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ABSTRACT

The production of antibodies, with their potential to recognise unique targets and prevent
repeat infections, is an important aspect of immune health. In order to generate free
antibodies, the cells responsible, B cells, must undergo a differentiation step to transform
from lymphoblast to antibody secreting cell (ASC). This differentiation step prevents further
antibody modifications and hence the timing for optimal immunity requires a delicate
balance between expanding useful clones and providing early protection. How differentiation

1s controlled to achieve this balance for an effective immune response is of great interest.

In this study, the progression from naive B cells to ASC was investigated in the context
of an emerging model for competing cell fates. By this model, alternate cell fates, such as
division, death and differentiation, are pursued independently in individual cells but are
in competition such that events which occur earlier prevent those that require more time
from being observed. Evaluation and testing of this model requires careful measurement of
distributions of times to fates which is only possible with single cell fate tracking. Here I have
developed and applied methods for live cell imaging and analysis for assessing and evaluating

cell fate changes over time.

Using these methods, several modes of regulating differentiation times were revealed. Low
levels of stimulation through CD40 produced a greater proportion of antibody secreting cells
per generation as division is slowed and more time is allowed for differentiation, consistent
with competing cell fates. A second mechanism was found where increasing division numbers
directly reduced the amount of time required for cells to differentiate, without modulating
division times, ensuring the natural development of ASC during the ongoing immune

response.

A direct method of uncensoring was explored where cell cycle inhibitors were used to prevent
division, with the hypothesis that more cells would go on to differentiate in the absence of
competition. Various inhibitors were assessed for their suitability to this task, and a panel
of compounds were found to be suitable for uncensoring underlying differentiation and cell

death tmes.

Findings from this study are consistent with the model of independent and competing cell
fates, and significantly advance our understanding of how antibody responses are controlled

and can be modelled at the cell population level.
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CHAPTER 1

INTRODUCTION






General introduction

1.1 The multi-level immune system

As vertebrates, we are complex organisms co-habiting our planet with a multitude of other
species, often competing for resources. For the range of competitors visible to us, we may
take evasive measures, set traps, actively eliminate, or build barricades to maximise our
chances of survival. For dangerous microorganisms invisible to the naked eye, our body
is equipped with its own armoury more suited to that scale: skin and mucosal surfaces as
barrier protection, innate immune cells to remove common pathogens or foreign bodies,
and lymphocytes, each with their own unique receptors for recognising specific pathogens.
Identifying how lymphocytes develop and fulfil their roles is therefore fundamental to our
complete understanding of immune system function, and a pre-requisite to many potential

immunotherapies.

1.2  Adaptive immunity

The adaptive immune system plays a pivotal role in protection from infectious diseases
for vertebrate species, utilising unique pathogen-specific receptors formed by somatic
recombination. This generation of randomised receptors is a feature of the adaptive
immune system implemented by lymphocytes, and distinguishes this cell type from other
leukocytes, known as ‘innate’ immune cells,

Variable (antigen binding) regions which utilise germline coded receptors to
identify common invaders. As a result of
the stochastic processes producing their
receptor’s ‘variable region’, each lymphocyte

specifies a unique receptor structure, and

Constant
regions

Light chain collectively they can recognise virtually

any shape (epitope) of a foreign particle

(antigen). Occupied receptors typically
Heavy chain trigger activation pathways, causing selected
cells to expand exponentially in numbers
for several days while simultaneously
\pst™ differentiating into specialised cell types, thus
producing a large cell population to combat
an infection. The majority of clones then

Figure 1.1: Schematic of the B cell receptor complex.

B cell receptors, also known as immunoglobulins, die, leaving a small population of antigen-

are constructed from two identical heavy chains and cognisant memory cells that respond more
two identical light chains, covalently bonded with
disulphide bridges. Each chain contains a variable and

a constant region. The constant region of the heavy antigen. This ‘Clonal selection’ paradigm

chains determines the antibody isotype, while the .
variable regions determine antigen specificity. was first postulated by Burnet in 1957 [1],

rapidly upon repeat exposure to the same
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and remains a central dogma in the field of immunology (reviewed in [2]). The ability to
target diverse, novel structures and retain immunological memory is so effective that the
development of lymphocytes has been evolutionarily conserved across all known jawed

vertebrates (gnathostomes), with analogous structures in jawless fish (agnathans) [3].

Lymphocytes fall into two major categories: B and T cells [4, 5], named after the organs which,
when removed, prevented the development of specific cell types: the Bursa of Fabricius in
chickens [6], and the Thymus [7]. T cells typically effect cell-mediated immunity, either by
orchestrating the action of other cells (helper T cells), or by directly killing virally-infected

cells or even potential tumour cells (cytotoxic T cells) (reviewed in [8]).

In contrast, B cells are the principle mediators of humoral (ie. fluid associated) immunity.
After selection and activation, cells can modify their unique B cell receptors (BCR, also
known as ‘membrane-bound immunoglobulin’, mlg, Figure 1.1), to be secreted as soluble
immunoglobulin (sIg, commonly known as antibodies). This differentiation step to antibody
secreting cells (ASCs) allows B cells to fulfil their role as producers of serum immunoglobulin,
offering systemic protection against target antigens. ASCs can further be distinguished into

plasmablasts if the B cell is still dividing, or plasma cells if terminally differentiated [9-11].

Prior to becoming ASC, B lymphoblasts may also ‘switch’ their antibody between different
Ig isotypes. Each isotype, as defined by the structure of the heavy chain component of the
antibody, harbours different properties, particularly when secreted (outlined in Table 1.1
[12]). Naive cells, for example, first produce IgM, typically of low affinity, but when secreted,
these antibodies form multivalent pentamers, large structures that excel at cross-linking and
agglutination of their targets. IgG, on the other hand, remain as bivalent molecules when
secreted, may cross membranes such as the placenta, and are typically of higher affinity
(reviewed in [13]).

Secreted antibodies of different isotypes have numerous ways of conferring protection. Simply
binding to the surface of a pathogen can neutralise its ability to infect other cells, while toxins
bound by antibody can be prevented from accessing their target. Binding a pathogen can also
‘flag’ the particle (opsonise) for phagocytosis, and/or initiate further damage by activating
a series of complement proteins that ultimately destroy bacterial membranes [14]. Thus,
readily available antibodies hasten pathogen clearance, and will often prevent the onset of
illness, or at least reduce the severity of an infection. For the endogenous microbiota, carried
on skin, but particularly in the gastrointestinal tract, the immune system also plays a crucial
role in maintaining homeostasis between the symbiotic effects of the microorganisms and
systemic infection [15]. In patients presenting with low Ig, not only are they more susceptible
to common infections, but they are also prone to such opportunistic infections that are

otherwise harmless to healthy individuals [16, 17].
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Antibod . Excreted .
v Function Diagram
class structure

Expressed early, binding sites usually of
low affinity. Large, pentameric molecule
unable to cross most barriers. Effective at
agglutination, activating complement. \ I

\ /
IgM (p) Pentamer & x
= =

Expressed early, most often with IgM. N7
. . Monomer
Function uncertain. "

IgD ()

The most abundant circulating antibody;,

can cross capillary endothelium, access

intercellular spaces, and confer antibody N7
. S Monomer

protection to newborn. Effective binding "

to Fc receptors on phagocytes. Can

activate complement.

IgG (y)

Secreted across mucosal membranes,

controls antigen, such as in the .
. . . Dimer
gastrointestinal tract and on skin. Can =

IgA (o)

activate complement. \

Primarily bound to mast cells and
eosinophils, induces inflammatory

response in area of infection. Thought
Monomer

IgE (g)

to have increased effectiveness against
parasitic worms and bee venom, but also
responsible for atopic allergic reactions.

