P trimer, indicating that RBD

nanoparticle vaccines do successfully generate a robust, long-lived B cell response (Figure 3.5F).
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Figure 3.5. RBD nanoparticles elicit a robust B cell response. (A) Representative gating
strategy for mice immunized with RBD monomer (top) or RBD nanoparticles (bottom) and
analyzed 11 days post-immunization. Number of RBD-specific (B) total B cells and (C) GL7* B
cells across each immunization group. Frequency of RBD-specific (D) GL7* B cells and (E)
isotype of GL7" B cells across each immunization group. (F) Number of S-2P-specific antibody-

secreting cells at 20 weeks post-immunization.
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3.3 Discussion

The collaboration with the King and Veesler labs allowed us to investigate the
immunogenicity and memory response of protein nanoparticles displaying viral antigens. In all
cases, the designed protein nanoparticles elicited robust antigen-specific germinal center B cell
responses, indicating their effectiveness in inducing a strong immune response, consistent with
previous studies performed using similar nanoparticle scaffolds'%®!!°, Importantly, the scaffold
itself does not appear to be very immunogenic, and when displaying an immunodominant antigen
such as influenza HA, the B cell response generated in response to the nanoparticle cage
components is quite minimal. However, responses to the cage components should remain a
consideration when designing nanoparticle vaccines with subdominant display antigens.

We additionally helped to demonstrate that nanoparticles displaying the SARS-CoV-2
RBD are able to elicit a robust antigen-specific B cell response that involves the formation of a
functional germinal center. One of these candidates has now been tested in several clinical trials,
and was recently approved for use in South Korea. This is an especially exciting development, as
nanoparticle vaccines provide additional benefits in safety, immunogenicity, and stability, similar
to other subunit vaccines. Overall, these studies provide valuable insights into the immunogenicity
and memory response induced by protein nanoparticles displaying viral antigens. The findings
support the potential use of protein nanoparticles as effective vaccine platforms for eliciting strong
and durable immune responses, particularly in the context of infectious diseases such as SARS-

CoV-2.
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4. Concluding Remarks

Recent advances in our ability to track antigen-specific responses to infection and their
contribution to recall responses has spurred an increased appreciation for and interest in the
germinal center process. It is through the GC that the bulk of class-switched memory B cells, as
well as long-lived plasma cells, are derived, both of which provide significant protection to
subsequent exposures’#!20, The specific molecular mechanisms underlying the selection of high
affinity B cells for exit into either of these populations have only begun to be uncovered in recent
years. In the case of MBCs, the bulk of discoveries have centered around the identification of
memory precursors within the GC, an important first step in then being able to interrogate how
they are formed and how they exit into long-lived memory cells?*-*. Additional work has
demonstrated various survival signals that must be expressed for successful memory B cell
persistence, such as BCL2, SKI, NFKB, and KLF233-%,

In the studies discussed in chapter 2, we show that IL-4 downregulates BCL6 in GC B cells
to promote GC B cell exit. To the best of our knowledge, this is the first signaling pathway that
has been demonstrated to specifically target GC memory precursors for GC exit. Specifically, we
show that IL-4 promotes BCL6 and GC formation in naive B cells, but its continued promotion
of BCL6 within the BCL6M GC B cell population triggers the negative autoregulation of BCL6,
such that those B cells are primed for GC exit. Importantly, our findings also illustrate the
oversight at play within the GC: while IL-4 provides the critical downregulation of BCL6, it is
not sufficient to promote the upregulation of signals required for MBC survival and persistence.
The need for integration of several signals for successful B cell differentiation is consistent with

the requirements for immune cell activation which prevents expansion of self-reactive cells!?!.
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Recent findings from Hai Qi’s group have provided compelling evidence for a role of IL-9 in
inducing the expression of Zbtb18, which is involved in promoting MBC quiescence and
survival3!#, This latter finding is especially interesting, as the authors demonstrate that Zbtb18
is also capable of directly binding to and repressing S1PR2 to allow B cells to exit the GC. Our
work on IL-4 in the GC showed that GC-derived MBCs can still form in the absence of I1L-4
signaling in GC B cells, suggesting that other signals can still promote MBC exit from GCs. It is
therefore possible that IL-9 is one such compensatory signal.

