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B cells, not dendritic cells, prime the dominant CD4+ Tfh response to Plasmodium infection
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CD4+ T follicular helper (Tfh) cells dominate the acute response to a blood-
stage Plasmodium infection and provide signals to direct B cell differentiation and protective
antibody expression. We studied antigen-specific CD4+ Tfh cells responding to Plasmodium
infection in order to understand the generation and maintenance of the Tfh response. We
discovered that a dominant, phenotypically stable, CXCR5+ Tfh population emerges within the
first four days of infection and results in a CXCR5+ CCR7+ Tfh/central memory T cell response
that persists well after parasite clearance. We also found that CD4+ T cell priming by B cells was
both necessary and sufficient to generate this Tfh-dominant response, whereas priming by
conventional dendritic cells was dispensable. This study provides important insights into the
development of CD4+ Tfh cells during Plasmodium infection and highlights the heterogeneity of

antigen-presenting cells involved in CD4+ T cell priming.
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Chapter 1: Introduction

1.1: Induction of the adaptive immune response

The immune system consists of a critical network of molecules, cells, and barriers that
has evolved to protect organisms from potentially dangerous microbes, called pathogens. Upon
exposure, host organisms can develop disease or experience tissue damage as a result of the
pathogen’s presence. This can occur through a variety of mechanisms including, but not limited
to, the dissemination of toxins interacting with host cells, the replacement of a
beneficial/required commensal species, or the sequestration of essential nutrients. Vertebrates
have developed a two-tiered immune system equipped to protect against pathogens that breach
the barrier provided by the skin and mucosal surfaces.

The first tier, the innate immune system, is composed of surveilling cells and circulating
molecules that quickly recognize common, invariant motifs expressed by broad classes of
pathogens. This system can induce inflammatory responses and the complement cascade to
neutralize the invading pathogen. In contrast, the adaptive immune system utilizes specialized
white blood cells, primarily T cells and B cells, which express finely-tuned epitope-specific
receptors produced through a somatic recombination process, called the T cell receptor (TCR)
and B cell receptor (BCR), respectively. Activation of these receptors triggers pathogen-specific
immune responses, resulting in the production of molecules, such as cytokines and antibodies,
in an effort to clear the pathogen. Uniquely, T cells and B cells can form long-lasting “memory”
populations that can be re-activated to more quickly respond to instances of reinfection.
Furthermore, these cells have the ability to form tissue-resident populations to respond to
reinfections at a localized site, without needing to involve the lymphocytes in lymphoid organs.
Together, the innate and adaptive immune systems provide broad, rapid protection against
pathogens and a pathogen-specific response that can be recalled throughout the life of the host

organism to prevent illness and tissue damage.



Activated CD4+ T cells act as a key mediator between the innate immune cells that have
detected a pathogen and activated B cells that need signals to guide the development of their
response, a mechanism known as “T cell help” (Claman et al., 1966; Miller and Mitchell, 1968;
Mitchell and Miller, 1968; Nossal et al., 1968). Naive CD4+ T cells are activated by antigen
presenting cells (APCs), which present antigens that are derived from proteins processed by the
cell’'s proteasomes and loaded onto the major histocompatibility complex class Il (MHC 1)
molecule (Blum et al., 2013). The TCR binds specific complexes of peptide-loaded MHC
molecules and forms an immune synapse, a membrane structure that also facilitates the ligation
of a variety of membrane-bound co-stimulatory molecules and the acquisition of secreted
cytokines that impact the differentiation of the CD4+ T cell (Grakoui et al., 1999). Activated
CD4+ T cells can broadly differentiate into two main populations with categorically distinct
functions: effector T cells (Teff) and T follicular helper cells (Tth) (Choi et al., 2011; DiToro et al.,
2018; Johnston et al., 2009). Teff cells tend to circulate out of the lymphoid tissue to the site of
infection/injury (lezzi et al., 2001). Teff cells will also produce a specific set of cytokines
promoted by fate-determining transcription factors (T-bet, GATA3, RORyt, etc.) These
transcription factors are expressed in response to signals T cells receive during activation and
the broad class of pathogen to which they are responding. The effector cytokines produced can
be directly microbicidal, activate macrophages, and/or tune the types of antibodies that are
produced by activated B cells (Ding et al., 1988; Huang et al., 1993; Stuehr and Marletta, 1987;
Taub and Cox, 1995).

Another subset of CD4+ T cells provides signals specifically to B cells activated by the
same epitope or “cognate” B cells (Garside et al., 1998; Lanzavecchia, 1985; Van den Eertwegh
et al., 1993). Upon the observation that these cells co-localize with B cells at the T-B border in
lymphoid organs due to the expression of the homing chemokine receptor CXCRS5, they were
named T follicular helper (Tth) cells (Breitfeld et al., 2000; Kim et al., 2001; Schaerli et al.,

2000). Tth cell programming was later found to be dependent on the effects of the transcription



factors TCF1 and Bcl6, which directly antagonize Blimp1, an essential factor for Th1 effector
differentiation (Johnston et al., 2012; Johnston et al., 2009; Oestreich et al., 2012; Poholek et
al., 2010; Wu et al., 2015; Yu et al., 2009). These transcription factors, among other factors and
events, regulate the expression of various Tfh costimulatory molecules, including CD28, ICOS,
CDA40L, OX40, PD-1, and SLAM family receptors, whose ligands are expressed by activated B
cells (Gaspal et al., 2005; Haynes et al., 2007; Linterman et al., 2009; Liu et al., 2015; Qi et al.,
2008; Rolf et al., 2010; Watanabe et al., 2017). When cognate B cells confer these signals with
TCR stimulation, they reinforce the Tth phenotype and can promote their transition to germinal
center (GC) Tth (Kerfoot et al., 2011). Together these findings led the field to consider the Teff
and Tfh populations to be completely distinct subsets. However, a more nuanced understanding
is emerging that allows for biased Tfh responses according to the type of helper response
induced, based primarily on reports of Tth cells expressing both Bcl6 and a Teff-defining factor,
like T-bet, GATA3, or CXCR3 (Fahey et al., 2011; lyer et al., 2015; Marshall et al., 2011; Morita
et al., 2011; Obeng-Adjei et al., 2015; Pepper et al., 2011; Velu et al., 2016). While these cells
(Tth1, Tfh2, etc.) have primarily been described in circulation, they have also been indicated in
lymphoid tissues, usually in the context of chronic infection. The factors driving the development
of these biased Tth cells remain unclear but may rely on the degree of inflammation found in
lymphoid tissues.

Many factors dictate the bifurcation of Teff and Tth from recently activated CD4+ T cells
during T cell priming, including TCR signaling, cytokine signaling, costimulation, and the antigen
presenting cell (APC) providing these factors. Although the cell subset frequencies vary with
different infections, endogenous, epitope-specific, polyclonal cells responding to either bacterial
or viral infections tend to generate relatively equal proportions of Tth cells and Teff cells at the
population level due to heterogeneity within the naive CD4+ T cell repertoire (Tubo et al., 2013).
The division of labor between the Teff and Tth functions is generally evident within the first 5-10

days after infection and is thought to be driven initially by dendritic cell (DC) priming, followed by



interactions with B cells (Hale et al., 2013; Pepper et al., 2011). Prolonged or persistent TCR
stimulation promotes Tth differentiation during priming, which typically occurs when a dendritic
cell presents antigen to a naive CD4+ T cell (Baumjohann et al., 2013; Deenick et al., 2010;
Fahey et al., 2011). This increased dwell time acts independently of inherent TCR signal
strength on the CD4+ T cell fate decision (Keck et al., 2014). IRF4 is a critical factor in the
differentiation of various CD4+ T cell subsets downstream of TCR signaling by interpreting TCR
signal strength during antigen presentation (Huber and Lohoff, 2014). IRF4 coordinates either
increased Blimp1 and other Teff gene induction when a cell receives high-strength TCR
stimulation or increased Bcl6 and Tfh gene induction if that strength of signal is low/intermediate
(Krishnamoorthy et al., 2017). This work has led to the development of two different models of
Tth development based on TCR affinity and dwell time: 1. lower TCR affinity results in signaling
events that lead to Bcl6 induction and the antagonism of Teff programming (Krishnamoorthy et
al., 2017); and 2. high TCR affinity indicated by increased dwell time prevents signals like IL-2
from inducing Teff programming (Tubo et al., 2013; DiToro et al., 2018)). Further downstream,
activated CD4+ T cells receiving IL-6 and IL-21 activate STAT3 to induce BCL6 expression
(Nurieva et al., 2008). IL-6 also activates STAT3 to downregulate CD25 (IL-2Ra) expression,
favoring Tfh formation. Relatedly, the absence of IL-2 signaling biases Tfh formation rather than
promoting Teff differentiation and occurs through STAT3-mediated downregulation of CD25 (IL-
2Ra) (Choi et al., 2013).