Table 1.1: Antibody classes and their functions

Since the structure of antibodies affect their function, and the transition from activated
B cell (or ‘lymphoblast’) into a plasmablast or plasma cell is irreversible [18], the timing
of these two outcomes is important. The resulting effector cells, unable to further modify
their immunoglobulin structures or specificity, secrete antibody which circulates in serum
and mucosal fluids, providing important immune protection. How the many different B cell
activation signals influence and control B cell responses, and manipulate their proliferation,
switching and differentiation outcomes to produce an optimal humoral response 1s the subject

of intense ongoing research.

1.3 Making B and T cells

The life of B cells is conveniently viewed as proceeding through three distinct phases. First
1s the development and creation of the ‘naive cell’, antigen-inexperienced B cells expressing

intact BCRs. Once made, mature naive B cells enter their second phase and circulate

5
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00000 @

mature

CLP pre-pro-B pro-B pre-B naive B lymphoblast plasmablast plasma cell

B220

CD19

Ig heavy chain

Ig light chain

Figure 1.2: Life of a B cell.
Diagram of B cell development from common lymphoid progenitors (CLP) to plasma cells. Lines indicate

expression of surface markers B220 and CD19, as well as timing of immunoglobulin (Ig) chain expression.
Adapted from [23].

continuously between blood and lymphatic vessels, behaving as sentinels and monitoring
for foreign material and suitable activation conditions. Upon activation, B cells are drawn
into a new phase and proceed with their immune reaction, proliferating and modifying their
immunoglobulin structures until they differentiate into either ASCs or long-lived memory
cells. Fully differentiated ASCs must then find a niche providing the correct survival signals,

and settle as plasma cells for lifelong antibody production [19-22].

The first phase, the generation of naive B cells, 1s initiated in the bone marrow for mammals.
Steps in progressive development are illustrated in Figure 1.2. Surface expression of the
CD45 isoform B220 on common lymphoid progenitors (CLP) signifies differentiation to
pre-pro B cells, and commitment to the B cell lineage. Subsequently, pro-B cells upregulate
CD19, and both B220 and CD19 are maintained throughout the B cell lineage until the
downregulation of CD19 on late plasma cells (reviewed in [23]) [24]. Hence, the B220+
CDI19+ compartment i1s commonly used to distinguish the B cell lineage from other

lymphocytes.

The pro-B cell stage initiates a program vital to receptor diversity — gene rearrangements
that produce BCRs unique to each cell. Each BCR 1is assembled from duplicate Ig heavy
chains and duplicate Ig light chains, with each chain containing a variable region susceptible
to randomisation. Pro-B cells first attempt to produce an immunoglobulin heavy chain from
one chromosome by concatenating a single diversity (D) region (of 25 known active regions
in humans) [25] and a junction (J) region (of 6 known active regions) [26], and subsequently
an additional variable (V) region (of around 51 known active regions) [27] (Figure 1.3).
The combinatorics with which these gene segments can be ligated, together with additional

nucleotide insertions at the joins between the segments [28] is a major source of receptor
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diversity. The potential antibody repertoire is estimated to far exceed the B cell portion of
approximately 10" lymphocytes in a healthy human [29, 30]. Often no viable heavy chain
is produced by the first chromosome however, and a second opportunity is afforded by the
other chromosome, while the unproductive gene is silenced by allelic exclusion [31]. Cells
producing successful Ig Heavy chains are re-classed as pre-B cells, and proceed to assemble

Ig light chains.

In a process similar to the formation of Ig heavy chains, V and J gene segments must be
combined to construct a functional light chain. Four opportunities are provided for doing
this — two from the kappa (x) locus (35 V,_domains, 5 J domains), followed by two from the
lambda (A) light chain locus (33 V, domains, 7 J, domains) [31-33]. Failure to assemble either
heavy or light chains results in apoptosis of the immature cell. Those cells that successfully
bring together two units each of the Ig heavy and light chains to form complete Ig progress
to become ‘immature B cells’, which are subject to stringent negative selection against self-
reacting receptors to prevent autoimmunity [34, 35]. In this immature state, Ig recognition
leads to cell apoptosis and deletion [36-38]. The remaining cells, now classed as mature, naive
B cells, migrate and circulate around to peripheral lymphoid organs and remain quiescent

until subjected to activating signals.

The maturation of T cells follows a similar course to B cells, using VD] recombination
to produce the variable regions of T cell receptors (TCRs); hence TCRs are homologous
to BCRs, but are never secreted. T cell progenitors, also known as thymocytes, mature in
the thymus and must successfully assemble TCR-a and TCR-f3 chains (or y and 6 chains),
then undergo extensive positive and negative selection in order to preserve self-tolerance
(reviewed in [39-41].

T and B cell receptors are homologous and share many similar attributes, but differ in an

important way. Whereas BCRs can bind free antigen, TCR specificity is always limited

Variable (V) Diversity (D) Junction (J)

- — -}

Figure 1.3: VDJ recombination in the immunoglobulin heavy chain locus.

a) Germline sequence representing the multitude of variable, diversity, and junction compartments from
which the antigen binding region of an immunoglobulin heavy chain can be assembled. b) Introns and excess
exons are excised, leaving one segment from each compartment. The reassembled gene locus must then be
transcribed and successfully produce heavy chain proteins for the cell to continue development.



Chapter 1

to intracellular peptides presented by, and in combination with, major histocompatability
complex (MHC) molecules on the cell surface [42]. This level of specificity is achieved during
T cell development in the thymus, where newly formed cells with TCRs that recognise self
MHUC are given survival signals and undergo positive selection, while the rest die by neglect.
A second round of negative selection occurs, where cells with TCRs possessing excessive
affinity to MHC alone or in association with self-peptides are eliminated, to prevent auto-
reactive binding and maintain self-tolerance (reviewed in [43]). As a result of such stringent
selective pressures on the T cell repertoire, the surviving T cells are ‘MHC restricted’;
conversely, the body’s tissues must also be compatible with the available T cells to maintain

tolerance, hence ‘histo (tissue) — compatible’.

Two T cell co-receptors, CD8 and CD4, assist with directing specificity
towards either MHC class I or MHC class II, respectively. All nucleated cells express class
I MHC, and can present cytoplasmic antigens to CD8+ T cells, as in the case of a viral
infection [44]. Expression of class I MHC is limited to professional antigen presenting cells
(APC), such as dendritic cells and macrophages, that can capture foreign material, process
it in lysosomes, and present derivative peptides at the cell surface in association with class II
MHC [43]. The affinity of each cell’s TCRs for either class of MHC molecule is tested for
at the conclusion of the ‘double positive’ (CD4+ CD8+) stage of thymocyte development.
At this time, one of the two types of receptors are stochastically downregulated, and the
remainder used to test for positive TCR engagement with the corresponding MHC [46, 47].
Subsequently, conventional T cells are allocated as either CD8+ ‘cytotoxic T cells” or CD4+
‘helper T cells’, named after their MHC class restriction and ultimately the course of their

development and function.

Asa class of APC, B cells constitutively express class I MHC. This expression is an important
mode of activation by T cells, and essential for T cell dependent (TD) activation of B cells i
vwo. Antigens captured by the BCR are internalised, processed into peptide components, and
loaded onto suitable MHC class II molecules for detection by helper T cells [48]. Here, the
evolution of two parallel classes of lymphocytes converge and together promote a seemingly

complex and sophisticated immune reaction.