Although our work was primarily done using a Plasmodium model, we believe that the
mechanism we uncovered is important in any immune response that involves a germinal center.
This is supported by the similar findings regarding the detrimental impact on MBC formation
and affinity in the presence of increased bioavailability of IL-4, which were performed in an NP-
KLH immunization model®?. Additionally, studies on anti-opioid vaccines using IL-4 blockade
resulted in a similar expansion of GCs as we observed using genetic deletion of IL-4
signaling!?%123, Lastly, we performed the same regimen of IL4C treatment on days 12 and 14 in
influenza-infected mice, and observed the same loss of BCL6 expression in GC B and GC transit

cells (Figure 4.1).
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Figure 4.1. IL-4 downregulates BCL6 in type 1 immune responses. BCL6 expression in (A)

GC B cells and (B) GC transit B cells in mice treated with IL4C on days 12 and 14 and analyzed
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15 days post-PR8 infection. Data are combined from two independent experiments with 7 mice

per group.

It is also worthwhile to consider the potential implications of our finding in a type 2 setting,
as IL-4 is responsible for coordinating much of this immune response. Studies have shown that
Tth cells do produce IL-4 in response to helminth infection®*!%!, Interestingly, 4-7 days post-
Heligmosomoides polygrus infection, IL-4 was found to be produced by Tth cells exclusively in
the B cell follicles or in close proximity to it, but not within the T zone itself, suggesting early
IL-4 is more important in governing B cell responses than in directing Th2 differentiation!®!.
Recent work has demonstrated that the vast majority of class-switching occurs prior to GC entry,
and that GC B cells downregulate APE1, an endonuclease that is required for class-switching!?*,
It is therefore possible that this early follicular-restricted IL-4 in a type 2 response is important
for promoting BCR class-switching to IgG1 prior to GC formation. However, we do not expect
that the role for IL-4 within the GC would be distinct between type 1 and type 2 responses, as the
kinetics of MBC and LLPC formation are unchanged between the two.

Within the type 2 context, we are specifically interested in the clinical use of the anti-IL4Ra
blocking antibody, dupilumab, which has been prescribed for several indications of aberrant type
2 immunity, including atopic dermatitis, asthma, and nasal polyps!?*~'?’. Studies thus far have
indicated that dupilumab treatment does not impact serum antibody titers formed in response to
vaccination!2. This is consistent with our findings in conditional and global IL4Ra knockout
mice. However, considering the lower affinity MBCs formed in the absence of IL-4 signaling,
we believe recall responses of dupilumab patients should be evaluated to ensure they are still

forming high affinity MBCs in response to vaccination. This could be determined by
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restimulating memory B cells isolated from peripheral blood mononuclear cells (PBMCs), and
would be important in determining whether dupilumab patients should stop treatment during
vaccination windows.

Another setting of interest to consider is the role of IL-4 within Peyer’s patches (PPs). PPs
are lymphoid follicles within the small intestine that are continuously exposed to microbiome-
and food-derived antigens, thus resulting in chronic GCs. The organization of these PP GCs are
highly similar to those found in lymph nodes and the spleen, and antigen-driven positive
selection does lead to the formation of higher affinity MBCs and LLPCs'*°, However, work from
the Victora lab has demonstrated that 5-10% of gut-associated GCs contain a dominant “winner”
clone, likely because they benefit stable host-microbiome interactions!®. However, there is also
an increased presence of low affinity PP-derived MBCs and LLPCs, which has led some to
hypothesize that the continuous presence of antigen in PPs allows for more low affinity BCR-Ag
interactions, supporting the survival of low affinity B cells that would typically die off in
classical GC settings'?2. It is possible, then, that bystander IL-4 in PPs would cause less cell
death than we observed in splenic GCs in our Plasmodium model, if low affinity GC B cells
were able to upregulate an MBC survival signal through repeated but limited antigen or Tth
contacts that are not often available in non-PP GCs. Lastly, as the majority of B cells in PP GCs
are IgA or IgG2b, it is unlikely that IL-4 is involved in class-switching in this setting, especially
in light of evidence that switching to IgA occurs at the GL7™ GC precursor stage and that there
is very little class-switching within PP GCs themselves!®:124134,