Antigen presenting cells also provide costimulatory signals to direct CD4+ T cell
differentiation, but the signals required for Tth formation differ between the initial contact with a
DC and a Tth cell’'s subsequent contact with a B cell that promotes the maintenance of the
phenotype. During the early priming, DCs necessarily provide B7-CD28 costimulation along with
peptide-MHC (Watanabe et al., 2017). PI3K signaling downstream of ICOS ligation from DCs is
critical in the formation of Tfh cells (Choi et al., 2011; Rolf et al., 2010), but it is also an

important signal from B cells for the maintenance of the phenotype (Nurieva et al., 2008; Xu et



al., 2013). Recent work has been able to account for the effects of multiple signals together,
which is critical to a physiological understanding of this process as their interplay undoubtedly
influences cell fate decisions. IL-2 producing cells are fated to form Tfh cells and this
programming is linked to cells with the highest TCR signal strength (DiToro et al., 2018), which
has been shown by others to be directly due to increased dwell times. Understanding the
kinetics and relative contributions of additional signals, like costimulation, in concert with the
signals a T cell receives during priming and differentiation will allow for a greater ability to
manipulate the formation of very specific T cell responses.

Tth cells that have engaged B cells at the T-B border can migrate into structures in B cell
follicles called germinal centers (GCs) (Haynes et al., 2007; Schwickert et al., 2011), where
somatic hypermutation and isotype class-switching primarily occur (Berek et al., 1991; Jacob et
al., 1991; Muramatsu et al., 2000), to participate in selection of affinity matured-GC B cells
(Allen et al., 2007; Liu et al., 2015). GC-derived B cells can form plasma cells, which secrete
antibodies at very high rates (Paus et al., 2006; Phan et al., 2006), or they can form memory B
cells, primed to respond to a secondary challenge (Ridderstad and Tarlinton, 1998; Takahashi
et al., 2001). GC Tth cells produce the cytokines IL-4 and IL-21 to regulate the physical cycling
of GC B cells between the dark and light zones, which regulates the balance between affinity
maturation and selection, respectively (McHeyzer-Williams et al., 2015; Shulman et al., 2014;
Victora et al., 2010). Tth cells can also help B cells at extrafollicular sites, partially through IL-21
production, leading these B cells to primarily form short-lived plasma cells (Lee et al., 2011).
The resulting fine-tuned humoral response is considered the ultimate goal of the immune
response as it leads to long-lived B cell populations and high affinity antibodies with long

persistence to protect the body from reinfection.

1.2: Generation of memory CD4+ T cells by immunization and infection
The generation of antibody responses is a powerful strategy against subsequent

infections as they are generally a systemic mechanism for pathogen clearance. Memory T cell
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responses, on the other hand, act locally either in lymphoid or in non-lymphoid tissue. In the
case of CD4+ helper T cells, the memory populations are broadly distinguished by their
functions during restimulation: production of microbicidal factors or providing T cell help to B
cells. Protection against pathogens that are best controlled with the invocation of T-dependent
antibody responses, such as Plasmodium, relies on the synergy of memory T and B cell
populations (Langhorne et al., 1990; McDonald and Phillips, 1978).

Following a primary immune response, the majority (~90%) of Teff cells will undergo
apoptosis (Williams et al., 2008), while a small population of Teff cells becomes the T effector
memory (Tem) population (Harrington et al., 2008). These cells lack expression of CCR7 and
CD62L, allowing them to circulate out of lymphoid tissue, surveil non-lymphoid tissues, and
quickly produce antimicrobial cytokines when restimulated — more quickly than lymphoid tissue-
localized memory CD4+ T cells (Reinhardt et al., 2001; Sallusto et al., 1999). This lymphoid
tissue-patrolling memory CD4+ T cell population, or T central memory (Tcm) cells, are seeded
by the Tth population (DiToro et al., 2018; Fairfax et al., 2015; Pepper et al., 2010). The Tcm is
considered to be a less terminally differentiated population of cells, relative to Tem, that can
develop into Teff or Tth cells upon restimulation, based on the examination of functional
responses (Pepper et al., 2011) or the expression of effector cell markers, like Blimp1 (Kallies et
al., 2009). However, recent work examining single-cell transcriptomics suggests that the
multipotency previously attributed to Tcm cells is actually due to heterogeneity in the potential
fates of restimulated CXCR5+ memory cells. Ciucci et al. demonstrated distinct transcriptional
signatures within the Tth compartment, with the memory precursor subset exhibiting early
expression of the transcription factor Thpok (Ciucci et al., 2019). Thpok antagonizes Blimp1-
associated exhaustion programming, therefore preserving the cell’s effector function potential
upon restimulation (Ciucci et al., 2019). This work suggests there are early indicators of memory

fates in CD4+ T cells that can be observed during the peak of the primary response.
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Regardless of the mechanism of memory development, the rapid emergence of Teff and
Tth populations formed from restimulated memory CD4+ T cell populations enables the immune
system to both directly combat the pathogen and re-trigger the B cell response more quickly
than a naive CD4+ T cell’'s response would (London et al., 2000; Rogers et al., 2000). However,
the importance of the generation of a Tcm population is especially evident in systems where T-
dependent memory B cell responses are critical for rapid pathogen clearance. While some
memory B cell populations can be reactivated independently of T cells (Bernasconi et al., 2002;
Richard et al., 2008; Zuccarino-Catania et al., 2014), a large body of work demonstrates that
Tem cells are critical for a rapid response from memory B cells (Ise et al., 2014; Kim et al.,
2001; MaclLeod et al., 2011; Schaerli et al., 2000; Weber et al., 2012), particularly for the
formation of rapidly antibody-secreting plasmablasts (Krishnamurty et al., 2016). The
reactivation of the memory B cell seems to be dependent on the ability of the memory B cell to
present antigen to cognate Tcm cells, according to studies conducted in both mice and humans
(Chevalier et al., 2011; Shimoda et al., 2006). This presentation by B cells induces Bcl6
expression in the T cell, reinitiating the Tth programming (Ise et al., 2014).

The human CD4+ T cell memory compartments share many of the same general
characteristics and functions as the murine counterparts, largely guided by their chemokine
receptor expression (Fritsch et al., 2005; Sallusto et al., 1999). Just as in mice, Tem cells are
found in nonlymphoid tissues, whereas Tcm cells are observed in the circulation and tonsils
(Campbell et al., 2001). Early human studies demonstrated that CD4+ memory T cells undergo
self-renewal as indicated by their decreased telomere length compared to naive CD4+ T cells
(Weng et al., 1995). More recently, others demonstrated that Tem cells have a more rapid
turnover rate compared to Tcm cells, which may be due to intrinsic differences in their
programming (Gattinoni et al., 2011; Macallan et al., 2004). Understanding the relative

importance of these two populations and then how to best maintain critical populations for
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secondary immune responses on a pathogen-specific basis can dramatically change how

vaccination is approached.

1.3: General characteristics of Plasmodium infection and adaptive immune response

Parasites of the Plasmodium genus are the causative agent of the disease malaria.
These protozoa are carried by female Anopheles mosquitoes which transmit the sporozoite
stage of the parasite to mammalian hosts during blood feeding. Once in the skin, sporozoites
that are not trapped and killed by skin-resident macrophages quickly travel to the liver and
invade hepatocytes. Within the hepatocyte, the sporozoite matures to the merozoite stage.
While restricted to the liver, infection with Plasmodium parasites is clinically asymptomatic
(Hopp and Sinnis, 2015; Prudéncio et al., 2006). Merozoites emerge once fully matured and
travel to the bloodstream where they establish infection in red blood cells (RBCs) and expand
exponentially via asexual reproduction (Aly et al., 2009). Blood-stage infection is clinically
characterized by fever, headache, and chills and in severe cases progresses to include severe
anemia, respiratory distress, and cerebral malaria (WHO, 2018). Malaria is a treatable and
preventable disease that developed areas of the world have eliminated the transmission of by
using interventions such as insecticides and bed netting. However, under-resourced areas of
the world, especially sub-Saharan Africa and Southeast Asia, have yet been unable to do so
(WHO, 2018). This has led the field to pursue vaccination strategies informed by the natural
immune response to curb the incidence of malaria transmission and, importantly, severe malaria
cases.