1.4 The B cell response

Immune responses, whether T or B, typically follow a canonical pattern over time, illustrated
in Figure 1.4. In general, a small number of specific cells are selected following antigen
detection to undergo intense proliferation. One to two days after activation, those lymphocytes
begin dividing, expand in numbers, eventually cease proliferation, and the majority of the

newly formed population dies, leaving a small number of antigen-experienced cells in
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Figure 1.4: The heterogeneous immune response.

a) The immune response is consistently heterogenous. A few days after stimulation, lymphocytes go
through expansion, cessation of proliferation, and contraction phases, producing suitable cell numbers for
the corresponding stage of response. Coloured bars represent the combinations of fate outcomes shown
in b. b) Examples of possible cell fates, produced by a combination of immunoglobulin isotype switching,
differentiation to antibody secreting cell (ASC), and becoming long-lived memory cells. (Figure adapted
from [125])

preparation for a repeated exposure to the same antigen. This proliferation is accompanied
by differentiation to a range of new cell types, including short-lived effector and long-lived

memory cells [49-53].

The activation requirements for B cells to be drawn into an immune response after exposure
to antigen are complex and requires numerous other regulating signals. These activation
paths are commonly categorised into two classes. In one, mentioned above, the B cell is
assisted by T cells leading to “I-dependent’ (I'D) activation [54, 55]; in the second, activation
signals are provided from other sources and can occur in the absence of T cells, and hence
are referred to as being T-independent (TT) [56, 57].

Both TD and TI modes of stimulation (explored further in the next sections) can lead to

development of ASC, although they differ in the range of isotypes produced, in the formation
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of long-lived memory, and in the development of high affinity plasma cells. They each
produce an initial ‘extrafollicular’ response that leads to efficient early antibody production
[49]. This process, however, does not evoke strong memory or cells of particularly high
affinity. In order to generate high affinity memory and long-lived plasma cells, a second
phase of immune response follows the initial proliferation and takes place in a specialised

niche in lymphoid tissue: the germinal centre (GC) within B cell follicles [58].

GC formation is a prominent feature of TD responses and can proceed for a number of
weeks after antigen exposure (reviewed in [59]). It is formed within lymphoid tissue when a
primary follicle is seeded with cells from the extrafollicular response, and multiple rounds of
selection proceed. During this phase, the BCR is further mutated, enabling improvements
in antibody affinity over time [60]. Immunoglobulin isotype switching, a feature of the
extrafollicular response, occurs prior to GC formation [61]. As a result of intense selection
in the GC and the deliberate introduction of point mutations (somatic hypermutation) to
receptor variable regions [62], high affinity memory cells and plasma cells eventually emerge.
The former typically behave like naive B cells, and do not proliferate, but circulate with the
naive group and are rapidly activated upon recognising antigen. Plasma cells migrate to the
bone marrow, where given the right environment, they may survive for the lifetime of their
host, conferring sustained antibody production and hence protection (reviewed in [22, 63,

64]), [65].

As the methods required for monitoring cell proliferation and differentiation events i vio
remain labour intensive and technologically challenging, data acquired by other experimental
strategies is advantageous for extending our current knowledge. Since the production of
switched plasmablasts from naive B cells can be recreated w vitro [66, 67], such experiments
facilitate a controlled setting where the effects of variables on B cell fate can be followed in

great detail.

1.5 T-independent activation

Like other professional APCs, B cells also express pattern recognition receptors (PRRs)
which are sensitive to pathogen-associated molecular patterns (PAMPs), and can respond
to common infection cues such as bacterial cell wall components or unmethylated DNA
(reviewed in [68, 69]). Binding of these receptors initiates TT responses, likely an ancient and
evolutionarily conserved response which allows the host to respond rapidly to a broad range
of antigens commonly associated with infections. As such, the B cells activate and proliferate
with little delay, although the response to PRRs alone is short-lived and has limited potential
for 1sotype switching and affinity maturation [70].

PRRSs expressed by B cells include a number of toll-like receptors (T'LRs), and in mice, the
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responses of intracellular TLR-9 to CpG and surface TLR-4 to LPS are well-characterised as
stimuli for proliferation [71, 72]. CpG-activated B cells begin proliferation around 30 hours
after stimulation, and will cease dividing approximately 3 days later. Cells are not observed
to change their antibody isotype, nor differentiate to ASC. In comparison, LPS-activated B
cells also respond rapidly and follow a similar proliferation pattern to CpG; however, cells
will isotype switch from IgM to IgG,, and can differentiate at high frequency into short-
lived antibody secreting plasmablast cells [70, 73]. Thus, differentiation to ASC and the
early production of antibodies appears to be a primitive, autonomous program that does not

require T cell cooperation [74].

BCRs are not entirely excluded from the T response, however. Captured antigen from BCRs
may be attached to, bring to the surface, and activate corresponding PAMPs. Thus, the cell
can receive signals from both the BCR and the PAMP, resulting in significant synergy for

activation [75].

1.6 T-dependent activation.

In contrast to T-independent activation, T-dependent activation relies on TCR recognition

of peptides in the context of MHC Class II presented on the B cell surface.

First noted w vivo by Mitchell and Miller [7], the presence of both bone-marrow derived
lymphocytes and thymus derived lymphocytes synergise to mount an immune response
much greater than that observed from challenging either cell type alone. The mechanisms of
cooperation have since been the subject of much study, and revealed a system where a B cell
and a T cell, both recognising different epitopes of the same antigen, must come together
and transmit further reciprocal signals to produce an appropriate antibody response. Upon
binding to cognate antigen, previously circulating B cells localise to the outer part of the T
cell zone of lymphoid organs [76, 77], while T cells continue to circulate, such that every T
cell should have come in close proximity to an antigen-presenting B cell within approximately
two days [78].

When engaged by antigen, B cells internalise their BCRs and process bound proteins into
smaller components. As endosomes containing peptide fragments fuse with exocytic vesicles
transporting MHC Class IT molecules, compatible peptides are loaded to form peptide-MHC
complexes, and the structures exported for surface expression and antigen presentation [79,
80]. With appropriate binding between a B cell’s peptide-MHC Class-II complex and TCR on
a CGD4+ helper T cell, an immunological synapse is established between the two lymphocytes
[48, 81]. CD40L induced on activated T cells engages with CD40 (constitutively expressed
on mature B cells) as a primary activation signal, and may be supported by the transmission

of soluble immune mediators — cytokines such as interleukin (IL)-4, IL-10, or IL-21 [82-86].
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Remarkably, many of the major events associated with TD activation can be recreated
vitro and naive cells can be induced to proliferate, class switch and become plasmablasts in
minimal tissue culture conditions [87, 88]. Although BCR engagement induces signalling
in the cytoplasmic domain of the receptor [89, 90] and affects the amount of antigen
internalised by an individual cell, stimulatory methods that bypass the need for antigen can
recapitulate T cell-derived signalling. For example, CD40 engagement in combination with
cytokines are sufficient to induce similar proliferation, death, and differentiation patterns as

seen in the extrafollicular B cell response [67, 91-94].

There are many methods of engaging CD40 for stimulation including the use of agonistic
anti-CD40 antibody 1C10 [95]. This monoclonal antibody removes the need for co-culture
with T cells, and activates all B cells present in a highly consistent and controlled way. By
regulating the availability of stimuli, and providing all cells with equal access to activation
signals, the effects of individual factors may be carefully interrogated with limited other

variables.

1.7 Immunoglobulin class switching and division-linked changes

For both TD and TT activation pathways, the BCR plays an essential role in attracting
antigen and initiating activation responses. Its mutable structure, even after initial formation,
is unique to B cells, and vital to the function of not just the individual cell, but the function
of the B cell population as a whole, which relies on probabilities to recognise even completely

unknown antigens.

Selecting and regulating the various heavy chain isotypes of B cell receptors is a critical
feature of B cell activation, as it ultimately affects the effectiveness of antibody mediated
defences. The decision to antibody isotype switch can be swayed by the cytokines B cells are
exposed to during activation. For instance, in murine B cells IL-4 induces switching to IgG,

and IgE [96], and interferon-y (IFN-y) induces IgG2a [97].

