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Abstract

Marginal and follicular B cells (MZB and FoB) possess diverse developmental,
phenotypic, functional and transcriptomic attributes at steady state. The engagement of
distinct redox systems contributes to the metabolic reprogramming of immune cells.
However, the function of the main intracellular antioxidant glutathione (GSH) in the
context of B cells redoxtasis is unknown. By using mice with B cell-specific ablation of
the catalytic subunit of glutamate cysteine ligase (Gclc), we show that GSH loss affects the
homeostatic persistence of MZB and that GSH-dependent redox regulation is critical for
the control of MZB versus FoB metabolic dependencies. Although Gclc ablation does not
prevent the formation of FoB, Gcle-depleted mice exhibit ineffective germinal center
reactions and null antibody response upon in vivo viral infection. Similarly to wild-type
MZB, Gclc-deficient FoB show increased ATP levels, glucose metabolism, mTOR
activation, and protein synthesis but accumulate defective mitochondria. Moreover,
blocking of glucose uptake in vitro limits ATP production and accelerates apoptosis in
Gcle-deficient FoB. Thus, GSH-dependent redox control is crucial for B cell activation and

determines the metabolic identity of MZB and FoB.
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Chapter 1: Introduction

1.1 Overview of the Effector Mechanisms of the Immune

Response

The extreme biodiversity of microorganisms constantly threatens the survival of higher
order animals due to the ever-evolving evolutionary-driven conflict of survival
(Dobzhansky, 1973; Strassmann et al., 2011). The minimal need of organic energy allows
the fast reproductive cycle of microorganisms, which is inherently associated with the
ability to accumulate mutations (O'Neill, 2000). Together with environmental factors, this
may result in the evolution of mechanisms or behavior modifications that lead to evasion
of host clearance, endowing microorganisms with pathogenic potential. In mammals, the
answer to limit the constant threat of potential pathogens (virus, bacteria, fungi and
parasites) is a complex and multifaceted variety of molecules and effector cells that
together make up the immune system. Both innate and adaptive mechanisms synergize to

ensure host survival and reproduction of the species.

Protection against pathogens relies on several layers (Figure 1). Anatomic and chemical
barriers, such as the skin and mucosal surfaces, are the initial defenses against infection.
At these sites, chemical and enzymatic systems act as physical resistance. If anatomical
barriers are breached, the components of the innate immune system come into action, and
inflammatory inducers unique to microbes or chemicals by damaged cells are released.
These molecules act on sensor cells to inform about the infection. Activated sensor cells
amplify the signals of cellular recruitment and activation and, in a cascade mechanism,
other innate cells are recruited and activated. These cells then migrate into target tissues to

provide specific effector activities, such as cell killing or production of cytokines, aimed to



reduce or eliminate the infection. In particular, different effector activities in target tissues
can induce several types of inflammatory cells that are especially suited for eliminating

viruses, intracellular bacteria, extracellular pathogens, or parasites (Janeway CA Jr et al.,

2016b).

Adaptive immunity is initiated when the innate immune response fails to control the
expansion of the microorganism. The adaptive immune system is based on the specific
recognition of elements or molecules referred to as antigens (Ags), which are specific to
the individual pathogen. This recognition is based on the presence of a virtually unlimited
repertoire of Ag receptors, which are found on the surface of the two types of lymphocyte
of the adaptive system: B and T cells. B cells, whose name comes from the bursa fabricii
or bone marrow (BM) in mammals (Cooper et al., 1965), recognize soluble Ags through
their B cell receptor (BCR). T cells, which develop in the thymus (hence the name), express
the T cell receptor (TCR) and recognize protidic Ags presented on the surface of other cells
(infected cells or Ag-presenting cells, APCs). Each B and T cell carries several molecules
of one Ag receptor type (BCR or TCR) capable of binding a single Ag specificity. During
the course of the immune response, if the BCR or TCR is engaged by the Ag, the cell
bearing that specificity is selected and amplified (Burnet, 1959). This mechanism allows
the host to generate a number of adaptive immune cells that are specifically targeted to the
invading pathogen and can limit its proliferation and harmful consequences (i.e.

development of pathology), thus promoting the survival of the host (Figure 1).

Once the pathogen is cleared, some of the adaptive immune cells are able to confer
immunological memory. This is the ability of the adaptive branch of immune system, which
can recall the original Ag and mount an immune response in case of reencounter, thus
avoiding the manifestation of the disease and providing long-term protection (Ahmed and

Gray, 1996; Zinkernagel et al., 1996).
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Figure 1: Schematic and simplified overview of the immune defense layers and

outcomes.

A pathogenic microorganism breaches the physical barriers of the body (dotted line) and is naturally
recognized by the innate arm of the immune system (yellow area). If the pathogen and the
inflammatory stimuli persist, the adaptive cells are activated (blue area) in the process of clonal
expansion. If the expanded cells can overcome the pathogen, the inflammation is terminated and
allows the survival of the host. NK: natural killer cells; DCs: dendritic cells.



1.2 Principles of the Innate Immune Response

Innate immunity uses a defined number of secreted proteins and receptors to detect the
infection. These mechanisms are referred to as inborn and are genetically inherited. Once
a pathogen overcomes the passive defenses (i.e. physical barriers and antimicrobial
proteins), it encounters the proteins of the complement system, a group of circulating heat-
sensitive proteins that was originally named alexines (Beumer, 1962). Complement can be
activated directly by pathogens or indirectly by pathogen-bound antibodies (Abs). These
Abs, alternatively named immunoglobulins (Igs), are capable of coating (or opsonizing)
the surface of the pathogen, thus facilitating killing and inducing inflammatory responses
that help to fight infection. Cells of the innate immune system express several receptors
that recognize the pathogen or complement proteins attached to it. The engagement of such
receptors in neutrophils, macrophages and dendritic cells (DCs) can rapidly trigger a
process known as phagocytosis, during which the cell uses its plasma membrane to engulf
and eliminate the pathogen (Flannagan et al., 2009). In addition, innate cells express
membrane receptors that activate intracellular signaling pathways. These pathways induce
the synthesis and secretion of a range of proteins, such as cytokines and chemokines that

help maintaining local inflammation and help to recruit more cells to the site of infection.

This process sets the stage for the initiation of the adaptive immune response by APCs,
which are recruited to the infection site and internalize the pathogen or its components. By
acting fast, the aim of the innate immune system is to hinder the establishment of a focus
of infection. Indeed, activated APCs represent the bridge toward the induction of the
adaptive immune response, should the innate phase not fulfill its function. APCs are

capable of starting the adaptive phase of the immune response by migrating to the



secondary lymphoid organs (SLOs) where most of the B and T lymphocytes reside in a

naive status.

1.2.1 Overview of the Complement System and Natural Antibodies

The complement system includes more than 20 proteins whose main function is to induce
and increase inflammation, phagocytosis activity and membrane bursting of the target.
These proteins are often proteases secreted by liver cells in an inactive form known as
zymogen. Proteins that recognize and opsonize the pathogen trigger one of the three
complement pathways. The detection of the target activates the first zymogen, triggering a
cascade of proteolysis in which complement zymogens are activated sequentially, each of
them becoming an active protease that cleaves and activates many molecules of the next
zymogen, amplifying the signal as the chain unfolds (Merle et al., 2015). In addition,
complement proteins indirectly boost the adaptive immune response. Indeed, opsonized
pathogens are more easily recognized and phagocytized by APCs, thus enhancing the
presentation of Ags to T lymphocytes. Notably, a specific B cell subset named Marginal
Zone B cells (MZB) cooperate with the complement system. MZB are strategically located
in the spleen, at the interface with the blood circulation and express complement receptors
1 and 2 (CR1 and CR2) (Pillai and Cariappa, 2009). These cells contribute to both the
innate response and Ag presentation for the subsequent adaptive phase (Haas et al., 2002;

Ferguson et al., 2004; Cinamon et al., 2008).

As mentioned above, body fluids contain several complement proteins. These are
grouped in three main activation pathways: classical, alternative and the lectin pathway.
Each route is marked by a specific chain reaction that ultimately funnels into the activation
of the same protein, the complement protein 3 (C3), which triggers the lytic resolution of

the target. Particularly, the proteolysis of C3 culminates into the splitting of the C5, which



in turn is cleaved into C5b and C5a. C5b opsonizes the target and promotes the activation
and binding of the proteins C6, C7, C8 and C9. Altogether, the C5-9 proteins form the
membrane-attack complex (MAC). MAC, also known as lytic complex, is assembled into
the outer membrane of the bacteria and contribute to their death by lysis (Merle et al., 2015)

(Figure 2).
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Figure 2: Common players of the three complement pathways.

The ultimate goal of the complement system is the physical destruction of the target. Here, the shared
components of the three complement pathways are depicted.



For the purpose of this thesis, the classical pathway deserves more attention as it is
inherently connected to the function of B cells and Abs. The classical pathway is initiated
by the C1 protein, which is formed by the assembly of three subcomponents Cl1q, Clr and
Cls. Of these, Clq binding to the target induces a conformational change that allows the
sequential activation of the proteases Clr and Cls (Janeway CA Jr et al., 2016f). The
activated Cls acts on the next components of the classical pathway, ultimately converging
in the activation of C3. Clq acts as pathogen sensor of the classical pathway. It can bind
the pathogen directly, or indirectly through the C-reactive protein or the constant fragment
(Fc) of Abs that are already attached to the pathogen (Figure 3 A) (Janeway CA Jr et al.,
2016f). Thus, C1q links the innate phase of the immune response to the effector functions
of the adaptive immunity. At this point of the immune response only innate mechanisms
are being activated by the detection of the pathogen. Nonetheless, spontancous Abs are

found in the circulation of mice and humans (Avrameas, 1991).

Abs can be subdivided into Ag-dependent and Ag-independent, depending on the type
of inducer of the immune response (Ochsenbein and Zinkernagel, 2000). Ag-dependent
Abs are generally diversified upon the germinal center reaction, which will be discussed in
the next sections. On the other hand, Ag-independent Abs are found in the serum of
unimmunized animals and they are spontaneously produced before Ag exposure (Ehrlich
and Morgenroth, 1902). Ag-independent Abs are also known as natural Abs (NAs) and are
so called because they are capable of binding diverse microbial determinants and
autoantigens, protecting the host by favoring opsonization, complement activation and
therefore elimination of pathogens and cellular debris (Casali and Schettino, 1996;
Baumgarth et al., 2005). NAs are polyreactive Abs, meaning that their Ag-binding pocket
is flexible and thus can bind to several Ags, albeit with different affinities (Notkins, 2004;

Zhou et al., 2007). The polyreactive nature of NAs may explain why they can recognize a



plethora of foreign and self-Ags, including tumor Ags (Vollmers and Brandlein, 2009).
Primarily found as immunoglobulin M or G3 (IgM or IgG3) isotypes, mouse NAs appear
to be produced mainly by a specific subset of B cells found in the peritoneal and pleural
cavities and named B1 cells (Lalor et al., 1989; Baumgarth et al., 1999; Tumang et al.,
2005; Choi et al., 2012) or, to a lesser extent by MZB (Ichikawa et al., 2015). In particular,
IgM is the class of Ab most efficient at binding C1q, making NAs an effective mean of
activating complement on microbial surfaces (Figure 3 A). The function of NAs becomes
crucial when viruses or bacteria are not locally controlled, and, therefore spread in the

system.

NAs exert protection against infections in three ways (Figure 3). In some cases, NAs can
mediate direct neutralization of the pathogen in the circulation, which is then more
efficiently detected and phagocytized (Figure 3 B). Indeed transfer of serum containing
NAs were found to be protective for viral (Ochsenbein et al., 1999a) and pneumococcal
infections (Briles et al., 1981). NAs-mediated protection can occur also indirectly in two
ways, via the complement system. As mentioned above, when an infectious particle spread
in the blood, they can be opsonized by NAs. The NA-Ag complex can directly activate the
complement and induce the lysis of the target (Figure 3 A). In fact, the Fc portion of the
NA binds Clq and initiates the lytic cascade. Otherwise, the NA-AD particles travel the
blood and are more efficiently filtered out by splenic cells. The increased trapping of Ags
in the spleen enhances the B and T cell response by activating MZB directly (Figure 3 C)
or favoring activation of APCs, respectively. In particular, both MZB and APCs express
CR1 and CR2 (Caroll and Prodeus, 1998), which have important implication in the early
activation of the adaptive immune response leading to enhanced antigen presentation by

APCs and lowering the threshold of B cell activation (Ochsenbein and Zinkernagel, 2000).
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Figure 3: Natural antibodies exert multiple functions across innate and adaptive

immune mechanisms.

A. Clq bridges the innate functions of the complement to antibody recognition. B. Natural
antibodies sterically block the pathogen binding sites and increase phagocytic activity. C. Splenic
filtration of natural antibody-antigen complexes facilitates MZB activation in the spleen. Fc,
constant fragment; Ab, antibody; NA, natural antibody, Ag, antigen; CR1/2, complement receptor
1/2.
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As a matter of fact, the action of NAs is not sufficient to block the hematogenic spread
of the pathogen. However, the presence of NAs in Ag-inexperienced hosts can be seen as
the results of an evolutionary mechanism led by the need of counteracting mechanisms of
pathogen elusion of the innate response, therefore creating an additional shortcut to set the
stage for the adaptive response. More importantly, NAs are important for the maintenance
of B cell tolerance. To this extent, NAs are able to enhance the “eat me” signals by
apoptotic cells or exhausted red blood cells. Indeed, one of the canonical signal of cells
undergoing apoptosis is the expression of the outer layer of the plasma membrane of the
otherwise sequestered phospholipids (Bratton et al., 1997). NAs are indeed able to bind
some phospholipids, such as phosphorylcholine (PC), which is the most abundant
component of all eukaryotic cells (Cui and Houweling, 2002). In healthy cells PC is not
available for immune recognition, but during apoptosis, PC is subject to oxidizing
conditions and emerge as neo-Ags (Binder and Silverman, 2005), thus liable of NA
recognition. It is important to note that PC is also the major determinant of the
pneumococcal cell wall (Briles et al., 1981; Haas et al., 2002), which then explain the cross-
reactive properties of such Abs that will be discussed later. The removal of apoptotic bodies
and debris is of crucial importance to ensure the active elimination of intracellular Ags that
would otherwise accumulate. If the Ag persists, chances are that autoreactive B cells or T
cells that have escaped the mechanisms of central tolerance are activated, and promote

autoimmune reactions (Nguyen et al., 2015).

1.2.2 Overview of Pattern Recognition Receptors and Innate Immune Cells

Epithelial barriers, antimicrobial peptides, complement proteins and NAs represent the
carly response of the innate immune response against pathogens. Cellular components of
the innate immune system play a crucial role in the initiation of the inflammation, its

containment and set the stage for the adaptive response. In particular, phagocytic cells that
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scavenge pathogens represent an ancient mechanism of innate immunity. Positioned in the
proximity of the epithelial barriers, specialized resident phagocytic cells named
macrophages are responsible of pathogen recognition through a series of receptors that are
able to bind repeated structure found mainly in microorganisms, which are referred to as
pathogen associated molecular patterns (PAMPs). These pattern recognition receptors
(PRRs) are germline-coded and expressed non-clonally, that is, they are expressed on all
the cells of a given innate cell type such as phagocytes (Akira et al., 2006). PRRs can
identify a diverse collection of microbial pathogens, which include bacteria, viruses,

parasites, fungi and protozoa.

Since each microorganism has a different way to take over cellular functions, PRRs are
strategically located in different parts of the cell and can be classified based on their
localization. Membrane bound PRRs include toll-like receptors (TLRs) which recognize
bacterial lipids, viral RNA, bacterial DNA or proteins. Upon pathogen detection the
intracellular domain of TLRs initiates a signaling cascade that promotes anti-microbial
defense and inflammation (Beutler, 2009). The second group of membrane-bound PRRs
are the C-type lectin receptors (CLRs), which bind to carbohydrates in a calcium-dependent
manner. For instance, mannose is commonly found on fungi and viruses, while fucose is
common in bacteria and parasites (Dambuza and Brown, 2015). Intracellularly, PRRs are
subdivided into nucleotide oligomerization-like receptors (NLRs) and retinoic acid-
inducible gene I-like receptors (RLRs). While NLRs recognize intracellular bacterial
peptidoglycan motifs, RLRs help recognizing viral RNA (Baccala et al., 2009). Lastly, a
number of PRRs can be secreted by cells and directly bind to invading microorganisms.
Some examples of these proteins are collectins, pentraxin and ficolins (Bottazzi et al.,

2010).
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As discussed above, PRRs are expressed in other phagocytic cells, such as granulocytes
and DCs. Granulocytes, mainly represented by neutrophils, but also eosinophils and
basophils are short-lived cells that continuously stem from the BM and circulate freely in
the blood unless recruited at the site of infection (Amulic et al., 2012). Although DCs are
good at engulfing pathogens or their product, their main role is to break down pathogenic
peptides for the presentation to B and T cells. For this reason, DCs are considered
professional APCs and are crucial for the induction of the adaptive immune response
(Stockwin et al., 2000). Innate cells are defined by their properties so far discussed in the
context of the immune response and arise from a common myeloid progenitor (CMP).
However, some cells with innate functions share the common ancestor of the adaptive
immune cells, which is the common lymphoid progenitor (CLP). These cells are known as
innate lymphoid cells (ILCs) and their name derives from the fact that they mirror
phenotypic and functional characteristics of T cells, but lack specific rearranged Ag
receptors (Eberl et al., 2015). In particular, ILCs are categorized into groups according to
the transcription factors mediating their development and cytokine production. ILCs
include natural killer (NK) cells and ILC1s (often combined to NK cells), ILC2s, ILC3s,
which represent the “innate” counterpart of CD8-expressing (CD8") cytotoxic (CTL), Thl,
Th2 and Thl17 respectively. ILCs are mainly located at mucosal interfaces and are
implicated in immune surveillance, inflammation and tissue remodeling (Vivier et al.,

2018).
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1.3 Principles of the Adaptive Immune Response

The immune response is a dynamic process that begins with the Ag-independent
mechanisms of defense attributed to the innate immunity and becomes more Ag-centered
and more effective as the Ag-specific adaptive immune phase matures. As discussed in the
previous sections, the innate immunity players not only limit the proliferation of the
microorganism, but also anticipate the adaptive B and T cell responses. Adaptive immunity
sets off when innate defense mechanisms are eluded or overwhelmed. At this point, loaded
APCs that migrated away from the infected tissue enter SLOs, where they initiate the
adaptive immune response. Here, both B and T cells are activated and provide Ag-specific

targeted weapons to limit the pathogen growth and the possibility of infection.
1.3.1 T Cell Activation and Fates

Naive T cells are stimulated by recognition, through their TCR, of the antigenic peptide
presented on specialized molecules called major histocompatibility complex (MHC) class
I and II, expressed on the surface of APCs (Rock et al., 2016). Naive T cells constantly
recirculate between SLOs, blood, and lymphatic circulation. By trafficking through SLOs,
T cells encounter APCs which are likely to be presenting foreign Ags on their MHC
complexes (Janeway CA Jr et al., 2016a). APCs must deliver two distinct signals in order
to activate T cells: one to TCR via the peptide-MHC complex, and a second co-stimulatory
signal (Janeway CA Jr et al., 2016¢). Importantly, the APC must deliver the Ag signal and
the co-stimulatory signal simultaneously to the T cell for activation to occur. In general,
DCs deliver the best co-stimulation and are responsible for activating most naive T cells.
Once activated, T cells express other receptors and secrete cytokines with autocrine effect,
which overall enhance co-stimulation and potentiate feedback mechanisms to begin clonal

proliferation and differentiation into armed effector T cells (Janeway CA Jr et al., 2016¢).
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After clonal expansion, T cells exert their effector functions without the need of
costimulation. However, the primed T cell must bind the peptide-MHC complex in order

to release its effector function on the target cell (Bretscher, 1999).

Different T effector cells are specialized to deal with different kinds of pathogens. In
particular, three classes of T effector cells can be distinguished: CD8" cytotoxic T
lymphocytes (CTL), CD4* T helper cells (Th) and T regulatory cells (Tregs). CTL kill
infected cells displaying cytosolic pathogen peptides on MHC class I molecules. CD4" Thl
cells activate macrophages with persistent vesicular pathogens whose peptides are
displayed on MHC class II molecules. CD4" Th2 cells activate B cells that have used their
membrane Ig to internalize a specific antigen and display peptides on MHC class 11
molecules (McGhee, 2005). Th2 cells are heavily involved in responses against
extracellular pathogens and parasites. Moreover, a third subset of CD4" Th cells is
distinguished by the production of interleukin-17 (IL-17), and are stabilized by IL-23.
Studies have shown that these cells contribute to the response during infection by
extracellular and intracellular bacteria and fungi, but are also implicated in autoimmune
processes (Cua et al., 2003). Lastly, CD4" Tregs (Shevach, 2011) control the passive
mechanisms of immune-tolerance with an array of suppressive mechanisms. Furthermore,
Tregs adapt to inflammatory conditions and exert crucial functions in controlling the end

of immune responses (Sakaguchi et al., 2008).

Primary CD8" T cell responses to pathogens usually require CD4" T-cell help. However,
the pattern described earlier is not fixed, because immune cells and activated T cells retain
certain plasticity for adaptation to the ongoing immune response (Murphy and Stockinger,
2010). At the end of the infection, when the pathogen is eliminated, the majority of the
clonally expanded effector T cells contracts dramatically and only few long-lived T cells

survive to provide long-lasting memory of the infection, thereby providing protective
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immunity against re-infections (Ahmed and Gray, 1996; Zinkernagel et al., 1996).
However, the integration of cell- and Ab-mediated immunity is critical for effective
protection against many types of pathogens. Therefore, B cell-mediated functions, which
will be discussed in the following paragraphs, complement the Ag-specific adaptive

response.

1.3.2 B Cell Priming and Activation

As detailed in the previous sections, B cells recognize Ags through their BCRs. The BCR
is a membrane-bound Ab composed of two functional parts: the variable (V) and the
constant (C) region (Figure 4). The V region varies extensively and contains the site of Ag-
binding, while the C region has 5 isoforms (known as isotypes) which allow the Ab
molecule to engage into 5 different effector mechanisms (Janeway CA Jr et al., 2016¢).
From a structural point of view, the Ab molecule possesses two different structural units in
pairs known as heavy (H or IgH) and light (L or IgL) chains, which are arranged to form a
Y-shape (Figure 4). It is important to note that the BCR does not have these effector
functions. Its role is to bind the Ag through the V portion and transmit the signal
intracellularly through the C part, which will eventually lead to B cell activation, clonal
expansion and Ab production. In particular, B cell activation can be initiated by BCR

recognition of both unprocessed membrane-associated and soluble Ags (Treanor, 2012).
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Figure 4: The immunoglobulin molecule possesses distinct functional and structural
parts.

Functional and structural components of the generic immunoglobulin molecule are color-coded.
Green lines represent disulfide bonds. The light chains (IgL) of an antibody can be classified as

either kappa (k) or lambda () type based on small differences in polypeptide sequence. The heavy
chain (IgH) makeup determines the overall class of each antibody.
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Ag encounter happens in SLOs, such as lymph nodes and spleen, because they are
evolutionary developed to concentrate soluble Ags, APCs and immune cells. In fact, SLOs
are well connected to both blood and lymphatic system. Upon entry in resting SLOs, B
lymphocytes continuously scan the environment in search of the Ag displayed on MHC
complexes matching their BCR. Ag detection by B cells materializes through direct
encountering of soluble Ags, or it is mediated through APCs such as macrophages, DCs
and follicular DCs (FDCs). Rapid diffusion of small molecules through the splenic
subcapsular sinus can happen without the requirement of cell-mediated presentation (Pape
et al., 2007). However the existence of pores in the regions of the subcapsular sinus that
are adjacent to the lymph-node parenchyma have opened to the possibility of the passive
diffusion of soluble Ags (Batista and Harwood, 2009). Thus, Ag priming is usually

mediated through cellular assistance.

Macrophage-mediated presentation provides one way for BCRs to bind large soluble and
particulated Ags. It is not completely clear if such Ags are retained on the surface of the
macrophage or internalized, but subcapsular-sinus macrophages in lymph nodes have
limited phagocytic activity, which favor the notion of the direct display of Ags on the cell
surface (Szakal et al., 1983). The accumulated Ag is presented in its intact form for BCR
recognition, and this mechanism has been reported to be one way of initiating the activation
of a neighboring FoB (Phan et al., 2007). Furthermore, DCs are classically considered the
most effective class of APCs. Indeed, after Ag collection at the infection site, DCs migrate
to the SLOs (Janeway CA Jr et al., 2016b). However, B cells recognize Ags in their
unprocessed form, thus DCs necessitate a mechanism to hold and display the Ags on their
surface, in a way that is resistant to intracellular degradation (Qi et al., 2006). One more
mechanism of cellular-assisted Ag presentation is provided by FDCs. These APCs possess

different features compared to DCs, including but not limited to location, ontogeny and
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specific organizational functions (Aguzzi et al., 2014). In particular, FDCs are considered
the main B cell activators in the primary lymphoid follicles (Tew et al., 2001), which are
aggregates of B, T and stromal cells found within the SLOs. Importantly, FDCs are able to
retain Ags on their surface via two distinct sets of receptors. On one hand, FDCs express
high levels of complement receptors CR1 and CR2, which bind to C3-opsonized particles
(Dempsey et al., 1996). Alternatively, FDCs retain Ags through receptors that bind the Fc
region (Figure 4) of the IgG isotype, which form immune complexes by opsonizing
pathogens (Nossal et al., 1964). It is important to point out that FDCs reside within the
lymphoid follicles. Therefore, mechanisms are in place to permit Ags to gain access to
FDCs. In particular, a subset of B cells, namely MZB, continuously shuttle Ags to and from
follicles in a process that is dependent on chemotactic signals (Cinamon et al., 2004;

Cinamon et al., 2008).