Clearance of Plasmodium parasites in both murine and human infection depends
significantly on the adaptive immune system. Antibody production is critical for clearance of both
human- and murine-tropic strains of the blood-stage parasite (Cohen et al., 1961; Crompton et
al., 2010; Hirunpetcharat et al., 1997; Moss et al., 2012; Riley et al., 1992). CD4+ T cells are an
important component of this response, likely due to their role in eliciting T cell-dependent

antibodies (Cigel et al., 2003; Langhorne et al., 1990; McDonald and Phillips, 1978). This CD4+
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T cell response is critical during the primary immune response, while the memory cells that form
contribute to clearance of parasites during a secondary challenge (Gwyer Findlay et al., 2014;
Langhorne et al., 1990; McDonald and Phillips, 1978; Vinetz et al., 1990). Humans living in
malaria-endemic areas fail to develop a recall response that quickly clears the parasite until they
have endured several malaria seasons. Therefore, young children are at great risk of
developing severe malaria symptoms (Langhorne et al., 2008). This non-sterilizing immunity
eventually builds so that by young adulthood, individuals who have been repeatedly exposed to
the parasite continue to transmit the disease, but no longer exhibit clinical symptoms while
infected (Mueller et al., 2013). This phenomenon is dependent on continued seasonal exposure,
otherwise this basic immunity to disease is lost (Farnert et al., 2015).

Efforts to study the memory CD4+ T cell response to Plasmodium infection have largely
demonstrated a lack of memory maintenance or diversity of memory responses. Acute blood-
stage Plasmodium infection in immunologically intact mice results in sterile immunity to a
reinfection initiated soon after the primary infection (Murphy, 1980). However, this period of
sterilizing immunity to blood-stage parasites in mice is not lifelong, perhaps due in part to a
declining CD4+ memory T cell compartment (Freitas do Rosario et al., 2008; Murphy, 1980).
This work raises questions about the formation and maintenance of memory cells in this model,
which could potentially illuminate failures of the development of the human memory response to
malaria as well. Several studies have demonstrated that the acute CD4+ T cell response to a
blood-stage Plasmodium infection in both humans and mice is dominated by CD4+ Tth cells,
followed by the development of Tcm cells (Obeng-Adijei et al., 2015; Pérez-Mazliah et al., 2015;
Silva et al., 2013). Prior reports examining the acute CD4+ T cell response also suggests that
the Th1-biased Tfth response that is generated during Plasmodium infection does not provide
adequate B cell help (Obeng-Adijei et al., 2015; Ryg-Cornejo et al., 2016). Based on our
knowledge of the function and fate of Tfh cells, understanding how this biased acute response

impacts the quality and the longevity of the memory CD4+ T cell response and how it interacts
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with responding B cells will be critical for developing a long-lasting vaccination strategy that

withstands the effects of natural infection in endemic areas.

1.4: Outstanding questions

There are various factors contributing to the difficulty in generating an effective vaccine
against Plasmodium, including the complexity of the unicellular organism, the variations across
species, and the multi-stage life cycle, among others. Some of the most effective vaccination
endeavors have utilized attenuated sporozoites or administered prophylactic antimalarial drugs
alongside sporozoite inoculation and have demonstrated protection in the context of controlled
human malaria infections (Clyde et al., 1973; Lyke et al., 2017; Mordmdiller et al., 2017;
Roestenberg et al., 2009; Seder et al., 2013). Unfortunately, these strategies have not been
feasible as a mass vaccination program, due to the maintenance conditions of the sporozoites,
the administration route, the requirement of the co-administration of other drugs, and/or the
sheer number of sporozoites needed per individual. Other strategies that have shown promise
in pre-clinical studies and in malaria-naive humans have been disappointingly unsuccessful in
human studies in malaria-endemic areas, indicating that the effects of natural infection on the
immune response need to be better understood to develop a vaccination strategy that will not
be altered by natural infection in endemic regions (Ogutu et al., 2009; Wykes et al., 2005). Of
these efforts, the top malaria vaccine candidate is RTS,S, which when tested on children in
malaria-endemic areas only provided 30-50% of exposed individuals with short-lived responses
(The RTS, 2012). Recent work demonstrates the potential for this vaccine to stimulate antigen-
specific Tem and Tcm populations and suggests that both populations could play roles in
promoting parasite clearance and providing B cell help (Moncunill et al., 2017). The failure to
generate sterilizing immunity when exposed to natural infection even when forming a potentially
effective memory T cell repertoire suggests a defective immune response during infection. To
this end, the work presented here examines the development of an endogenous antigen-

specific memory CD4+ T cell response — in particular the factors influencing the formation of
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memory CD4+ T cells induced by Plasmodium infection — in order to effectively promote the

generation of a useful immune response.

Chapter 2: Characterization of the acute and memory CD4+ T cell responses during

Plasmodium infection

2.1: Introduction: CD4+ T cell responses during Plasmodium infection

The acute CD4+ T cell response to Plasmodium infection has been characterized as a
Th1-biased response, with effector T cells producing type 1 cytokines like IFNy and TNFa
(Amante and Good, 1997; Su and Stevenson, 2000; Zander et al., 2016; Zander et al., 2017).
These powerful cytokines can have significant off-target pathological effects, leading to
disruption of the splenic architecture (Cadman et al., 2008), and need to be countered by IL-10
or TGF-b (Couper et al., 2008; Li et al., 1999; Niikura et al., 2010; Omer et al., 2003; Omer and
Riley, 1998; Sanni et al., 2004). Th1 cells have been identified as the primary source of IL-10
during Plasmodium infection in an IL-27-dependent manner and can be co-expressed with
inflammatory cytokines (Freitas do Rosario et al., 2012; Villegas-Mendez et al., 2016). The
development and functional potential of the Tfh response in malaria remains unclear. While Tfh1
cells have been described in malaria infection (Obeng-Adjei et al., 2015; Wikenheiser et al.,
2018), the Tth population generated has been reported to be not useful in providing B cell help
(Butler et al., 2011; Ryg-Cornejo et al., 2016). Specifically, the magnitude of the Tfh response
does not correlate with Plasmodium-specific antibody responses generated (Obeng-Adijei et al.,
2015). Additionally, the waning of the CD4+ T cell response following Plasmodium infection has
been documented in a global manner, first through loss of immunity to rechallenge and later
through the global loss of the cells (Freitas do Rosario et al., 2008; Murphy, 1980). These
approaches, however, do not follow the interactions that Plasmodium-specific cells experience.
This led us to develop a system to interrogate the development of an antigen-specific CD4+

memory T cell response to Plasmodium infection in mice.
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2.2: Results

2.2a: Epitope-specific CD4+ T cells exhibit limited expansion in response to Plasmodium
infection

To study an antigen-specific CD4+ T cell response to Plasmodium yoelii infection, we
used a transgenic parasite expressing a well-characterized CD4+ T cell epitope derived from
the glycoprotein of lymphocytic choriomeningitis virus (LCMV), GPes.s0 (Py-GP66) (Dow et al.,
2008; Hahn et al., 2018; Zander et al., 2017). This allowed us to use the previously generated
GPss.77:1-Ab tetramer and magnetic bead enrichment to examine rare, antigen-specific cells
responding early in infection (Moon et al., 2007). To gain an understanding of the kinetics of the
response, we first compared GP66+ cells in LCMV and Py-GP66 infections at several
timepoints (Fig. 2.1A, B). Comparable numbers of CD44+ GP66+ cells emerged from the naive
precursor population of ~100 cells as early as 4 days post infection with either Py-GP66 or
LCMV. However, whereas this reached a peak of approximately 4,000 cells at 12 days post-
infection with Py-GP66, it expanded to ~80,000 cells 12 days after LCMV infection (17-fold
higher), consistent with previous reports (MaclLeod et al., 2008; Nelson et al., 2015; Whitmire et
al., 2006) (Fig. 2.1B). Furthermore, in LCMV, the numbers of GP66+ cells contracted with viral
clearance and then stabilized to maintain a population of long-lived memory cells, as previously
described (Corbo-Rodgers et al., 2012; Hondowicz et al., 2018; Matloubian et al., 1994). During
Plasmodium infection, however, the number of CD44+ GP66+ cells continued to decline (Fig.
2.1B). We analyzed the contraction of GP66+ cells from the peak at 12 days post-infection to
150 days post-infection by nonlinear regression (dashed lines). The slopes of the lines (31.15
for LCMV and -7.001 for Py-GP66) demonstrate that the contraction/memory phases have
statistically different kinetics. As the differences in these responses begins early in the induction
of the adaptive immune responses to these infections, we sought to examine how early events
during the initiation of the GP66+ response may differentially impact the resulting expansion and