Curiously, despite clear evidence that stimulatory signals can induce antibody isotype
switching, not all cells exposed to the same stimuli will switch and undergo the same fate.
An explanation for this came about with the discovery of carboxyfluorescein diacetate
succinimidyl ester (CFSE) as a division-tracking dye [98, 99], which paved the way for use
of subsequent cell division tracking dyes such as CellTrace Violet [100, 101]. Using this
technology to instantly identify the number of times cells have divided by flow cytometry [94],
antibody isotype switching to IgG, was observed to follow a distinct division-linked pattern.
The propensity for isotype switching corresponded directly with the number of divisions cells
had cycled through, regardless of time from stimulation and variation in division times; and

the degree of switching could be modulated by modifying strength of stimuli [102].
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Similar patterns of division-linked behaviour were found for other antibody isotypes —
in mice: Igk and IgG,, [92], IgG,, IgG,,, and IgA [103] — and in humans [104]. These

findings indicate a method of regulation common to the different immunoglobulin heavy

b’

chains, which could be modulated by stimulation type and strength, and division number,
but not time. Further, when stimuli that promote switching to different antibody isotypes
were used together, the probability of switching remained independent for each isotype.
Although dominance effects could be observed, for instance when the addition of TGF-b to
LPS cultures favoured switching to IgG2b over IgG3, this phenomena could be explained
by sequential switching, where B cells may only switch to immunoglobulin heavy chains

downstream of the existing isotype [103, 105].

1.8 Regulation of the ASC

The transition of a B cell to an ASC has been well studied at the molecular level. Key
transcription factors maintain the proliferative and immunoglobulin modulating aspects of
lymphoblasts, while suppressing differentiation to ASC. Among these, and critical for B cell
identity, is paired box protein 5 (Pax5) [106, 107]. This transcription factor is required for
initial lineage commitment from lymphoid progenitors, and regulates components of several
immune receptors including the BCR, as well as other important transcription factors such as
interferon regulatory factor 4 (IRF4), IRF8, BT B and CNC homologue 2 (BACH2), Aiolos,
and SPIB [108, 109]. These factors together predominantly maintain the GC, and repress
key regulators of ASC development, including B lymphocyte-induced maturation protein 1
(Blimp-1; Prdm1 gene) [18, 110].

Blimp-1 is a transcriptional repressor that promotes terminal differentiation in both B cells
and T cells [111-113]. After B cell activation, and as Pax5 levels drop, IRF8 and Bach 2
are lost, allowing the expression of Blimp-1, which further downregulates B lymphoblast
programs in favour of an ASC gene expression profile. As such, Blimp-1 expression is an
early indicator of differentiation to ASC, and a reporter construct linked to this gene has

been critical for the study of B cell differentiation [114].

The Blimp-1-GFP mouse strain carries a green fluorescence protein (GIFP) gene inserted into
the Blimp-1 locus, resulting in a truncated Blimp-1 protein and GFP from the same mRNA
transcript. This construct makes a reliable reporter, as GFP expression is subject to the same
regulatory elements as Blimp-1 protein. Although Blimp-1%"*"* mice only carry one copy of
the Blimp-1 gene (known as Prdm/) that makes functional protein, these mice appear to be
haplosufficient, as heterozygous mice and their cells have not been observed to behave any
differently from C57BL/6 wild types [114]. Homozygous mice, however, effectively Blimp-1

knockouts, experience embryonic lethality, although this has been shown to be independent
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of haematopoiesis [115]. For the purpose of these studies, heterozygous Blimp-1°"™"* mice
were used as an indicator of differentiation to ASC, superseding the need for fluorescent

labelling of Syndecan-1 (CD138), a commonly used marker for secreting cells [116].

In studying B cell differentiation to ASC, the transition from lymphoblast to plasmablast
was also found to be division-linked [117]. Regardless of generation number or time from
stimulation, the proportion of cells expressing Syndecan-1 remained the same for each cell
generation [67]. Curiously, when the isotype switching effects and differentiation effects of
the T cell derived cytokine IL-5 were quantified, the two cell fate options appeared to operate
independently, producing a heterogenous mix of phenotypes resulting from permutations in

fate combinations [67].

Being irreversible, the timing of differentiation to ASC is crucial to successful plasma cell
production [18, 67, 118]. Cells require multiple divisions to undergo somatic hypermutation
of the BCR’s variable region, further diversifying the responding clone, and isotype switch
to different antibody classes each with their own specialised functions [119]. Thus, it is
important to understand how differentiation is balanced with the timing of other cell fates

during B cell development.

1.9 Competition between cell death and division assumed for Cyton model

Just as 1sotype switching and differentiation to ASC were found to operate independently,
despite being functionally related outcomes, cell division and death by stimulated B cells
were observed to operate independently and in competition with each other up until their
first division [120]. For a population of cells, both fates could be described by right-skewed
probability distributions, and their features, such as average time and variance, were affected
by stimulation strength and type. Once cells divided for their first time, the fates of their
progeny could not be directly followed further, however division tracking and BrDU pulsing
indicated that the faster dividing cells did not dominate the system, suggesting a resetting
and re-randomizing of division times with each generation. On the basis of these principles,
Hawkins et al. proposed the Cyton model for the cellular mechanics governing lymphocyte
proliferation and control. By this model, each cell contained two fate modules governing
division and death (the combination was called the cell’s ‘cyton’). The construction or
operation of each timer was assumed to be stochastic, and would conform to log-normal
distributions of times, potentially different for each generation, and could be modifiable
by signalling inputs. Numerical calculators based on this model produced accurate fits to
observed cell division data, and illustrated highly non-linear, but calculable effects of changing

times to divide or die on total cell numbers [120].

Thus, the first iteration of the Cyton model was built around lymphocyte division and death,
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with the concept that these two mutually exclusive fate outcomes operate independently
and in competition [120, 121]. By this model, each activated B or T cell has the potential to
undergo either of these fates, but the underlying cellular processes require different lengths
of time to become actualised; consequently, the event that occurs earlier prevents the second
from being observed, effectively ‘censoring’ the alternate fate. For cells that continue to

divide, these timers appeared to be reset upon mitosis [120].

By harvesting information from division tracking dyes, combined with temporal
information and total cell numbers, the proliferation rate, activation time, and survival of
lymphocyte populations could be calculated [70, 120, 122-125]. Thus, despite making as
yet un-verified implicit assumptions, the Cyton model served as a proof of principle that
cell machinery working in competition and subject to signal dependent modification could
serve as a foundation for a quantitative framework for lymphocyte control. It remained

to test the model in greater detail, and for its potential to accommodate other fates to be
established.

1.10 Further insights from single cell time-lapse imaging

The data collected from flow cytometry experiments is limited in that only ‘snapshots’ of
populations can be observed. Identical cell cultures are required to be grown in parallel,
and individual plates analysed at different times to capture the proliferation response over
time. Times to fates for divided cells of particular phenotypes required sorting for pure cell
populations. To overcome these limitations, live cell imaging can be used to track the fates of

the same population of cells over time.

Initial imaging experiments were conducted on CpG stimulated (ie. TLR-9) B cells using
Terasaki plates containing 60 flat-bottomed microwells [126]. CpG provided the benefit
of the cells remaining spherical even after activation, and divided cells would distribute
themselves in a sparse monolayer across the base of the small, round concave wells. The
division and death times of the progeny from dozens of founder cells were recorded with
time-lapse imaging over four days. A high level of correlation was found between the division
times of sister cells, and cells from the same founder tended to die after the same number
of divisions, suggesting governance by heritable factors controlling these outcomes. Division
times from mother to daughter and grand-daughter cells, however, tended to revert back to
the level of variation found across the population, indicating a re-randomisation of division

times through subsequent cell generations [126, 127].