Following Ag binding and stimulation, B cells can process and present the Ag through
its MHC class II molecules and scan for “cognate” activated CD4" T cells. To do so, B
cells congregate at the boundary of the T cell areas in search of T-cell help (Liu et al., 1991;
Garside et al., 1998). Cognate encounters with T cells at the B zone-T zone (B-T) boundary
drive initial B cell proliferation. At this point, some responding B cells migrate from the
B-T boundary to extrafollicular areas, where they are induced to differentiate into
plasmablasts. These short-lived Ab-secreting cells provide an immediate source of antigen-
specific Abs and offer rapid protection along with important assistance to stop fast-dividing
pathogens such as viruses (MacLennan et al., 2003; Chappell et al., 2012). Alternatively,
Ag-primed B cells seed germinal center (GC) reactions in the B cell follicle (MacLennan,
1994). GC B cells can be exported following one of two independent pathways of migration
and differentiation. Induced GC B cells rapidly expand and differentiate into plasma cells

(PCs) or develop into memory B cells, which confer protection to reinfection. The early
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bifurcation of plasmablast versus GC reaction is linked to the migration properties of B
cells, which depend on molecular cues that are not fully understood (MacLennan et al.,

2003; Victora and Nussenzweig, 2012; Inoue et al., 2018).

1.3.3 The Germinal Center Reaction and B Cell Fates

The GC is a highly diversified and dynamic microenvironment that originates secondary
B cell follicles in the course of the immune response. GC is the site of B cell maturation,
during which either memory B cells or PCs are generated. Mature GCs are composed by
two well defined compartments, the dark and the light zone (DZ and LZ). These
compartments were originally identified on the basis of their histological appearance
(Nieuwenhuis and Opstelten, 1984). Later studies have unveiled the chemotactic signals
governing the GC compartmentalization, which depends on the differential abundance of
the C-X-C motif chemokine ligand 12 (CXCL12), CXCL13 and the expression of the
receptors CXCR4 and CXCRS (Allen et al., 2004), together with specific phenotypic
markers of the two GC B cell populations (Victora et al., 2010). The DZ is proximal to the
T cell area and contains a high density of large, proliferating B cells with downregulated
surface immunoglobulin expression and are sometimes referred to as centroblasts. At the
distal pole lies the LZ, where B cells are interspersed among the FDC network. LZ B cells,
so called centrocytes, are small, non-mitotic B cells expressing surface Igs (MacLennan,

1994).

DZ and LZ B cells are characterized by different functional properties (Victora and
Nussenzweig, 2012). In particular, DZ B cells divide and undergo somatic hypermutation
(SHM). SHM introduces random mutations that result in changes in the V region of the
BCR by few amino acids, altering subtly the affinity of the BCR for its antigen

(Papavasiliou and Schatz, 2002). DZ B cells then migrate to the LZ and compete with each

20



other for Ag binding, which is being displayed on FDCs. If SHM was successful in
improving the BCR affinity, this B cell clone outcompetes other clones and is selected for
survival. Positive selected clones internalize and present the Ag through their MHC class
IT to cognate CD4" follicular T cells, which provide additional survival and mitogenic
signals. Importantly, cytokines secreted by these T cells direct the choice of the Ab isotype
in a process called class switch recombination (CSR) (Janeway CA Jr et al., 2016d). B cells
that received help can re-enter the DZ, divide more and undergo additional V region
mutations. These B cells may migrate between DZ and LZ zones to undergo several more
rounds of SHM and CSR, in a process known as interzonal migration or cyclic reentry
model (Victora et al., 2010). The ultimate goal of the GC is to produce B cells with a BCR
with high affinity for the initial Ag, a global process that is referred to as Ab affinity

maturation.

During this process, some B cells are selected to leave the GC as PCs and memory B
cells. PCs characteristics include a larger cytoplasmic to nucleus ratio than naive B cells
and increased amounts of rough endoplasmic reticulum (ER) (Shaffer et al., 2004; Tellier
et al., 2016). This fate choice depends on specific transcriptional programs activated ad
hoc during GC reactions, which involve the expression of the X-box binding protein 1
(XBP1) and the B lymphocyte-induced maturation protein 1 (BLIMP-1) (Reimold et al.,
2001; Shaffer et al., 2002; Shaffer et al., 2004; Tellier et al., 2016), although not all signals
have been resolved (Victora and Nussenzweig, 2012). For instance, the bifurcation to PC
generation includes signals via BCR, CD40, and the B cell activating factor (BAFF)
receptors (Khodadadi et al., 2019). On the other hand, memory B cell generation appear to
be decided early during the GC response (Inoue et al., 2018). Whether B cell activation
resolves in the generation of plasma blasts, PCs or memory cells, the overall goal of the

humoral response to infection is the production of highly specific antigen-dependent Abs,
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which bind to the pathogen and facilitate its elimination by phagocytic cells and molecules

of the humoral immune system.

1.4 B cells Development and Functions

During fetal life, specific B cell subsets can be distinguished (Hayakawa et al., 1983).
However, most of the B cell lymphopoiesis takes place in the adult BM (Figure 5). As
described in the previous sections, the contribution of B cells to the immune response rely
on the presence of C and V regions on the Ab molecule. The generation and structural
assembly of an Ab molecule, in a process named somatic recombination, mark the stages
of the correct B cell development. At a defined stage, naive B cells leave the BM towards
the secondary lymphoid tissues, such as lymph nodes, spleen or mucosal tissues where they
complete their maturation process. Here, Ags can activate B cells. The overall maturation
process is defined by concrete checkpoints that are triggered by both BCR-dependent and
-independent factors (Figure 5). Cells that fail die in a controlled process known as

apoptosis or programmed cell death (Hardy and Hayakawa, 2001).
1.4.1 Bone Marrow B cell Development

The specialized microenvironment of the BM provides signals for the development of
lymphocyte progenitors from hematopoietic stem cells and for the subsequent
differentiation of the B cell. Signaling support is provided by specialized cells named
stromal cells, which are in continuous contact with developing B cells. Lymphocyte
progenitor cells are referred to as common lymphoid progenitors (CLPs). Interaction of
CLPs with BM stromal cells is required for development to the first step of the immature
B cell stage, namely early pro-B cell. Adhesive interaction is mediated by integrins, and

commitment to the early pro-B stage is marked by the paracrine effect IL-7 secreted locally
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by stromal cells (Goodwin et al., 1989; Peschon et al., 1994) (Figure 5). Early pro-B cells
express recombinase genes (RAG-1 and 2) and initiate the rearrangement of the IgH locus
of the BCR, in particular the segment D and Jh. To produce a complete and functional
heavy chain, the last gene rearrangement must occur (Vh segment). This event marks the
transition of a developing B cell to the late pro-B cell stage. When the V-D-Jh junction is
positively completed the late pro-B cell transitions to the pre-B cell stage. Here, the p
segment (Igp) is rearranged and expressed with surrogate light chains in a complex called
pre-BCR (Vettermann et al., 2006). The pre-BCR also includes the invariant proteins Iga
(also known as CD79a or Mbl) and IgB (CD79b). Iga and IgP transduce signals of
successful rearrangement of the IgH locus, by interacting with intracellular tyrosine kinases
through their cytoplasmic tails, thus ensuring the positive selection of the developing B cell
(Vettermann and Jack, 2010) (Figure 5). Because of this signal cascade, the cell halts
recombination of the IgH locus and proliferates into a clone of B cells all producing the
same W chain. Since dividing cells are larger than resting cells, this stage is referred to as

large pre-B cell (Hardy and Hayakawa, 2001) (Figure 5).

Following proliferation, RAG proteins are expressed again in small pre-B cells (no longer
dividing), and rearrangements of the Igl. locus begins. Each of these cells can make a
different rearranged IglL and expresses it together with the Igu on the cell surface as a
surface IgM (sIgM). Thus, cells with many different antigen specificities (shared Igu, but
different Igl) are generated, which makes an important contribution to overall BCR
diversity. Developing B cells expressing sigM are now at the immature B cell stage, where
each cell is tested for tolerance to self-Ags. At this stage, B cells whose BCRs bind self-
Ags in the BM stroma are deleted by negative selection, while immature B cells that do not
encounter Ags mature normally (Cornall et al., 1995) (Figure 5). Among other BCR-

dependent factors, the release of immature B cells from the BM into the circulation is also
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dependent on their expression of sphingosine-1 phosphate receptor 1 (SIPR1), which binds
to the lipid ligand S1P and promotes cell migration towards the high concentrations of S1P

that exist in the blood (Allende et al., 2010).
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Figure 5: B cell development in the bone marrow.
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The immature B cell undergoes final stages of development in the spleen to form a mature
Ag-inexperienced (naive) B cell. It must be noted, however, that the mechanism of
tolerance in place during the maturation of B cells in the BM is not perfect and some
autoreactive B cells escape and are further surveyed by mechanisms of peripheral tolerance
(Carsetti et al., 1995). The quasi-perfect nature of this process reflects an evolutionary
adaptation of both the ability to respond to pathogen of the immune system and the ability
of pathogens to change (which eventually has led to molecular mimicry) (Fujinami et al.,
2006). Indeed, the selective pressure against self-reactive B cells is not 100% efficient. If
this was the case, too few B cells would gain full maturation and, thus, there would be a
smaller Ag recognition diversity. Because of this mutual adaptation, a balance must be
reached where it is worth the risk of autoimmunity (which is kept under control by other
mechanisms in the periphery, including Tregs (Sakaguchi et al., 2008)), rather than limiting

Ag diversity, i.e. being unable of pathogen recognition.

1.4.2 Spleen-Dependent Development: the Transition to the Mature B Cell Subsets

By the time immature B cells exit the BM and enter the circulation they are called
transitional B cells (TB), and they are characterized by the expression of CD93 (Carsetti et
al., 1995). As mentioned above, some emigrated TB can still bear autoreactive BCRs and
be activated by self-Ags. If this happens in the absence of inflammatory stimuli, the cell is
neutralized by mechanisms of peripheral tolerance. Non self-reactive TB in the spleen have
to proceed through two maturation stages, called transitional B cell 1 and 2 (T1 and T2),
which have phenotypically and functionally defined properties (Loder et al., 1999). During
this late differentiation process, changes in surface markers, chemokine receptors, BCR
signals and transcriptional factors correspond to different splenic sublocations (Chung et
al., 2003) (Figure 6) and operate as distinct differentiation checkpoints (Su and Rawlings,

2002). A key factor to gain access to primary lymphoid follicles is the interaction of
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cytokine BAFF (secreted by FDCs) and its receptor (BAFFR), which is expressed on T1 B
cells. Indeed, knock out of the gene or its receptor have been reported to block B cell
maturation at the T1 stage (Schiemann et al., 2001). In the mouse system, immune
competence is acquired as TB cells transit from T1 to T2, although a third TB population
named T3 has been described (Allman et al., 2001). Following to a process of alternative
mRNA splicing, B cells express & chain (Igd, and therefore surface IgD or sIgD) together
with the sIgM and become naive B cells (Yuan and Tucker, 1984). Generally, these cells
are referred to as conventional B2 cells, they derive from progenitors in the BM and can

only divide in response to Ag and start the GC reaction.

The majority of B2 cells is represented by FoB, so called as they populate the primary B
cell follicles (Figure 6). A second, smaller population is represented by the MZB, which
instead is located in a specific area of the spleen known as the marginal zone (Figure 6).
The FoB versus MZB bifurcation process is not entirely understood, but a certain degree
of consensus has been reached regarding the origin of both B2 cells subsets from T2 cells
(Martin and Kearney, 2002; Pillai and Cariappa, 2009) and will be discussed further in the
specific sections below. Moreover, as briefly mentioned above, B cell development starts
in the fetal liver and gives rise to a distinct B cell population, namely B1 B cells (Hayakawa
etal., 1983). In fact, B1 cells are the first B cells to be generated, hence the name, and they
have different properties than B2 cells, although they share similarities with MZB that will

be discussed in more detail later on (Martin and Kearney, 2000b).
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Figure 6: Distinct mature B cell subsets populate specific compartments in the spleen.
Migrating immature B cells from the bone marrow house to the spleen. Here, the late stages of B

cell maturation take place. The three main splenic B cells subsets are shown: Transitional B (TB),
Follicular B (FoB) and Marginal Zone B (MZB) cell.
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1.4.2 [ - Follicular B Cells

The follicular niche represents the major site in which FoB can be found in the spleen
(Figure 6), however recirculating FoB can wander through other secondary lymphoid sites
(i.e. BM, lymph nodes and the Peyer’s patches). FoB are intrinsically associated with T
cell (or thymus-) -dependent (TD) responses because follicles are always adjacent to T cell
zones and this arrangement allows activated FoB and activated CD4" T helper cells to
interact at the interface between these two areas. Most FoB express CD23, IgD, IgM while
showing an intermediate-to-low expression of CD21. It is thought that FoB activation to
TD Ag is achieved by signals delivered through BCR, CD40 and TLRs, although the
contribution of the latter to TD immunizations is controversial (Gavin et al., 2006; Allman
and Pillai, 2008). BCR diversification at the steady state is extensive in FoB due to the
activity of the terminal deoxynucleotidyl transferase (TdT), which provides junctional
diversity during the somatic hypermutation of the Igs by adding non-templated (N)
nucleotides in the complementarity-determining regions 3 (CDR3) of the IgH chain (Carey
et al., 2008). The FoB subset is responsible to recognize soluble or APC-displayed Ags and
forms early plasma blasts or initiates GCs reactions. In particular, FoB responses are
usually associated to TD antigens of peptidic origin, such as viral proteins (Ochsenbein et
al., 1999b; Hangartner et al., 2006). In such case, the Ag is internalized, broken down, and
presented on the MHC class Il complex to cognate T cells, which provide the necessary
help signals in return as described in the previous section. Previous studies have shown that
B cells require a tonic BCR signal and BAFFR-mediated activation of the non-canonical
nuclear factor kappa-light-chain-enhancer of activated B cells (NFxB) pathway to mature
into FoB (Weih et al., 2001; Pillai and Cariappa, 2009). Other analysis of B cell populations
suggested that there is a second distinguishable recirculating FoB population identified as

FOII B cells, which hold different phenotypic properties, such as high IgM expression
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compared to FoB. Moreover, FOII B cells differ from FoB cells in that they develop in an
Ag-independent manner and may serve as reservoir for MZB replenishment (Cariappa et

al., 2007).

1.4.2 Il - Marginal Zone B Cells

MZB are enriched in the marginal zone area of the spleen (Figure 6) and represent a
sessile population, which constitutes up to 5-10% of total splenic B cells (Gray et al., 1982;
Oliver et al., 1997). MZB compartment is found in germ-free animals (Kumararatne et al.,
1982; Martin and Kearney, 2002) and its development is considered to be microbiome-
independent. Therefore it is thought that MZB develop as part of the pre-immune B cell
repertoire (Hayakawa et al., 1997). Structurally, MZB are spatially separated from the
primary follicles and FoB, and this property has direct reflections for MZB effector
functions. In particular, MZB are classically associated to the early phases of the immune
response, specifically to the early Ab production against T cell (or thymus) -independent
(TD) Ags (Mond, 1995; Martin et al., 2001). This function is directly related to the MZB
positioning in the marginal zone, where the blood stream is slower due to fenestration and
provides direct access to blood borne Ag (Steiniger et al., 2006) (Figure 3 C). Thus, once
the Ag reaches the blood, it is captured by MZB within hours directly or through several
cell-dependent mechanisms (Cerutti et al., 2013). This allows MZB a faster response rate
compared to the FoB-dependent GC reaction (Oliver et al., 1999; Martin and Kearney,
2002; Swanson et al., 2013). Because MZB functionally bridge to the adaptive humoral
response, by providing early low-affinity Ag-specific IgM, they are also referred to as
“innate-like” B cells. However, there is no absolute restriction of Ag-dependent B cell
subsetting. In fact, some evidence shows that MZB are also capable of activation in

response to blood borne TD Ags (MacLennan et al., 2003; Song and Cerny, 2003; Chappell
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et al., 2012). Indeed, MZB can work as APCs and transit from the marginal zone to the

follicle back and forth to participate into FDCs and T helper cell activation in the spleen

(Cinamon et al., 2004).

MZB display different characteristics in comparison to FoB. MZB are bigger in size and
they have higher surface expression of the co-stimulatory markers CD80, CD86, IgM and
CD21 (i.e. CR1). Also, MHC class II expression is more pronounced in MZB than FoB,
while IgD and CD23 expression is dimmer (Gray et al., 1982; Oliver et al., 1997).
Furthermore, MZB express high CR2 (i.e. CD35), which favors a more efficient capture of
complement opsonized Ag from the bloodstream (Mond, 1995). The involvement of MZB
in TI responses is inherently caused by the differential segregation of BCR specificity into
the different mature B cell compartments. Indeed, elegant studies with transgenic mice
have shown that reduction in the diversity of the BCR led to a dominance of MZB in the
spleen (Oliver et al., 1999) and that specific BCR clones selective for TI Ags are funneled
into the MZB pool (Yancopoulos et al., 1984). BCR-dependent pathways are involved in
the fate decisions of TB cells, and CD19-mediated signaling appears to be crucial for the
maintenance of MZB (Martin and Kearney, 2000a). Several other intracellular signaling
cascades and environmental cues are implicated in the FoB versus MZB fate commitment
and several scenarios have been proposed (Martin and Kearney, 2002; Pillai and Cariappa,

2009; Cerutti et al., 2013; Arnon and Cyster, 2014).

These properties indicate that MZB interact with multiple cells of the innate immune
system to mount TI and TD Ab responses. Therefore, the role of MZB in the immune
response can be easily integrated into the concept of “geographical immunity” (Zinkernagel
et al., 1997), which enforces the notion that the immune system has evolutionary adapted
specific cell clones (or subsets), thus restricting functionality for optimization of resources,

to specialized sites which are designed to deal with different kind of Ags. In this view,
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MZB provide the first line of defense for blood borne Ags, and the restriction into their
BCR repertoire ensures a rapid Ab-mediated response to conserved Ags. On the other hand,
FoB are featured with a wider array of BCR specificities, and allow the Ag-targeted TD
response, including GC reaction, with the formation of PCs and memory. Although highly
specific, the GC reaction burden is represented by time, as high-affinity Abs are produced
only several days after the start of the GC reaction, and energy consumption, which is also
intrinsically linked to heightened metabolic expenditure. In summary, distinct B cell
populations retain specific properties to deal with specific Ags depending on their location,
and MZB are thought to provide a diversionary tactic against blood borne pathogens and
fill the temporal gap necessary for GC reactions to take off (Swanson et al., 2013; Lam et

al., 2020).

1.4.2 1l - BI Cells

As briefly mentioned in the beginning, a small portion of B cells develop during early
life in the liver (Hayakawa et al., 1985). Yet, some evidence that CLPs can give rise to Bl
cell progenitors in the BM has been found, suggesting an alternative developmental pattern
for B1 cells (Esplin et al., 2009). B1 cells where first described in the early 80’s (Hayakawa
et al., 1983) and they were grouped by the expression of the CD5 marker (originally known
as Ly-1 in mice and Leu-1 in humans). B1 cells are mainly found in body cavities and
predominate the peritoneal cavity of adult mice. Further studies led to the detailed
characterization of B1 cells and shown that also CD5™ B1 cells exist (Kantor et al., 1992;
Stall et al., 1992; Baumgarth, 2016). Therefore, B1 cells were finally segregated into two
subsets: CD5" Bla and the counterpart CD5~ Blb (Hayakawa et al., 1997; Baumgarth,
2016). On the basis of this differential expression, Bla and B1b cells stick to a “division

of labor” model, where Bla constitutively produce Abs and B1b secrete Abs once activated
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(Haas et al., 2005). However, discrepancy has resulted from other studies and a deeper
investigation is needed (Baumgarth, 2016). In general, the literature supports the notion
that the B1 cell pool contains cells with different functional properties that will be outlined
below. It is worth to mention that B1 cells share similarities with MZB. For this reason, B1

cells are also included in the innate-like B cell pool.

B1 cells are self-renewing cells and possess a germline-skewed BCR repertoire, which
is less diversified than the BCR of FoB (Hayakawa et al., 1999). Moreover, B1 cells lack
N-nucleotides at the V-D-J junctures, which is consistent with lack of TdT expression in
neonatal tissues (Feeney, 1990). Seminal studies have uncovered that B1 cell development
strongly depends on self-Ag (Hayakawa et al., 2003), and in particular most of B1 cells are
reactive against components of the cell membrane such as PC (Shaw et al., 2000) and
phosphatidylcholine (PtC) (Arnold et al., 1994). This led to the partial conclusion that B1
cells are positively selected based on their ability to bind to self-Ag. This points out a
fundamental difference between B1 and B2 cells, that is the positive or negative selection

based on self-reactivity, respectively.

The major function of B1 cells is to spontaneously produce NAs, mainly of the I[gM and
IgG3 class (Casali and Schettino, 1996). However, steady state secreting B1 cells do not
upregulate X-box binding protein 1 (XBP1) and BLIMP-1, which instead are hallmarks of
Abs secretion in PCs (Tumang et al., 2005; Choi et al., 2012). B1-derived NAs are known
to bind both self-Ags such as the thymocyte Ag 1 (Thy-1), PC and PtC and conserved
structural motifs which share properties with self-Ags, like Ags from S. Pneumoniae,
Salmonella etc. Spontaneous production of Abs puts B1 cells in stark contrast to B2 cells
and FoB in particular, which need T helper cell to reach full activation. Many of the

properties discussed so far, are related to the self-reactivity of B1 cells. The notion of self-
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reactivity is often linked to autoimmune inflammation and tissue damage, therefore the

evolutionary maintenance of B1 cells and their development seems counterintuitive.

Nevertheless, we should consider the developmental requirements of Bl cells in the
context of the notion of the “layered immunity” proposed in the late 80’s (Herzenberg and
Herzenberg, 1989), which examines the B1 and B2 populations as a product of different
mechanisms of selection based on time (i.e. age of the host) and different host needs.
Indeed, B cells come in waves or “layers” during ontogeny: first Bl cells, selected
positively by self-Ags (also because non-self-Ags do not easily reach embryonic tissues)
until shortly after birth (Montecino-Rodriguez and Dorshkind, 2012); then BM stem cells
provide precursors for the development of B2 cells, when the non-self Ag exposure is
maximized. Therefore, in the BM a B cell should not be selected for autoantigens (i.e.
through the negative selection and central tolerance mechanisms). This way, early in life
the immune system provides an innate mechanism of protection (Ag-independent) based
on polyreactive Abs produced by Bl cells, which play a role in protecting several
embryonic and neonatal tissues (Montecino-Rodriguez and Dorshkind, 2012). A fetal
versus adult developmental switch integrates the co-existence of B1 and B2 cells, with the
latter providing means of coping with external Ags, when they occur. Finally, the notion
of distinct B cell populations homing to distinct tissues in order to deal with different types
of Ags can easily be integrated in the “geographical” view of immune reactivity outlined

above (Zinkernagel et al., 1997).
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1.5 Redox Remodeling and Control of B cell Functions

Redoxtasis is necessary to ensure normal functioning of aerobic organisms and cells
(Finkel, 2011). For this to happen, the circuits of redox regulation keep running to prevent
deterioration of cellular functions (Birben et al., 2012). When oxidative intermediates, such
as reactive oxygen species (ROS), are either too high or too low, the cell undergoes an
oxidative or reductive stress that may cause severe cell injury, transformation or eventually
cell death (Cairns et al., 2011; Schieber and Chandel, 2014). Due to the hormetic nature of
ROS, a sophisticated defense network must act to keep the balance right, and allows ROS
regulation of cell cycle, differentiation, and functions (Sies and Jones, 2020). Redox cycles
drive attenuation of redox stress in both physiologic and diseased state. These chemical
challenges are mastered by intracellular antioxidant systems, which are optimized to use
the tripeptide glutathione (GSH), as the most versatile nucleophile in the reduction, direct
conjugation and GSH-dependent enzymatic reactions of neutralization of electrophiles

(Meister, 1988; Wu et al., 2004; Deponte, 2013).