maintenance of the cells in the context of these two infections.
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Differences in the number of GP66+ cells in the two infections could arise due to multiple
factors that affect how antigen is perceived at these early timepoints. Changes in antigen load
can alter clonal expansion and the degree of T cell contraction (Park et al., 2008); differences in
TCR signal strength can alter the transcriptional events downstream of TCR stimulation (lwata
et al., 2017); and alterations in co-stimulatory signals can sustain the proliferative burst
(Howland et al., 2000; McAdam et al., 2000). T cell responsiveness during priming can be
compared by measuring the responder frequency and proliferative capacity, which are
associated with perception of antigen and the maintenance of the proliferative burst
(Gudmundsdottir et al., 1999). To address these possibilities, we adoptively transferred CFSE-
labeled TCR transgenic CD4+ T cells specific for the GP66 epitope (SMARTA) (Oxenius et al.,
1998) into congenically-marked WT recipients infected with LCMV or Py-GP66 one day post-
transfer. We found that in both infections, GP66+ SMARTA cells undergo at least 7 rounds of
proliferation, based on the dilution of CFSE (Fig. 2.1C). We calculated both the responder
frequency (the fraction of input SMARTA cells that proliferated at least once) and the
proliferative capacity (the number of daughter cells generated per input SMARTA precursor cell)
(Gudmundsdottir et al., 1999). There was no difference in the responder frequency between the
LCMV and Py-GP66 infections, indicating comparable access to antigen in both infections.
However, there was a marked decrease in the proliferative capacity of the GP66+ SMARTA
cells during Plasmodium infection, suggesting differential interpretation of co-stimulation (Fig.
2.1D). These data demonstrate that the conditions required to sustain cell division may be
altered at an early stage in the response to Plasmodium infection and raise the possibility that

this is a phenotypically stable phenotype imprinted early in the adaptive immune response
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Figure 2.1: Expansion of epitope-specific CD4+ T cells in response to Plasmodium

infection
A. At acute and late time points post-infection with LCMV or Py-GP66, the activation and
expansion of GP66+ CD4+ T cells from secondary lymphoid organs were assessed by flow

cytometry. Plots are gated on dump- CD3+ CD8- CD4+ cells. B. Graph shows the number of
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GP66+ cells from both infections over time. The fold change in the cell number from Py-GP66
infection is indicated above the LCMV curve. Data are pooled from 4-8 mice from each cohort at
each timepoint from two independent experiments. A nonlinear regression from the peak at day
12 to day 150 was performed for each infection and is indicated by the dashed lines. The slope
of the Py-GP&66 line is -7.001 (-17.75 to 3.747) and the slope of the LCMV line is 31.15 (-170.7
to 233). C. CFSE-labeled GP66-specific transgenic CD4+ T cells (SMARTA) were transferred to
WT mice and infected with LCMV or Py-GP66. Number of cell divisions are indicated on gates.
Both histograms are gated on SMARTA+ CD44+ GP66+ T cells. D. Responder frequency and
proliferative capacity of SMARTA+ CD44+ GP66+ cells were calculated as previously described
(Gudmundsdottir et al., 1999). Data are pooled from 7-10 mice per cohort from two independent
experiments and were analyzed by unpaired t-test. For B. and D., data are shown as mean +

SEM. *p < 0.05 ****p < 0.0001.

2.2b: Epitope-specific CD4+ T cells express CXCR5 at both acute and memory timepoints
after infection

To gain a greater understanding of how the differentiation of these two epitope-specific
populations occurs, we also examined the phenotype of the GP66+ CD4+ T cells in the context
of the two infections. Current models suggest that a two-step process initiated by priming via a
dendritic cell (DC) followed by subsequent interactions with B cells results in Tth differentiation
(Lu et al., 2011; Poholek et al., 2010). The initial interactions between DCs and CD4+ T cells
are thought to drive an early bifurcation of activated CD4+ T cells into a Tfh or Teff pathway
based on their ability to express CXCRS5 or the IL-2 Ra chain, respectively (Chang et al., 2014;
Pepper et al., 2011; Tubo et al., 2013). Tth cells that up-regulate BCL6 and CXCR5 migrate to
the T-B border of secondary lymphoid organs where the Tfh phenotype is maintained by

interactions with B cells (Cannons et al., 2010; Choi et al., 2011; Deenick et al., 2010; Glatman

20



Zaretsky et al., 2009; Haynes et al., 2007; Johnston et al., 2009; Nurieva et al., 2008; Nurieva et
al., 2009; Poholek et al., 2010; Qi et al., 2008; Salek-Ardakani et al., 2011; Watanabe et al.,
2017). We therefore first determined the kinetics of activated GP66+ CD4+ T cell differentiation
in the two infections to understand how early the Tth phenotype emerges. In uninfected animals,
GP66+ cells did not express CXCR5, as expected (Fig. 2.2A) (Tubo et al., 2013). At four days
post-infection, we could consistently find an expanded population of CD44+ GP66+ T cells in
both infections. In LCMV-infected mice only a small proportion of GP66+ CD4+ T cells
expressed CXCRS at this timepoint; yet the vast majority (~80%) of GP66+ CD4+ T cells
responding to Plasmodium already expressed CXCRS5 (Fig. 2.2A). The global CD44+ CD4+ T
cell population demonstrates a similar disparity (Fig. 2.3A, B). Approximately half of the cells
responding to LCMV exhibited a Tth phenotype by day 8, as previously described (Tubo et al.,
2013; Wu et al., 2015), though the frequency of CXCR5+ CD44+ GP66+ cells continued to
increase until day 20. In contrast, CD44+ GP66+ cells induced by Plasmodium infection
maintained a predominant CXCR5+ Tth phenotype all timepoints observed (Fig. 2.2A, B). We
confirmed that the CXCR5+ CD4+ cells formed in Plasmodium infection were bona fide Th1 Tfh
cells through analysis of the fate-determining transcription factors for this subset, T-bet and
BCL6 (Cannons et al., 2010). While it was difficult to perform these studies on the low numbers
of GP66+ cells at day 4, by day 8 post-infection with Plasmodium, the majority of GP66+ cells
expressed high levels of BCL6 and lower levels of T-bet, consistent with a Th1 Tth phenotype
(Fig. 2.3C, D) (Obeng-Adjei et al., 2015). Together, these data demonstrate that the same
epitope-specific population can adopt different frequencies of Tfh versus Teff phenotypes with
different kinetics in response to different infections. These data further suggest that some
aspect of Plasmodium infection commits the GP66+ cells to a stable Tth phenotype very early in

infection.
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Figure 2.2: Plasmodium-specific CD4+ T cells express CXCR5 at both acute and memory
timepoints

A. Representative flow plots of antigen-specific CD4+ T cells isolated from secondary lymphoid
organs at naive or acute time points after LCMV or Py-GP66 infection. Plots are gated on dump-
CD3+ CD8- CD4+ CD44+ GP66+ cells. B. Summary data of the percent of CXCR5+ GP66+

cells shown in 2A. Data are pooled from 4-8 mice per time point from at least two independent
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experiments and were analyzed by two-way ANOVA. C. Representative flow plots of GP66-
specific CD4+ T cells at memory time points after LCMV or Py-GP66 infection. D. Summary
data of the percent of CXCR5+ GP66+ cells shown in Fig. 2C. Data are pooled from 4-6 mice
per time point from at least two independent experiments and were analyzed by two-way
ANOVA. E. Representative flow plots from GP66+ CD4+ T cells at memory time points after Py-
GP66. CCR7+ T central memory (Tcm) cells and CCR7- T effector memory (Tem) populations
are shown. GC Tfh cells are included the CCR7- CXCR5+ population (Haynes et al., 2007). F.
Summary data of the percent of the Tcm and the Tem populations from Fig. 2E. Data are
pooled from 3-10 mice per time point from at least two independent experiments and were
analyzed by unpaired t-tests. For B., D., and F., data are shown as mean + SEM. *p < 0.05 **p

<0.01 ***p < 0.001 ****p < 0.0001.
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Figure 2.3: The expression of Tfh and Tcm markers in naive cells
A. Representative flow plots of CD44+ antigen non-specific cells from 4 days post-infection with
LCMV or Py-GP66 in WT mouse. Cells are gated on dump- CD3+ CD8- CD4+ CD44+ cells. B.
Summary data of the percent of CXCR5+ cells from Fig. S1A. Data are pooled from 8-9 mice
per cohort and are representative of two independent experiments. C. Representative plots of

naive cells (gated on dump- CD3+ CD8- CD4+ CD44-) and the LCMV and Py-GP66 plots
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(gated on dump- CD3+ CD8- CD4+ CD44+ GP66+) show T-bet and Bcl-6 expression 8 days
post-infection with LCMV and Py-GP66 infection. D. Summary data of the percent Bcl-6+
GP66+ cells from Fig. S1C. Data are pooled from 6 mice per cohort and are representative of
two independent experiments. E. Plots are gated on dump- CD3+ CD8- CD4+ cells and dump-
CD3+ CD8- CD4+ CD44+ GP66- cells, respectively, following 100 days Py-GP66 infection.
Representative of 6 mice from at least two independent experiments. Data were analyzed by

unpaired t-test. For B. and D., data are shown as mean + SEM. ***p < 0.001. ****p < 0.0001.