The CpG system could not be used to track differentiation to ASC, so TD stimulation was
studied with the use of CD40 and IL-4 stimulation on Blimp-1-GFP reporter B cells, and an
added fluorescent antibody to track Ig isotype switching to IgG, [128]. This system brought
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the additional problem of homotypic adhesion, and so new culture methods were devised
to prevent aggregation and allow imaging of actively dividing cells. Cells from a specific cell
generation were sorted into miniature cell paddocks [129], small depressions at the base of
filming chambers which segregated cells from each other, and allowed the tracking of two

sister cells per paddock until their subsequent divisions.

Using this system, over a thousand sibling pairs were followed, tracking the times to divide,
die, differentiate to ASC, or isotype switch, for cells that had undergone different numbers
of divisions. The data again illustrated strong sibling concordance for division and death,
but also for differentiation and isotype switching. Curiously, striking intracellular correlations
were also demonstrated between separate cell fates. At face value, this finding appeared to
break the rule of independence established earlier [67, 120, 130], however the observed

correlations could also be due to censorship between mutually exclusive cell fates [125].

To test for competition and censorship between individual cell fates, a model was fitted
to the data with the assumptions of independence between alternate fate outcomes, and
competition between mutually exclusive fates. That 1s, cells that differentiate can no longer
isotype switch, and cells that divide or die can no longer undergo any other fate within
the observed generation. Each of the four fate outcomes were assigned three parameters
for its ‘uncensored’ log-normal probability distribution function (PDF) in the absence of
competition — mean, variance, and propensity; with the exception of death times, where the
sum of all probabilities over time 1s designated as 1. Values for sibling correlations within each
of the four cell fates were included, totalling 15 parameters. The highest likelihood values
calculated for these parameters produced a model fit that was able to recapitulate key aspects
of the observed data, with observed (‘censored’) times to fates and proportions undergoing
each fate outcome, as well as sibling correlations all falling within the expectations of the

constrained model.

Remarkably, the fitted model was also able to predict levels of intracellular and intercellular
non-concordant correlations. That is, under the assumptions of independence, competition,
and censorship for the four fate outcomes tested, one would expect to see: a correlation
between differentiation and division times, due to their overlapping distributions of times
to fates; no correlation between isotype switching and division times, due to lack of overlap
in times to fates; and a correlation in times for siblings to undergo non-concordant fate
outcomes, as the disparate fates would only be observed if their timers were quite similar,
due to high levels of sibling correlations. Experimental values closely matched the modelled
outcomes, indicating that the rules used to generate this model are sufficient for producing

the heterogenous mix of concordant and asymmetric events at the observed frequencies.
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1.11 A quantitative Clonal Selection Theory for lymphocyte activation

The above experiments and quantitative modelling demonstrate how simple rules for fate
allocation are able to generate the complex array of heterogenous fate outcomes observed
in normal immune responses. For individual cells, even in defined cultures, the potential of
its progeny to divide, antibody isotype switch, differentiate to ASC, or when they will die
1s impossible to predict accurately with current technology. Nevertheless, at the population
level, lymphocyte responses are highly consistent, both u vitro and i vivo [131, 132], making
statistical methods an effective tool for investigating B cell responses and their emergent

properties [133].

The preferential selection and expansion of antigen-experienced B cells is a central aspect
of Burnet’s Clonal Selection Theory [1]. Elegantly expressed in 1957, Burnet outlines

the “randomization of the coding responsible” for immunoglobulins, and how cells that
come into contact with cognate antigen are selectively activated and proliferate. Burnet’s
influential theory, however, does not encompass the sheer heterogeneity of fate choices
observable in the immune response known today, nor does it provide any guidance for how

to quantify immune responses and predict the effects of changing conditions on immunity.

The Cyton model can be viewed as an attempt to formalise a quantitative adaptation of the
Clonal Selection Theory [125, 134], to account for the full spectrum of cells in the responding
lymphocyte population, whether strongly or weakly stimulated. Rather than a dichotomous
assignment of whether cells undergo clonal selection or not, the Cyton model incorporates
probabilities and temporal information to navigate the cell fate choices occurring within the
population. Initially governing just cell division and death, this formalisation leaves open
the possibility of adding in other cellular fate controlling components, for assigning cells to

additional fates and exploring complex and heterogeneous outcomes.

1.12 A model of independent, stochastic, and competing cell fates

Thus far, a quantitative Cyton model has tested the features of B cell responses and supported
several aspects of B cell fate regulation. This model is consistent with an Autonomous
Competition Hypothesis [125] (Figure 1.5), which features independent, stochastic, and

competing cell fates, reset upon division:
Alternate cell fates operate independently of each other:

Individual cell fates progress at expected frequencies regardless of a cell’s phenotypic history,
as long as the different outcomes are not mutually exclusive. For example, isotype switching

to IgG,, proceeds regardless of prior switching to IgG, [103], and differentiation to ASC
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proceeds regardless of immunoglobulin isotype [67]. Division and death also appear to be
controlled independently [120, 121, 135]. Further striking evidence for this feature was found
from single cell imaging experiments, where such a model was able to reproduce correlations

in unrelated fate outcomes at the expected levels [128].
Times to individual fates are stochastically allocated.

Although the molecular properties governing the exact timing for individual cells to undergo
a phenotypic change are unmeasurable with current technologies, for a population of cells,
the times to fates appear to be stochastically distributed [103, 120]. With a large enough
population, a histogram for the times to fates, when observed from last mitosis, closely
resemble a log-normal distribution, and this is consistently observed for cell division, death,

immunoglobulin isotype switching, and differentiation to ASC [120, 128].
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Figure 1.5: A model of independent, stochastic, and competing cell fates.

a) Individual cells simultaneously pursue a number of independent fate possibilities, each requiring a different
length of time to be achieved (orange). Events that require less time may prevent others that take longer from
being observed; hence, these fates are in competition. In the example here, the cell will first isotype switch,
and then divide. The division event prevents the death and differentiation events from being observed. b)
The times required to any given fate is stochastically assigned, and across a population, the distribution of
times to fates conforms with a log-normal probability distribution function, which can be modelled with a
mean, variance, and probability. As a result of competition and censorship, the observed times to fates form
a signature ‘censored’ distribution.
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Intracellular fate outcomes operate in competition.

Given that the alternative cell fates are motivated independently of each other, and appear to
be reset upon mitosis [67, 126, 128], these times to fates would thus operate in competition.
By this logic, events requiring less time are observed first, and censor from the observer
alternate outcomes that require more time to be achieved. For example, a cell that divides
quickly will have died later had there been no division event, and could potentially have
differentiated to ASC if given more time to attain that threshold. Modelled outcomes after

measuring times to various cell fates remains consistent with this feature [125, 128].

By applying the above principles and investigating lymphocyte behaviour at the population
level, emergent properties may arise from the interactions within the system, and contribute
to the heterogeneous cell fate trajectories essential to a healthy immune response. These
population-level properties may be missed at the molecular or single cell level, and indeed
may even be informative as to the molecular mechanisms underpinning the direction of an

immune response [133].

1.13 Summary of outstanding questions

The ultimate purpose of any model is its ability to project likely outcomes when changes are
applied to the system. In order to make these calculations, it is important to understand how
the many components of a model are able to be altered, and under what circumstances. B cell
division, death, isotype switching, and differentiation kinetics after one level of stimulation

appear to be consistent with the model of independent, stochastic, and competing cell fates.

For generation-linked isotype switching, filming experiments found that generation number
did not change the time required after mitosis for cells to switch, only the proportions of cells
capable of doingso [128]. There was little competition between switching and differentiation,
division, or death, due to the differences in distributions of times from mitosis to achieve these
latter fate outcomes. For differentiation to ASC, however, changes with division numbers were
unclear due to potential censorship, and hence further work was required to characterise

how varying signalling conditions influence the passage to ASC.