B cells are central components of the immune system with a variety of functions, yet
their main goal is to produce Abs (LeBien and Tedder, 2008). The variety of processes
which characterize a B cell's life, from differentiation to Abs secretion, are marked by
dramatic changes in the redox state (Masciarelli and Sitia, 2008; Vene et al., 2010). For
example, protein synthesis and release in PCs generate stress which has to be compensated
adequately in order to prevent fatal stress and cell death (Haynes et al., 2004). Indeed,
protein secretion implies a net loss of amino acids, which must be continuously replenished
to ensure cell survival. Moreover, secreted proteins and especially Abs are rich in disulfide
bonds (Figure 4). The correct rearrangement of these bonds are necessary to overcome

stringent secretory quality control checkpoints to reach the native conformation of proteins
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(Vashist and Ng, 2004). In vitro studies have demonstrated that linear ROS production in
the form of H>O, derives from the number of disulfide bonds formed (Tu and Weissman,
2002; Shimizu and Hendershot, 2009). Upregulation of chaperones, proteasomes and redox
buffering capacity is promoted in the Ab factory in order to overcome the dangerous effects
of proteotoxicity, adapt to stress and meet the demanding secretory goals (van Anken et
al., 2003). This synergy facilitates B cell differentiation and correct functioning during the
immune response. On a more translational note, early studies on human immunodeficiency
virus-1 (HIV-1)-infected subjects associated GSH deficiency with a poor lymphocytic
response and impaired survival following HIV-1 infections (Staal et al., 1992a; Staal et al.,
1992b; Herzenberg et al., 1997). This studies set GSH as a potential modulator of immune

functions and indicate that a link between GSH functions and B cells activity may exist.

Interestingly, the main site of intracellular ROS production is the mitochondria.
Mitochondrial or metabolic ROS (mtROS) integrate instructive signals which have been
linked to B cell activation (Jang et al., 2015). Moreover, balanced mtROS are critical for
the correct function of the redox-sensitive proteins of the electron transport chain (ETC),
which are susceptible to inactivation by these reactive molecules (Zhang et al., 1990;
Brand, 2010; Garcia et al., 2010; Wang et al., 2013; Mailloux et al., 2013). In particular,
complex I (CI) activity requires adequate levels of reduced GSH in the mitochondria for
its function (Balijepalli et al., 1999; Beer et al., 2004). The existence of B cell subsets with
distinct properties, such as innate like B cells (MZB and B1 cells) and FoB, allows room
for speculation and interesting challenges arise in order to investigate whether these cells
differ in their mechanism of coping with ROS-induced stress, metabolic demands and how

this affect their lifespan and function.
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1.5.1 Overview of Glutathione Synthesis

As briefly anticipated, GSH is the predominant low molecular antioxidant in mammalian
cells (Wu et al., 2004). The main intracellular GSH reservoir is the cytoplasm, where GSH
exerts a variety of functions including antioxidant defense (Winterbourn and Brennan,
1997), detoxification of xenobiotics and/or their metabolites (Boyland and Chasseaud,
1969), regulation of cell cycle progression (Holmgren, 1976) and apoptosis (Esteve et al.,
1999), storage of cysteine, maintenance of redox potential, enzyme cofactor (Forman et al.,
2009) and modulation of immune function (Mak et al., 2017; Kurniawan et al., 2020).
However, GSH is compartmentalized at several levels intracellularly and compartment-
specific GSH-dependent functions are influenced by changes in levels of cytosolic GSH
because GSH is synthesized in the cytosol and must be imported to exert its function as
antioxidant, for instance into the mitochondria (Martensson et al., 1990; Masini et al.,

1992).

GSH is a tri-peptide constituted by glutamate, cysteine and glycine and its synthesis
involves two enzymatic processes, which both are ATP-dependent (Figure 7). The first
reaction is carried out by the glutamate-cysteine ligase (GCL), and in particular by its
catalytic subunit (GCLC) - encoded by the gene Gclc - which holds the substrate binding
sites (Chen et al., 2005a). GCL contains also a light or modifier subunit (GCLM), on which
the enzymatic activity of GCL strongly depends on, as seen in Gelm-deficient mice where
GSH production dropped by almost 90% (Yang et al., 2002). During this first step, cysteine
is conjugated to glutamate to form y-glutamylcysteine (y-Glu-Cys in Figure 7). The second
step in the de novo GSH synthesis is catalyzed by the GSH synthetase (GS), a homodimeric
enzyme (Oppenheimer et al., 1979) that adds glycine to y-glutamylcysteine to form y-
glutamylcysteinylglycine or GSH (Lu, 2013) (Figure 7). The assumption that the first

reaction catalyzed by GCLC represents the rate-limiting step in the de novo synthesis of
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GSH comes from an earlier report showing that in the presence of GS, y-glutamylcysteine
is present at very low concentration (Dalton et al., 2004). Of the three precursors of GSH,
cysteine deserves particular attention. In mice and humans, cysteine is mainly obtained by
the diet and because it is unstable extracellularly, it is mainly found in its oxidized form
(cystine), which can be taken up by cells and used for protein synthesis (Kaplowitz et al.,
1985; Bannai and Tateishi, 1986). Most of the cysteine used for GSH comes from protein
turnover or it is recycled from methionine intracellularly, otherwise it depends on hepatic

GSH for its distribution in the body (Meister, 1991; Wu et al., 2004; Lu, 2013).
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Figure 7: The synthesis of GSH is a multi-step process.

De novo GSH synthesis (green shaded area) and the GSH redox cycle (blue shaded area) contribute
to the maintenance of the intracellular level of GSH. GCL. Glutamate-cysteine ligase; Glu,
glutamate; Cys, cysteine; GS, glutathione sintase; PPP, pentose phosphate pathway; GR, glutathione
reductase; GPX, glutathione peroxidase.
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1.5.2 Role of Glutathione in the Regulation of Redox-Dependent Circuits

The balance between oxidized and reduced compounds within the cell is known as redox
homeostasis (or redoxstasis) and plays a fundamental role in the maintenance of signaling
and cell survival (Forman et al., 2004; Trachootham et al., 2008; Sies and Jones, 2020).
Endogenous antioxidants, and GSH in particular, are able to neutralize oxidative species
(i.e. ROS and derivatives) in order to maintain or restore the redox balance. GSH exists as
reduced (GSH) and oxidized (GSSG) form (Kaplowitz et al., 1985) (Figure 7), but GSH
constitutes the predominant form. In redox reactions, which can be facilitated by enzymes,
one reactant loses electrons (it becomes oxidized) and another gains these electrons and it
is converted into its reduced form. In fact, GSH is a nucleophile and reductant molecule
able to react with oxidants. If the balance of GSH and ROS is disrupted by an excess or
deficiency of either one, the cell undergoes oxidative stress (Sies, 1986). In particular, a
more oxidized environment will cause alterations of DNA, RNA, protein, and lipid damage

(Vaughan, 1997).

Aerobic cells are inevitably subjected to molecular oxygen (O,) exposure due to the
processes of cellular (and more specifically mitochondrial) respiration, during which
partially reduced forms of O, namely ROS, are formed. In turn, ROS can lead to the
production of toxic macromolecular radicals and induce redox stress and cell injury. The
major function of GSH is to donate electrons to ROS in a direct manner or to ROS-
destabilized macromolecules. GSH conjugations are either spontaneous or catalyzed
(Meister, 1988) and usually result in the neutralization of the oxidized species, with a net
loss of intracellular GSH and generation of GSSG and H,O. GSSG is recycled back to its
reduced form (GSH) by the GSH reductase (GR) at the expense of NADPH in a redox
cycle (Figure 7). As mentioned, GSH can directly react with O, and other ROS, but it is

mainly consumed to renovate other antioxidants, and redox-related enzymes. This
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generates a complex network of GSH-dependent reactions, which work in loop to ensure

the constant replenishment of reductants (Figure 8).
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Figure 8: The GSH network ensure cell signaling and redox regulation.

The intricate connection among glutharedoxins (GRXs), peroxiredoxins (Prxs), thioredoxins (Trxs)
and GSH-dependent antioxidant enzymes is shown. Trx reduction (yellow shaded area) can be
catalyzed by other reductases than Txr reducatase (TxrR) (alternative pathways are indicated by
dotted lines). Blue color indicates GSH-consuming enzymes. GRX, glutaredoxin; GPX, glutathione
peroxidase; GST, glutathione-s-transferase.
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GSH peroxidases (GPXs) are the main producers of GSSG from 2 molecules of GSH
(Figure 7) in the process of H>O, detoxification. Eight members and several isoforms of
GPXs are known and have subcellular- of tissue-specific expression patterns (Brigelius-
Flohe and Maiorino, 2013). Oxidized GSSG is recycled back to 2 molecules of GSH by
the GR (Figure 7 and 8), which depends on the reducing agent NADPH, from the pentose
phosphate pathway (PPP) (Pollak et al., 2007). GSH is also a crucial co-factor and substrate
of other redox enzymes, such as glutaredoxins (GRXs) (Fernandes and Holmgren, 2004)

and GSH-S-transferases (GSTs) (Nebert and Vasiliou, 2004) (Figure 8).

However, GSH is not the only intracellular antioxidant and other thiol-specific proteins
are capable of peroxidase activity. In particular, peroxiredoxins (Prxs) are thought to be the
main reductants of H,O, (Wood et al., 2003). Downstream of Prxs oxidation, thioredoxins
(Trxs) specifically target the reduction of Prxs cysteine residues, allowing the regeneration
of Prxs. By doing so, oxidized Trxs can be reversibly reduced by the Trx-reductase (TrxR)
in a NADPH-dependent manner (Holmgren et al., 2005) (Figure 8). However, it is
important to note that the reduction of the disulfide bond of oxidized Prxs can be reduced
by other reductases belonging to the GSH-dependent redox reactions (i.e. GR) and that
Trxs reduction can be performed by GRXs (Espinosa-Diez et al., 2015) (Figure 8). Thus,
GSH is directly and indirectly responsible of several redox reactions. Yet, GSH-
independent redox enzyme exist, and examples are superoxide dismutases and catalase,

which further catalyze the neutralization of H,O, and OH" (Espinosa-Diez et al., 2015).

As mentioned earlier, metabolic ROS are mainly generated in the mitochondria, and
mitochondrial GSH is crucial to maintain the thiol redox status. At steady state condition
in particular, the unique biochemical (such as basic pH) and redox properties (exposed
protein thiols) of the mitochondrial matrix facilitate glutathionylation reactions (Mailloux

et al., 2013), that is, the formation of mixed disulfides between protein cysteines and GSH
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cysteines. Therefore, fluctuation of ROS, GSH or GSSG in the mitochondria plays

important roles in the context of mitochondrial function and cellular metabolism.

In lymphocytes, GSH increase is often associated with the proliferative burst, which
characterize the early phases of immune response (Messina and Lawrence, 1989; Hamilos
et al.,, 1989; Mak et al., 2017). This is often caused by a rewiring of the immune cell
metabolism, which generally increases the biosynthetic needs by lifting metabolic
pathways (Pearce and Pearce, 2013), and therefore increasing the by-production of ROS

(Yang et al., 2013; Franchina et al., 2018a).

1.5.3 Redox Regulation of the Humoral Immune Response

As discussed above, a B cell’s life is characterized by a transition of proliferation,
quiescent stages and, sometimes, continuous migration. For instance, during early B cell
development in bone marrow (Figure 5), the developing B cells experience a variety of
metabolic challenges which are discussed elsewhere (Urbanczyk et al., 2018). Moreover,
at each of these stages B cells are exposed to a variety of local milieu and intracellular
metabolism and transcriptional regulation have to make up the sufficient energy according
to nutrient availability (Boothby and Rickert, 2017; Urbanczyk et al., 2018) (Figure 9).
Furthermore, metabolic changes are expected to happen upon BCR engagement (or other
co-receptors) in naive B cells, independently of the specific subset. ROS production in B
cells can be initiated as a result of three biological processes. First, BCR engagement and
the activation of proximal NADPH-oxidases (NOX) (Yang et al., 2013). These non-
metabolic ROS induce short-term local oxidation and inactivation of the protein tyrosine
phosphatase (PTP). In turn, this allows the intracellular BCR tails (known as
Immunoreceptor tyrosine-based activation motifs or ITAMs) to activate the spleen tyrosine

kinase (Syk) and the downstream signaling. Another source of non-metabolic ROS in B
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cells is indirectly associated with the protein synthesis machinery. In particular protein
folding in the ER directly correlates with H,O, production (Tu and Weissman, 2002;
Shimizu and Hendershot, 2009). Nonetheless, the major source of ROS is in activated B
cells and derives from metabolic processes associated with the powerhouse of the cell, the

mitochondria (Murphy, 2009).

The three ways implicated in ROS production in B cells must be contemplated over the
multistep process of the B cell’s journey towards Ab secretion. Particularly, upon encounter
of the Ag, several steps are involved, and so are metabolic pathways (Boothby and Rickert,
2017) (Figure 9), ROS level and redox buffering capacity (Franchina et al., 2018b).
Previous studies have unveiled the dynamics underlying B cell differentiation into PCs
(van Anken et al., 2003; Kirk et al., 2010). It is conceivable to imagine that the first wave
of ROS favors BCR signaling upon BCR engagement. A slow, but constant increase of
metabolic proteins is registered through a 4-days activation time, and provide energy for
the cellular growth. Mitochondrial ROS seem to be involved to allow full B cell activation
and proliferation (Wheeler and Defranco, 2012). Then, sequential changes occur in B cells
in accordance to the expression of different protein packages. For instance, molecular
chaperones are upregulated early during activation, in order to prepare the cell to sustain
the upcoming expansion of the ER machinery and protein synthesis. Later studies have
demonstrated that the expansion of the secretory apparatus and increased biogenesis are
mainly regulated by the BLIMP-1-XBP1 axis (Shaffer et al., 2004). As discussed earlier,
increased Ab synthesis inevitably induces ROS accumulation in the ER. In fact, in this
process, B cells linearly upregulate proteins related to redox circuits and ER resident
proteins to assist Ab production over time. It is interesting to note that the synthesis of [gM
rapidly peaks only after 3 days post-activation, while there is a linear increase of redox

proteins from the beginning (van Anken et al., 2003). Thus, B cells prepare carefully for
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their secretory role and simultaneously, redox mechanisms are in place, enabling the

activity of the downstream cellular machineries involved in the B cell activation.
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Development Activation I Terminal differentiaton
Bone marrow I Periphery | GC/Bone marrow
| | YYY
Metabolic regulator HIF-1a | TRAF3-NF-kB HIF-1a Gsk3 Mycj ?
Metabolic profile Glycolytic | Glycolytic PPP Low mitochondrial activity

Metabolic activity

Low High

Energy consumption

Figure 9: Overview of the metabolic features of B cells during differentiation and

activation.

Top: discrete steps of B differentiation are marked by the activity of specific metabolic regulators
which define the metabolic profile of the differentiation stage; bottom: energetic profile (y axis) of
mature B cells during activation (x axis). HIF-1a, hypoxia-inducible factor 1-alpha; TRAF3, TNF
receptor associated factor 3; NF-kB, nuclear factor kappa B; Gsk3, glycogen synthase kinase-3.
Myc, myelocatomatosis; PPP, pentose phosphate pathway.
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In conclusion, B cells have evolved a multitasking strategy to cope with different kinds
of stress (Cenci and Sitia, 2007). In particular, the activated B cell has to overcome the
immunological pressure exerted by the fast-replicating pathogen and, at the same time, has
to cope with the increasing biosynthetic needs to provide substrates for cell growth,
division and immunological functions (i.e. Ag presentation and cytokine secretion (DiLillo
et al., 2011)). In the midst of this stressful condition, B cells must integrate and survive the
stress of the correct synthesis, folding and secretion of thousands Abs per second
(Helmreich et al., 1961; Hibi and Dosch, 1986). Therefore, the existence of periodic
oscillations in the metabolic redox reactions and the maintenance of a delicate balance
between ROS and antioxidants support the concept that maintenance of the redox control

could sustain some functions of B cells.

1.6 Mitochondrial Glutathione

GSH is distributed in intracellular organelles such as the endoplasmic reticulum (ER),
nucleus and mitochondria (Meister and Anderson, 1983). The latter are source of ROS,
most of them originating from the electron transport chain (ETC), and the maintenance of
the mitochondrial GSH pool is considered to be an indispensable antioxidant reservoir to
avoid oxidative modifications. The concentration of GSH in the mitochondrial matrix is
within the range of that found in the cytosol (10-15 mM). However, GSH synthesis is
limited to the cytosol (Lu, 2013) and given its anionic nature at physiological pH, GSH
cannot freely diffuse through the inner mitochondrial membrane. Consequently, GSH must
be actively imported by carrier-mediate transport into the mitochondrial matrix from the

cytosol (Martensson et al., 1990; Lash, 2006).

48



B cells can transit between rapidly proliferating and quiescent states to meet the demands
of the adaptive immune response and mitochondria represent central signaling and
bioenergetic hubs. Accordingly, regulation of mitochondrial function was shown to be
critical for B cell activation (Jang et al., 2015; Waters et al., 2018). However, the function
of mitochondria in the context of GSH-dependent redox regulation in the distinct B cell
subsets is still understudied (Muri and Kopf, 2020). Taken together, ROS generation
associated with electron transfer reactions combined with mitochondrial GSH redox power
represent a potential functional link integrating energy metabolism, redox signaling, and

control of cellular physiology.
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1.7 Hypothesis and Aims of the Project

B lymphocytes are involved at various levels in the immune response. Depending on the
type of the Ag and its diffusion through the body, the B lineage has evolved into specific
subsets to populate defined compartments and with specific immediate or long-term
functions. In general, the lifespan of a B cell can be extremely variable and characterized
by peaks of cellular activities, including protein synthesis and its downstream processes. In
such phases, secretion of Abs imposes considerable amount of stress on the redox
homeostasis network. Therefore, activated B cells employ compensatory mechanisms to
overcome the generation of toxic metabolic byproducts. This is the case of upregulation of

GSH production to counterbalance ROS and oxidized products (van Anken et al., 2003).

While our current knowledge of B cell immunometabolism is constantly growing, and
we begin to appreciate the distinct metabolic requirements of the different B cell subsets
(Farmer et al., 2019), it is of interest to study how B cells function in the absence of the
main antioxidant, GSH. In fact, although progress has been made and recent studies have
elucidated the role of GRXs in B cells (Muri et al., 2019), how GSH rules B cell biology
and function has not been addressed. In particular, a disturbance of metabolic functions can

be anticipated due to stable role of GSH within the mitochondria.

Based on previous studies that have elucidated the important role of GSH in cellular
functions of immune cells (Mak et al., 2017; Kurniawan et al., 2020), we hypothesized that
GSH directly empowers B cells differentiation checkpoints or, at least in part, their
functions. However, due to the highly variable metabolic profiles of B cells at the different
stages of maturation (Franchina et al., 2018b), more studies are needed to determine the
specific requirements and cellular adjustments to oxidative stress. We therefore

hypothesized that by deleting the main player of the aforementioned redox cycles, namely
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GSH, we can directly study how the total GSH-dependent antioxidant response influences

B cell immune function and metabolism.

Below is a list of the specific aims of this thesis project:

A. To determine the effect of Gclc deficiency in the distribution and maintenance of B cell
subsets at the steady state (Chapter 3).

B. To study if the innate humoral immunity is affected in B cell-specific Gele-depleted
mice (Chapter 3).

C. To explore the outcome of the germinal center reaction in the absence of Gcele (Chapter
4).

D. Should Gcle affect B cell properties, to identify the connection between the B cell
functional variation and the intracellular metabolic dependencies (Chapter 5).

E. To understand the molecular basis of Gclc contribution to B cell metabolic function
through analysis of single cell transcriptomic and iz silico metabolic inference (Chapter
6).

F. To intensify the fundamental understanding of the properties of B cells that would offer
novel insights for the study of the role of GSH in the regulation of B cells function and

defects during disease, such as viral infections.
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Chapter 2: Methods

2.1 Mice

Geld™ mice were described previously (Chen et al., 2007) and were crossed to MbI-Cre
expressing mice (Hobeika et al., 2006) to obtain the Gelc™'Mb1-Cre strain. The mice were
housed and bred under specific pathogen-free conditions at the Luxembourg Institute of
Health and the BTA facility of the University of Luxembourg. Age-matched mice (7-12
weeks old) were used for all experiments. All protocols were conducted and approved in

the accordance to the Animal Welfare Structure guidelines.
2.2 T-independent B cell immunization (TNP-Ficoll)

To study Ag-trapping by MZB, mice were injected i.v. with 100ug TNP-Ficoll FITC
(Biosearch Technologies F-1300F) and 30 min later tissues were analyzed with flow
cytometry or snap-frozen for immunofluorescence microscopy in Tissue-Tek optimum
cutting temperature (OCT, Sakura 4583). To measure the early IgM response, the same
dose of TNP-Ficoll (Biosearch Technologies F-1300-100) was administered i.p. and blood

was collected one day previous injection and 3, 5 and 7 days post injection (d-1, 3, 5, 7).
2.3 T-dependent B cell immunization (LCMYV CI113 and TNP-KLH)

LCMV Cl13 was propagated in BHK cells as previously described (Battegay et al.,
1991a) and mice were i.v. infected with 2x10° pfu. Blood was collected at different time
points. At the endpoint, mice were euthanized and blood, spleen, kidney, liver and lung
were collected and snap-frozen until further analysis. For ASCs assay BM cells were also

harvested and used immediately.

52



For TNP-KLH immunization, mice were i.p. injected with 50pg of TNP-KLH (Biosearch
Technologies T-5060) in 4mg of Imject alum (Fisher Scientific 10475325). Blood was

collected at d-1, 7, 14, 21, 28.

2.4 Flow cytometric analyses and sorting

All antibodies for flow cytometry are reactive against mouse antigens, unless otherwise

stated. For surface staining, cells were washed and resuspended in PBS 1% FCS 50 uM

EDTA (FACS buffer).
Antigen Fluorochrome Supplier (reference)
CD19 FITC BD (557398)
CD45R/B220 PE Immunostep (MO45RPE(V100))
TCR beta APC Fisher Scientific (15380800)
TOMM-20 / Abcam (ab186734)
IgM AF647 Fisher Scientific (10368172)
integrin 1 AF488 BioLegend (102211)
Integrin a4p37 PE BioLegend (120605)
Integrin B2 AF594 BioLegend (101416)
CD106 (VCAM-1) PE Fisher Scientific (15586846)
CDl11b Pacific Blue BioLegend (101224)
CD138 (Syndecan-1) | BV650 BioLegend (142518)
CD19 BV785 BioLegend (115543)
CD19 PE BioLegend (115508)
CDh1d Pacific Blue BioLegend (123517)
CD21/CD35 FITC BioLegend (123408)
CD21/CD35 APC BioLegend (123411)
CD23 PE BioLegend (101608)
CD23 Pacific Blue BioLegend (101615)
CD24 APC Fisher Scientific (17-0242-82)
CD267 (TACI) PE Fisher Scientific (12-5942-81)
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CD35 BUV737 BD (741751)

CD3¢ PerCP/Cy5.5 BioLegend (100328)

CD43 PE BioLegend (143205)
CD45.1 (Thyl.1) PE/Cy7 BioLegend (110730)
CD45R/B220 BV510 BioLegend (103248)

CD5 FITC BioLegend (100605)

CD5 APC-eF780 Fisher Scientific (15539506)
CD54 (ICAM-1) APC Miltenyi Biotec (130-104-248)
CD93 BUV737 BD (741800)

CD93 BUV395 BD (740275)

IgD BV605 BD (63003)

IgGl FITC BioLegend (406606)

I1gG2b FITC BioLegend (406706)

IgG2c AF488 SouthernBiotech (1077-30)
IgG3 FITC BD (553403)

IgM BUV395 BD (566217)

IgM PE/Cy7 BioLegend (406514)

2.5 Labelling of cell surface antigens with fluorophore-conjugated antibodies and

cell sorting

Cells were incubated at 4°-8°C, in the dark with the surface antibody mix. Antibody was
washed from the cells with FACS buffer after 20-30mins. All washes were performed by
adding FACS buffer to each well and centrifuging samples at 350g for Smins at 4°C, then
tipping off the supernatant. Samples from in vivo LCMV experiments were fixed in a
volume of at least 100puL 2% formaldehyde. Staining of blood cells was performed on 5-
10ul whole blood. RBCs were lysed by adding 100uL of lysis solution (BD 349202) for
10mins at RT. Cells were washed twice with FACS buffer. Flow cytometry was performed
using a BD Fortessa instrument (BD). For viability, 7-aminoactinomycin D (7AAD)

(Thermo fisher A1310) or Zombie NIR (BioLegend 423106) was stained concurrently with
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antibodies in all flow cytometry assays. Unless otherwise specified, FoB cell sorting was
performed by MACS pre-enrichment with B cell isolation kit (Miltenyi Biotech 130-090-
862). Untouched B cells were then stained with CD19, CD21/35 and CD23. Live CD23"

CD21/35 FoB cells were FACS-sorted using Aria ITu (BD).