Two additional outstanding questions that we are particularly interested in are 1) what signals
in the GC can promote BCL2 expression and 2) how cytokine signals within the GC are

regulated. To begin answering the first question, we have performed preliminary in vitro
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experiments that indicate CD40 signaling may be sufficient to upregulate BCL2 (Figure 4.2).
Pilot experiments in collaboration with the King and Baker labs using nanoparticles displaying

an anti-CD40 antibody have also shown promise in promoting B cell survival (data not shown).
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Figure 4.2. CD40:CD40L signaling may promote BCL2 expression. Splenic B cells were
cultured with 10 ng/mL IL-4 or 1 ug/mL of agonistic anti-CD40L antibody for 48 hours.
Representative flow cytometry plots demonstrating gating on GL7" B cells (top) for BCL2

expression (bottom).

As discussed briefly in chapter 2, both IL-4 and IL-21 are produced in the GC and GC B
cells have shown to express high levels of both receptors at both times. While they appear to
have distinct roles in governing MBC and LLPC formation, respectively, it is unclear how their
production or receipt is regulated such that only the appropriate cells respond to either cytokine.
Of note, Tth cells have been shown to primarily produce only IL-4 or IL-21, but very few
produce both>’. Very recent work from Chen et al. has suggested a potential mechanism by

which GC B cells may be desensitized to IL-21 signaling despite expressing the receptor!?’.

82



Specifically, they demonstrate that GC B cells downregulate N-deacetylase and N-
sulfotransferase 1 (Ndstl) which are required for the proper sulfation of heparin sulfate (HS) to
mediate IL-21 binding. Interestingly, LLPC precursors re-upregulate Ndst1 to better receive IL-
21 signal and complete their differentiation into LLPCs, but what controls Ndst1 expression is
still unknown. Although the authors did not find a similar role for HS in mediating IL-4 binding,
this study raises the possibility of other biochemical changes that could underlie GC B cell
responsiveness to IL-4. Considering the promise that our findings show for the use of IL-4 to
modulate MBC selection within the GC, furthering our understanding of how GC B cells
perceive IL-4 would only improve the potential for IL-4 in vaccine strategies.

Lastly, in chapter 3 we explored the immune response to protein nanoparticle vaccines in the
backdrop of the ongoing SARS-CoV-2 pandemic. Both our findings that the nanoparticle cage
components do not generate a significant B cell response as well as that RBD nanoparticles can
induce the formation of a robust GC B cell response were exciting and reassuring evidence for
the potential of these nanoparticles as vaccines. One of these RBD nanoparticle vaccine
candidates has since been successful in phase I/II and phase III clinical trials, and was shown to
generate superior neutralizing antibodies compared to a control vaccine as well as provide
effective viral clearance in rhesus macaques'!:!33. These studies demonstrate the potential of
vaccines that focus on the formation of durable B cell memory for viral protection.

Together, the data presented here not only emphasize the importance of generating high
affinity MBCs for lasting humoral immunity, but shifts the paradigm of our understanding of
how IL-4 is involved in that process. These findings advance our understanding of GC dynamics

and selection, and have potential for use in vaccine settings or autoimmune therapies.
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5. Materials and Methods

Mice

C57BL/6, BALB/C, CD45.1* (B6.SJL-Piprc® Pepct/BoyJ), and STAT6KO (B6.12982(C)-
Stat6™!6/J)13> mice were purchased from Jackson Laboratories. S1PR2creERT2" " TdTomato*
(Tg(S1PR2-cre/ERT2)) mice were provided by Dr. Tomohiro Kurosaki?®. This strain was crossed
to IL4Ra"* (IL4ra'™2f%*) mice!3®, provided by Dr. Jakob von Moltke, to generate SIPR2creERT2*
TdTomato™IL4Ra** mice. IL4RaKO (IL-4Rc”’") mice were provided by Dr. Frank Brombacher

and were bred and maintained in our laboratory*3’. KN2** mice were provided by Dr. Markus
Mohrs'38, This strain was crossed to C56BL/6 mice to generate KN2"~ mice. ABPS1 mice were
provided by Dr. Jinyong Choi’t. BCL2-Tg (B6.Cg-Tg(BCL2)22Wehi/J) mice were provided by
Dr. Chris Allen!3®. All mice were bred and housed under specific-pathogen free conditions at the
University of Washington. All experiments were performed in accordance with the University of

Washington Institutional Care and Use Committee guidelines.