The Cyton model of competing cell fates provides a framework for quantifying the likelihood
of cells to reach particular fate outcomes, and how the key parameters — time (mean, variance)
and propensity — can be modulated under different conditions. Further, we can investigate
how these alternative fate options may interact in the presence of intracellular competition
and censorship; and how the emergent properties from these interactions influence population

outcomes.
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Finally, with an understanding of intracellular fate allocation, it would be of interest whether
the system can be artificially manipulated in a predictable way to sway population outcomes.
This would be highly desirable in a clinical setting where a patient’s immunodeficiency can
be 1solated and allocated to individual parameters, which may then be treated with targeted,

precision immunotherapy.

1.14 Major aims of this project:

In this thesis, I set out to rigorously test the hypothesis of competing B cell fates by placing
cells under a series of extreme conditions that affect their responses. With these findings,
I aim to extend upon the current quantitative principles surrounding B cell fate regulation.

In particular, I aim to:

- Investigate conditions which control differentiation to ASC; specifically changing

(CD40 stimulation strength and generation number.

- Investigate observed data in the context of the hypothesis for independent, stochastic,

and competing cell fates.

- Screen cell cycle inhibitors with the goal of removing division as a competing cell
fate, and consequently observing cell death and differentiation in the absence of

intracellular competition.

I will use quantitative modelling to predict and examine how alternative cell fate outcomes
are programmed in response to different conditions, with a focus on the logic of fate decisions

affecting ASC formation.
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Materials and Methods
2.1 Mice

All mice used were maintained in specific pathogen-free conditions at The Walter and Eliza
Hall Institute (WEHI) animal facilities (Kew, Bundoora, and Parkville, Victoria, Australia) in
accordance with WEHI Animal Ethics Committee (AEC) regulations. All transgenic mouse
strains used were bred on a C57BL/6 background, and maintained through matings with
purebred C57BL/6 mice.

Blimp-1-GFP  reporter  mice  (Blimp-19""*) also  known as  Prdm-1°""")
[424 Blimp4F7(BlimpGFP)] were kindly provided by Stephen Nutt (WEHI). Only
heterozygous mice were used here, as the green fluorescent protein (GFP) truncates the Blimp-1
transcript, hence Blimp-1°"/¢* mice are effectively Blimp-1 knockouts. Heterogyzous mice
are haplosuflicient for the Blimp-1 protein, and function is identical to C57BL/6 wild type
[114].

Bcl-2-Tg mice (Bel-2'¢"*) [VavP-BCL2-69] were kindly provided by Philippe Bouillet (WEHI).
These mice overexpress human Bcl-2 in haematopoietic cells [136], and were crossed with
Blimp-1-GFP reporter mice to produce Blimp-19"""*/Bcl-2"¢* mice [VavP-BCL2-69 x
424 Blimp4F7 (Blimp GFP)]. Heterozygosity is sufficient for producing the
phenotype associated with overexpressing the survival protein Bcl-2. Age-matched

Blimp-1%"*"*/Bcl-2*/* mice were used as controls.

Fucci (fluorescent, ubiquitination-based cell cycle indicator) Red"s*/Green'®* mice [137]
were used briefly in Chapter 5 [B6.B6D2-Tg(Fucci)639Bsi (RBRC02709) x
B6.B6D2-Tg(Fucc1)492Bsi (RBRC02705)]. These mice were produced at WEHI by crossing
Fucci Red [B6.B6D2-Tg(Fucci)596Bsi] with Fucci Green [B6.B6D2-Tg(Fucci)504Bsi] mice,
both obtained from the Brain Science Institute, Riken (Hirosawa, Wako, Saitama, Japan).
The Red transgene produces monomeric Kusabira Orange (mKO2) during G, and S phases
of the cell cycle, while the Green transgene produces monomeric Azami Green (mAG)
during the S, G,, and M phases of the cell cycle. This system provides a visual indicator
of cell cycle stage without the need for additional DNA staining, and cells from these mice

function identically to C57BL/6 wild type.
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2.2  Mouse genotyping

Mouse genotypes were determined with a standard polymerase chain reaction to amplify
DNA, and gel electrophoresis to separate DNA by size. The following primers were used for
DNA amplification:

Prdm-1locus (Blimp-1)

loxfltR: YGCGGAATTCATTTAATCACCCAS’
BlimpR: 5’GGCAAGATCAAGTATGAGTGCS’
blseq16: 5" TGAGTAGTCACAGAGTACCCAS’

94°C for 2 min, then 35 cycles of [94°C 15 sec, 60°C 20 sec, 72°C 30 sec].
Prdm-1": 611 base pairs

Prdm-1°"" 531 base pairs

Bel-2 locus
CPAU2 5-GCCGCAGACATGATAAGATACATTGATG-3
CPAL2 5AAAACCTCCCACACCTCCCCCTGAA-3°

94°C for 2 min, then 30 cycles of [94°C 15 sec, 58°C 20 sec, 72°C 30 sec].
Bcl-2": 200 base pairs

Bel-2*: no band

2.3 B cell isolation

Naive, splenic B lymphocytes were isolated from mice at 6-12 weeks of age. One mouse per
genotype was used for each time-series experiment, and two for each filming experiment. Whole
spleens were mashed through a 70 pM strainer to form a single cell suspension and centrifuged
to remove the supernatant. Cells were treated with 5 mL red blood cell lysis buffer (WEHI
media kitchen), layered on top of 1 mL foetal calf serum (FCS), and centrifuged to remove
buffer. Remaining leukocytes were rinsed with wash buffer (RPMI 5% FCS), then dispensed
on top of a discontinuous percoll density gradient (50%:65%:80%, see Appendix II). Cells were
separated across this density gradient with a 20-minute spin at 1400 g, with centrifuge brakes off.
Small, dense cells were collected from the 65%:80% interface and washed. B cells were enriched
using magnetic activated cell sorting (MACS), following protocol with a negative selection kit
(Miltenyi Biotec) with cells suspended in MACS butffer (see Appendix I). B cell purity was verified
by fluorescence activated cell sorting (FACS) to be >98% B220+ and CD19+.
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2.4 Labelling with division tracking dye

Purified, unstimulated B cells were labelled with division tracking dye immediately prior
to culture (Figure 2.1). CellTrace Violet (CTV) stock was prepared at 5 mM in dimethyl
sulfoxide (DMSO), then diluted 1/10 in PBS with bovine serum albumin (PBS/0.1%BSA)
for a 500 pM working concentration. Dye was added at 15 pL to each mL of PBS/0.1%BSA,
with cells suspended at 107 per mL, for a final CTV concentration of 7.5 pM. The cell
suspension was mixed immediately and thoroughly, and incubated in a 37°C water bath for 20
minutes, with agitation at 5-minute intervals. Reaction was stopped with the addition of ice-cold
Advanced B cell medium (AdvBCM, see Appendix I) to top up to 10mL (approx. 10x staining
volume). C'TV labelled cells were washed with AdvBCM once more before being used in assays

as described below.