To stain intracellular thiols, cells were incubated at 37°C for 10 min with 50uM
monobromobimane (MBB) (Thermo Fisher Scientific) in complete RPMI 1640 (10% FBS,
1% penicillin/streptomycin, 1% L-glutamine, 55uM 2-mercaptoethanol). Stained cells

were washed twice and resuspended in PBS for flow cytometry analysis.

2.6 Intracellular staining

Cells were washed in PBS and fixed in fix/perm buffer (BD 554714) for 20mins at 4°C.
Cells were washed twice with perm/wash buffer (BD 554714) and resuspended in fix/perm
buffer containing TOMM-20. After 30mins at 4°C, cells were washed in perm/wash buffer
and resuspended in perm/wash with secondary Ab anti-Rabbit IgG FITC (Fisher Scientific

15303926).

2.7 Glucose uptake assay and GLUT1 surface detection

Total splenocytes were washed at RT once with glucose-free RPMI medium (Lonza
BE12-752F). Pellet was resuspended in glucose-free RPMI medium supplemented with 2-
NBDG (Thermo Fisher N13195) at SOuM for 30mins at 37°C. Then, an equal amount of
staining solution containing 2-fold Abs for surface detection of FoB was added and mixed.
Cells were returned at 37°C for 30mins more and glucose uptake was measured directly
with a BD Fortessa instrument. GLUT1 (Abcam ab195359) surface expression was

measured on FoB from total splenocytes as described earlier.
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2.8 Characterization of mitochondria

For quantification of mitochondrial potential and mass in FoB and MZB, splenocytes
were stained with 100nM MitoTracker Deep Red FM, and 10nM MitoTracker Green FM
(Fisher Scientific 15754272 and 15784272) as follows. Splenocytes were washed once with
warm RPMI 1640, stained at 37°C for 30mins with Abs diluted in RPMI 1640 and washed

twice with PBS.

2.10 Measurement of ROS and NADH

To detect intracellular ROS, cells were incubated with dichlorofluorescein diacetate
(Carboxy-H2DCFDA; Thermo Fisher 11500146) or MitoSOX Red (Thermo Fisher
11579096) as follows. Splenocytes were washed once with warm RPMI 1640, stained at
37°C for 30mins with Abs diluted in RPMI 1640 and washed twice with PBS. To measure
NADH, cells were stained at 4°C in FACS buffer with surface Abs. NADH
autofluorescence was detected with BD Fortessa (BD) in the BUV395 channel equipped

with a BP465/30.

2.10 Serum ATA titers

Based on previous reports (Hayakawa et al., 1999; Hayakawa et al., 2003), mouse sera
were dispensed on thymocytes from C57BL/6J mice previously washed in FACS buffer.
Sera were incubated for 30mins at 4°C. After washing twice with FACS buffer, pellets
were stained with anti-IgM AF647 and CD45.1 (Thyl.1). Relative anti-Thy1.1 IgM was
measured as AF647 mean fluorescence intensity (MFI) gated on live CD45.1 expressing

cells.
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2.11 ELISA assays

ELISA assays were performed in 96-well NUNC plates (Fisher Scientific 11371605)
unless otherwise indicated. Readings were recorded with SpectraMax ELISA plate reader

instrument (Molecular Devices). Washes were done manually by submerging plates in a

bucket containing PBS Tween 0.05% (PBS-T).

2.12 Detection of total Igs and anti-PC IgM in mouse sera and cell culture

supernatants

Plates were coated overnight at 4°C with 100uL/well of capture antibody anti-mouse Ig
(SouthernBiotech 1010-01) at 1ug/mL in PBS. After tipping off the supernatant, plates
were washed 4 times with PBS-T blotted on paper and blocked with 200uL/well of PBS
1% BSA for 30mins at RT. After tipping off the supernatant, serum samples were diluted
1:100 in 100pL of PBS 1% BSA and 2-fold serially diluted. For standard preparation, 8 to
12-points standard curve for IgM (Sigma PP50), IgG1 (Sino Biological 10690-MNAH),
IgG2a (Sino Biological 51094-MNAH), 1gG2c¢ (Thermo Fisher 39-50670-65) and 1gG3
(Sino Biological 51096-MNAH) was run in duplicate with top concentration of 5-10ng/mL.
Samples and standards were incubated for 2h at RT, and plates were washed 6 times as
above. Then, 50uL/well of HRP-conjugated detection antibody (anti-IgM-HRP Sigma
A8786, anti-IgG1-HRP Sigma SAB3701171, anti-IgG2a-HRP Sigma SAB3701178, anti-
IgG2c-HRP SouthernBiotech 1078-05, anti-IgG3-HRP Sigma SAB3701192) diluted
1:4000 in PBS was added for 1h at RT. Plates were washed 6 times as above and developed
by adding 50uL of RT TMB solution (ThermoFisher 12750000). Reaction was stopped by

adding 50 pL. H,SO4 2N. Plates were read within Smins at 450nm.

For detection of anti-PC IgM, plates were coated at 4°C overnight with PC-BSA

(Biosearch Technologies PC-1011-10) at 1ug/mL in PBS.
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For detection of total IgM in supernatants, total spleen or BM were lysed with Erylysis-
buffer (Morphisto 12972) for 3mins at RT and counted. 2x10° cells were seeded in a 96-
well plate and washed once with RT complete medium. Cells were resuspended in 200uL.
complete medium and incubated for 12h at 37°C. Cells were centrifuged for Smins at 350g
at 4°C and supernatant were stored at -20°C. ELISA for IgM was performed as above and

100uL of supernatant was used.

2.13 Detection of Igs in mouse sera from LCMYV CI13 and TNP-KLH immunized

mice

Analysis of IgM and IgG anti-LCMV-Gp specific antibodies was performed as
previously described (Recher et al., 2004). Briefly, plates were coated overnight with anti-
human Fc (Jackson ImmunoResearch Laboratories 109-001-008), blocked for 2h with PBS
2% BSA at RT and incubated with 100uL/well overnight at 4°C of recombinant Gpl-Fc
protein derived from HEK293 cells transfected with LCMYV glycoprotein vector. 1:30 pre-
diluted sera of LCMV Cl13 infected mice were 1:3 serially diluted in PBS 2% BSA and
incubated for 90mins at RT. Plates were washed with PBS-T and diluted anti-mouse IgM-
HRP or anti-mouse IgG-HRP (Sigma A8786 and A3673) was added for 1h at RT. Plates
were washed and a green color reaction was produced with 2,2"azino-bis(3-
ethylbenzothiazoline-6-sulfonate) ABST (Sigma 10102946001) diluted in 0.1M NaH2P04
(pH=4). Plates were read at 405 nm and Ab titer was defined as the log2 serum dilution

two-fold above background.

For TNP-specific Ig, plates were coated at 4°C overnight with 100uL/well of NP7-BSA
(Biosearch Technologies N-5050L) at 1ug/mL in PBS. ELISA was performed following

the protocol of total Igs detection.
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2.14 Antibody Secreting Cells (ASC ELISPOT) LCMYV assay

ELISPOT assay was performed as previously described (Mcllwain et al., 2015). Briefly,
filter plates were coated overnight at RT with LCMV-infected BHK-cell lysates. Plates
were washed with PBS-T and PBS and blocked with RPMI 10% FCS for 2h at RT.
Splenocytes and BM cells were serial diluted onto filter plates and incubated for 8h at 37°C
in humidified 5% CO; incubator. After washing with PBS and PBS-T, the plates were
incubated with biotinylated anti-IgG overnight at 4°C. The plates were then incubated with
HRP-conjugated avidin-D for 60mins at RT. Following washing with PBS-T and PBS

plates were stained with AEC working solution and rinsed abundantly with dH,O.

2.15 Virus titer quantification (Plaque assay)

LCMYV CI13 virus titers were determined by plaque-forming assay on MC57 fibroblasts

as described previously (Ahmed et al., 1984; Battegay et al., 1991b; Mcllwain et al., 2015).

2.16 Magnetic activated cell sorting of lymphocytes and cell culture

FoB were magnetically enriched from mouse spleen using a MZ and FO B Cell Isolation
Kit (Miltenyi Biotec 130-100-366) as per manufacturer’s protocol. Enriched fractions were
counted with CASY cell counter. Most of the experiments were performed with MACS-

sorted FoB cells, unless clearly specified.

2.17 B cell culture and activation

Cells were seeded in complete medium consisting of RPMI-1640 supplemented with
10% FCS (Sigma), 1% Penicillin/Streptomycin (GIBCO), 1% L-Glutamine (Sigma), and
55mM B-mercaptoethanol (GIBCO). Cells were seeded in 96-well plates at 2x10° cells/well

unless otherwise indicated. FoB were activated with Spg/mL anti-IgM (Jackson
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Immunoresearch 715-006-020), 50ng/mL CD40 ligand (Bio-techne 8230-CL-050) and

10ng/mL IL-4 (Miltenyi Biotec 130-097-757).

2.18 Quantitative Real-Time PCR

RNA was isolated using a NucleoSpin RNA Kit (Macherey-Nagel 740955250). RT-
gPCR was carried out using Luna Universal One-Step RT-qPCR Kit (Bioké E3005E) and
the primers listed below. Reactions were run on a CFX384 instrument (Bio-Rad). Data

were normalized to 7hp and analyzed using the AACt method as previously described (Mak

et al., 2017).
Target Forward (F) and Reverse (R) primers
Gele F:GGCTCTCTGCACCATCACTT
R:GTTAGAGTACCGAAGCGGGG
Thp F:GAAGAACAATCCAGACTAGCAGCA
R:CCTTATAGGGAACTTCACATCACAG
MTCOI F: GCCCCAGATATAGCATTCCC
R: GTTCATCCTGTTCCTGCTCC
185-RNA F: TAGAGGGACAAGTGGCGTTC
R: CGCTGAGCCAGTCAGTGT

2.19 Immunoblot analysis

For the detection of Gele (Santa Cruz Biotechnology sc-390811), 1-5x10° cells were
lysed with lysis buffer (CST 9803S) and protein/phosphatases inhibitors as per
manufacturer’s protocol and blotted as described (Kurniawan et al., 2020). Briefly, cells
were washed and lysed on ice for 30mins and spun. Supernatants were assayed for total
protein concentration with Bradford assay (BioRad 5000006) and 50-100ug of protein was
mixed with loading buffer and loaded in a 12 or 16% gradient gel (Thermo 1Fisher
XP00162). Proteins were transferred onto a NC or PVDF membrane (Fisher Scientific) and

blocked with 5% milk for 1hr. OXPHOS complexes were revealed with total OXPHOS
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Rodent WB Antibody Cocktail (Abcam ab110413). Lysis was carried out with the addition

of 1.5% lauryl maltoside.

2.20 Histology and immunofluorescence of tissues

Hematoxylin and eosin (H&E) and immunofluorescence of tissues were performed on
snap-frozen tissue samples in O.C.T. (Sakura 4583). Tissues were sliced in 5-7um slices
on glass coverslips and used for downstream processing. For H&E staining sections were
processed following standard laboratory procedures. For immunofluorescence,
cryosections were dried for 2h at RT, fixed in pure acetone for 10min and blocked with
PBS 10% FCS for 30mins at RT. After washing in PBS, primary antibodies diluted in PBS
10% FCS were incubated at 4°C overnight. Primary antibody was washed in PBS and DAPI
mounting medium (SouthernBiotech 0100-20) or secondary antibody staining was

performed with the same procedure as above.

2.21 Confocal microscopy

For TOMM-20 mitochondria staining, 10° sorted FoB cells were stained in 96-well plate
as before. After the last wash, cells were resuspended in DAPI mounting medium
(SouthernBiotech 0100-20) and seeded on Cell-Tak (Fisher Scientific 10317081) coated
glass slides. Cells were visualized with ZEISS LSM 880. Images were analyzed with

ZEISS ZEN Blue and Fiji program.

2.22 Transmission electron microscopy

For ultrastructural microscopy, 10-20x10° FoB were fixed in complete RPMI medium
2.5% glutaraldehyde (EMS 16220) for 1h at RT. After spinning, supernatant was removed
and pellet was resuspended in 0.1M sodium cacodylate buffer (pH 7,4) with 2.5%

glutaraldehyde and stored overnight at 4°C. Then, cells were centrifuged and resuspended

61



in 0,1 M sodium cacodylate buffer. The cells were post-fixed for 1h with 1% osmium + 0,1
M sodium cacodylate buffer, then dehydrated and embedded in Agar 100 resin. Pelleted
cells were sectioned a RMC Boeckeler ultramicrotome using a Diatome diamond knife at
a thickness setting of 60 nm. Sections were stained with 2% uranyl acetate, and lead citrate.

The sections were examined using a ZEISS GEMINI 300 at 30 kV with the STEM detector.

2.23 Single cell RNA sequencing

For CITE-seq labelling, a total of 2 million cells/genotype were FACS sorted, counted,
isolated and spun down. The cell pellet was resuspended and incubated for 30mins on ice
with 25uL of staining mix in PBS containing 0.04% BSA, TruStain FcX Block (BioLegend
101320) and the mouse cell surface protein antibody panel containing the following oligo-

conjugated anti-mouse antibodies (TotalSeq-A BioLegend) diluted 1:500.

Antigen Ref. number
CD23 101635
IgD 405745
CDl1d 123529
CD21/CD35 123427
IgM 406535

Sorted single cell suspensions were resuspended at an estimated final concentration of
1000 cells/ul and loaded on a Chromium GemCode Single Cell Instrument (10x Genomics)
to generate single cell gel beads-in-emulsion (GEM). Biological replicates (n=4 for each
group) were multiplexed using TotalSeq-A Cell Hashing Antibodies. The scRNA/CITE-
seq libraries were prepared using the GemCode Single Cell 3° Gel Bead and Library kit,
version 3 (10x Genomics 1000128) according to the manufacturer’s instructions with the
addition of amplification primer (3nM, 5’CCTTGGCACCCGAGAATT*C*C) during

cDNA amplification to enrich the TotalSeq-A cell surface protein oligos. Sequencing
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libraries were loaded on an Illumina HiSeq4000 flow cell at VIB Nucleomics core with
sequencing settings according to the recommendations of 10x Genomics, pooled in a 85:15
ratio for the gene expression and antibody-derived libraries, respectively. The Cell Ranger
pipeline (10x Genomics version 3.1.0) was used to perform sample demultiplexing and to
generate FASTQ files for read 1, read 2 and the 17 sample index for the gene expression
and cell surface protein libraries. Read 2 of the gene expression libraries was mapped to
the reference genome (mouse mm10, v3.0.0) using STAR. For cellular identification and
clustering of the gene-barcode matrix the data was passed to the R package Seurat (v. 4.0)
(Butler et al., 2018) for all downstream analyses. Analysis was conducted on cells that
expressed a minimum of 800 genes, of which less than 15% was of mitochondrial origin.
Count data was derived through the SCTransform function. To identify FoB and MZB,
Antibody-derived signals (ADT) were used in combination with the SCINA algorithm
(Zhang et al., 2019) with the following signatures: CD23-ADT, IgD-ADT for FoB; CD1d-
ADT, CD21-CD35-ADT, IgM-ADT for MZB. For principal component analysis (PCA),
counts of each cell group/mouse for each genotype where extracted and analyzed using
DESeq?2 (Love et al., 2014). Cluster-based marker identification and differential expression
were performed using Seurat’s FindMarkers/DESeq2 comparing specific groups (i.e. MZB
vs. FoB for Gcld™, or FoB Gclcd™ Mbl-Cre* vs. FoB Gceld™). Visualization of
differentially expressed genes was done with EnhancedVolcano (Blighe et al., 2020). For
gene ontology (GO) analysis, the Seurat’s FindMarkers output for the specified groups was
used to plot gene ontology terms with the barcodeplot functions from limma (Ritchie et al.,

2015). For GSEA analyses, the fgsea package was used (Korotkevich et al., 2021).

scRNA-seq data were analyzed as above and the gene expression matrix of 156
cells/group (MZB and FoB from Geld™" mice) or 1700 FoB/genotype (i.e. Geld™ or Gelc™

Mb1-Cre” mice) was used as input for the Compass algorithm (Wang et al., 2020; Wagner
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et al., 2021). Downstream analysis was conducted with the compassR package and
differential metabolic states were determined with a Wilcoxon Rank Sum Test on the

Compass reactions.

2.24 Isotopic labeling

FoB cells were incubated for 5h in SILAC RPMI containing [U-'*Ce]-glucose (11
mmol/L; Cambridge Isotope Laboratories). Extraction of intracellular metabolites, GC-MS
measurement, MID calculations, determinations of fractional carbon contributions, and
subtractions of natural isotope abundance were performed as described (Kurniawan et al.,
2020). Total glucose and lactate concentrations from medium were determined using a Y SI
2950D. Total cellular glucose was measured by liquid chromatography (Vanquish HPLC
Thermo Scientific) coupled to high resolution mass spectrometry (QExactive HF Thermo
Scientific). Briefly, extraction of 3-30x10° cells was done in a 2:2:1 mixture of
acetonitrile:MeOH:H,O + 0.5% formic acid on ice. Following neutralization with
(NH)4HCOs3, samples were frozen at -20°C for 20min, spun and supernatants measured

directly.

2.25 Seahorse flux analyses

Assays were performed using an XFe96 Extracellular Flux Analyzer (Agilent). FoB or
MZB cells were seeded in XF Seahorse RPMI medium at 10%well on Seahorse XFe96
culture plates pre-coated with Cell-Tak. Oxygen consumption rate (OCR) of intact cells
were determined using the XF Cell Mitochondrial Stress Test according to the
manufacturer’s protocol. Briefly, three basal OCR measurements were taken, followed by
sequential injections of 1 uM Oligo, 3 uM FCCP, and 1 uM Ant + Rot, taking three
measurements following each treatment. GlycoATP and mitoATP were derived from cells

sequentially treated with Oligo and Ant + Rot. Activity measurements for each respiratory
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chain complex in permeabilized cells were performed according to previous research (Kory
et al., 2020; Salabei et al., 2014). Briefly, after enrichment, FoB were washed and
resuspended in mannitol and sucrose-BSA (MAS-B) buffer pH 7.2 (70 mM sucrose, 220
mM Mannitol, 10 mM KH2PO4, 5 mM MgCl,, 2 mM Hepes, | mM EGTA, and 0.4% fatty
acid-free BSA), and flux measurements were started. After three basal measurements, cells
were permeabilized by injection of saponin (1pg/mL, Sigma S4521), together with 1 mM
ADP (Sigma 01905) and the following respiratory complex substrates: CI, pyruvate/malate
(5 mM/2.5 mM); CII, succinate/Rot (5 mM/1 puM); CIII, duroquinol (0.5 mM); CIV,
N,N,N,N-tetramethyl-p-phenylenediamine (TMPD)/ascorbate (0.5 mM/2 mM). These
were followed by injections with Oligo (1 pM) and respective complex inhibitors (CI, 1
uM Rot; CII and CIIL, 20 uM Ant; CIV, 20 mM potassium azide). For calculation of the

stateapparent S€€ Figure 27.

2.26 Statistical analyses

Data are graphed as the mean = SD and have at least n = 2-3 per group (refer to Figure
Legends for detailed information). P value was determined by unpaired Student’s t-test,
one- or two-way ANOV A using Prism (GraphPad). Significance is indicated with asterisks
* and a minimum P value of 0.05 was considered statistically significant (refer to Figure

Legends for details).
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Chapter 3: Investigating the role of Gclc in B cell-specific
Gcle-depleted mice

3.1 Introduction

B cells are central components of the immune system with a variety of functions, yet
their main goal is to produce Abs (LeBien and Tedder, 2008). Importantly, the variety of
processes which characterize B cell life, from differentiation to Ab secretion, are marked
by dramatic changes in the redox state (Masciarelli and Sitia, 2008; Vene et al., 2010).
These chemical challenges are mastered by intracellular antioxidant systems, which are
optimized to use GSH as the most versatile nucleophile in the reduction, direct conjugation

and enzymatic reactions of electrophiles (Meister, 1988; Wu et al., 2004; Deponte, 2013).

Many advances in the understanding of B cell immunology have been achieved with the
aid of transgenic mouse models. Utilising a reverse genetics approach, the function of a
particular protein can be probed using a model in which that molecule is genetically
manipulated. A protein of interest may be over-expressed, knocked out or knocked down
(Tiscornia et al., 2003; Doyle et al.,, 2012). Certain aspects of B cells biology are
incompletely understood, and, in particular, those related to the intracellular metabolic
activities. For instance, the influence of antioxidants and their weight against metabolic
ROS is poorly understood. By deleting Gclc in the B cell lineage with the MblI deleter
(Hobeika et al., 2006), we sought to shed light on the effect of GSH — the prime cellular

antioxidant — in B cells.

In this chapter we have discerned in detail the maturation, differentiation and distribution
of most B cell populations at the physiological level. Building upon previously published

methods such as flow cytometry and ELISA, we identified an ontogenic block in regard to
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the development of MZB and B1 cells, and an impairment of the humoral immunity in B

cell-specific Gele-depleted mice at the steady state.

3.2 Objective

To investigate if and to which extent the deletion of Gclc in the B cell lineage affects B

cell development, homeostasis and antigen-independent Ab production.

3.3 Results

3.3.1 Deletion of Gclc alters normal B cell progression during splenic development

Recent work from our laboratory has described the role of GSH in tempering ROS
activity to allow protective CD4" T cell responses (Mak et al., 2017) and the maintenance
of Treg cell functionality (Kurniawan et al., 2020). In order to explore the relevance of
Gcle and GSH in B lymphocyte homeostasis and function, we generated Gele™ Mb1-Cre
mice by crossing mice with loxP-flanking Gele™ with mice expressing the gene encoding
the recombinase Cre under the B cell-specific promoter Mb1 (MbI-Cre) (Hobeika et al.,

2006).

First, we examined the B cell developmental stages to assess the effect of GSH depletion
under homeostatic condition. We studied early B cell development in the BM via flow
cytometry following Hardy’s fractions classification (Figure 5 and 10 A) (Hardy et al.,
1991). Hardy’s fractions frequencies and numbers were comparable between Gelc™ Mb1-
Cre" and littermate controls (Gclc™"), with the only exemption of fraction F (Figure 10 B,
right). Fraction F includes mature B cells, which are recirculating through the blood (Hardy
etal., 1991; Melamed et al., 1998; Hardy and Hayakawa, 2001) and can also be identified

by the expression of the surface markers CD19, IgM and IgD. In line, CD19" IgM‘TgD*
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recycling BM B cells were diminished in Geld™" MbI-Cre* animals (Figure 10 C).
Together, these results suggested that Gele deficiency does affect early B cell development.
Concurrently with the decrease of mature recycling B cells in the BM (Figure 10 B, C),
lower frequencies and numbers of Gcle-depleted B cells were found in the blood (Figure
10 D), which is known to contain naive mature B cells (Loder et al., 1999). These findings

overall support the notion that Gclc is dispensable for BM maturation of B cells.
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Figure 10: The absence of Gclc does not alter early B cell development.

A. Representative FACS plots showing the gating strategy used for early B cell differentiation in
the BM (Hardy’s fractions are indicated). B. Summary statistics of fractions A-F in percentages and
counts. Right: representative contour plot for fraction F is shown. C. Cell frequencies and counts
for mature recirculating B cells in the BM (pre-gated as CD19"). Representative contour plot is
shown on the right. D. Summary statistics of frequencies and counts of total B cells in the blood of
Geld™ Mb1-Cre™ and control mice. For all applicable figure panels, data are mean = SD and each
dot represents one single mouse. Data shown are representative of >3 independent experiments with
3-7 mice/group. Significance (P) was calculated with unpaired t-test or tw-way ANOVA (B). **: P
<0.01; ****: P <0.0001.
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The product of early B cell development in the BM is the immature B cell (Hardy and
Hayakawa, 2001), which continues the maturation process in the spleen (Pieper et al.,
2013). Histological examination of the spleen architecture did not reveal abrupt anomalies
in B cell-specific Gele-depleted animals, however we could detect loss of cellularity around
the follicle’s edges (Figure 11 A, insert). mRNA and protein deletion of Gcle was nearly
complete in total splenic B cells (Figure 11 B) and so was the GSH content (Figure 11 C).
Next, we analyzed the three major resident splenic mature B cell populations (TB,
transitional B cells; FoB, follicular B cells and MZB, marginal zone B cells) with flow
cytometry (Figure 11 D). Gcle deficiency led to a drastic decrease in the MZB
compartment, identified as CD19°CD23"CD21* cells (Martin and Kearney, 2002; Arnon et
al., 2013), while FoB and TB were only partially affected (Figure 11 E). Moreover, we
further checked MZB with flow cytometry by using a combination of other surface
markers, such as CD93, CD1d and CD24 (Oliver et al., 1997) (Figure 11 F) and confirmed
the data shown in Figure 11 D. Lastly, the absence of MZB in Gcle-depleted animals was

confirmed by immunofluorescence microscopy of spleen sections (Figure 11 G).
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Figure 11: B cell-specific Gclc-deficient mice lack MZB.