We next assessed the stability of this early Tth population by analyzing the GP66+ CD4+
T cells at later timepoints. We hypothesized that the early Tth differentiation would result in a
later central memory population, as previously described in Th1 bacterial and viral infections
(DiToro et al., 2018; Pepper et al., 2011). Fifty days after either infection, the majority of CD4+
CD44+ GP66+ cells maintained a CXCR5+ Tfh phenotype, but at later timepoints, the frequency
of CXCR5+ cells decreased in the LCMV-infected mice, while Plasmodium-infected mice
maintained approximately 80% CXCR5+ cells (Fig. 2.2C, D). Of note, the level of CXCR5
expression, as determined by mean fluorescence intensity (MFI), on the CD44+ GP66+
CXCR5+ cells after LCMV infection was consistently higher than after Plasmodium infection at
all the timepoints tested, despite the frequency of total CXCR5+ cells being generally higher in
response to Plasmodium infection than LCMYV infection (Fig. 2.2C, D). In order to determine the
types of memory cells that form in response to Plasmodium infection, we also assessed
markers that distinguish central and effector memory cells (CCR7 and CD62L) (Sallusto et al.,
1999). Gates were drawn using the expression of CCR7 and CXCRS5 on global CD4+ T cells
and global CD4+ CD44+ T cells (Fig 2.3E). We demonstrate that GP66+ memory T cells
following Plasmodium infection largely adopted a Tcm (CCR7+ CXCR5+) phenotype (Fig.
2.2E). This skewing in the memory pool was observed at all timepoints examined up to 260

days post-infection (Fig. 2.2F). These data therefore demonstrate that the early differentiation
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of CXCR5+ Ttfh cells observed is maintained long-term as a CXCR5+ Tcm population,
suggesting that this is a stable phenotype, imprinted early in the response to Plasmodium

infection.

2.3: Discussion

The Plasmodium-specific CD4+ T cell population acquires a stable CXCR5+ Tth
phenotype at acute timepoints during infection that is maintained late into the memory response.
As shown in previous bacterial and viral infections, this early Tfh cell population forms a
prominent Tcm population (DiToro et al., 2018; Fairfax et al., 2015; Pepper et al., 2011). This is
in contrast to other studies (Opata et al., 2015; Stephens and Langhorne, 2010) in which
adoptively transferred, monoclonal TCR transgenic CD4+ T cells specific for a Plasmodium
antigen predominantly formed a Tem population. This result may be due to the specificity of the
monoclonal TCR transgenic population that was utilized, as monoclonal TCR transgenic
populations do not represent the compendium of phenotypes seen in polyclonal endogenous
antigen-specific populations (Tubo et al., 2013). Skewing of the polyclonal antigen-nonspecific
CD4+ T cells to a BCL6+ Tfth phenotype has also been observed at early timepoints during
Plasmodium infection, which further supports our findings (Obeng-Adijei et al., 2015; Pérez-

Mazliah et al., 2015; Silva et al., 2013).

Chapter 3: Factors driving T follicular helper cell fate in Plasmodium infection

3.1: Introduction: The signals and antigen presenting cells driving Tfh differentiation
The inflammatory milieu caused by Plasmodium infection is known to drive a specific

dysfunction of dendritic cells (DCs) where they exhibit inefficient antigen uptake, decreased

antigen presentation, and increased apoptosis (Goétz et al., 2017; Pinzon-Charry et al., 2013;

Urban et al., 1999; Woodberry et al., 2012; Wykes et al., 2007). Recent work details that the

cDC1 population promotes Teff differentiation, while cDC2 cells promote Tth cells (Kotov et al.,
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2019). It has also been described that cDC1 cells are increased in the context of Plasmodium
infection (Guermonprez et al., 2013), but as they are likely highly dysfunctional, they would be
unable to promote Teff differentiation. In cases where the DCs are unable to serve as the initial
antigen presenting cell, B cells can fill that niche and can stimulate the formation of Tth cells
without the input of DC-derived signals (Barnett et al., 2014; Constant, 1999; Evans et al., 2000;
Hong et al., 2018). Coupling this information with the data on the formation of Plasmodium-
specific Tfh cells as early as day 4 post-infection (detailed in Chapter 2), we utilized genetically
manipulated mice and biochemical ablation of costimulatory factors to determine the critical
factors in driving the early differentiation of Tth cells during Plasmodium infection.

3.2: Results

3.2a: The Tfh-skewed epitope-specific CD4+ T cell response is B cell-dependent

We focused on understanding the factors that could be driving this stable CXCR5+
Tth/Tcm-skewed phenotype. As described above, Tth differentiation is thought to be a two-step
process depending on early priming by DCs and later maintenance of the Tth phenotype by B
cells. We therefore hypothesized that if we activated CD4+ T cells in the absence of B cells, we
would observe no difference in the Tfh-like phenotype at day 4 but would see a loss of the Tth
phenotype at day 8 or later after Plasmodium infection. We tested this hypothesis by infecting
WT and uMT mice, which lack mature B cells, with Py-GP66 and examined the phenotype of
GP66+ cells in each group at various timepoints. Interestingly, we observed that even as early
as 4 days post-infection there was a significant loss of CXCRS expression by GP66+ cells in the
uMT mice (Fig. 3.1A). Later in infection, a small population of Tth cells emerged, which was
consistently half as frequent in the uMT mice that it was in WT mice (Fig. 3.1A, B). We also
found that the number of GP66+ cells was consistently lower in uMT mice than WT mice during
the early response to Plasmodium infection, and approximately 2 logs lower 4 days after

infection (Fig. 3.1B). These data suggest that B cells play a crucial role in the CD4+ T cell
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response to Plasmodium infection prior to day 4. We were unable to study these cells beyond
day 15 due to fatality in the uMT mice resulting from high parasite burden (Fig. 3.2A) (Roberts
et al., 1977; Weinbaum et al., 1976). Since uMT animals are known to have aberrant lymphoid
organization (Chyou et al., 2011), we also depleted B cells in WT mice with anti-CD20 antibody
administered on the day of and 3 days after infection with Py-GP66. We achieved 81%
reduction of B cells in the spleen with this treatment compared to the isotype-treated control
(Fig. 3.2B). At 4 days post-infection, we observed that transient depletion of B cells decreased
the Tfh population by approximately 20% compared to the isotype-treated control (Fig. 3.1C, D).
The B cell depletion resulted in a decrease in the number of GP66+ cells, though this was not
significant. (Fig. 3.1D). These alterations in differentiation occurred without appreciable increase
in the parasite burden in mice that lacked B cells compared to WT controls, suggesting the
eventual generation of productive antibody responses in both groups of mice (Fig. 3.2A, C).
These data support our hypothesis that B cells are critical for providing very early signals in the
response to Plasmodium infection, and even partial depletion of B cells can affect the early

differentiation of a predominant Plasmodium-specific Tth response.
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Figure 3.1: The Tfh-skewed epitope-specific CD4+ T cell response is B cell-dependent

A. Representative flow plots demonstrating CXCRS5 expression on antigen-specific CD4+ T cells
at acute time points after Py-GP66 infection in WT and uMT mice. Plots are gated on dump-
CD3+ CD8- CD4+ CD44+ GP66+ cells. B. Summary data of the percent of CXCR5+ GP66+
cells and number of GP66+ cells from Fig. 3.1A. Data are pooled from 3-6 mice per cohort from
at least two independent experiments and were analyzed by unpaired t-tests. C. WT mice were
treated with anti-CD20 antibody or isotype control immediately prior to infection and on day 3
post-infection. Representative flow plots of GP66+ cells from the secondary lymphoid organs of
mice infected 4 days prior with Py-GP66. D. Summary data of the percent of CXCR5+ GP66+
cells and number of GP66+ cells from Fig. 3.1C. Data are pooled from 6 mice per cohort from
two independent experiments and were analyzed by unpaired t-test. For B., D. and F., data are

shown as mean + SEM. *p < 0.05 **p < 0.01 ***p < 0.001.
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Figure 3.2: B cell depletion and the impact of B cell loss on parasite burden

A. Percent infected red blood cells in WT and uMT following Py-GP66 infection. Data are pooled
from 3-21 mice per cohort and are representative of over two independent experiments. B.
Percent of B220+ B cells following anti-CD20 depletion and 4 days Py-GP66 infection. Data are
pooled from 6 mice per cohort and are representative of 2 independent experiments. C. Percent
infected red blood cells in WT mice treated with anti-CD20 antibody or isotype control. Data are
pooled from 6 mice per cohort and are representative of two independent experiments. Data

were analyzed by two-way ANOVA. ****p < 0.0001.