2.5 B cell activation and culture for time-series experiments

Purified naive resting B cells were stimulated in a T cell dependent manner to induce
differentiation to ASC, using an anti-CD40 (a#CD40) agonistic monoclonal antibody (1C10)
and recombinant mouse IL-4 (see Appendix II). Recombinant mouse IL-5 was included for

enhanced differentiation where stated for the relevant experiments.

a Gen3 Gen2 Gen1 GenO
Isolated, C'TV labelled B cells were cultured for
‘ time-series experiments at 10* cells per well in 200
@ ™ ’ pL. AdvBCM using 96 well flat-bottomed plates.
‘ o Multiple identical plates were prepared on ‘day
- . 0’ and cells were cultured undisturbed until flow
@ “ ’ ‘\‘ cytometric analysis, where one plate was used for
‘/ each time point.
< For imaging and cell cycle inhibition experiments,
Increasing generation number cells were cultured at 10° cells/mL in 5 mL wells
b 8+7654321 0 using multiple 6 well plates and the appropriate
500 1 ” stimuli. After 3-4 days, cells harvested from the
same condition were pooled, washed out of
400 A
5 H
2 HH
g 300 - H Figure 2.1: Use of CellTrace Violet as a division
c H — tracking dye.
@ 500 il (a) CellTrace Violet (CTV) is a fluorescent labelling dye
o |
— that separates equally between daughter cells when
100 4 lymphocytes divide. (b) It therefore makes an effective
division tracking dye, as labelled cells halve their
0 fluorescence values with every round of mitosis, allowing
' ':) 1(',2 163 1(')4 185 accurate identification of cell generation number based

on fluorescence intensity. [94
Decreasing CTV intensity v 194]
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existing media, treated as indicated, then re-cultured in 200 pL wells using fresh media with

fresh stimuli.

All cells were incubated at 37°C with 5% COgzand humidity control.

2.6  Surface marker labelling for flow cytometry

Immunoglobulin isotype switching was detected by cell surface-labelling for IgG , the primary
isotype driven by IL-4 stimulation. Some experiments were conducted in the absence of
a Blimp-1-GFP reporter mouse, and so Syndecan-1 labelling was used as an indicator of

differentiation to ASC.

For phenotyping of time-series experiments, triplicate wells were harvested into 96 well
V-bottom plates, and washed twice with FACS buffer (Appendix I). The media was flicked
off, then 50 pL. of FACS buffer added containing fluorochrome-conjugated antibodies at the
appropriate dilutions (see Appendix III). Cells were incubated on ice for 20 minutes, washed
twice with 200 pL FACS buffer, then resuspended in 100 pL. FACS buffer for flow cytometry. Cells
labelled with biotin-conjugated antibodies were labelled again with a secondary streptavidin-

fluorochrome conjugate using the same steps.

For checking cell purity after B cell isolation, 20 pL of cells collected after MACS enrichment
was added to 50 pL of FACS buffer containing anti-B220, anti-CD19, anti-IgM, and anti-IgD
(Appendix III), and processed as above.

For sorting and subsequent re-culture, cells were labelled in 1 mL PBS/0.1%BSA with
anti-IgG -APC (1/500). Cells were incubated for 20 minutes at 4°C, then washed twice with
10 mL PBS/0.1%BSA.

2.7 Determining cell numbers in proliferation assays

Cell numbers in each well of culture were calculated with the addition of a known number

of beads to the 200 pL cultures immediately prior to flow cytometric analysis.

A mix of Flow Check Rhodamine Low-Brite Beads (Polysciences) and propidium iodide (PI)
was prepared such that 5,000 beads would be added to each well in 10 pL. of FACS buffer,
with PI (0.5 pM final) for dead cell exclusion. On the flow cytometer, these beads are lower in
forward-scatter (F'SC) and higher in side-scatter (SSC) compared with lymphocytes, and fluoresce
brightly in the violet (405 nm) 450/50 nm channel. These beads were later replaced with Sphero
Rainbow Calibration particles (6 peaks, BD Biosciences), which were used in exactly the same

way, although they were fluorescent in every channel.
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Total cell numbers in each well was calculated using the following equation:

number of acquired cells
Total cell number = x nhumber of beads added
number of acquired beads

Number of cells in each generation were calculated after determining the proportion (or number)

of cells in each peak on a histogram of CTV fluorescence values (Figure 2.1).

2.8  Flow cytometry

Flow cytometric data was acquired on a Becton Dickinson (BD) FACS Canto II or BD
Fortessa X20 (see Appendix III for detector configurations) using native BD Diva software.
Data was exported for further analysis with FlowJo (TreeStar), where populations of interest
could be gated for study. Beads were gated on size and fluorescence. Cells were gated on size
(FSC vs SSC), live cells (low PI), single cells (FSC height vs FSC area), and then examined

using the appropriate fluorescence channels.

For cell cycle inhibitor-treated cells (Chapter 5), autofluorescence tended to increase over
time, particularly at around the 500 nm range. This interfered with the standard binary gating
of GFP+ and GFP- cells, so an alternative gating strategy was devised using a polygonal
gate on GFP vs SSC (Figure 2.2). The correlation between signals in the GFP and SSC
channels of live, wild-type cells was used to determine the boundary between GFP -positive

and -negative cells.

Numbers or proportions of cells in the gates of interest were exported from FlowJo and

transferred to Excel (Microsoft) or Prism (GraphPad) for quantitative analyses.

B Blimp-1-GFP reporter
B Wild type Figure 2.2: GFP+ gating for cell-cycle

inhibited cells

Cells experiencing prolonged
exposure  (~24+ h) to cell
cycle inhibitors increased in
autofluorescence, particularly at
around the 500 nm range, and hence
interfered with standard GFP gating.
Hence, a different strategy was used
where GFP was gated against SSC;

Blimp-1-GFP

0 102 163 10* 10° using inhibitor-treated wild type cells

_

Side scatter - Area to set the GFP- gate.
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2.9 Cell sorting

For sorting to isolate or exclude specific populations of cells, 5mL cultures of cells were harvested,
pooled, and washed in PBS/0.1%BSA, before suspension in ImL PBS/0.1%BSA. Where
specified, cells were also labelled with IgG -APC as described above. Cells were then washed and
resuspended at 107cells/mL. The cell suspensions were pipetted carefully to disperse any clumps,
and filtered through a 35uM mesh into pre-wet tubes to ensure a single cell suspension. PI was
added (0.5 pM final) for dead cell exclusion. Cell sorting was conducted on a BD FACS Aria
with the assistance of WEHLI technical staff. Sorted samples were collected into sterile 5mL tubes
containing ImL of 50% FCS and 50% AdvBCM. Cells were then washed twice in AdvBCM
(or AdvBCM-F - phenol-red-free base media if used for filming), counted, and re-cultured with

stimuli as before.

2.10 Chamber slide preparation

For time-lapse imaging, cells were placed into chamber slides lined with a microgrid array of

cell ‘paddocks’ to prevent aggregation.

Due to the extended duration of cell culture during live cell imaging, only the centre
four chambers of 8-well slides (Ibidi p-Slide 8 well, cat#80826) were used to ensure equal
evaporation from all conditions. For experiments requiring more than four conditions
(Chapter 4), an adapter was constructed in-house to allow the microscopy stage to hold more

than one chamber slide. Unused wells were filled with standard AdvBCM as a bufler for
humidity, and as a visual readout of pH, indicating CO, availability.

Microscopy chambers were each lined with an inert polydimethylsiloxane (PDMS) grid,
imprinted with a 64 x 64 array of 50 pm square ‘paddocks’ (Microsurfaces MGA-050-02).
Chambers were sterilized with filtered pure ethanol and 20 minutes of exposure to UV light in
a sterile environment (class II biosafety cabinet), then left to dry completely. The drying step was
essential to prevent the grids from lifting off the bottom during the next steps; 30 minutes in a

37°C incubator would help with this process (excess ethanol removed, lid on).

The PDMS microgrids were hydrophobic, and with 50 pm indents, excelled at catching rogue
air bubbles if media is not introduced properly. Hence, dried chambers were carefully wet
with a second round of ethanol (approximately 100 pL), excess run-off removed, and the
chamber slowly filled with 250 pL. of AdvBCM-E. Chambers and grids were slowly washed ten
times with AdvBCM-E, ensuring the grids do not dry between washes. Chambers were then filled
with 250 pL. media (AdvBCM-F for filming or AdvBCM for unused chambers) and placed in a

37°C incubator overnight for any remaining bubbles to dissolve.
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Prior to imaging, chambers and PDMS grids were exposed to 470 nm light emitting diodes
(LEDs) (custom made) for at least 30 minutes, to photobleach the polymer and reduce
autofluorescence in the GFP channel. Cells were subsequently added by removing existing
media, and replacing with 250 pL. AdvBCM-F containing 5x10* cells/mL and the relevant

stimuli. This density maximises the availability of paddocks seeded with only a single cell.