A. Representative H&E staining of two follicles of Gele™ MbI-Cre* and control mice. Scale bars:
100pm. B. Fold change of mRNA level of Gcle. Right: protein level of Gele in total B cells from
Geld"Mb1-Cre* and control mice. C. GSH and GSSG measurement in freshly enriched total
splenic B cells. D. Representative contour plot used for identification of splenic B cell populations:
TB, FoB and MZB. E. Summary statistics of the percentages and counts of the three main splenic
B cell populations. F. Representative contour plots with alternative identification strategies for
splenic MZB of Geld™Mbi-Cre* and control mice. G. Immunofluorescence staining on spleen
section of Gele™'Mb1-Cre* and control mice with IgD (green) and IgM (red). Scale bars: 50 um.
For all applicable figure panels, data are mean = SD and each dot represents one single mouse. Data
shown are representative of >3 independent experiments with 3-5 mice/group. Significance (P) was
calculated with unpaired t-test or two-way ANOVA (C and E). **: P <0.01; ***: P <0.001; ****:
P <0.0001.
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3.3.2 The lack of MZB in Gclc™ Mb1-Cre* does not originate from altered

microenvironmental cues and it is Cre-independent

Other reports have shown that the control of lymphoid tissue compartments and MZB
localization in the spleen depends on signals delivered by integrins and chemokines (Ansel
et al., 2000; Lu and Cyster, 2002). In particular, ICAM-1 and VCAM-1 expressed by
splenic stromal cells and MZ macrophages are critical for the MZB lodging in the MZ (Lu
and Cyster, 2002; Karlsson et al., 2003). Moreover, MZB entry and retention in the MZ are
tightly regulated by chemotactic molecules, such as CXCL13 and sphingsoine-1-phosphate
(SIP) (Cinamon et al., 2004). The loss of MZB in Gcld™ MbI-Cre" mice led us to
investigate the possibility of flaws in the cellular migration properties. The expression level
of the integrins ICAM-1 and VCAM-1 in total splenocytes and seric levels of chemotactic

factors were unchanged between Gcle-deficient and control littermates (Figure 12 A, B).

Literature reports have also connected MZB localization and/or function to an extrinsic
defect in the MZ microenvironment. In particular, it has been shown that trafficking and
retention of MZB require specific macrophage—B cell interactions (Karlsson et al., 2003;
Chen et al., 2005b; You et al., 2009; You et al., 2011). Two major macrophage populations
can be discerned in the MZ: marginal metallophilic macrophages (MMM) and marginal
zone macrophages (MZM) (Borges da Silva et al., 2015). The MZM typically express the
surface C-type lectin SIGN-related 1 (SIGNRI1) and a type I scavenger receptor called
Macrophage Receptor with Collagenous structure (MARCO), which recognize blood-
borne antigens. Furthermore, MMM are defined by the expression of Sialic acid-binding

Ig-like Lectin-1 (Siglec-1 or CD169) and MOMA-1.

To investigate if Gclc-deficient mice had impaired cross-talk in the MZ

microenvironment, which could justify the lack of MZB, we stained spleen section for
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MARCO and Siglec-1 to discriminate between MZM and MMM. As shown in Figure 12
C, both populations of MZ macrophages were unchanged in the spleen of Gelcd™ Mbi-
Cre" mice. These results suggested that migratory inputs are not affected by the absence of
Gclce in B cells, and that the MZB loss in the spleen is B cell intrinsic. Importantly, flow
cytometric analysis of heterozygous and homozygous Gclc expression in B cell-specific
mutant mice excluded any gene-dosage effect of Gclc expression and confirmed that the
drastic loss of MZB was independent of any Cre-associated toxicity (Figure 13A, B), a

concern raised in a previous study (Schmidt-Supprian and Rajewsky, 2007).
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Figure 12: The effect of Gclc deficiency on MZB is independent of environmental cues.

A. Levels of ICAM-1 and VCAM-1 as measured by FACS on total splenocytes from Gelc™ Mbi-
Cre* and control mice. B. Quantitative measure of CXCL13 and S1P by ELISA from serum of
Geld™" MbI-Cre* and control mice. C. Representative immunofluorescence of one follicle from
Geld™" Mb1-Cre* and control mice showing the disposition of MMM (Siglec-1*, green) and MZM
(MARCO?, purple) in the marginal zone area. Scale bars: 50 um. For all applicable figure panels,
data are mean + SD and each dot represents one single mouse. Data shown are representative of >3
independent experiments with 3-5 mice/group, except for B where data are pooled from 4
independent assays. Significance (P) was calculated with unpaired t-test.
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Gele™ Mb1-Cre*, Geld”* Mbl-Cre™ and Gcld™' mice. B. Representative contour plots of the
indicated MZB markers expressed by total the sub-gated cells indicated on the upper left corner
from Gele™" MbI1-Cret, Geld”t MbI-Cre™ and Geld™ mice. Data are the mean + SD. Each dot
represents one mouse. Data shown are representative of >2 independent experiments with 2-3
mice/group. Significance (P) was calculated with one-way ANOVA.
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Lastly, to assess whether Gclc is necessary for the development of MZB rather than their
homeostatic persistence at steady state, we investigated the developmental stages of B cell
maturation in the spleen of young mice, based on the fact that MZB generally develop at
2-3 weeks after birth (Pillai and Cariappa, 2009). We studied B cell development and
identified the three different stages in the spleen by flow cytometry: T1, T2 and mature (M)
(Figure 14 A) (Loder et al., 1999; Srivastava et al., 2005; Allman and Pillai, 2008). As
shown, the absence of Gclc influenced T1 B cells by 2 weeks of age, indicating that a block
in the B cell differentiation process occurred at the very early stage in the spleen (Figure
14 B). In 8 weeks old mice, mature B cells (M) dropped as well, indicating that Gclc is
needed for the proper differentiation of B cells. Although we cannot exclude that the
tonicity of BCR signaling could influence developing Gclc-deficient B cells (Loder et al.,

1999), these results support the notion that Gcelc plays a role in MZB ontology.

Taken together, these data indicate that the Gclc system is nonessential for the early B
cell development in the BM and mildly affect the persistence of FoB in the spleen, but it is

crucial for MZB ontology.
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Figure 14: Development of MZB is disturbed in Gclc-deficient mice.

A. Representative gating model to identify splenic T1, T2 and M stages of splenic B cells via FACS.
B. Summary statistics of T1, T2 and M subsets in Gcle™” Mb1-Cre* and control mice are plotted
over time (2, 3 and 8 weeks old mice were used). For all applicable figure panels, data are mean +
SD and each dot represents the mean of triplicates. Data shown are representative of >2 independent

experiments with 3-4 mice/group. Significance (P) was calculated with one-way ANOVA. **: P <
0.01; ***: P <0.001.
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3.3.3 Deletion of Gclc in B cells causes loss of peritoneal B1 cells

B lymphocytes bearing receptors for Ags generally recognized by innate receptors often
possess characteristics that distinguish them from the bulk of B cells. Published studies
have shown a number of converging observations related to Bl and MZB functions
(Yancopoulos et al., 1984; Martin and Kearney, 2000b; Won and Kearney, 2002;
Kretschmer et al., 2003; Carey et al., 2008). Furthermore, B1 cells are also able to produce

Abs against TI Ags (Martin et al., 2001; Haas et al., 2005; Kearney, 2005).

Based on these analogies, we sought to determine whether the role of Gcle is confined to
splenic MZB by analyzing B1 cells in the peritoneal cavity (PEC), which represents their
major reservoir (Hardy and Hayakawa, 1986; Herzenberg et al., 1986), and spleen (Wells
et al., 1994). We found reduced frequencies and numbers of B1 cells in the PEC (Figure
15 A) and spleen (Figure 15 B) of Gelc™ Mb1-Cre* compared to control animals. Seminal
studies have shown that B1 cells are positively selected and maintained by the self-Ag Thy-
1 (CD90.1) that is expressed mostly on thymocytes (Hayakawa et al., 1999; Hayakawa et
al., 2003). Therefore, to exclude the influence of extrinsic factors and confirm the B cell-
autonomous effect of Gele, we measured seric Thy-1 by ELISA and detected no significant
difference between mutant and control sera (Figure 15 C). This corroborates the notion that
the contraction of peritoneal B1 cells is not caused by diminished or altered level of seric

Thy-1.
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Figure 15: Gcle-deficient mice lack Bl cells in the peritoneal cavity and spleen.

A. Representative contour plot used to identify peritoneal B cells B1, Bla and B1b with FACS.
Right: summary statistics of percentages and counts of PEC B1 cells in Geld™ MbI-Cre* and
control mice. B. Representative contour plot used to identify splenic B cells B1 with FACS. Right:
summary statistics of percentages and counts of splenic B1 cells in Gele™ Mb1-Cre* and control
mice. C. Level of Thy-1 measured with ELISA from serum of Gcle-Mb1-Cre* and control mice.
For all applicable figure panels, data are mean = SD and each dot represents one single mouse. Data
shown are representative of >4 independent experiments with 3-4 mice/group, except in C where
data are pooled from 4 independent assays. Significance (P) was calculated with unpaired t-test. *:
P <0.05; **: P<0.01; ***: P <0.001.
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3.3.4 Absence of innate-like B cells induces reduction of induced and natural

humoral immune protection

Although both FoB and MZB belong to the mature B2 subset, they are topographically,
phenotypically and functionally distinct (Oliver et al., 1997; Oliver et al., 1999). Indeed,
due to their strategic positioning, MZB are able to rapidly activate against thymus-
independent (TI) blood borne Ags (Pillai and Cariappa, 2009). Since the absence of Gclc
appears to be critical for MZB development (Figure 14), we used an established TI type 11
immunization model to confirm the absence of MZB-related functions in vivo (Guinamard
et al., 2000; Cariappa et al., 2000; Girkontaite et al., 2001). To this purpose, Geld™ Mb1-
Cre" and control animals were i.v. injected with the polyclonal Ag TNP-Ficoll. 30 minutes
later, we measured the TNP bound on the surface of FoB and MZB with flow cytometry.
The amount of Ag bound to MZB of mutant animals was negligible, close to FoB levels,
which possess less binding capacity (Figure 16 A, left), as confirmed by IF microscopy
(Figure 16 A, right). Moreover, by injecting TNP-Ficoll i.p., we monitored the early MZB-
specific immunoglobulin M (IgM) response against the TNP moiety over 7 days
(Guinamard et al., 2000; Haas et al., 2018). We measured TNP-specific IgM antibodies in
the serum of immunized animals at various time points pre- and post-immunization. As
shown in Figure 16 B, the Gelcd™ MbI-Cre™ animals were inefficient in producing anti-
TNP IgM. These results are congruent with those shown in Figure 11, and confirm the

functional absence of MZB in B cell-specific Gcle-deficient animals.
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Figure 16: The immune response to T cell independent antigen is impaired following the

absence of MZB in Gclc-depleted mice.

A. Representative FACS histogram of TNP binding to MZB and FoB in Gclc™" MbI1-Cre* and
control mice is shown on the left. Gray dotted line: PBS-treated control. Right: representative
immunofluorescence staining of spleen cryosections after 30min injection of TNP-Ficoll (orange).
FoB are stained for reference with IgD (green). Scale bars: 100 um. B. Each dot represents the mean
of antibody (IgM) level measured by ELISA from 3-4 mice and it is plotted over a 7 days timeframe
after i.p. injection of TNP-Ficoll in Gelc™ MbI-Cre™ mice and controls. For all applicable figure
panels, data are mean + SD and each dot represents the mean of triplicates. Data shown are
representative of >2 independent experiments with 3-4 mice/group. Significance (P) was calculated
with one-way ANOVA. *: P <0.05; ***: P <0.001; ****: P <0.0001.
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Notably, the sera of Gcle-deficient animals did not produce as much background signal
to be detected by the ELISA assay, even before injection of the Ag, (Figure 16 B, day -1).
This observation led us to further investigate the Ab composition in the serum of
unimmunized Geld™ Mb1-Cre” animals. As anticipated, we detected a sharp absence of
IgM compared to the control group (Figure 17 A). Moreover, levels of seric IgGs where all

underrepresented in the serum of B cell-specific Gele-deficient mice (Figure 17 A).

Primarily found as IgM or IgG3 isotypes, NAs are produced mainly by B1 cells (Lalor
et al., 1989; Baumgarth et al., 1999; Durand et al., 2009; Choi et al., 2012) or, to a lesser
extent by MZB (Ichikawa et al., 2015). NAs are found in the serum of unimmunized
animals and humans and they are spontaneously produced before Ag exposure (Ehrlich and
Morgenroth, 1902). Due to their flexible Ag-pocket binding site (Notkins, 2004; Zhou et
al., 2007), NAs are capable of binding diverse microbial determinants, autoantigens, and
tumor Ags (Vollmers and Brandlein, 2009). Therefore, NAs protect the host by favoring
carly opsonization of pathogens and cellular debris (Casali and Schettino, 1996; Baumgarth
et al., 2005). Since Gclc-deficient mice do not have MZB nor peritoneal B1 cells (Figures
11 and 15), we assessed the ability of Geld™ Mb1-Cre” and control animals to produce
specific NAs in the BM and spleen, which are the main sites of spontaneous production
(Choi et al., 2012; Savage et al., 2017). As expected, Gelc™ MbI-Cre” animals secreted

lower IgM in both compartments (Figure 17 B).

Previous studies have concluded that B1 cells represent a heterogeneous population
(Kantor et al., 1992; Baumgarth, 2016). Indeed, B1 cells can be generally subdivided into
Bla and B1b subsets on the basis of the expression of CD5 (Hayakawa et al., 1983; Berland
and Wortis, 2002). This distinction seems to be related to a division of labor where CD5*
Bla cells are responsible for NAs secretion and CD5 B1b for IgM production upon TI Ag

encounter (Martin et al., 2001; Haas et al., 2005; Haas et al., 2018). In our case, both Bl

83



subpopulations were reduced in the absence of Gclc in the spleen and PEC (Figure 17 C).
Accordingly, the absence of Bla cells correlate with a the decrease in serum NAs against
PC (Figure 17 D, left), lower binding of PtC-containing liposomes (Figure 17 D, right) and
natural polyreactive antibodies against double-strand (ds) DNA and Thyl (ATA) (Figure
17 E); while the loss of B1b cells is linked to the inability to mount an anti-TNP-ficoll

response (Figure 16 B).

The diminished seric titers where further investigated in relation to renal damage.
Indeed, age-related renal deterioration is known to occur in mice and is characterized by
sclerosis and albuminuria (Yumura et al., 1989). Furthermore, one sign of renal disease is
the marked deposition of immunoglobulins and/or immunocomplexes in the glomeruli.
Geld™ Mb1-Cre” mice showed low levels of seric immunoglobulins compared to control
animals. Thus, we reasoned that mutant mice would not accumulated immunoglobulins
upon aging. Threfore, in order to evaluate antibody-mediated damage of the kidney
glomeruli, we stained kidneys sections of one year old mice for total IgG detection. As
expected, the glomeruli of Gelcd™ MbI-Cre* mice showed less antibody deposition as

shown in Figure 17 A, in alignment with the our previous tests.
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Figure 17: Gclc-deficient mice are defective in Ab-mediated humoral immunity and

autoreactive Abs.

A. Serum Ig measured by quantitative ELISA in Gele™ Mb1-Cre™ and control mice. B. Spontaneous
IgM production from spleen or BM quantified in the supernatants after 12h culture. C. Counts of
PEC Bla and B1b cells from gates shown in Figure 15 A. D. Seric anti-PC IgM level measured by
ELISA. Right: FACS plot of PtC-liposome binding on PEC B cells in Gele™ Mb1-Cre* and control
mice. E. Serum levels of anti-dsDNA total Ig. Right: Anti-Thy-1 IgM detected with FACS on thymic
cells, after incubation with serum from Gclcd™ MbI-Cre* and control mice. F. Representative
immunofluorescence staining of two renal glomeruli of 1 year old Geld™ MbI1-Cre* and control
mice stained for total IgG deposition (red). Nuclei are stained for reference with DAPI (blue). Scale
bars: 500 um. For all applicable figure panels, data are mean + SD and each dot represents one single
mouse, except for C and E where each dot represents the mean of triplicates. Data shown in B and
E are pooled from 3 independent experiments. Data shown are representative of >3 independent
experiments with 3-4 mice/group. Significance (P) was calculated with unpaired t-test or one-way
ANOVA (C and D). ***: P <0.001; ****: P <0.0001.
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Chapter 4: Investigating the role of Gclc in the antibody

response

4.1 Introduction

As discussed above, mature B cells either circulate through the bloodstream or reside in
B cell follicles of secondary lymphoid organs, such as the spleen (Pieper et al., 2013). Here,
B2 cells - and FoB in particular - reside in a naive state until they encounter the Ag, and
after receiving help by activated cognate T cells, they undergo GC reactions (Berek et al.,

1991; MacLennan, 1994; Mesin et al., 2016).

Our analysis has shown that MZB and B1 cells were scarce upon Gclc deletion (Figure
11 and 15) and, therefore, their antibody-mediated immunity was non-functional (Figure
16 and 17). However, FoB were only mildly affected by the deletion of Gclc (Figure 11 D
and E). Therefore, we conducted a series of experiments aiming at the analysis of B cell
activation during and after the GC reaction. In particular, we deployed established irn vivo
models that mimic TD responses (Hangartner et al., 2006; Burbage et al., 2018) to study

GC dynamics, PC generation, Ab production and Ag persistence over time.

This chapter describes the effect of Gelc deletion upon T-cell mediated activation of B
cells in response to chronic and acute activation models. The data presented here indicate
that the absence of Gclc causes inefficient GC formation, leading to a lack of Ab production

in B cell-specific Gelc-depleted mice and impaired humoral immunity.
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4.2 Objective

To investigate how Gcle-deficient FoB react against TD stimulation in vivo. Particularly,

we investigated the GC formation, monitored PC formation and Ab production.

4.3 Results

4.3.1 Gclc is required for the germinal center reaction in TD responses

We have shown that the absence of Gclc in B cells caused a drastic perturbation in innate-
like B cell homeostasis and functions. We first measured the levels of Gclce transcripts in
C57BL/6 (B6) FoB activated in vitro with anti-IgM, CD40 ligand and IL-4. We observed
a sharp increase in Gclc mRNA after 24 hr (Figure 18 A), indicating that FoB activation is
associated with Gclc upregulation. Concurrently, in vitro activated B6 FoB increased
intracellular thiols (of which the most abundant is represented by GSH) as shown by
monochlorobimane (MBB) staining (Cossarizza et al., 2009), but also total and
mitochondrial ROS (Figure 18 A). These data suggest that activation of FoB upregulated
GSH expression and it is associated to a ROS burst. To further dissect immune responses
in Gele-deficient B cells, we immunized Gelc™ MbI-Cre™ and control mice with the
hapten TNP conjugated to the keyhole limpet hemocyanin (KLH) in alum, a model of T
cell-dependent (TD) antigenic stimulation. We then measured the titers of TNP-specific
antibodies in the serum and found that titer kinetics of the early (IgM) and late (IgGs)

isotypes were reduced in Gele™ Mb1-Cre* mice (Figure 18 B).
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Figure 18: Gclc-deficient mice show a defective humoral response to TNP-KLH

immunization.

A. mRNA levels measured by RT-qPCR of Gcle mRNA, MFI of MBB, DC-FDA, MitoSOX of B6
FoB at 0 or 24h after activation in vitro with anti-IgM, CD40 ligand and IL-4. B. Levels of NP-
specific IgM, IgG1, IgG2b and IgG2c measured by ELISA from serum collected at the indicated

Days post challenge

d28

time points from Gelc™" Mb1-Cre™ and control mice that were immunized with TNP-KLH. Data are

mean + SD and each dot represents one single mouse in A. In B, each dot represents the mean of 3-
6 mice. Data shown are representative of >2 independent experiments with 3-6 mice/group.

Significance (P) was calculated with unpaired t-test or one-way ANOVA (B). ***: P <0.001.
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To further dissect the B cell response in the Gcle-deficient context, we used a more
physiological model of persistent viral infection and immunized Geld™ Mbi1-Cre* and
control animals with lymphocytic choriomeningitis virus Clone 13 (LCMV Cl13)
(Matloubian et al., 1990; Matloubian et al., 1993; Sullivan et al., 2011; Mcllwain et al.,
2015). We monitored LCMV Cl13-specific Abs against Gpl by ELISA over time (Recher
et al., 2004) and confirmed that both the early IgM and late IgG responses were not detected
in the serum of infected Gcle-deficient mice compared to control (Figure 19 A). Sustained
IgG production is facilitated by long-lived IgG-producing plasma cells typically residing
in the BM (Slifka et al., 1998). Therefore, we measured the quantity of LCMV-specific
IgG antibody-secreting cells (ASCs) present in both the spleen and BM at 12 and 50 days
post infection (p.i.). As shown in Figure 19 B, Gclc-deficient mice possessed only minimal
quantities of LCMV-specific IgG ASCs in the spleen and BM compared to control mice,
consistent with the inability to sustain antibody production upon viral infection (Figure 19
A). Accordingly, the viremia in Gelc™ MbI-Cre™ animals was still elevated at later time
points in the liver and all the organs sampled (Figure 19 C), suggesting that Gelc™" Mb1-

Cre" animals could not efficiently control the viral infection through the Ab response.

The lack of LCMV-specific Abs could be due to either a failure of the GC reaction or a
defect in Ab production. Even though LCMYV infections induce GC reactions, the immune
response to LCMV Cl13 is uniquely associated to rapid clonal exhaustion of the T cell
response and viral persistence (Ahmed et al., 1984; Borrow et al., 1995; Sullivan et al.,
2011). However, when we compared B cells in the GC by flow cytometry 12 days p.i., we
found decreased CD95'GL7" GC B cells in Geld™" MbI-Cre* animals (Figure 19 D).

These data imply that the absence of Gclc prevent B cells to establish GC reactions.
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Figure 19: Gcle-deficient mice do not mount an effective antiviral immune response.

A. Serum anti-LCMV GP1 IgM (u) or G (y) measured at early and late time points by qualitative
ELISA in Geld™ Mbl-Cre* and control mice in response to LCMV Cl13 infection. B. LCMV-
specific antibody secreting cells (ASCs) in spleen or BM were counted on day 12 and 50 post
infection (p.i.) by ELISPOT. C. LCMV Cl13 viral titers measured by plaque assay on the indicated
organs at the indicated time points. D. FACS plot and summary statistics of percentages and counts
of GC B cells in the spleen at 12 days post LCMV Cl13 infection. For all applicable figure panels,
data are mean + SD and each dot represents one single mouse, except for A and C where each dot
represents the mean of 3-6 mice. Data shown are representative of >3 independent experiments with
3-6 mice/group. Significance (P) was calculated with one-way ANOVA or unpaired t-test (D). *: P
<0.05; **: P <0.01***: P <0.001; ****: P <0.0001.
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LCMV is a non- cytopathic virus and it is characterized by slow replication, which favors
its persistence in the host due to an inefficient cytotoxic T cell response (Borrow et al.,
1995; Sullivan et al., 2011). We further investigated the TD response of Gcle-depleted B
cells in the context of an acute, T cell-driven model of cytopathic infection. Thus, we
infected Gelc™ MbI1-Cre” and control animals with vesicular stomatitis virus (VSV),
which predominantly involves the antiviral activity of endogenously produced interferon
and, subsequently, the generation of neutralizing IgG antibody to the VSV-G glycoprotein
(Lefrancois, 1984; Vandepol et al., 1986). Survival was assessed and Gclc™" Mb1-Cre*
mice succumbed to the infection earlier compared to control animals (Figure 20 A). This
effect was most likely due to the lack of neutralizing IgG Abs against VSV-G in Gcle-
deficient hosts (Figure 20 B), which have been shown to be critical for the control of VSV
infection (Lefrancois, 1984) and is consistent with the general lack of antibody response

shown in Figures 18 and 19.
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Figure 20: VSV infection is lethal for B cell-specific Gcelc-deficient mice.

A. Survival plot of Gele™ MbI-Cre™ and control mice upon VSV infection. B. Neutralizing titers
of total (top) and IgG (bottom) anti VSV G protein in the serum of VSV infected Geld™" Mb1-Cre*
and control mice. Dotted line represent the lower limit of detection of the assay. For all applicable
figure panels, data are mean = SD and each dot represents the mean of 5-8 mice. Data shown are
representative of >2 independent experiments with 3-6 mice/group.
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Taken together, these results indicate that the expression of Gclc in B cells is crucial for
their development and activation in vivo. Our data shows that innate-like B cell
development is impaired in mice lacking Gcle, and so is the natural immune protection
related to NAs production. Additionally, upon TD immunization, the absence of Gclc in
FoB cells disrupts cell activation and GC reactions. Consequently, antibody production is

not achieved and this causes the inability of Gele™ Mbi1-Cre” to control viral infections.
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Chapter 5: Investigating the metabolic dependencies of

Follicular B cells 1n relation to Gele

5.1 Introduction

From a bioenergetic point of view, maintenance of immune cells carries a basal energetic
consumption quota (Raberg et al., 2002). Clearly, the immune response to a pathogen
would result in an increase of the net energetic cost (Kominsky et al., 2010). In the case of
B cells, changes initiated by antigen recognition such as proliferation and differentiation,
followed by population contraction and eventually the generation of memory, require a
sustained energy supply that matches the fluctuating cellular needs at the different stages
(Franchina et al., 2018b) (Figure 9). Furthermore, several studies showed that, rather than
simply being involved in biosynthesis, metabolic regulators such as the myelocytomatosis
virus oncogene cellular homolog (Myc), hypoxia-inducible factor 1-a (HIF-1a),
mechanistic target of rapamycin (mTOR), and the glycogen synthase kinase 3 (Gsk3) can
regulate the immune response (Wahl et al., 2012; O'Neill and Pearce, 2016; Jellusova et

al., 2017).