3.2b: B cells, and not DCs, are necessary and sufficient to prime the epitope-specific
CD4+ T cell response

CD4+ T cells interpret multiple signals from professional APCs during priming, including
presentation of antigen on peptide:MHC complexes and ligand/receptor pair interactions
referred to as co-stimulation. Many reports indicate that DCs serve as the initial APC for Tth
differentiation in various infections (Barnett et al., 2014; Cassell and Schwartz, 1994; Deenick et
al., 2010; Itano et al., 2003). However, it has also been widely reported that DCs have
dysfunctional responses during blood-stage Plasmodium infection in both mouse models and
human studies, including a reduced capacity for antigen uptake and antigen presentation (Gétz
et al., 2017; Loughland et al., 2017; Pinzon-Charry et al., 2013; Urban et al., 1999; Woodberry

et al., 2012; Wykes et al., 2007). We therefore tested whether DCs were involved in CD4+ T cell
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priming during Plasmodium infection. To accomplish this, we utilized the Zbtb46-DTR (zDC-
DTR) mouse model, in which administration of diphtheria toxin (DT) specifically depletes the
conventional DC (cDC) compartment without affecting plasmacytoid DCs (pDC), macrophages,
monocytes, or natural killer cells (Meredith et al., 2012). We achieved a 77% depletion of the
cDC compartment in these mice 2 days after treatment (Fig. 3.3A) and found that in the
absence of cDCs, GP66+ cells maintain a prominent Tth skewing at day 4 post-infection (Fig.
3.4A). Furthermore, we observed no significant changes in the frequency of CXCR5+ cells or
the number of GP66+ cells (Fig. 3.4B). Together these data demonstrate that cDCs are not
necessary to activate Plasmodium-specific CD4+ T cells or to promote Tth differentiation in the
context of this infection. This contradicts previous studies identifying cDCs as the critical APC
during Plasmodium infection (Ueffing et al., 2017; Voisine et al., 2010). However, these studies
utilized CD11c as the cDC marker, which is also upregulated by activated B cells (Rubtsov et
al., 2011; Sullivan et al., 2015; Weiss et al., 2009). Our approach allows for the dissection of the
specific contribution of the cDCs and demonstrates that they are dispensable for activation of

Plasmodium-specific CD4+ T cells.
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Figure 3.3: cDC depletion and the loss of Tfh cells in response to a-CD40L and a-ICOSL
blockade

A. Percent of CD11c+ MHC I+ cells following diptheria toxin treatment (DTx) in WT and zDC-
DTR mice. Data are pooled from 5 mice per cohort and are representative of two independent
experiments. Data were analyzed by unpaired t-test. B. WT mice were treated with a-CD40L +

a-ICOSL antibodies or isotype controls daily 0-3 days post-infection. Representative flow plots

30



from GP66+ cells 4 days post-infection with Py-GP66. C. Summary data of the percent of
CXCR5+ GP66+ cells and number of GP66+ cells from Fig. 3.3A. Data are pooled from 5-6
mice per cohort and are representative of 2 independent experiments. Data were analyzed by

unpaired t-test. *p < 0.05 **p < 0.01 ****p < 0.0001.
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Figure 3.4: B cells are necessary and sufficient to prime the GP66+ CD4+ T cell response,

while DCs are dispensable

A. Representative flow plots of GP66+ cells from 4 days post-infection with Py-GP66 in WT and

zDC-DTR mice. Both cohorts were treated with diphtheria toxin (DTx) -1 and 2 days post-

infection. B. Summary data of the percent of CXCR5+ GP66+ cells and number of GP66+ cells

in Fig. 4A. Data are pooled from 5 mice per cohort and are representative of two independent

experiments. Data were analyzed by unpaired t-test. C. Representative flow plots showing

transferred SMARTA+ GP66+ cells 4 days post-infection with LCMV or Py-GP66 in WT and B-
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MHC Il mice. Plots are gated on dump- CD3+ CD8- CD4+ CD44+ GP66+ cells. D. Summary
data of the percent of CXCR5+ SMARTA+ GP66+ cells and number of SMARTA+ GP66+ cells
shown in Fig. 4C. Data are pooled from 8-15 mice per cohort and are representative of three
independent experiments. Data were analyzed by two-way ANOVA. E. Representative flow
plots of endogenous GP66+ CD4+ T cells from MB1-Cre- MHC" or MB1-Cre+ MHC™" mice
infected with Py-GP66 4 days prior. F. Summary data of the percent of CXCR5+ GP66+ cells
and number of GP66+ cells shown in Fig. 4E. Data are representative of 5 mice per cohort from
two independent experiments and were analyzed by unpaired t-test. G. MB1-Cre+ MHC" mice
were treated with a-CD40L + a-ICOSL antibodies or isotype controls daily 0-3 days post-
infection. Representative flow plots from GP66+ cells 4 days post-infection with Py-GP66. H.
Summary data of the percent of CXCR5+ GP66+ cells and number of GP66+ cells from Fig. 4G.
Data are pooled from 5-6 mice per cohort and are representative of two independent
experiments. Data were analyzed by unpaired t-test. For B., D., F., and H., data are shown as
mean + SEM. *p < 0.05 **p < 0.01 ****p < 0.0001.

We next examined if alternatively, B cells could be priming CD4+ T cells in response to
Plasmodium infection. Following activation, B cells upregulate MHC Il and co-stimulatory
molecules, demonstrating their capacity to prime naive CD4+ T cells (Barnett et al., 2014;
Constant, 1999; Hawrylowicz and Unanue, 1988; Hong et al., 2018; Krieger et al., 1985).
Additionally, B cell priming has been demonstrated in vivo using mice that only express MHC Il
(I-Ab) on CD19+ B cells (B-MHC II). In B-MHC Il mice, antigen presentation by B cells was
shown to be sufficient to drive the expansion and formation of antigen-specific Tth cells, not only
in response to immunization (Constant, 1999), but also during viral infection (Barnett et al.,
2014; Evans et al., 2000; Hong et al., 2018). We utilized these mice to determine if a similar
phenomenon could occur in response to Plasmodium infection. Since B-MHC Il mice do not
develop a normal CD4+ T cell compartment, due to the lack of positive selection (Barnett et al.,

2014), it is necessary to adoptively transfer CD4+ T cells and examine these. We transferred
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TCR transgenic SMARTA CD4+ T cells specific for the GP66 epitope into WT or B-MHC Il mice
one day prior to infection with LCMV or Py-GP66 and analyzed the differentiation of these cells
4 days post-infection. As expected, the absence of DC-derived priming hampered the expansion
of GP66+ SMARTA cells responding to LCMV infection, but did not impact the expansion during
Plasmodium infection. We observed a small decrease in the expression of CXCR5 at 4 days
post-infection when cells were responding to LCMV infection. Remarkably, in response to
Plasmodium infection, the GP66+ SMARTA cells in B-MHC Il mice developed a prominent Tfh
skewing that closely resembled their phenotype in WT controls (Fig. 3.4C, D). To perform the
converse experiment, we generated MB1-Cre+ MHC II"" mice to specifically delete the beta
chain of the I-Ab MHC Il molecule from B cells, thus preventing B cells from presenting antigen.
Four days after infection with Py-GP66, there was a 10% decrease in Tfh frequency and a 7-fold
reduction in the total number of GP66+ cells generated in mice lacking MHC class Il on B cells
(Fig. 3.4E, F). Together these data demonstrate that B cells play a significant role in directing
the expansion of CD4+ T cells responding to Plasmodium infection, and perhaps reveal how
phenotype and proliferation of CD4+ T cells may be directed distinctly by different APCs. These
data also support more recent work demonstrating that antigen presentation by B cells alone is
sufficient to drive the expansion and formation of prominent Tfh populations in the context of
infection (Hong et al., 2018).