Infections and parasitemia analysis

Plasmodium chabaudi chabaudi (AS) parasites and Plasmodium yoelii 17XNL-GP66 parasites
were maintained as frozen blood stocks and passaged through donor mice. Primary mouse
infections were initiated by intraperitoneal (i.p.) injection of 10° infected red blood cells (iRBCs)
from donor mice. Re-challenge experiments were performed by injecting mice with 107 iRBCs i.p.
60 days after primary injection. Parasitemia was measured by flow cytometry by fixing a drop of
blood with 0.025% glutaraldehyde, then staining with CD45 APC (Clone 30-F11, BD
Biosciences), Ter119 FITC (BD Biosciences), CD71 PE (Clone R17217, Invitrogen), and

Hoechst33342. For ABPSI in vitro experiments, mice were infected with 2x10° PFU LCMVm
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i.p. For influenza experiments, mice were injected intranasally with 2 pfu of Influenza A virus

(strain A/Puerto Rico/8/1934 HIN1) (PRS).

Immunizations

For nanoparticle scaffold masking experiments, BALB/C mice were inoculated with 0.9 ng HA
and/or 0.6 pg 153 dn5 scaffold (1.2 pg I53 dnS scaffold for the HA-I5S3 dn5_ ABgly group due to
50% HA valency). Prior to inoculation, immunogen suspensions were gently mixed 1:1 (vol/vol)
with AddaVax adjuvant (Invivogen, San Diego, CA). Mice were injected intramuscularly into the
gastrocnemius muscle of each hind leg using a 27-gauge needle with 50 uL per injection site
(100 pL total) of immunogen under isoflurane anesthesia. For RBD nanoparticle experiments, 6-
week old female BALB/c mice, three per dosing group, were immunized intramuscularly with 50
mL per injection site of vaccine formulations containing 5 mg of SARS-CoV-2 antigen (either S-
2P trimer or RBD, but not including mass from the I53-50 nanoparticle) mixed 1:1 vol/vol with
AddaVax adjuvant on day 0. All experimental mice were euthanized for harvesting of inguinal and
popliteal lymph nodes on day 11. Both experiments were repeated two times. Popliteal and

inguinal lymph nodes were collected and pooled for individual mice.

Tetramers

The GP66.77:1-AP-APC tetramer (I-AY/LCMV.GP66.DIYKGVYQFKSV) used for isolating GP66-
specific T cells was obtained from the National Institutes of Health Tetramer Core. For P.ch
MSP1-specific B cell isolation, recombinant His-tagged C-terminal MSP1 protein (amino acids
4960 to 5301) from P.ch was produced by Pichia pastoris and purified using a Ni-NTA agarose

column as previously described!*®. For P.y-GP66 MSP1-specific B cell isolation, a plasmid
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containing His-tagged 14 kD truncated carboxy terminus of P.y MSP1 protein (amino acids 1662-
1757) was transfected into HEK293F cells and purified using a Ni-NTA agarose column as

described previously4!.

Purified recombinant P.ch MSP1, P.y MSP1, 153 dnSA pentamer, I53 dn5B trimer, H1 MI15
hemagglutinin trimer, SARS-CoV-2 trimeric spike, and SARS-CoV-2 RBD protein were
biotinylated using the EZ-Link Sulfo-NHS-LC Biotinylation Kit (ThermoFisher) and tetramerized
with streptavidin-PE (Agilent) or streptavidin-APC (Agilent) as previously described’#142,

The PE decoy reagent to gate out non-MSP1-specific B cells was generated by conjugating SA-
PE to AF647 using an AF647 antibody labeling kit (ThermoFisher Scientific), washing and
removing any unbound AF647, and incubating with an excess of irrelevant biotinylated HIS-

tagged protein. The APC decoy reagent was generated in the same manner, by conjugating SA-

APC to Dylight 755 using a DyLight 755 antibody labeling kit (ThermoFisher Scientific).