We have only recently begun to appreciate the extent to which immune cell activation
requires metabolic reprogramming. In particular, intrinsic metabolic pathways self-regulate
the supply of energy for every immune function (O'Neill et al., 2016). The scope of these
cellular processes is to catalyze the synthesis of adenosine triphosphate (ATP), which
represents the energy-carrying molecule (Bonora et al., 2012). Glucose and O, take part in
a chemical reaction chain, which eventually leads to ATP. This reaction is called aerobic
respiration and includes glycolysis, the tricarboxylic acid (TCA) cycle and electron

transport chain/oxidative phosphorylation (ETC/OXPHOS) relay (Bonora et al., 2012).
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Aerobic respiration has a theoretical yield of 36 ATP molecules per molecule of glucose.
In particular, glycolysis (which takes place in the cytosol) and the TCA cycle contributes
2 molecules of ATP each. Both TCA and ETC/OXPHOS are confined to the mitochondria
and latter make up most of the remaining ATP. Here, high-energy electrons traverse
downhill the ETC in a series of exergonic redox reactions, which create the chemiosmotic
proton gradient that ultimately produces ATP in the OXPHOS reaction catalyzed by the

ATP synthase (Morelli et al., 2019).

This whole process capitalizes on the strong driving force for O reduction (Babcock,
1999). However, O, reduction is imperfect and often leads to the incomplete reduction of
O>molecules, which are collectively termed ROS (Sena and Chandel, 2012). Physiological
ROS have a central role in redox signaling via different post-translational modifications,
denoted as ‘oxidative eustress’, yet elevated ROS lead to molecular damage or ‘oxidative

distress’ (Reczek and Chandel, 2015; Sies and Jones, 2020).

Whilst it has been reported that GSH controls ROS-dependent engagement of metabolic
signaling pathways that lead to protective T cell responses (Mak et al., 2017), it has not
been established whether the GSH/ROS balance influences the metabolic reprogramming
of B cells. Given the pleiotropic function of metabolic ROS in the cell, we sought to analyse
the metabolic capacity of FoB in relation to the absence of the GSH. We determined
intracellular ROS composition in FoB and studied how the GSH/ROS imbalance affects

glycolysis, the ETC, OXPHOS and other metabolic properties.

5.2 Objective

To determine how the absence of GSH contributes to the metabolic dependencies of FoB.
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5.3 Results

5.3.1 Wild type Follicular and Marginal Zone B cells show distinct GSH-dependent

redox characteristics

B cell distribution in Gele™ Mb1-Cre* mice spleen has shown a drastic decrease in MZB
compared to FoB (Figure 11). In a similar fashion, we found limited frequencies of B1 cells
in the PEC (Figure 15). Given that GSH production is bound to Gclc-dependent catalysis,
and that GSH is the master intracellular ROS antagonist, we reasoned that ROS
contribution could play a distinct role in different B cell subsets. Then, we characterized
ROS in FoB, MZB and peritoneal B1 cells from wild type mice with flow cytometry.
Generally, in flow cytometry we can approximate a linear relationship between number of
fluorochrome-conjugated antibodies or fluorescent dies on a cell and the calculated
fluorescence value for that cell (Cossarizza et al., 2019). It is well known that MZB are
larger in size than FoB (Oliver et al., 1997), as also confirmed in Figure 21 A. Therefore,
in order to exclude the autofluorescence signal derived from the increased volume of MZB,
and therefore control for the size bias of MZB, we performed a pre-gating in all the flow
cytometric analyses based on the forward scatter signal area (FSC-A) of FoB to as indicated

in Figure 21 A.

To measure cellular ROS, we used MitoSOX and DCFDA. Both signals derived from
the MitoSOX dye, which stains the most proximal mitochondrial ROS superoxide (02 ™)
(Murphy, 2009) and DCFDA (which is an indicator of H,O,) were significantly higher in
MZB than FoB cells (Figure 21 B). Interestingly, MZB have a significantly lower
GSH/GSSH ratio (Figure 21 C, left) and express higher levels of the Gclc transcript at the
steady state compared to FoB (Figure 21 C, right). When we compared peritoneal B1 vs.

B2 cells, we found a similar trend (Figure 21 D). The higher amount of ROS of MZB and
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B1 cells can be owed to their constitutive partial activation and, therefore signaling through

their BCR signaling, which is inherently coupled to ROS generation (Tsubata, 2020).

In MZB, the lower GSH/GSSG ratio might indicate that GSH may be used to counteract
the higher O, generation within mitochondria. These differences highlight the differential

requirements for Gcele expression in MZB vs. FoB and might explain the phenotype of

Gelcd™" Mb1-Cre* mice at the steady state (Figure 11 and 15).
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Figure 21: Wild type MZB express higher basal level of Gclc compared to FoB and show
distinct ROS levels together with Bl cells.

A. Left: representative histogram of forward scatter area (FSC-A) signal of B6 FoB and MZB (gated
as in Figure 11 D). Right: mean diameter (uM) of enriched B6 FoB and MZB using the CASY cell
counter. B. MFI of ROS indicator dyes on FoB and MZB (gated as in Figure 11 D) in the spleen of
B6 mice. C. GSH/GSSG ratio measured in sorted wild-type FoB and MZB (left) and fold change
mRNA level of Gclc in sorted B6 FoB and MZB (right). D. MFI of ROS indicator dyes on B1 cells
from in the PEC of B6 mice. For all applicable figure panels, data are mean + SD and each dot
represents one single mouse. Data shown are representative of >2 independent experiments with 3-
6 mice/group. Significance (P) was calculated with unpaired t-test. *: P <0.05; **: P <0.01; ***: P
<0.001; ****: P <0.0001.
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5.3.2 GSH-deficient Follicular B cells upregulate glycolysis

The production of the proximal mitochondrial ROS, O,", in the mitochondrial matrix
derives from the core metabolic machinery present in the mitochondrial inner membrane
and matrix during electron transfer (i.e. ETC). Since Gclc™ MbI-Cre* mice lack MZB, we
reasoned that GSH might exert a protective role in the mitochondria, or that the antioxidant
properties of GSH regulate mitochondrial functions in MZB. Since the ETC is directly
coupled to OXPHOS for the production of ATP in the mitochondria (Hatefi, 1985), we
measured total ATP levels in sorted Gele-deficient FoB and detected higher ATP in the

mutant cells (Figure 22 A).

Accumulation of ATP is linked with apoptotic cell death (Zamaraeva et al., 2005) and,
in our case, the rise in ATP could be an indicator of death in Gele-deficient FoB. However,
we detected no changes in the binding of annexin V in total splenic B cells (Figure 22 B)
nor in the activation of Caspase 3 in splenic FoB (Figure 22 C), which can be used as
indicator of apoptosis. A second possibility is that the increase in the ATP pool is caused
by augmented metabolic output and could be due to higher rates of glycolysis, TCA cycle

and/or OXPHOS.

To investigate this further, we evaluated glucose uptake and detected a higher glucose
uptake with the glucose analog (2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-
Deoxyglucose) (2-NBDG) (Zou et al., 2005) (Figure 22 D), along with a small but
significant increase of the high-affinity surface glucose transporter Glut-1 (Figure 22 E) in
Gclce-deficient FoB compared to control cells, which also accumulated intracellularly
(Figure 22 F). Furthermore, by feeding FoB with 11mM 3C-glucose we quantified the

remaining labelled glucose in the medium after Sh of activation with anti-IgM, CD40
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ligand and IL-4. As shown in Figure 22 G, Gclc-deficient FoB took up more glucose upon

activation in vitro.
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Figure 22: Gclc-deficient FoB accumulate more ATP and increase the uptake of glucose.

A. ATP levels measured in sorted FoB from Gclc™ Mb1-Cre* and control mice. B. Gating strategy
for the apoptotic test of B cells at the steady state in the spleen. Left: summary statistics of
percentages of early apoptotic (EA), late apoptotic (LA) and dead (D) splenic B cells. C. Expression
level (MFI) of active Caspase3 in splenic FoB (gated as in Figure 11 D). D. Glucose analogue (2-
NBDG) uptake assay in FoB cells from Gcld™ MbI-Cre™ and control mice (left) and a
representative FACS histogram (right). E. Glucose transporter (Glut-1) surface expression (MFI) in
splenic FoB (gated as in Figure 11 D). F. Representative confocal microscopy image of one cell
from Gelcd™" MbI-Cre* and control mice showing intracellular Glut-1 (purple). Scale bars: 2 um. G.
Quantification (mM) of labelled '3C-glucose from the medium of 5h activated FoB. For all
applicable figure panels, data are mean + SD and each dot represents one single mouse. Data shown
are representative of >2 independent experiments with 3-6 mice/group. Significance (P) was
calculated with unpaired t-test or one-way ANOVA (B). *: P <0.05; **: P <0.01; ****: P <0.0001.
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Once glucose is internalized, it feeds into catabolic pathways to produce ATP (Locasale
and Cantley, 2011). Therefore, we sought to determine the fate of glucose (i.e. glycolysis
and TCA) in FoB from Gclc™" MbI-Cre* mice. To this extent, we in vitro activated FoB
cells for short time (5h) to avoid bias due to proliferation and cell cycle, and incubated the
cells with 3C-labeled glucose concomitantly (Figure 23 A). As shown in Figure 23, glucose
tracing revealed that the internalized glucose funnels into glycolytic intermediates. Indeed,
we detected higher M3-3-Phosphoglyceric acid (3PG) flux (Figure 23 B) and M3-lactate
(Figure 23 C, left). Moreover, lactate accumulation was also confirmed by direct
measurement from the supernatant after Sh stimulation (Figure 23 C, right). This finding is
in line with our previous quantification of total glucose in the supernatant of Sh activated
FoB, which decreased in the medium of Gclc-deficient cells (i.e. increased cellular uptake)
(Figure 22 G). Given the higher fluxes into glycolytic intermediates and the increased
secretion of lactate upon activation, we sought to determine whether the glycolytic-derived
ATP would be increased in Gcle-deficient FoB. Seahorse-based analysis showed that
mutant FoB produce more glycolysis-linked ATP (Figure 23 D). Overall, these results
indicate that the absence of Gclc upregulates glucose uptake in FoB, which is used in the

glycolytic pathway to produce ATP.

Once glucose is metabolized through the glycolytic pathway, 2 molecules of pyruvate
are produced and converted into Acetyl CoA, which feeds the enzyme citrate synthase
together with oxaloacetate (Lunt and Vander Heiden, 2011) (Figure 23 A). This enzyme
catalyzes the first step of the TCA cycle to form citrate. Glucose contribution to M2-citrate
was decreased in Gele-deficient FoB compared to control cells (Figure 23 E). Accordingly,
this suggests that most of the glucose is used up during glycolysis and does not enter the

TCA, as shown by the ratio M3-lactate/M2-citrate (Figure 23 F).
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In line, we found that ATP levels in Gcle-deficient FoB dropped in a dose-dependent
fashion in response to the addition of the glycolysis inhibitor 2-deoxy-D-glucose (2-DG),
which was less pronounced in Gcle-sufficient FoB (Figure 23 G). In parallel, 2-DG
increased cell death in Gcle-deficient FoB cultures compared to controls (Figure 23 H),

confirming the dependency of GSH-deficient FoB on glycolysis.

Taken together, our data indicate that the altered ROS balance triggered by Gclc deletion
induces upregulation of and dependency on glycolytic metabolism. This observation
implies the existence of a regulatory function for GSH in the context of energy metabolism

shifts in B cells.
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Figure 23: Gclc-deficient FoB have higher basal glycolysis and leads to increased ATP

production.

A. Carbon racing map of '3C-glucose metabolism. Blue: metabolites measured in panels B, C, D. B.
MIDs plots of 13C-glucose-derived M3-3PG upon 5h activation of FoB with anti-IgM, CD40 ligand
and IL-4. C. Glucose-derived M3-lactate (left) and total lactate quantification (right) from Sh
activated FoB cells and medium respectively. D. Seahorse quantification of glycolysis-derived ATP
in resting Geld™ and Geld™ Mb1-Cre* FoB. E. 3C-glucose-derived M2-citrate contribution in
Geld™" and Geld™ Mb1-Cre* FoB that were incubated with '3C-glucose and assayed at 5h post-
activation. F. Ratio of M3-lactate/M2-citrate in Gclc™ and Geld™ Mbl-Cre* FoB that were
incubated with '*C-glucose and assayed at 5h post-activation. G. ATP levels (RLU, normalized to
nt), and H. percentage of Annexin V-expressing cells, in Gelc™ and Geld™ Mb1-Cre* FoB after 5h
incubation with the indicated concentrations of 2-DG. For all applicable figure panels, data are mean
+ SD and each dot represents one single mouse except for G and H where data are mean of 3-6
measurements. Data shown are representative of >2 independent experiments with 3-6 mice/group.
Significance (P) was calculated with unpaired t-test or one-way ANOVA (G, H). *: P <0.05; **: P
<0.01. 3-PG, 3-phospohglyceric acid; Lac, lactate; Pyr, pyruvate; AcCoA, acetyl-CoA; Cit, citrate;
Suc, succinate; Mal, malate; OAA, oxaloacetate; nt, non-treated.
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5.3.3 Absence of Gclc alters the mitochondrial morphology and ATP production in

Follicular B cells

Deficiency in the antioxidant capacity led to an alteration of the glucose fluxes in FoB.
In particular, we detected higher basal glycolytic ATP and contribution of glucose to
glycolytic intermediates (Figure 23). Therefore, we suspected an alteration of the processes
downstream glycolysis, such as the TCA cycle, which takes place in the matrix of the

mitochondria.

Mitochondria are double-membrane organelles that possess their own double-stranded
DNA genome. The outer membrane covers the organelle and contains pore with generally
high permeability while the inner membrane hosts the respiratory chain (ETC) and a
plethora of protein carriers specialized in the transport of anionic intermediates of
metabolism (Ernster and Schatz, 1981). These two membranes create two distinct
mitochondrial regions: the matrix and the intermembrane space. The former is surrounded
by the inner membrane and represents the major active compartment of mitochondria. The
latter is small interstice between the mitochondrial membranes and communicates with the

cytosol (Friedman and Nunnari, 2014).

To investigate the effect of the absence of GSH and its effect on the metabolism of FoB
cells downstream the glycolytic pathway, we assessed mitochondria size and conformation.
Staining for the mitochondrial import receptor Tom20 in sorted FoB showed an increased
area of mitochondria per cell in FoB cells lacking Gele (Figure 24 A). As briefly mentioned,
mitochondria possess their own DNA (mtDNA), which encodes genes mainly related to
the ETC and OXPHOS systems (Bibb et al., 1981). Quantification of the mtDNA is a good
marker of the amount of mitochondrial mass, relative to the abundance of nuclear DNA

(nDNA) (Quiros et al., 2017). Lower mtDNA/nDNA ratio in Gcle-deficient FoB (Figure
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24 B) suggest that the absence of GSH induced an increase in mitochondrial mass without

influencing mtDNA replication, a property of activated B cells (Waters et al., 2018).

To gain more resolution and information on the mitochondrial inner space, we analyzed
FoB with transmission electron microscopy (TEM). These images confirmed the
accumulation of mitochondria in the cytoplasm of Gcle-deficient FoB (Figure 24 C).
Moreover, Gcle-deficient mitochondria were characterized by disorganized intercristal
space (Figure 24 C, insert). These data imply that loss of Gclc alters mitochondrial structure

and metabolism.
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Figure 24: Gcle-deficient FoB accumulate mitochondria with loose cristae.

A. Representative confocal microscopy images of two FoB from Gele™ Mb1-Cre* and control mice.
Mitochondria are detected with Tom20 (green) and nuclei with DAPI (blue). Scale bars: 1pum. Right:
quantification of mitochondrial area percentage of Tom20 signal compared to DAPI. B.
Mitochondrial-to-nuclear DNA ratio derived from the expression of mtCOI and the ribosomal RNA
18S. C. Representative TEM image of ultrastructural mitochondrial morphology in Geled™ and
Geld™ Mbi1-Cre* FoB. Scale bars: 700nm. Insert digital magnification, 3.5 and 5x. For all
applicable figure panels, data are mean + SD and each dot represents one single mouse. Data shown
are representative of >2 independent experiments with 3-5 mice/group. Significance (P) was
calculated with unpaired t-test. *: P <0.05; **: P <0.01.
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To gain more insight into the effect of GSH paucity on mitochondria, we used
MitoTracker (MT) green and MT deep red FM staining to assess mitochondrial membrane
potential (A%¥n) with flow cytometry (Monteiro et al., 2020; Di Gioia et al., 2020). We
found that Gcle deficiency increased A¥nin mutant FoB compared to controls (Figure 25
A). Of note, loose mitochondrial cristac have been associated with poor electron transport
chain (ETC) efficiency in T cells (Buck et al., 2016). ATP production and TCA cycle are
dependent on the ETC machinery, which accounts for the A¥,. Moreover, the AW, is the
motive force necessary to fuel OXPHOS in the process of ATP generation and O»
consumption. In line, we found that mitochondria-derived ATP production was decreased

in Gcle-deficient FoB (Figure 25 B).

Therefore, we speculated that the impairment of mitochondrial metabolism in FoB might
be the cause of increased glycolysis for ATP production. Indeed, the data presented here
indicate that the altered ROS balance triggered by Gcle deletion induces mitochondrial
fragmentation in FoB and impaired supply of ATP, which leads to compensation through
upregulation of glycolytic metabolism. This observation implies the existence of a

regulatory function for GSH in the context of metabolic pathway usage in B cells.
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Figure 25: Mitochondrial metabolic function and potential in FoB are altered in the

absence of Gclc.

A. Mitochondrial membrane potential (A%¥m) calculated from the mitotracker Red/ mitotracker
Green MFI ratio in splenic FoB (gated as in Figure 11 D). Right: representative contour plot of the
mitotracker Red/ mitotracker Green signal in splenic FoB. B. Quantification of mitochondria-
derived ATP (Seahorse assay) from freshly enriched and resting Gele™ and Gele™ Mbi1-Cre* FoB.
For all applicable figure panels, data are mean = SD and each dot represents one single mouse. Data
shown are representative of >3 independent experiments with 3-4 mice/group. Significance (P) was
calculated with unpaired t-test. **: P < 0.01.
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5.3.4 Mitochondrial respiratory parameters are compromised in GSH-deficient

Follicular B cells

Our preliminary analysis showed that lack of GSH caused a general dysfunction of FoB
metabolism, with a specific increase in glycolysis (Figure 23), and alteration of
mitochondrial function (Figure 24 and 25). In particular, we detected a higher flux of
glucose into the glycolytic pathway rather than the TCA cycle upon in vitro activation
(Figure 23 F). The mitochondrial matrix hosts the TCA cycle, which consists of a series of
iterative reactions catalyzed by several enzymes (Krebs, 1936; Krebs et al., 1938).
Importantly, some of the TCA enzymes are components of the ETC and are embedded in

the inner mitochondrial matrix (Hatefi, 1985) (Figure 26 A).

Interestingly, in our tracing results, we found that labelled M2-succinate accumulated to
much higher levels in mutant cells than in Gele™ FoB (Figure 26 B). Within the TCA
cycle, succinate is converted into fumarate by the succinate dehydrogenase (SDH), which
represents the respiratory complex II (CII) of the ETC (Martinez-Reyes and Chandel, 2020)
(Figure 26 A). Because SDH is the only enzyme that participates in both the TCA cycle
and the ETC, we speculated that the ETC might be compromised in Gclc-deficient FoB.
Indeed, the basal oxygen consumption rate (OCR) of Gcle-deficient FoB measured by
extracellular flux analysis was significantly reduced compared to Gelc™ FoB (Figure 26 C
and D), indicating that loss of GSH results in dysfunctional mitochondrial respiration in
FoB at steady-state. However, no difference in the OCR profiles of mutant and control FoB
was detected upon treatment with oligomycin A (Oligo) (Figure 26 C and E) which inhibits
the ATP synthase, and thus, indicate that ADP phosphorylation capacity in the absence of
GSH is unchanged. Interestingly, the most striking respiratory difference attributable to
loss of GSH emerged upon treatment of Gclc™ and Geld™ MbI-Cre* FoB with the

mitochondrial ionophore FCCP (Figure 26 C and F), which increases the OCR to the
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maximal respiration (i.e. reserve capacity) that the cells can sustain (Little et al., 2020).
Upon FCCP treatment, the ETC activity rate increases in the attempt to restore the proton
gradient and re-couples it to OXPHOS. We found that an absence of Gclc in FoB prevented
this FCCP-mediated uncoupling (Figure 26 C and F), suggesting that GSH promotes

electron transport through the ETC in FoB.

Previous work has established that any residual OCR detected after Oligo treatment is
due to non-respiratory oxygen consumption, which is usually ascribed to proton leakage
through the mitochondrial inner membrane (Brand, 1990). We found that, despite the
similar Oligo-dependent OCR profiles in Geld™ and Geld™ Mb1-Cre* FoB (Figure 26 C
and E), the contributions to the maximal OCR value in each case by ATP-linked OCR,
proton leakage, reserve capacity, and non-mitochondrial OCR were tremendously altered
by Gcle deficiency (Figure 26 G). In particular, Gcle-deficient FoB experienced greater
proton leakage (Figure 26 G and H) and accumulated higher mtROS (Figure 26 I). These
findings suggest that GSH deficiency leads to damage of the mitochondrial membrane
and/or ETC malfunction. In this regard, it is tempting to speculate that the accumulation of
glucose-derived M2-succinate (the CII substrate in the TCA cycle) in GSH-deficient FoB
(Figure 26 B) might be associated with the observed ETC insensitivity to FCCP treatment

(Figure 26 C and F).
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Figure 26: Gclc-deficient FoB show altered respiratory profile due to mitochondrial

ROS accumulation.

A. Complex I and II (CI and CII) reactions (red arrows) contribute to the enzymatic series of the
TCA cycle within the mitochondria. B. Left: carbon racing map of *C-glucose metabolism
highlighting in blue succinate (Suc). Right: MID of M2-succinate in Gele™ and Geld™ Mb1-Cre*
FoB at 5h post-activation determined as in Figure 23 A. C. Seahorse quantitation of OCR of resting
Geld™" and Gelcd™ Mb1-Cre” FoB at the indicated time points. D-F. Quantitation of the OCR data
from panel C at baseline (D) and upon treatment with Oligo (E) or FCCP (F). G. OCR components
from panel C plotted as proportions of maximal OCR after FCCP treatment. H. Quantitation of the
contribution of proton leakage from panel C as determined by Ant/Rot treatment. I. Representative
histogram (left) and quantitation (right) of MitoSOX staining in resting Gelcd™" and Geld™ Mb1-
Cre’ FoB (gated as in Figure 21 A). For all applicable figure panels, data are mean + SD and each
dot represents one single mouse except in C where dots are mean of 3-6 measurements. Data shown
are representative of >3 independent experiments with 3-6 mice/group. Significance (P) was
calculated with unpaired t-test. *: P < 0.05; **: P < 0.01; ***: P <0.001; ****: P <0.0001.
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Mitochondrial damage is often defined as a deviation of respiratory parameters, which
were originally defined in vitro using isolated mitochondria (Chance and Williams, 1955a,
b; Chance and Williams, 1956). However, these measurements can also be derived from
whole cells (Figure 27 A). In particular, state 3 respiration is equivalent to the OCR after
FCCP treatment (i.e. maximal respiration induced by the substrate + ADP), and state 4
corresponds to the rate upon Oligo addition (i.e. absence of substrate-dependent
respiration) (Brown et al., 1990). These assumptions allow for the calculation of the
intermediate respiratory state or statespparent (Chot et al., 2009; Salabei et al., 2014), which
is an indicator of mitochondrial workload (Figure 27 B). We determined a stateapparent Value
of 2.94 £ 0.15 in Gcle-deficient FoB (Figure 27 C), suggesting that mitochondria of FoB
with Gclc deficiency are running at higher rate compared to those of control cells. This
higher activity results from the insensitivity of ETC to FCCP treatment in the absence of
GSH and is consistent with the limited reserve capacity of Gclc-deficient FoB (Figure 26
C). In other words, the stateapparent derived in Figure 27 C confirms that the mitochondria of
Gcle-deficient FoB have impaired ETC, which cannot support steady state mitochondrial
respiration and, therefore, appear “exhausted”. Taken together, these results establish that

loss of GSH in FoB profoundly impairs mitochondrial respiration.