Since B cells can influence the differentiation of CD4+ T cells through both antigen
presentation and co-stimulation, we also interrogated how co-stimulatory signals influence the
differentiation of the Tfh phenotype in response to Plasmodium infection. B cells can provide an
array of co-stimulatory signals, including CD40 and ICOSL, which are critical for driving the
differentiation of Tfh cells (Cannons et al., 2010; Choi et al., 2011; Deenick et al., 2010; Glatman
Zaretsky et al., 2009; Haynes et al., 2007; Johnston et al., 2009; Nurieva et al., 2008; Nurieva et
al., 2009; Poholek et al., 2010; Qi et al., 2008; Salek-Ardakani et al., 2011; Watanabe et al.,

2017). We therefore began by testing how CD40-CD40L and ICOS-ICOSL interactions direct
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the differentiation of GP66+ cells. We infected WT and MB1-Cre+ MHC II"" mice with Py-GP66
and treated with anti-CD40L and anti-ICOSL antibodies daily for the first three days of infection
and analyzed the responses at 4 days post-infection. Blocking interactions between these
receptor-ligand pairs in WT mice resulted in a 12% decrease of CXCR5+ Tth cells, as well as a
1.7-fold decrease in cell number (Fig. 3.3B, C). When this treatment was conducted in MB1-
Cre+ MHC II"" mice to determine if synergy might occur between antigen-dependent and -
independent interactions, we observed a nearly 60% decrease in the frequency of CXCR5+ T
cells, in addition to a 14-fold decrease in the total numbers of GP66+ cells (mean = 35.2 cells)
generated in mice lacking B cell antigen presentation and co-stimulation compared to isotype-
treated controls (Fig. 3.4G, H). Independently, the effects of removing antigen presentation by B
cells or blocking co-stimulation had notable effects on the differentiation of Tth cells. However,
the dramatic reduction of both Tfh differentiation and antigen-specific cell expansion when both
antigen presentation and co-stimulatory interactions between CD4+ T cells and B cells are
blocked highlights the synergy of the multiple cues that determine CD4+ T cell fate. These data
emphasize the importance of both co-stimulation and antigen presentation for CD4+ T cell fate
during the priming phase of the immune response to Plasmodium infection.
3.3: Discussion

This work demonstrates that B cells can provide both peptide:MHC complexes and co-
stimulatory signals required for priming CD4+ T cells generated during Plasmodium infection. Of
interest, several studies have noted an increase in the circulating cDC1 population in humans
following Plasmodium infection, coupled with a significant decrease of HLA-DR on the surface
of these cells (Arama et al., 2011; Guermonprez et al., 2013; Urban et al., 2006). Others have
reported a decrease in antigen uptake and antigen presentation by DCs in both mouse and
human studies (G6tz et al., 2017; Loughland et al., 2017; Pinzon-Charry et al., 2013; Urban et
al., 1999; Woodberry et al., 2012; Wykes et al., 2007). Engwerda and colleagues described a

specific dysfunction of the cDCs to prime IFNy-producing CD4+ Teff cells, as a result of type |
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IFN signaling perceived by the cDCs during the first few days of blood-stage Plasmdoium
infection (Haque et al., 2014). Although multiple DC subsets were susceptible to dysfunction in
this inflammatory environment, cDCs in particular were suppressed and unable to promote Teff
responses. There are likely multiple parasite-dependent mechanisms preventing cDC
populations from generating a diverse acute CD4+ T cell response to Plasmodium infection.
These findings together with our work support the hypothesis that while Teff cell-promoting
cDCs are increased in number, they are significantly hampered in their functionality. This then
results in the B cell population being the professional APC population poised to prime CD4+ T
cells and likely due to the costimulation provided by the presenting B cell, the CD4+ T cell is

fated to form a Tfh cell.

Chapter 4: Concluding Remarks

Our data support a model in which B cells serve as the primary APC during blood-stage
Plasmodium infection. The distinctive role for B cells in this context is likely influenced by the
diminished DC function (Go6tz et al., 2017; Loughland et al., 2017; Pinzon-Charry et al., 2013;
Urban et al., 1999; Woodberry et al., 2012; Wykes et al., 2007) and/or the splenic disruption
associated with this infection (Cadman et al., 2008). Recent work has demonstrated that cDC1
cells are important promoters of the effector CD4+ T cell populations, while the cDC2 population
promotes Tth cells (Kotov 2019). These findings are consistent with previous findings and our
work, suggesting that while effector T cell-promoting cDCs are increased in number, they are
dysfunctional, resulting in promotion of Tth differentiation.

Additionally, the architectural changes that have been described in the spleen during
Plasmodium infection of both mice and humans are characterized by the presence of B cells
outside of the follicle and a blurring of the red and white pulp areas (Achtman et al., 2003; Alves
et al., 2015; Cadman et al., 2008; Urban et al., 2005). Recent work detailing the specialization of

various DC subsets and their localization in the lymphoid tissue may provide indications of

36



additional mechanisms at play. Li et al. described the positioning of IL-2 quenching dendritic
cells at the interface of the T cell zone and the B cell follicle — where activated CD4+ T cells will
search for cognate B cells and receive signals promoting the Tth phenotype. With the disruption
of the T-B border in Plasmodium infection, we hypothesize that these IL-2 quenching dendritic
cells which express both membrane and soluble CD25 may have these Tth-promoting effects at
sites deep in the T cell zone and distal to the T-B border (Li et al., 2016). The suppressed DC
function, the membrane-bound and soluble IL-2 sinks, and the loss of well-defined B and T cell
areas likely allow CD4+ T and B cells to freely associate and exchange signals that would
normally only be provided at the T-B border, resulting in the depressed cell numbers and
skewed Tth differentiation very early in the response to Plasmodium infection. While it remains
to be determined if the co-stimulatory signals that CD4+ T cells require to form Tth cells are
uniquely provided by B cells in this system, it is clear that conventional DCs are not critical to
serve this function. Overall, the work here demonstrates that B cells play an important role early
in the development of the CD4+ T cell response during Plasmodium infection prior to antibody
production, through antigen presentation and likely co-stimulatory factors such as CD40 and
ICOSL.

The mechanisms that are employed to skew activated T cells to a Tth phenotype all
provide potential points for therapeutic intervention. Future avenues of research can build off the
knowledge presented here to understand how to optimize the CD4+ T cell response during
natural infection. For decades, elevated levels of soluble CD25 have been reported during
various chronic infections, including the two major strains of human Plasmodium (Deloron et al.,
1989; Josimovic-Alasevic et al., 1988; Otterdal et al., 2018). In addition to the Tfh-promoting
stimuli CD4+ T cells have been demonstrated to receive, they are also significantly hampered
from differentiating into Teff cells. Preliminary data (Fig. 4.1A, B) indicates that transient
administration of recombinant IL-2 with S4B6 (IL-2 antibody complex) early during infection to

promote IL-2 signaling slows the development of the Tth response and promotes better
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maintenance of the magnitude of the antigen-specific cell population at a memory time point,

even though the population is again predominantly Tfh.
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Figure 4.1: IL-2 signaling early in infection promotes acute Teff responses and preserves
antigen-specific cell population magnitude

A. WT mice were untreated or treated with S4B6 antibody + IL-2 daily 0-3 days post-infection.
Representative flow plots from GP66+ cells 4, 22, and 50 days post-infection with Py-GP66. B.
Summary data of the percent of CXCR5+ GP66+ cells and number of GP66+ cells from Fig.
4.1A. Data are pooled from 2-3 mice per cohort and are representative of 1 experiment. Data
were analyzed by unpaired t-test. For B. data are shown as mean + SEM. **p < 0.01 ***p <

0.001.

Lastly, the B cell response to Plasmodium infection demonstrates some unusual
characteristics. As with the memory CD4+ T cells that form, both IgM+ and class-switched
memory B cells decline over time. However, there exists a more stable, non-somatically
hypermutated IgD+ memory B cell population that is dependent on interactions with CD4+ T
cells for its formation, but does not require cognate interactions (Krishnamurty et al., 2016,
manuscript in preparation). It is unclear what T cell-derived factors could promote the generation
of this population, but it could be the result of a B cell that received inappropriate T cell help
signals. These cells could potentially serve to maintain a number of antigen-specific clones in

the B cell repertoire, even as the highly mutated cells are lost.
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The data presented here demonstrate the potential for B cells to serve not only as APCs
to CD4+ T cells, but also as efficient inducers of the Tth response. It provides the basis for a
mechanism where in an inflammatory environment ill-suited for priming by dendritic cells, B cells
fill the niche of the antigen presenting cell. In doing so, B cell antigen presentation drives a
predominant CD4+ Tfh response during the acute immune response that fates the memory
response to primarily Tcm cells. Understanding the combined effects of the early events during
CD4+ T cell priming and their effects on the development of the memory CD4+ T cell population
in the context of Plasmodium infection will allow the field to develop therapeutic targets to

improve natural immunity to this parasitic infection.