Injections

For the administration of complexed IL-4 (IL4C), 5 ug of recombinant mouse IL-4 (BioLegend)
was incubated with 25 ug of anti-mouse IL-4 antibody (11B11; BioXCell) for 2 minutes at room
temperature (RT). The IL4C was then diluted to 150 uL with sterile PBS and administered
intravenously (i.v.). For the administration of non-complexed IL-4, 5 ug of recombinant mouse
IL-4 (BioLegend) was diluted to 150 uL with sterile PBS and administered i.v. Emricasan (Sigma-
Aldrich) was resuspended to 2mg/mL in DMSO, prepared at 2.5 mg/kg in pre-warmed sterile PBS,

and injected i.p.
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Mouse cell enrichment and flow cytometry

Splenic cell suspensions were prepared and filtered through 100 uM Nitex mesh (Amazon). For B
cell enrichment, cells were resuspended in 200 uLL PBS containing 2% FBS and Fc block (2.4G2)
and incubated with decoy tetramer at a concentration of 10 nM for 10 min at RT. MSP1-PE or -
APC tetramer was added at a concentration of 10 nM and cells were incubated for 20 min on ice.
Cells were washed, incubated with anti-PE or anti-APC magnetic beads (Miltenyi) for 30 min on
ice, and passed over magnetized LS columns (Miltenyi) to elute the bound cells as previously
described'#. For T cell enrichment, cells were resuspended in 200 uL. PBS containing 2% FBS
and incubated with 10 nM GP66-77:1-AP-APC tetramer for 1 hour at RT. Cells were washed,
incubated with anti-APC magnetic beads, and passed over magnetized LS columns. All bound
cells were stained with surface antibodies followed by fixation and intracellular antibody staining
when needed (Table 5.1). Cell counts were determined using Accucheck cell counting beads. Cells

were analyzed on the Cytek Aurora and analyzed using FlowJo 10 software (Treestar).

In vitro splenocyte cultures

Splenic cell suspensions were prepared and filtered through 100 uM Nitex mesh. For negative
selection of naive B cells, splenocytes were resuspended in 200 uL PBS containing 2% FBS and
Fc block and incubated with biotin anti-mouse F4/80 (Clone BMS8, BioLegend), CD3 (Clone
500A2, BD Biosciences), CD4 (Clone RM4-5, eBioscience), CD8 (Clone 53-6.7, eBioscience),
CD11b (Clone M1/70, eBioscience), CD11c¢ (Clone N418, eBioscience), CD43 (Clone eBioR2/60,
Invitrogen), Ly6G (Clone RP6-8C5, eBioscience), Terl19 (Clone TER-119, eBioscience), and
CD138 (Clone 281-2, BD Biosciences) for 20 min on ice. For negative selection of GL7" B cells,

cells were additionally incubated with biotin anti-mouse CD38 (Clone 90/CD38, BD Biosciences),
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IgD (Clone 11-26¢, Invitrogen), and CD49b (Clone DXS5, BD Biosciences). In both cases, cells
were washed, incubated with anti-biotin magnetic beads (Miltenyi) for 30 min on ice, and passed
over magnetized LS columns. Flow through was collected and an aliquot of cells were checked for
purity prior to culture. 1 million B cells/well were added to 12-well plates in 1 mL DMEM (Gibco)
supplemented with 10% FBS (R&D Systems), 1% penicillin/streptomycin (ThermoFisher
Scientific), 15 mM Hepes (Gibco), and 55 uM B-mercaptoethanol (Gibco). 1 ug/mL of agonistic
anti-CD40 antibody (Clone FGK4.5, BioXCell) diluted in PBS was added to all wells, and 10
ng/mL of recombinant mouse IL-4 (BioLegend) diluted in PBS was added to wells cultured with
the cytokine. Plates were incubated at 37°C in a 5% CO2 incubator for 24h, then cells were
harvested and washed with PBS containing 2% FBS and stained for flow cytometry as described

above.

Adoptive cell transfers

Single cell suspensions from ABPS1 spleens were prepared and filtered through 100uM Nitex
mesh. Red blood cells were lysed with ACK buffer (ThermoFisher Scientific). Naive B cells were
isolated by negative magnetic activated cell sorting using the EasySep™ Mouse B cell Isolation

Kit (StemCell Technologies). 30 million B cells were injected i.p. into CD45.1" mice.