To determine whether the accumulation of *C-glucose-derived M2-succinate in
Gcle-deficient FoB was caused by a dysfunctional ETC, we assessed the respiratory
parameters of each ETC complex. First, we performed extracellular flux analysis to assay
the mitochondrial OCR profile of each complex in saponin-permeabilized Gelc™ and
Geld™" Mb1-Cre” FoB. In Gele-deficient FoB, CI delivers reducing equivalents (NAD®) to
the ETC (Figure 26 A) and showed no activation upon substrate injection (pyruvate +
malate) (Figure 27 D, CI). Similarly, CII activation (measured as increase in OCR) upon

addition of Succinate was also negligible in Gelc™ Mb1-Cre* FoB compared to control
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cells (Figure 27 D, CII). Therefore, both CI and CII exhibited a lower statespparent (Figure
27 E). However, substrate-dependent CIII and CIV OCR tended to be increased in GSH-
deficient FoB cells compared to control FoB (Figure 27 D, CIII and E, CIV), suggesting
the possibility of a mild compensatory activation that may also contribute to the high AY¥,
in mutant FoB (Figure 25 A). These data indicate that GSH-dependent ETC dysfunction
mostly affected the activity of CI and CII. In line with these results, we detected lower CI
activity in total lysates of Gclc-deficient FoB compared to control FoB (Figure 27 F).
Consequently, NADH levels were increased in the mutant cells (Figure 27 G), which
resulted in a lower NAD*/NADH ratio (Figure 27 H). Moreover, the expression level of
the main subunit of CII (succinate dehydrogenase A; Sdha) was decreased in Gele-deficient
FoB (Figure 27 I). Accordingly, protein levels of CI-IV were reduced in mutant FoB

compared to controls (Figure 27 J).
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Figure 27: TCA cycle is halted at CII and CI intersection in Gclc-defcient FoB.

A. To derive the apparent respiratory state (stat€apparent), We assumed that State 3 respiration was
equivalent to the OCR measured after addition of FCCP (orange bar) for total FoB (top) and
Complex-specific substrate (bottom). Similarly, we assumed that State 4 corresponded to the rate
measured after addition of Oligo (black bar), when OXPHOS is unable of utilizing the proton
gradient to generate ATP because of the presence of the Complex V inhibitor. These assumptions
allow for calculation of the statepparent Under basal conditions, which were corrected to the basal
OCR (blue bar). Top: OCR profile of a standard mitochondria stress test (Seahorse) using intact FoB
cells. Bottom: OCR profile of saponin-permeabilized FoB cells to determine mitochondrial ETC

complex activity. Dashed lines represent the indicated OCR values (left) used for the derivation of
(Basal OCR) —(Oligo—insen OCR) .
(FCCP- or Substrate—i OCR) —(Oligo—insensi ~ OCR) (Hill et al,

2012). B. Representative stateapparent respiration for total FoB or ETC complex as calculated from
Figure 26 C and E. Blue and red arrows indicate a more resting or active respiratory state
respectively. C. Respiratory status of Gclc™ and Geld™ MbI-Cre™ FoB in (B) displayed as
stateapparent. D. OCR of Geld™ and Geld™" Mb1-Cre* FoB sequentially treated with saponin (Sap),
adenosine diphosphate (ADP), and the indicated substrates for ETC complexes CI to CIV (red), as
indicated. For each assay the the comparison of OCR before (basal) and after substrate injection (in
red) in in Geld™ and Geld™ MbI-Cre* FoB is plotted next to the OCR profile. E. Energetic status
calculated as in C. for the ETC complexes CI to CIV in E. F. Quantitation of relative activity of CI
in Geld™" and Geld™ Mb1-Cre™ FoB as measured by a colorimetric assay. G. Quantitation of NADH
autofluorescence in Geld™ and Geld™ Mb1-Cre™ FoB (gated as in 11 D) as measured by FACS. H.
CI activity in Gele™ and Geld™ MbI-Cre™ FoB expressed as the ratio of NAD" (CI substrate) to
NADH (CI product), as measured by colorimetric assay. I. Representative histogram (left) and
quantitation (right) of immunostaining to detect the expression of succinate dehydrogenase a (Sdha,
the major subunit of CII) in Gelc™ and Geld™ Mb1-Cre* FoB (gated as in 11 D). J. Representative
immunoblot to detect the indicated ETC complex proteins in total lysates of Geld™ and Geld™”
MbI1-Cre* FoB. B-actin, loading control. For all applicable figure panels, data are mean + SD and
each dot represents one single mouse except in D where dots are mean of triplicates. Data shown

the stateapparent, calculated as 4 -

are representative of >2 independent experiments with 3-6 mice/group. Significance (P) was
calculated with unpaired t-test or one-way ANOVA (panel D). *: P <0.05; **: P <0.01; ***: P <
0.001; ****: P < 0.0001.
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These data indicate that GSH plays a role in sustaining the activities of CI and CII, and
thus the ETC function in general. In particular, our energetic steady-state analyses (Figure
27 D, E) show that loss of GSH induces a partial uncoupling of ETC from OXPHOS,
suggesting that Gclc function has a direct effect on the metabolic dependencies of FoB.
GSH deficiency has a negative impact on the mitochondrial respiration machinery, halting
the TCA cycle at the ETC branch point (i.e. CII). Thus, compared to T cells (Mak et al.,
2017; Kurniawan et al., 2020), we have identified a heretofore-unappreciated role for GSH
in B cells: that of sustaining the activity of mitochondrial ETC by preventing ROS

accumulation.
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Chapter 6: Single cell analysis confirms the change in
metabolic pathways in Gclc-deficient Follicular B cells,

which show Marginal Zone B cells attributes

6.1 Introduction

Assessments of gene expression or protein expression are often used to understand the
complex cellular diversity. For protein expression studies, the application of multi-color
flow or mass cytometry is commonly used to simultaneously assess protein levels (Spitzer
and Nolan, 2016). However, it remains challenging to examine the plethora of proteins
expressed by the genome that exists in a single cell. Often used as a proxy for studying the
proteome, the expression of protein-encoding mRNA molecules (collectively termed the
transcriptome) is used to correlate with cellular traits and changes to specific treatments
(i.e. activation). This approach is usually referred as to RNA sequencing (RNA-seq) and
allows for the detection and quantitative analysis of mRNA molecules in a biological
sample (Haque et al., 2017) that has been used to study the heterogeneity of B cells

(Mabbott and Gray, 2014; Shi et al., 2015; Kleiman et al., 2015; Haines et al., 2019).

As discussed in the previous chapters, the B cell compartment includes various subsets
with defined properties. Therefore, performing RNA-seq on the bulk B cell population
(bulk RNA-seq), assuming homogeneity of transcriptomes, would hinder the assessment
of the distinct cell populations. This problem was originally overcame by purifying the
subsets of interest based on selected surface markers via flow cytometry-based sorting, and
performing bulk RNA-seq in the distinct fractions. However, bulk RNA-seq does not allow
detailed assessment of the fundamental biological unit (the cell). The rapid progress in the

development of sequencing technologies allows the characterization of single cell
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transcriptomes (Hwang et al., 2018). More recently, single cell RNA sequencing (scRNA-
seq) methods have been integrated with single cell protein measurements. This method,
known as cellular indexing of transcriptomes and epitopes by sequencing (CITE-seq)
(Stoeckius et al., 2017) simultaneously detects transcripts and proteins in single cells and
it is suitable for detailed characterization of cellular phenotypes (Figure 28). Additionally,
it is possible to multiplex CITE-seq experiments by using a series of oligo-tagged
antibodies against ubiquitously expressed surface proteins (i.e. CD45) with different
barcodes to uniquely label cells from distinct samples (hereafter “hashtags™) (Stoeckius et
al., 2018). By including these hashtags alongside the cellular transcriptome, we can assign

each cell to its sample of origin.

CITE-seq includes antibodies directed against cellular proteins which are conjugated to
oligonucleotides that can be captured by primers and amplified, and contain a barcode for
antibody identification during the analysis. The signal detected and amplified by the protein
marker is referred as to antibody-derived tag (ADT) and can be analyzed independently of
the transcriptomic library (Figure 28). The ability to layer additional protein measurements
on top of scRNA-seq data represents the perfect method for the analysis of complex cell
populations, such as the B cell lineage. Indeed, in a similar fashion to flow cytometry
gating, it is possible to classify or cluster the single cell transcriptomes based on the ADT
protein signals, and then perform downstream computational analyses (such as differential
expression, gene ontology and Gene Set Enrichment Analysis (GSEA)) on the specified

groups.
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Figure 28: Schematic view of the workflow for single cell Cellular Indexing of
Transcriptomes and Epitopes by Sequencing (CITE-Seq).

A simplified example of droplet-based library generation. Cells are FACS-sorted and incubated with
antibody-derived tags (ADT) to detect protein of interests. Then, libraries for scRNA-seq are
generated via cell lysis, reverse transcription into complementary DNA (cDNA) using uniquely
barcoded microbeads, second-strand synthesis, and cDNA amplification. cDNA is prepared from
both ADTs and cellular mRNAs. The independent libraries are pooled, sequenced and analyzed.
Thus, proteomics and transcriptomics data can be obtained from a single sequencing run.

122



GSH is a key intracellular antioxidant that scavenges excess ROS (Meister and Anderson,
1983; Wu et al., 2004; Deponte, 2013), and it is an extremely important molecule for the
regulation of lymphocytes activation (Hamilos and Wedner, 1985; Fidelus and Tsan, 1986;
Droge et al., 1986). In B cells, ROS are instrumental in regulating activation (Vene et al.,
2010; Franchina et al., 2018b), but the contribution to B cell subsets and functions of
metabolic ROS, is poorly understood. Given the binary effect of GSH deletion in FoB and
MZB, it is therefore possible to postulate the existence of subset-specific redox thresholds,
and that these thresholds mediate homeostatic functions that could account for the differing
properties of MZB and FoB.

ROS balance can be regulated by plenty of intracellular reactions. Of these, upstream the
mitochondrial metabolism, is the mechanistic target of rapamycin (mTOR), whose
signaling is a key modulator of anabolic and catabolic reactions (Saxton and Sabatini,
2017). mTOR has emerged as a crucial control point for B cell functions (Limon and
Fruman, 2012). Previous reports have shown that relatively high levels of mTOR complex
1 (mTORCI1) signaling prevail in MZB (Donahue and Fruman, 2007; Gaudette et al.,
2020), but that the maturation of FoB downregulates the mTORC1/Akt pathway (Farmer
et al., 2019). However, other groups have shown that efficient mTORCI1 suppression is
necessary to avoid MZB loss (Benhamron and Tirosh, 2011). Because mTORCI1 is a well-
known regulator of metabolic functions, these findings imply that specific metabolic
programs may underlie the unique characteristics of B cell subsets in relation to ROS
signaling.

Cellular metabolism has emerged as a key regulator of immune functions and responses
(O'Neill et al., 2016; Voss et al., 2021). However, the characterization of cellular metabolic
programs was performed on bulk cellular populations (Artyomov and Van den Bossche,

2020) and share the same limitations of bulk RNA-seq. Indeed, as every cell resides in a
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unique microenvironment, no single cell within our body is completely identical
metabolically (nor transcriptomically). Recent advances in single cell profiling
technologies have highlighted the power to investigate metabolic properties (Artyomov and
Van den Bossche, 2020). Particularly, scRNA-seq data can be used to make in silico
predictions on metabolic fluxes with Compass, a flux-balanced analysis which
characterizes the metabolic heterogeneity among cells by integrating publicly available
metabolic pathways in conjunction with sScCRNA expression of metabolic enzymes (Wang

et al., 2020; Wagner et al., 2021).

In conclusion, current state-of-the-art single cell technologies contribute to our
understanding of both transcriptomic and metabolic regulation of immunity and can be
exploited to better characterize the molecular heterogeneity of distinct cell populations. In
our case, CITE-seq analyses coupled with the Compass algorithm allowed for the metabolic
characterization of specific B cell subsets and, in particular, the identification of

unexpected similarities between Gcle-sufficient MZB and Gele-deficient FoB.

6.2 Objective

To investigate the transcriptional changes and infer the metabolic state induced by the

deletion of Gcle in FoB.

6.3 Results

6.3.1 FoB and MZB can be identified by CITE-seq proteomics

To investigate the function of GSH in the FoB subset, we performed single cell CITE-
seq on FACS sorted splenic B cells from four Gelc™ and four Gele™ Mbi1-Cre* mice

(Figure 29 A). T-distributed stochastic neighbor embedding (tSNE) visualization of the B
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cells transcriptomic landscape did show minor changes in the distribution of single cell
transcriptomes between the two conditions across the hashtags (Figure 29 B and C, and 30
A). We also detected significantly lower signal for Gele expression in sequenced B cells
from Geld™ Mb1-Cre* compared to control mice (Figure 30 B). By using CD23, IgD,
CD21/CD35 and CD1d antibody-derived tag (ADT) signals, we identified FoB and MZB
and assigned each cell type using SCINA (Figure 30 C) (Zhang et al., 2019). Mirroring the
results previously shown by FACS analysis (Figure 11 D, G), loss of MZB in Gele™ Mb1-
Cre” mice was confirmed by the ADT signals from the CITE-seq analysis (Figure 30 C
and D). In line, FoB were detectable in Gele™ MbI1-Cre* mice by the expression of ADT-

CD23 and ADT-IgD (Figure 30 C).

In order to study the transcriptomic changes induced by the deletion of Gcle, we
performed downstream analyses of FoB (Figure 30 E). As shown in Figure 30 F, the PCA
analysis indicated that the principal component 1 (PC1) covers most of the variation in
gene expression (58% of total variance). This suggested that the PC1 captured the effect
caused by the genetic deletion of Gcele. Thus, the deletion of Gele, and therefore the absence
of GSH, influences gene expression levels in FoB, as shown by the total gene transcripts

per cell (Figure 30 G).
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Figure 29: Sample multiplexing using DNA-barcoded antibodies allows cell labeling

from individual samples.

A. Dot plots show the back-gating of the sorting strategy (top to bottom) used to purify total splenic
B cells from Geld™ and Geld™ MbI-Cre™ mice that were used for sequencing. B. tSNE
transcriptome-based clustering of single cell expression profiles shows relatively homogeneous
distribution of cells derived from each mouse (hashtag) across genotypes (Gclc™ and Gelcd™ Mb1-
Cre"). Each single cell expression profile is arbitrarily colored based on the hashtag classification.
C. Summary table of number of cells for each hashtag label in four Gele™ and four Geld™ Mbl-
Cre" mice.
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Figure 30: FoB and MZB can be identified with CITE-seq proteomics for downstream

analyses.

A. tSNE distribution of single cell transcriptomes of FACS sorted splenic B cells from of Gelc™
and Gclcd™" Mb1-Cre* mice. B. Expression of Gcle in sequenced B cells from Geld™ and Geld™!
Mb1-Cre* mice presented in a tSNE plot. C. Left: tSNE plots comparing ADT signals for FoB (top)
and MZB (bottom) markers among splenic B cells from Gele™ and Geld™ Mb1-Cre™ mice. Right:
SCINA assignments of FoB (green) and MZB (red) from Gcld™ and Geld™ Mbi-Cre* mice. D.
Comparison of FACS (fluorescence) and CITE-seq signal (ADT) for the detection of MZB in Gelc™
and Geld™" Mb1-Cre* mice. E. SCINA assignments of FoB from Gclc™ and Gelcd™? Mb1-Cre* mice
used for downstream analyses. F. PCA plot showing distinct patterns of Geld™ and Geld™ Mb1-
Cre" FoB transcriptomes. Each dot represents a single mouse. G. Number of detected gene
transcripts per cell in Geld™ and Geld™" Mb1-Cre* FoB. Each dot represents a single cell and data
are pooled from 4 mice/genotype. Solid line, median; dashed lines, 1% and 3" quartiles. Data are the
mean + SD. Significance (P) was calculated with unpaired t-test. ****P < 0.0001.
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6.3.2 The mTOR pathway confers Marginal Zone B cell-like properties to GSH-

deficient Follicular B cells

As noted above, mTOR signaling has emerged as a key control point for B cell functions
(Limon and Fruman, 2012). Given that Gelc™ Mb1-Cre* mice had few MZB compared to
FoB (Figure 11 D-F), we performed gene set enrichment analysis (GSEA) on differentially
expressed genes of Gelc™" MZB versus FoB to investigate whether mTOR signaling might
be involved in the effects seen in the GSH-deficient cells. In accordance with previous
reports, our GSEA analysis revealed positive enrichment for genes of the mTORCI1

signaling pathway in Gcle-sufficient MZB compared to FoB (Figure 31 A).

Flow cytometric evaluation of resting B6 MZB confirmed increased phosphorylation of
both mTOR and its canonical target S6 (Figure 31 B and C). Strikingly, our GSEA analysis
also showed that Gclc™" MbI1-Cre* FoB displayed increased mTORCI signaling genes
compared to Gelc™"FoB (Figure 31 D). Corresponding increase in phosphorylated mTOR
and S6 were detected in mutant FoB compared to control FoB (Figure 31 E and F). These
data pointed to an unexpected similarity between Gcle-deficient FoB and Gele-sufficient
MZB. Importantly, mutant FoB showed no changes in size (Figure 31 G), which excluded
any autofluorescence bias and indicated that Gclc deficiency does not alter the cell volume

of FoB.
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Figure 31: mTORC1 is comparably elevated in Gclc-sufficient MZB and Gclc-deficient
FoB.

A. GSEA plot comparing expression of mTORC1 signaling hallmark gene sets between Gele™ FoB
and Gelc™ MZB. B, C. Representative histogram (left) and quantitation (right) of immunostaining
to detect p-mTOR and p-S6 staining in B6 FoB and MZB (gated as in Figure 21 A). D. GSEA plot
comparing the expression of mTORCI signaling hallmark gene sets between Gcld™ and Gelc™!
MbI1-Cre" FoB. E, F. Representative histogram (left) and quantitation (right) of immunostaining to
detect p-mTOR and p-S6 in Geld™ and Gele™ MbI1-Cre™ FoB (gated as in Figure 11 D). G. Left:
representative histogram of forward scatter area (FSC-A) signal of Gcld™" and Geld™ Mbi-Cre*
FoB (gated as in Figure 11 D). Mean diameter (uM) of enriched Gcld™" and Geld™ Mb1-Cre* FoB
using the CASY cell counter. For all applicable figure panels, data are mean + SD and each dot
represents measruments from one single mouse. Data are representative of >3 independent
experiments with 3-4 mice/group. Significance (P) was calculated with unpaired t-test. ***: P <
0.001; ****: P < 0.0001.
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mTOR is also an important regulator of translation (Ma and Blenis, 2009), and supports
the enhanced secretory apparatus and superior secretory activity of MZB compared to FoB
(Oliver et al., 1997; Gunn and Brewer, 2006). Accordingly, we found that B6 MZB had a
higher endoplasmic reticulum (ER)/Golgi ratio than B6 FoB as measured by their greater
staining intensity of ER-tracker and a-giantin (Figure 32 A), as well as by their increased
phosphorylation of the translation initiation factor eIF4E (Figure 32 B). In addition, our
differential gene expression analysis identified upregulation of a considerable number of
transcripts related to ribosomal proteins in Gelc™ MZB compared to Gele™ FoB (Figure
32 C). Additionally, gene ontology analysis detected accumulation of transcripts related to
the three steps of protein synthesis (initiation, elongation, termination) in Gelcd™ MZB
compared to Gele™ FoB (Figure 32 D). To confirm this heightened protein translation in
vitro, B6 FoB and B6 MZB were activated with anti-IgM, CD40 ligand and IL-4 or LPS,
pulsed with puromycin, and chased for up to 6h (Schmidt et al., 2009). As shown in Figure
32 E, B6 MZB indeed showed greater protein synthesis compared to B6 FoB. Strikingly,
an absence of Gclc in FoB resulted in secretory properties that recapitulated those of Gele-

sufficient MZB at both the transcriptional and protein levels (Figure 32 F-J).

Collectively, these data suggest that the absence of GSH in FoB diminishes their ability
to buffer ROS, therefore promoting activation of the mTOR pathway and conferring MZB-
like properties. Moreover, mitochondrial ROS are higher in wild-type MZB compared to
FoB (Figure 21 B), further indicating that Gclc-deficient FoB might acquire wild-type
MZB redox characteristics. Thus we explored the intriguing hypothesis that GSH-
dependent control of ROS could play a role in defining the distinctive metabolic signaling

of MZB and FoB.
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Figure 32: Protein synthesis is enhanced in Gclc-sufficient MZB and Gclc-deficient
FoB.

A. ER/Golgi ratio derived from the mean fluorescence signal (MFI) of ER-tracker and a-giantin
measured in splenic B6 FoB and MZB (gated as in Figure 21 A). B. Representative histogram (left)
and quantitation (right) of p-eIF4E MFI measured in B6 FoB and MZB (gated as in Figure 21 A).
C. Volcano plot of differentially expressed genes in Gele™ FoB and MZB. Light blue dots indicate
ribosomal-related transcripts. Data represent up- and downregulation of MZB vs. FoB transcripts
among total transcripts pooled from 4 Gele™ mice. D. Barcode plots showing transcripts from the
G0:0006413, GO:0006414 and GO:0006415 gene lists that were enriched in Geld™ MZB vs. FoB.
E. Protein translation at the indicated times measured as puromycin MFI after puromycin pulse-
chase of B6 FoB and MZB upon stimulation with anti-IgM, CD40 ligand and IL-4 or LPS. F-J.
Same analyses as shown in A-E but comparing Gelc™ versus Geld™" MbI-Cre* FoB. Data are the
mean = SD. Each dot represents one mouse in A and F, one transcript C and H, mean of duplicates
from 2-3 mice in E and J. Data shown are representative of >2 independent experiments with 2-4
mice/group. Significance (P) was calculated with unpaired t-test or one-way ANOVA (E and J). *P
<0.05; **P <0.01; ***P <0.001; ****P <(.0001.
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6.3.3 Compass analysis reveals increased glycolysis in Gclc-deficient Follicular B

cells

mTORCI signaling plays a role in both MZB and FoB (Donahue and Fruman, 2007,
Benhamron and Tirosh, 2011; Farmer et al., 2019; Gaudette et al., 2020), and is key for the
regulation of various metabolic pathways (Saxton and Sabatini, 2017). Broadly speaking,
metabolism is an established regulator of immune cell function, but it remains difficult to
study in individual cells. Moreover, the metabolic network includes a plethora of pathways
which increases its scale and complexity, making hard the interpretation of data. With the
advent of the single cell -omics technologies, there is increasing need to investigate
metabolic observations and perturbations at the single cell level. Therefore, in order to
contextualize the complexity of the metabolic network and the impact of Gcle on it, we
analyzed our transcriptomic data using Compass, a flux balance analysis-based approach
that allows the characterization and interpretation of metabolic diversity at the single cell
level (Wang et al., 2020; Wagner et al., 2021). In order to study and compare the metabolic
changes in different B cell subsets, we made use of the SCINA assignments (Figure 30 C
and E) to group and extrapolate the gene expression matrices of each subsets (MZB vs.
FoB for Gelc™, and Geld™ FoB vs. Gelc™ Mb1-Cre* FoB). Each matrix group was then
fed into the Compass analysis pipeline. Essentially, for each cell transcriptome Compass
builds numeric scores based on murine metabolic reactions from RECON2 (Thiele et al.,
2013; Penalver Bernabe et al., 2019), and ultimately reflects how the cell transcriptome is

capable of maintaining a particular reaction flux (Wagner et al., 2021).

Using this computational prediction, we found that Gelc™ MZB exhibited increased

glucose catabolism compared to Gelc™"

FoB (Figure 33 A, top). Glucose can be catabolized
to lactate during glycolysis or glucose-derived carbons can enter the TCA. We therefore

sorted the metabolic reactions identified by the Compass algorithm into two groups:
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glycolysis and TCA. This analysis showed that glycolysis was upregulated in Gelc™" MZB
compared to Geld™ FoB (Figure 33 A, bottom), suggesting that MZB rely on glycolysis
rather than oxidative metabolism when at steady-state. To confirm these predictions, we
measured the uptake of 2-NBDG to monitor glucose uptake by B6 MZB and FoB. In line
with our Compass results, B6 MZB at steady-state showed increased 2-NBDG uptake
compared to B6 FoB (Figure 33 B) as well as higher expression of the glucose transporter
Glut-1 as measured by flow cytometry (Figure 33 C). Moreover, total intracellular glucose
was elevated in freshly isolated B6 MZB compared to B6 FoB as measured by mass

spectrometry (Figure 33 D).