Chapter 5: Materials and Methods

Mice

4- to 10-week old male C57BL/6, B6.129S2-Ighmtm1Cgn/J (uMT), B6.C(Cg)-
Cd79a'™!ceReth/ERghJ (MB1-Cre), and B6.129X1-H2-Ab1™men/J (1-A® ) mice were purchased
from the Jackson Laboratory. MB1-Cre*" and I-A® mice were crossed to generate MB1-Cre+
MHC 11" mice; MB1-Cre- MHC 11" |ittermates were used as controls in these experiments. Dr
James Moon (Massachusetts General Hospital, Havard Medical School) provided B6;D2-TCR
LCMV RAG-deficient (SMARTA) mice. Dr. Terri Laufer (University of Pennsylvania) provided
CD19-ARb (B-MHC Il) mice (Barnett et al., 2014). Dr. Michael Gerner (University of
Washington) provided B6(Cg)-Zbtb46™HBECFMZ; 5 (7zDC-DTR) mice (Meredith et al., 2012). All
animals were bred and house in Animal Biosafety Level (ABSL)-2 conditions. Experiments were
performed in accordance with the University of Washington Institutional Animal Care and Use
Committee (IACUC) guidelines.

Parasite and viral infections

Plasmodium yoelii 177XNL-GP66 (Py-GP66) parasite (Hahn et al., 2018; Zander et al., 2017)

was maintained as frozen blood stocks and passaged through donor mice. Py-GP66 infections
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in experimental mice were initiated by an intraperitoneal (IP) injection of 10° infected red blood
cells (iRBC) obtained from donor mice. Parasitemia was determined by flow cytometry based on
the percent of CD45- Ter119+ Hoescht+ cells, as previously described (Malleret et al., 2011).
Dr. David Masopust (University of Minnesota) provided Lymphocytic choriomeningitis virus —
Armstrong strain (LCMV). LCMV infections were initiated by IP injection of 10° plaque forming
units (pfu) per mouse.

Antibody and diptheria toxin treatments

B cell depletion: For depletion of CD20+ B cells, mice were anesthetized with isofluorane and
treated with anti-CD20 antibody (clone 18B12) (Biogen Idec) at 10mg/kg in phosphate-buffered
saline (PBS) via intravenous (IV) injection. Control mice were treated with 10mg/kg of isotype
control antibody (anti-c-Kit; clone 2B8) (Biogen Idec) in PBS via IV injection. Doses were
administered at 0 and 3 days post-infection, according to the depletion kinetics (Dunn et al.,
2007).

CD40-CD40L and ICOS-ICOSL signaling blockade: For the blockade of CD40-CD40L and
ICOS-ICOSL signaling, mice were treated with 0.5mg anti-CD40L antibody (clone MR-1) (Bio X
Cell) and 0.25mg anti-ICOSL antibody (clone HK5.3) (Bio X Cell) in PBS via IV injection. Control
mice were treated with 0.5mg and/or 0.25mg of polyclonal Armenian hamster IgG and rat 1IgG2,
respectively (Bio X Cell). Doses were administered daily from 0-3 days post-infection.
Diphtheria toxin: Diphtheria toxin (Sigma) was administered via intraperitoneal (IP) injection at
20ng/g at 1 day prior to infection and 2 days post-infection.

IL-2 + §4B6 treatment: For the enforced IL-2 signaling experiment, mice were treated with
0.5mg anti-IL-2 antibody (clone S4B6) and 0.015mg recombinant mouse IL-2. Doses were
administered daily from 0-3 post-infection.

SMARTA cell transfer

CD4+ T cells were isolated from B6;D2-TCR LCMV RAG-deficient (SMARTA) mice by negative

selection with the CD4+ T cell MACS isolation kit (Miltenyi Biotec) and were labeled with
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carboxyfluorescein succinimidyl ester (CFSE) (Invitrogen). Recipient mice were anesthetized
with isoflourane and received 10° CFSE-labeled CD4+ T cells via IV injection 1 day prior to
injection.

Tetramer-specific cell enrichment

Single cell suspensions were prepared from the spleen and several lymph nodes (axial,
brachial, cervical, inguinal, mesenteric, and periaortic) from experimental mice in PBS
containing 2% heat-inactivated fetal bovine serum (FBS). Cells were stained with GPgs.77:1-A"-
APC tetramer (I-A°/LCMV.GP66.DIYKGVYQFKSYV - NIH Tetramer Core) (Dow et al., 2008) for 1
hour at room temperature, washed, and incubated with magnetic anti-APC beads (Miltenyi
Biotec) for 30 minutes on ice. Tetramer-specific cells were enriched using LS MACS columns
(Miltenyi Biotec), as previously described (Moon et al., 2007). The enriched cells were stained
with antibodies specific surface molecules (detailed in Table 1). For intranuclear transcription
factor staining, cells were fixed with eBioscience Foxp3/Transcription Factor Staining Buffer Set
(ThermoFisher) and stained with antibodies for intranuclear molecules (detailed in Table 1). All
samples were acquired on the LSR Il cytometer (BD) and analyzed using the Flow Jo software
(Tree Star, v9). All flow plots were gated on lymphocyte gate, singlets, B220- CD11b- CD11c-
(dump-) CD3+ CD8- CD4+. Additional gating strategies are indicated in the figure legends.
Statistical analysis

The responder frequency and proliferative capacity were calculated as previously described
(Gudmundsdottir et al., 1999). The results presented represent mean + SEM. Statistical
analyses were performed by nonlinear regression, unpaired t-test, or two-way ANOVA, as

specified in the figure legends. Statistical tests were calculated using GraphPad Prism (v7).
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Table 5.1: Flow cytometry antibodies and reagents

Marker Clone Fluorophore Dilution Company Catalog No.
Bcl-6 K112-91 APC-Cy7 1:20 BD 563581
CCR7 4B12 Biotin 1:20 Biolegend 120104
CCRY 4B12 PerCP-Cy5.5 1:20 eBioscience 45-1971
CD3 145-2C11 PerCP-Cy5.5 1:100 BD 551163
CD4 RM4-5 APC 1:100 BD 554063
CD4 GK1.5 BV711 1:100 BD 563050
CD4 RM4-4 FITC 1:100 BD 553055
CD8a 53-6.7 BV510 1:100 BD 563068
CD8a 53-6.7 PE-Cy7 1:100 BD 552877
CD11b M1/70 eFlour 450 1:100 eBioscience 48-0112
CD11b M1/70 PE-CF594 1:100 BD 562287
CD11b M1/70 PerCP-Cy5.5 1:100 BD 550993
CD11c N418 eFlour 450 1:100 eBioscience 48-0114
CD11c HL3 PE-CF594 1:100 BD 562454
CD11c HL3 PerCP-Cy5.5 1:100 BD 560584
CD25 PC61 BV421 1:100 BD 562606
CD44 IM7 AF700 1:100 BD 560567
CD45R (B220) RA3-6B2 BV421 1:100 BD 562922
CD45R (B220) RA3-6B2 PerCP-Cy5.5 1:100 eBioscience | 45-0452
CD45R (B220) RA3-6B2 PE-CF594 1:100 BD 562290
CD62L MEL-14 BV786 1:100 BD 564109
CD69 H1.2F3 FITC 1:100 eBioscience 11-0691
CXCR5 2G8 PE 1:20 BD 551959
CXCR5 2G8 PE-Cy7 1:20 BD 560617
F4/80 BMS8 FITC 1:100 eBioscience 11-4801
PD-1 J43 PE-Cy7 1:100 eBioscience 25-9985
Thet eBio4B10 PE 1:100 eBioscience 12-5825
Streptavidin - APC-Cy7 1:100 BD 554063
Streptavidin - BV605 1:100 BD 563260

The reagents listed above were utilized in various combinations to visualize molecules

expressed on the cell surface or intracellularly. The antibody clone, fluorophore, dilution and

purchasing information are indicated.
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Chapter 6: Abbreviations

APC: antigen presenting cell

BCR: B cell receptor

CFSE: carboxyfluorescein succinimidyl ester
DC: dendritic cell

DTx/DTR: diptheria toxin treatment/diptheria toxin receptor
GP66: glycoprotein 66-77

IP: intraperitoneal

IV: intravenous

iRBC: infected red blood cell

LCMV: lymphocytic choriomeningitis virus

LN: lymph nodes

MHC II: major histocompatibility complex class I
Py: Plasmodium yoelii

Tem: T central memory

TCR: T cell receptor

Teff: T effector

Tem: T effector memory

Tfh: T follicular helper
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