ELISAs

96-well plates (Corning) were coated with 2 ug/mL of recombinant P.ch MSP1, P.y MSP1, SARS-
CoV-2 trimeric spike, or SARS-CoV-2 RBD diluted in PBS and incubated at 4°C overnight. Plates
were washed with PBS containing 0.05% Tween-20 (PBS-T) and incubated with blocking buffer

(PBS-T and 3% milk) for 1 hour at RT. Serum was serially diluted in dilution buffer (PBS-T and

88



1% milk), added to plates, and incubated at RT for 2 hours. For murine ELISAs, plates were
washed and incubated with biotin anti-mouse IgG (BioLegend) for 1 hour at RT, followed by
Streptavidin-HRP (BD) for 30 min at RT. For human ELISAs, plates were washed and incubated
with anti-human [gG-HRP (Jackson ImmunoResearch), anti-human I[gM-HRP (Southern Biotech),
or anti-human IgA-HRP (Southern Biotech) and incubated for 1 hour at RT. In both cases, bound
antibodies were detected with 1X TMB (Invitrogen) and quenched with 1M HCI. Sample optical

density (OD) was measured at 450 nM and 570 nM using an iMark Microplate Reader (Bio-Rad).

Receptor-binding inhibition assay (sVNT)

SVNT assays were performed as previously described!'!’. Briefly, high-binding 96-well plates
(Corning) were coated with 5 ug/mL of recombinant human ACE2-Fc diluted in 100mM
carbonate-bicarbonate buffer (pH 9.6) and incubated at 4C over-night. Plates were washed with
PBS-T and incubated with blocking buffer (3% milk in PBS-T) for 1 hour at RT. Plasma or
monoclonal antibody supernatants were serially diluted in triplicate in dilution buffer (1% milk in
PBS-T) and incubated with 18 ng of recombinant SARS-CoV-2 RBD-HRP (conjugated using
Abcam HRP conjugation kit) for 1 hour at 37°C. Blocked plates were washed and incubated with
the pre-incubated plasma/antibody and RBD-HRP for 1 hour at RT, then detected with TMB and
IM HCIL. OD was measured by a spectrophotometer at 450nm and 570nm. RBD-HRP alone and
plasma with no RBD-HRP incubation were used as controls. The percent inhibition was calculated

as (1 — Sample OD value/Average Negative Control OD value) x 100.
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ELISpots

96-well ELISpot plates (Millipore) were coated with 20 ug/mL of recombinant P.y MSP1 or
SARS-CoV-2 RBD diluted in PBS and incubated at 4°C overnight. Plates were washed with PBS-
T and blocked with 1% BSA and 5% sucrose in PBS for 2h at RT. Single cell suspensions of
murine bone marrow were prepared and passed over 100 uM Nitex mesh. Following red blood cell
lysis, cells were plated onto coated ELIspot plates and incubated at 37°C for Sh. Cells were washed
off and antibody secreting cells were detected using IgG biotin (BioLegend) followed by
streptavidin-alkalkine phosphatase (R&D Systems). Spots were developed using BCIP/NBT
(Mabtech) and were counted and analyzed using the CTL ELIspot reader and Immunospot analysis
software (Cellular Technology Limited). Non-specific and background spots were determined by
wells containing no cells. The number of spots detected per well was used to calculate the spot

frequency per 10,000 cells.

B cell sorting and BCR sequencing

Cells were processed and stained as described above, and sorted on a FACS Aria II cell sorter
(BD) into SMART-Seq lysis buffer (Takara). cDNA was generated for each sample using the
SMART-Seq v4 kit (Takara). Samples were end-repaired, A-tailed, and ligated with custom
UMI adapters (IDT) (Table 5.2) at 2 uM according to NEBNext Ultra II instructions (NEB).
Libraries were prepped following NEBNext Immune Sequencing Kit’s protocol (NEB), and
qPCR was used to determine cycling conditions prior to plateau. Samples were pooled at
equimolar concentration and ran on a MiSeq (Illumina) with a MiSeq Reagent Kit v3 (600-cycle)

(Illumina).
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BCR sequence processing

All samples were processed with an in-house pipeline using pRESTO, BBDuk, and custom
python scripts!#*144 Sequences were filtered for Q20 average quality and the TSO sequence.
Consensus sequences were made using the UMI, and leader sequences were removed. Paired
ends were assembled and sequences with bases below Q30 were removed. Sequences were
collapsed to remove duplicates and all sequences filtered for at least 2 reads. Resulting fastq files
were submitted to IMGT for alignment. Clones were identified using Shazam and Change-O

with a clustering threshold of 0.04%>, Sequences were analyzed further in R (4.0.4) using

tidyverse (1.3.0)%.