Our data above indicated that GSH deficiency upregulated mTORCI] signaling in mutant
FoB. Therefore, we sought to determine whether this heightened mTORC1 skewed FoB
metabolism towards glycolysis. Indeed, our Compass analysis reflected a global increase
in glucose catabolism in FoB when Gclc was ablated (Figure 33 E), just as occurred in
Gcle-sufficient MZB (Figure 33 A). As previously shown, mutant FoB also showed
increased 2-NBDG uptake at steady-state (Figure 22 D), higher Glut-1 expression (Figure
22 E and F), and elevated accumulation of glucose (Figure 33 F) compared to control FoB.
These data indicate that mutant FoB in the absence of GSH undergo an increase in oxidative

state that induces a metabolic shift similar to that observed in Gcle-sufficient MZB.

In conclusion, the metabolic analysis performed on our transcriptome data set represents
a powerful tool that corroborate our findings in two ways. First, the Compass predictions
reiterate the in vitro assays shown in Figure 22 and 23. Second, the result of this algorithm,
whose computations are based on gene expression data, indicates that Gclc deletion (and

its perturbation of cell transcription) poises FoB transcriptome towards glycolysis.
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Figure 33: Gclc-deficient FoB show increased glycolytic reactions and glucose uptake,

mirroring Gclc-sufficient MZB.

A. Compass analysis comparing glucose catabolism (top) and its constituent components (glycolysis
and TCA cycle) (bottom) in Geld™ MZB vs. FoB. Each dot represents a single biochemical reaction.
Means difference (Cohen’s d) and Wilcoxon rank sum p values were computed as described in
(Wang et al., 2020; Wagner et al., 2021). Vertical bar on the right shows relative contributions
(percentage) of upregulated glycolytic reactions and TCA reactions to total glucose catabolism
computed from glycolysis and TCA cycle reactions in Gele™ MZB vs. FoB. B, C. Representative
histogram (left) and quantitation (right) of 2-NBDG and Glut-1 staining in resting splenic B6 FoB
and MZB (gated as in Figure 21 A). D. Quantitation of intracellular glucose level measured by LC-
MS in resting Gcle-sufficient FoB and MZB. E, F. Same analyses as shown in A and D, but
comparing Gelc™ versus Geld™' Mb1-Cre* FoB. For all applicable Figure panels, data are mean +
SD and each dot represents one single metabolic reaction or mouse. Data shown are representative
of >2 independent experiments with 3-4 mice/group. Significance (P) was calculated with unpaired
t-test. *: P <0.05; **: P <0.01; ****: P <0.0001.
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Chapter 7: Results summaries and discussion

7.1 Results Summaries

7.1.1 Chapter 3

The initial goal of the study detailed in Chapter 3 was to dissect the main stages of B cell
development in the absence of Gelc expression. We examined the early B cell development
in the BM via flow cytometry following Hardy’s classification. We found that the most
mature population, namely fraction F, which includes blood-recirculating mature B cells,
was lower in B cell-specific Gcle-depleted animals. These results suggested that Gele is
dispensable for the early development of B cells (Figure 10). Following the natural course
of B cell development, we analyzed the major resident mature B cell populations in the
spleen. Gclc deficiency led to a drastic decrease in the MZB compartment, which was also
confirmed by immunofluorescence microscopy (Figure 11). Importantly, we excluded that
MZB loss in Gcele-depleted animals was caused by alteration of the MZ microenvironment,
such as altered expression of integrins, chemokines and variation in MZ-resident
macrophages (Figure 12). Furthermore, based on the analogies between MZB and B1 cells,
which together are referred to as “innate-like” B cells, we showed that lack of Gclc induces
a stark reduction of both splenic and peritoneal B1 cells (Figure 15). Finally, due to the
decrease of innate-like B cells in Gcle-depleted animals, we explored natural and induced
humoral immune protection. In line, these experiments showed null response to antigen-
induced early antibody immunization (Figure 16) and decreased levels of natural antibodies

(Figure 17) in the absence of Gcle.
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7.1.2 Chapter 4

In Chapter 4, we demonstrated that, despite the negligible effect of Gele deficiency on
FoB at steady state, Gclc expression is required to ensure efficient GC reaction and
antibody immunity upon T-dependent B cell activation. To study antigen specific
antibodies, we used models of T-cell dependent B cell activation (TNP-KLH, LCMV Cl13
and VSV) to immunize Gele™ Mb1-Cre” and control mice. By measuring antibody levels
in the serum of immunized mice, we showed that absence of Gclc diminished antibody
production (IgM and IgG) (Figure 18 B and 19). This resulted in higher viral titers in the
organs of Gcle-depleted mice and limited survival upon acute viral infection (Figure 20).
Overall, the results shown in Figure 18-20 indicate that the expression of Gclc in FoB cells

is necessary for activation in vivo, allowing the success of the GC response.
7.1.3 Chapter 5

Having implicated Gclc in MZB development and function of FoB-mediated immunity,
and being Gclc important in the maintenance of cellular redox homeostasis, in chapter 5
we investigated how the metabolic properties of MZB and FoB would differ in the context
of ROS metabolism. We found that MZB produce more GSH, which is used up (i.e. low
GSH/GSSG ratio) to counteract higher mitochondrial ROS at steady state (Figure 21),
suggesting that GSH is indeed a critical determinant for the distinct properties of MZB and
FoB. Similarly, Gcle-deficient FoB showed increased mitochondrial ROS. Because of the
central role of mitochondria in energy metabolism, we studied glucose catabolism in detail
and found that mutant FoB have increased glycolysis and, therefore increased glycolytic-
dependent ATP generation (Figure 22 and 23), but showed a profound alteration of
mitochondrial metabolic properties (Figure 24 and 25). In particular, glucose flux into the

tri-carboxylic acid (TCA) cycle was halted (Figure 25). We found increase labeling into
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succinate (Figure 26), which is metabolized to fumarate by the succinate dehydrogenase
complex (complex II or CII). We also found decreased activity of CI, which is crucial for
the correct cycling of the TCA cycle. These findings were confirmed by flux analysis and
indicated that GSH plays a role in sustaining the activities of CI and CII, and so of the
overall ETC fitness. In particular, our energetic steady-state analyses (Figure 27) showed
that loss of GSH induces a partial uncoupling of ETC from OXPHOS, suggesting that Gclc
function has a direct effect on the metabolic dependencies of FoB. We described that GSH
deficiency had a large negative impact on the mitochondrial respiration machinery, halting

the TCA cycle at the ETC branch point (i.e. CII).

7.1.4 Chapter 6

In order to contextualize the complexity of the metabolic network and the impact of Gele
on it, we analyzed FoB transcriptomes with CITE-seq in chapter 6. GSEA analysis
highlighted upregulated mTORCI1 signaling in Gcle-deficient FoB, which is strikingly
similar to wild-type MZB (Figure 30). In line, absence of Gclc increased protein synthesis
in mutant FoB, substantiating the analogy with MZB (Figure 31). Given that mTOR is an
important regulator of cellular metabolism, we analyzed our transcriptomic data using
Compass, a flux balance analysis-based approach that allows the characterization and
interpretation of metabolic diversity at the single cell level. This analysis showed that when
Gcle was ablated, FoB increased in glucose catabolism, just as occurred in Gele-sufficient
MZB (Figure 32). These data confirmed the in vitro experiments (chapter 5) and indicated
that FoB in the absence of GSH undergo an increase in oxidative state that induces a

metabolic shift similar to that observed in Gele-sufficient MZB.
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7.2 Discussion

ROS-induced signals regulate B cell activation and early metabolic reprogramming
(Wheeler and Defranco, 2012; Akkaya et al., 2018), and a flexible redox system controls
B cell differentiation (van Anken et al., 2003; Bertolotti et al., 2010; Vene et al., 2010).
The present study has uncovered the previously unrecognized contribution of GSH to B
cell homeostasis and function. We have shown that genetic deletion of Gclc, and therefore
loss of GSH, in B cells has important and subset-specific effects in terminally differentiated
B cells. Our data further indicate that GSH acts as a rheostat to regulate mitochondrial
function and ETC activity in B cells and determines the metabolic properties of MZB vs.

FoB.

Postnatal B cell development occurs in the BM. Here, the differentiation pathway from
hematopoietic progenitors to mature B cells can be divided into discrete stages (Hardy et
al., 1991; Hardy and Hayakawa, 2001). Previous analysis has shown that B cells
progression through the different maturation stages is regulated by pre-BCR and BCR
signals (Loffert et al., 1994). Our analysis has shown that deletion of Gc¢lc upon expression
of Mb1, which occurs before the B cell’s commitment decision (at the CLP stage), did not
alter BM development. This finding raises the question about how antioxidants function
during B cell development, and which antioxidant is active during cell proliferation in B
cells, since differentiation is inherently linked to proliferation and increased metabolic
demands. In particular, large pre-B cells proliferate and, although data is currently
unavailable, they may increase glycolysis and OXPHOS (Urbanczyk et al., 2018).
However, the microenvironment in the BM also plays a fundamental role in supporting B
cell transition to the naive stage (Carsetti, 2000). Therefore, it is possible that the plasticity

of the BM microenvironment regulates the function or number of stromal cells, which are
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able to produce survival factors, such as IL-7, and, eventually, allow a normal progression
of B cell differentiation in the absence of GSH. Alternatively, other antioxidants systems
might be as well able to exert compensatory mechanisms allowing the normal B cell

development in the BM of Gelcd™ Mb1-Cre” mice.

B cells leave the BM at the transitional B cell stage and complete their final development
into mature B cells in the periphery (Loder et al., 1999). In the spleen, Gele™ Mb1-Cre*
lack MZB, which are necessary for the early humoral response to blood borne pathogens.
On the other hand, FoB were only mildly affected by the absence of GSH at the steady

state.

The intracellular environment of MZB operates at a higher oxidative level compared to
that in FoB. GSH is essential to sustain MZB homeostasis, and these cells are more
sensitive to any uncontrolled increase in intracellular ROS. This effect might also be linked
to the peculiar positioning of MZB in the spleen marginal zone compared to FoB. Indeed,
the marginal zone receives blood from the terminal arterioles (Kraal, 1992), thus exposing
MZB to the higher O, blood tension. In contrast, FoB are segregated into the follicle and
exhibit lower intracellular ROS, maintaining a metabolic setup that is clearly distinct from
that in MZB. Notably, Gclc ablation increased mtROS in FoB, which then adopted
characteristics of Gcle-sufficient MZB. This finding indicates that redox-dependent
regulation of metabolic activities can occur by B cell subset-specific mechanisms. These
differences in metabolism appear to be related to the divergent functions of FoB and MZB,
which have been documented in numerous studies (Oliver et al., 1997; Oliver et al., 1999;
Martin et al., 2001; Gunn and Brewer, 2006; Mabbott and Gray, 2014; Kleiman et al., 2015;
Shi et al., 2015; Haines et al., 2019). In particular, the differences between FoB and MZB
in recirculation properties when at rest (Arnon et al., 2013), and in degree of activation

upon stimulation (Martin and Kearney, 2002), have raised interest in their differential
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metabolic dependencies. MZB have the potential to self-renew (Hao and Rajewsky, 2001)
and are activated more quickly than FoB (Oliver et al., 1997; Oliver et al., 1999), properties
consistent with a requirement for glycolytic reprogramming in activated B cells (Caro-
Maldonado et al., 2014). In accordance with this observation, we demonstrated that resting
MZB show increased glucose uptake and glycolysis compared to resting FoB. Resting FoB
are instead characterized by down-regulation of mTORCI1 and its downstream targets
(Benhamron and Tirosh, 2011; Farmer et al., 2019; Gaudette et al., 2020), which is
indicative of metabolic quiescence. Strikingly, Gclc ablation increased mTORCI

activation in FoB to a level similar to that found in MZB.

Moreover, by injecting TNP-Ficoll i.p., Gelcd™ Mb1-Cre* animals were inefficient at
producing an IgM response confirming the functional absence of MZB. Intriguingly, the
sera of Gcle-deficient animals did not produce sufficient background signal to be detected
by the ELISA assay, even before encountering the Ag. This observation led us to further
investigate the Ab composition in the serum of Gele™ Mbi1-Cre® animals at the steady
state. As anticipated, we detected lower seric antibodies, which are normally produced as
a natural defense mechanism in unimmunized animals (Ehrlich and Morgenroth, 1902).
These NAs are primarily found as IgM or 1gG3 isotypes, and are produced mainly by B1
cells (Lalor et al., 1989; Baumgarth et al., 1999; Durand et al., 2009; Choi et al., 2012) or,
to a lesser extent by MZB (Ichikawa et al., 2015). Due to their flexible Ag-pocket binding
site (Notkins, 2004; Zhou et al., 2007), NAs are capable of binding diverse microbial
determinants, autoantigens, and tumor Ags (Casali and Schettino, 1996; Baumgarth et al.,
2005; Vollmers and Brandlein, 2009). Published studies have shown a number of
converging observations related to B1 and MZB functions (Yancopoulos et al., 1984;
Martin and Kearney, 2000b; Won and Kearney, 2002; Kretschmer et al., 2003; Carey et

al., 2008). Furthermore, B1 cells are also able to produce Abs against TI Ags (Martin et al.,
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2001; Haas et al., 2005) and are indeed included in the innate B cell pool together with
MZB. Accordingly, we found reduced B1 cells in the PEC and spleen of Gelc™ Mb1-Cre*
animals compared to controls, and less total NAs in the serum. Moreover, B1 cells showed
comparably higher levels of mtROS when compared to B2 cells in the PEC, which recall
the differences between MZB and FoB in the spleen. Similarly, total ROS were higher in
MZB and B1 cells compared to FoB and PEC B2 cells. This disparity sets a definitive
distinction between innate-like B cells and B2 cells in relation to ROS signaling. This might
be explained by the differential activation status and BCR engagement of differentiated
MZB and B1 cells (Tsubata, 2020). In summary, the deletion of Gele mostly affected MZB
and B1 cells, which are characterized by either lower activation threshold or constant
activation associated to Ab production. Thus, the function of GSH is specifically
segregated to innate-like B cells at the steady state, and appears to be correlated with the
activation status of the cell. Furthermore, activation of FoB drove increased production of
ROS and upregulation of Gcele, which indicates that GSH as a modulator of B cell activation

in general.

Upregulation of metabolic pathways upon activation is necessary to generate ATP to
support functions such as antibody production (Caro-Maldonado et al., 2014). This increase
in metabolic activity is also associated with elevated ROS, which are also known
modulators of the functions of immune cells (Mak et al., 2017; Franchina et al., 2018b;
Franchina et al., 2018a; Muri and Kopf, 2020; Kurniawan et al., 2020). Metabolic ROS are
generated in the mitochondria by inefficient electron transfer through the ETC (Boveris et
al., 1972), and defects in the ETC have been shown to increase mtROS even further (Sena
et al., 2013). Although cells benefit from low ROS levels, high ROS impose irreversible
oxidative damage and so efficient ROS removal is necessary to maintain homeostasis

(Finkel, 2011; Sies and Jones, 2020).
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Balanced mtROS are critical for the correct function of the redox-sensitive ETC proteins,
which are susceptible to inactivation by these reactive molecules (Zhang et al., 1990;
Brand, 2010; Garcia et al., 2010; Wang et al., 2013; Mailloux et al., 2013). In our study,
we found that activities of ETC CI and CII were reduced in GSH-deficient FoB. CI activity
in particular requires adequate levels of reduced GSH in the mitochondria for its function
(Balijepalli et al., 1999; Beer et al., 2004). GSH-dependent mitochondrial functions are
influenced by changes in levels of cytosolic GSH because GSH is synthesized in the cytosol
and must be imported into the mitochondria to exert its function as antioxidant (Martensson
et al., 1990; Masini et al., 1992). In addition to decreased CI, we found compromised CII
activity in Gcle-deficient FoB cells. Reduced CII activity has consequences for central
carbon metabolism because CII is involved in the conversion of succinate to fumarate
within the TCA cycle (Martinez-Reyes and Chandel, 2020). Our glucose carbon tracing
experiments showed that Gclc deficiency led to an accumulation of M2-succinate,
indicating a block in the TCA cycle. Interestingly, M2-succinate appears to accumulate
only in Gcle-deficient B cells and not in Gele-deficient effector T cells nor Tregs (Mak et
al., 2017; Kurniawan et al., 2020). This result identifies an unexpected B cell-specific

function of GSH in the regulation of the TCA cycle and the ETC.

Based on the results above, we theorize that GSH preserves basal ETC functionality in
MZB but not in FoB at steady state (Figure 34). Alterations of redox metabolism have been
previously shown to have deleterious effects on MZB but not on FoB (Muri et al., 2019;
Muri and Kopf, 2020). These findings support the notion that differential redox capacity
exists in different B cell subsets, and suggest that steady-state MZB require greater redox
buffering capacity. Our data have revealed that MZB and FoB rely on activities that differ
in their dependence on GSH. Accordingly, deletion of Gcle in B cells leads to a specific

loss of MZB but not FoB. We have shown that GSH modulates redox functions in steady-
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state B cells in a subset-specific manner, adding a new element of complexity to the distinct
homeostatic properties of FoB and MZB (Martin and Kearney, 2002; Pillai et al., 2005;
Cerutti et al., 2013). Given that B1 cells share common features with MZB, it is reasonable
to postulate that Gcle deficiency has a similar impact on the metabolism of B1 cells.
However, this mechanistic analogy is speculative and cannot be concluded by the results

presented here.

In support of the binary function of GSH depending on the activation status, we have also
found that activated FoB upregulate Gclc and their demand for GSH increases to cope with
accumulating ROS. BCR engagement is often associated with non-metabolic ROS
signaling (Tsubata, 2020). ROS scavenging upon BCR ligation was shown to dampen B
cell activation and proliferation (Wheeler and Defranco, 2012; Tsubata, 2020), indicating
that BCR-induced ROS regulates BCR signaling and cellular activation. In Gelc™ Mb1-
Cre” mice, GSH was also required for the in vivo activation of FoB in T cell-dependent
infection models. Indeed, our data clearly showed that FoB of Gele™ Mb1-Cre” mice could
not ensure GC formation and antibody-mediated protection following Ag challenge in vivo.
Contrary to BCR-induced ROS, these data suggest that increased or accumulated mtROS

do not promote B cell activation.

The deleterious effect of GSH deletion on the humoral immune response was exacerbated
upon VSV infection, resulting in the reduced survival of infected Gelc™" Mb1-Cre* mice.
In this case, the more acute inflammation induced by the T cell response during VSV
infection disproved the possibility of increased activation threshold induced by Gcle
deletion in FoB. Concomitantly, impaired activation was followed by the inability to
produce antibodies upon VSV infection. Importantly, the lower survival of Geld™ Mb1-
Cre" mice highlights the crucial role of innate-like B cells (MZB and B1 cells) during the

carly phases of the viral infection. The lack of rapid Abs response and low-affinity Abs in
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Geld™ Mb1-Cre” mice made them more vulnerable to VSV compared to controls. These
results suggest that GSH is not only necessary for MZB homeostasis, but it has a pivotal

role for FoB cell activation.

It is important to note that despite the higher mTORCI signaling in Gclc-deficient FoB
cells, Gelc™ MbI-Cre* mice did not mount efficient Ab responses against LCMV nor
VSV. On the contrary, mTORCI signaling upregulation was found to be dispensable for
GC formation and serum antibody responses (Ci et al., 2015). Thus, these findings further
indicate that mTORCI signaling upregulation is a consequence of GSH depletion and does
not promote humoral immunity, as a reflection of the FoB ability to metabolically adapt to

oxidative stress.

Despite the crucial role of GSH in murine B cell biology, the contribution of GSH in
human B cells is not well characterized. However, previous research have shown that
intracellular GSH levels of B cells of HIV-1-infected individuals showed a tendency to be
decreased compared to uninfected donors (Staal et al., 1992c; Staal et al., 1992a). These
results highlight the important and non-redundant role of GSH in B cell functions in vivo
and correlates with decreased GSH levels and the impairment of B cell functions during

HIV-1 infection (Moir and Fauci, 2009).

In conclusion, we have shown that GSH is critical for B cell homeostasis and orchestrates
the metabolism of MZB and FoB (Figure 34). GSH regulates the TCA cycle and ETC
activity in a B cell-specific manner that stands in stark contrast to its function in T cells.
Our work highlights B cell-specific alterations that offer novel insights for the
understanding of the role of GSH in the regulation of B cell functions and defects during

disease, such as viral infections.
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Figure 34: Glutathione-dependent redox balance defines the distinct metabolic

properties of FoB and MZB.

Control of mitochondrial reactive oxygen species by the antioxidant glutathione (GSH) has a subset-
specific role in murine B cells. GSH is identified as non-redundant antioxidant for the correct
function of the electron transport chain (ETC), and it is required for antibody-mediated humoral
immunity. In particular, Marginal Zone B cells (MZB) rely on GSH to ensure redox balance at rest.
GSH is required for the ETC to work, and sustain the tricarboxylic acid (TCA) cycle. GSH-deficient
Follicular B cells (FoB) show curtailed activity of complex I and II and divert glucose to glycolysis
to produce ATP. Moreover, Gcle-deficient FoB acquire metabolic properties of wild-type MZB.
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7.3 Future directions and limitations

(1) We observed that Gclc regulates B cell metabolism in a subset-specific manner that
is clearly distinct from its function in T cells. However, it is difficult to postulate a
mechanistic explanation. Notably, due to the similarity between MZB and BI, the
metabolism of B1 cells deserves further efforts to investigate the role of GSH in the
mitochondrial respiration. Moreover, this study focused on the main B cell subsets, and
further studies on tissue-specific or rare B cell populations might lead to promising results

(i.e. mucosal B cells, regulatory B cells).

(2) We did not validate our mouse data in human B cell subsets. It will be important to
investigate whether and how GSH affects the metabolism and function of the diverse
human B cell subsets. Literature reports have shown that human MZB cells possess a
memory phenotype and can be found in the spleen and blood (Weill et al., 2009). Human
MZB possess the ability to respond rapidly when challenged with blood borne T cell-
independent antigens (Kruetzmann et al., 2003; Weller et al., 2004). These similar
characteristics between mouse and human MZB potentially indicate that GSH might

support human MZB metabolism in a distinct way compared to the human FOB.

(3) Our study depends on GSH depletion achieved using in vivo mouse models. We show
that GSH depletion interferes with FoB metabolism and increases ROS and that ROS
accumulation alters the electron transport chain and mitochondrial metabolism. However,
we cannot exclude the possibility that other GSH-dependent, but ROS-independent,
mechanisms might contribute to our findings. Moreover, deletion of Gclc in B cells was
achieved with the constitutive Cre system, which does not exclude systemic compensatory

adaptation, which can influence Gcle-deficient B cells.
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(4) Although GSH is the main intracellular antioxidant, several other types of
antioxidants exist. Therefore, a possibility is that FoB preferentially use or adapt to use
distinct antioxidant defense mechanism throughout their development in the absence of

Gcele.

(5) Given the important subset-specific effect of Gclc-ablation on splenic B cells, almost
all the assays were carried out in non-activated FoB in order to decipher the steady state
metabolic dependencies of FOB versus MZB. Similarly to van Anken et al., a more
dynamic approach could be applied on activated wild-type FOB and MZB to better

understand the metabolic and antioxidant capacity during in vitro activation.

(6) The main function of B cells is to provide protection through the production of
antibodies. For this reason we have used models that mimic the activation of specific B cell
subsets. Thus, we have shown that antigen-specific activation of MZB (TNP-Ficoll) or FoB
(TNP-KLH, LCMV Cl13 and VSV) in the contest of Gclc ablation results in a loss of
function in regards to germinal center expansion and antibody production. However, other
models could be used to assess the functionality of Gcle-deficient B cells. In particular
pristane-induced lupus could be used as a model of induced systemic lupus erythematosus,
a complex autoimmune disease characterized by autoantibody production and immune
complex deposition followed by damage to tissues (i.e. kidneys). Therefore, the role of
Gcle in the development and expansion of auto-reactive B cells as well as the production
of autoantibodies can be assessed. We speculate that this experimental application may
confer protection to B cell-specific Gcle-deficient mice against autoimmune damage (such

as body weight loss and kidney lesions).

(7) In order to comprehensively address the influence of the lack of GSH on the

metabolism of B cells we used the Compass algorithm, which has certain limitations. The
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algorithm makes the simplifying assumption of metabolic steady state and heuristically
aggregates expression of multiple genes that are linked to a reaction. Therefore, post-
transcriptional and post-translational regulation are not taken into account in the analysis.
Moreover, the metabolic state of a cell depends on the nutrients available in its
environment, which are often poorly characterized. These computations assume a nutrient-
rich environment, which may differ for MZB and FoB as they sit in distinct areas within

the mouse spleen.

(8) Transcriptomic analysis using single cell resolution allowed us to distinguish different
B cell subset and perform downstream analyses. However, recent advances in the field have
made possible the analysis of transcriptome dynamics of cell subsets at different stage of
maturation. Such unsupervised algorithms could be used to infer pseudotime trajectories
and study dynamic changes in gene expression of transitional B cells versus MZB and/or

FoB in the context of Gclc deficiency.
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