Histology and image analysis

Spleens were isolated from infected mice and immediately submerged in BD Cytofix diluted 1:3
with PBS for 24h at 4°C. Spleens were then washed with PBS and dehydrated in 30% sucrose for
24h at 4°C before being embedded in OCT freezing medium. 18 uM sections were cut on a cryostat
and stained with anti-mouse IgD ef450 (Clone 11-26¢, Invitrogen), CD3 AF488 (Clone 17A2,
BioLegend), BCL6 AF647 (Clone K112-91, BD Biosciences), and CD35 biotin (Clone 8C12, BD
Biosciences), followed by Streptavidin Cy3 (Jackson ImmunoResearch). Slides were cover-
slipped with Fluoromount G mounting media (SouthernBiotech) and images were acquired on a
Nikon Eclipse 90i with NIS-Elements software. Imaris (Bitplane) was used for image analysis. GC
diameter and circumference were measured as the area around or across the BCL6" cells using

Imaris, with each measurement taken three times and averaged.
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Statistical analysis

All statistical analyses were performed in GraphPad Prism 9 (GraphPad Software). Unpaired, two-
tailed Student’s t tests were applied to determine the differences between two individual groups.
Paired, two-tailed Student’s t tests were applied to determine the differences between two groups
in adoptive transfer experiments. In the event of three or four groups, a one-way ANOVA followed
by Tukey’s multiple comparisons test was performed. The statistical details of each experiment

are indicated in the figure legends.
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Surface molecule Fluorochrome Clone Manufacturer
B220 BV510 RA3-6B2 BD Biosciences
B220 BUV737 RA3-6B2 BD Biosciences
B220 PE-CF594 RA3-6B2 BD Biosciences
BCL2 AF488 BCL/10C4 BioLegend
BCL6 AF647 K112-91 BD Biosciences
BCL6 PE-CF594 K112-91 BD Biosciences
BLIMP1 PE-CF594 6D3 BD Biosciences
CD3 APC-ef780 145-2C11 Invitrogen

CD3 PerCP-Cy5.5 145-2C11 BD Biosciences
CD4 BUV805 GK1.5 BD Biosciences
CDh4 BV711 RM4-5 BioLegend
CD8 BV510 53-6.7 BD Biosciences
CD11b PE-CF594 M1/70 BD Biosciences
CD11c PE-CF594 HL3 BD Biosciences
CD23 BV711 B3B4 BD Biosciences
CD38 AF700 90 Invitrogen
CD44 AF700 IM7 BD Biosciences
CD45.1 FITC A20 eBioscience
CD45.2 APC-ef780 104 Invitrogen
CD62L BV786 MEL-14 BD Biosciences
CD73 PE-Cy7 TY/11.8 Invitrogen
CD80 BV605 16-10A1 BD Biosciences
CD86 BV605 GL-1 BioLegend
CD138 BB515 281-2 BD Biosciences
CD138 BV650 281-2 BD Biosciences
c-myc FITC Y69 abcam

CXCR4 BV711 L276F12 BioLegend
CXCR5 PE 2G8 BD Biosciences
GL7 ef450 GL-7 Invitrogen
huCD2 Biotin RPA-2.10 Invitrogen

IgM BV786 /41 BD Biosciences
IgD BUV395 11-26c.2a BD Biosciences
IL4AR Biotin miL4R-M1 BD Biosciences
IRF4 FITC 3E4 Invitrogen
PD-1 ef450 J43 Invitrogen
PD-1 PE-Cy7 29F.1A12 BioLegend
Streptavidin BV605 --- BD Biosciences
Streptavidin BV711 --- BD Biosciences
Streptavidin BUV661 --- BD Biosciences

Table 5.1. Antibodies used for flow cytometry.
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Adapter Sequence

1Top 5'-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNN
NNNNNNNNNNACACTACTCG*T-3'

1 Bottom 5'-/5Phos/CGAGTAGTGT-3'

2Top 5'-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNN
NNNNNNNNNNTGTGCGGCTC*T-3'

2 Bottom 5'-/5Phos/GAGCCGCACA-3'

Table 5.2. UMI adapters for BCR sequencing.
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