2.11 Microscopy

Images used in Chapter 3 were acquired on a Zeiss Axiovert 200M inverted widefield
fluorescence microscope, fitted with a Zeiss Plan-Apochromat 20x objective (numerical
aperture 0.8). Images in the bright field and GFP channels were acquired with a Zeiss
AxioCam MRm (1.4 megapixels) camera, mounted in the light path coupled to a
0.63x C-mount. Image acquisition was automated using Zeiss AxioVision software, covering
141 positions across three conditions at 15-minute intervals. 360 time points were covered
over 89.75 hours.

Microscopy images used in Chapter 4 were acquired on a Zeiss Axio Observer.Z1 after
a system upgrade. This setup was equipped with a PCO.edge scientific complementary
metal-oxide-semiconductor (CMOS) camera with greater resolution than previously available.
A 10x objective lens was used to tile the nine conditions with 108 positions at 6-minute
intervals. 619 frames were imaged over 61.8 hours. Image acquisition was automated using

Zen 2 (Blue Edition) software to control the motorised stage.

Images were acquired in the GFP channel using a filter block with 500/20nm bandpass
(BP) for excitation, 515 nm farb teiler (F'T) beam splitter; and 535/20 BP filter for emission.
Fluorophores were excited using 470 nm excitation from a Colibri Light-Emitting Diode

(LED) system. Transmission images were also acquired for every position and time point.

Either microscopy system was equipped with an environmental control chamber, regulating
temperature (37°C), CO, (5%), and humidity.

2.12 Image processing

Raw microscopy images were processed prior to scoring cell fates, using established methods [128].
Images acquired in the GFP channel were corrected for uneven illumination of the microscopy
stage, thresholded for fluorescence over background, binarized, and noise corrected. Individual
wells were cropped from images of the entire position, and time-lapse images compiled for side-

by-side review in the bright field, raw GFP, processed GFP, and overlaid channels.
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Images for Chapter 3 were processed by John Markham, and for Chapter 4 by Andrey Kan
using established methods [128]. The processing methods run automatically off custom code,
and threshold values computed using a formula relative to the pixel intensities across the entire

image. ie. threshold level should be insensitive to fluctuations in background fluorescence values.

2.13 Image analysis

Time-lapse images were loaded into VirtualDub (GNU General Public License) or Quicktime
(Apple) for review and frame-by-frame inspection. Cell paddocks containing single,
undifferentiated cells were identified, and those that divided once were followed to record the
fates of their offspring. Frame numbers were recorded for the following events: first observed
mitosis, differentiation, death, or second observed mitosis. Fates of undivided, generation 0 cells

were also followed in Chapter 4.

Bright field images were used to manually track and follow individual cells based on their location,
size, granularity, morphology and trajectory; and using these properties, identify cell division
and death. Cell division was recorded as the first frame in which the cell membrane is observed
to contract during cytokinesis, resulting in cleavage of the two new cells in subsequent frames.
Cell death was regarded as the first frame in which membrane blebbing occurred, causing cell
edges to lose definition accompanied by a sharp increase in cell granularity or disturbance of
transmitted light. Differentiation to ASC was recorded as the first frame in which the binarized
image for GIFP produced positive pixels, and positive pixels remained present in at least two
subsequent frames. Raw GFP images were used to validate stray pixels due to noise, or the slow
accumulation of GFP signal within the cell. Once producing GFP, this additional signal could

also be used to aid in distinguishing sister cells.

Frame numbers were converted to times for further analyses.

2.14 Model fitting

Times to cell fates were transferred into Prism (GraphPad), where Kaplan-Meier (KM) survival
estimates were plotted as a means of untangling competition between cell fates. Division was
regarded as being censored by death, death by division, and differentiation to ASC was censored
by both. Lost cells and cells that survived until the end of the experiments were also included
as censoring events. Resulting curves depict events of interest as a fraction of the remaining
population, while censoring events in cells where the event of interest becomes no longer

observable are represented as check marks, indicating subjects that leave the cohort.

For model fitting in Chapter 4, log-normal cumulative distribution functions (CDFs) were
fitted to KM survival estimates using the least sum of squared differences. Excel’s ‘solver’

tool was used to find mean (p), standard deviation (o), and propensity (p) values which would
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produce a lognormal CDF that most closely resembles the KM data, and hence generate
the lowest possible value for sum of squared differences. Free fits were conducted with three
parameters (p, o, p) per condition, while constrained fits were conducted by implementing
equivalent parameters across conditions and minimizing the sum of squared differences over
multiple conditions. The propensity for death is constrained as 1, given that all cells will
eventually die. Censoring events after the last event of interest was excluded from the fitting,

as any remaining plateau skews the fit with disproportionate weighting,

Pearson’s rho was used to calculate the correlation in times to intercellular concordant and
intracellular fate outcomes. For empirical data, 95% CI were calculated using Fisher’s z’
transformation and obtaining the standard error of z’. For calculating the expected levels
of intracellular fate correlations that would arise from the fitted parametric model (Chapter
3), a bootstrapping method was used to sample events and calculate the mean and 95% CI.
For this method, uncensored distributions from the parametric fitting were used to randomly
sample independent differentiation and division or death times for hypothetical populations
of cells. To do this, Matlab’s random(lognormal,p,o) function was used to generate a list for
each fate outcome, and the values randomly paired between fates. The sample size was the
sum of division and death events observed in the condition being tested. For bootstrapped
‘cells’, each given a differentiation and division or death time, events were discarded where
differentiation times were longer than the assigned division or death time; as these cells would
not have been observed to differentiate. Pearson’s correlations were calculated between
differentiation and either division or death from 1000 iterations of these samples, the mean
was plotted as the modelled expectation, and the values at the 2.5% and 97.5% percentiles
used to assign the 95% CI.

2.15 Cell cycle inhibition

Cell cycle inhibitors were used to prevent division, thus removing it as a censoring factor to
directly observe differentiation to ASC. Various inhibitors were acquired as powders and

dissolved as suggested in the product specification sheets (see Appendix I'V).

Cell cycle inhibition was generally commenced three days after stimulation, once divided
cells are distributed across a number of generations and have the opportunity to undergo
division-linked differentiation. These cells were harvested from 5 mL cultures, pooled, and
re-cultured in 200 pL wells with fresh stimuli and the appropriate concentrations of cell cycle

inhibitors.
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2.16 AlamarBlue assay

For large scale screening of cell cycle inhibitor efficacy, alamarBlue (AbD Serotec) was used
to measure metabolism as an indication of proliferation. Inhibitor-treated cells were cultured
with stimuli for 33 hours at 10* cells per 100 pL well, before 10 pL of alamarBlue was added
and the mix incubated for a further 10 hours until a colour gradient was visible across the
96 well plates (blue = pink in wells with highest metabolic activity). Fluorescence values
were measured on a Hidex Chameleon plate reader (560nm excitation / 590nm emission),
where a large number of cells (and hence increased metabolites) produce a high fluorescence

readout. Relative fluorescence values were calculated with:

Sample fluorescence — average fluorescence with no cells

Average fluorescence with no drug — average fluorescence with no cells

Control wells containing no cells, untreated cells, or cells treated with Etoposide were

measured from the same plate.

2.17 ELISpot assay

Enzyme-linked immunospot assays were conducted to test Blimp-1-GFP+ cells for
antibody secretion. Plates were first coated overnight with primary capture antibodies for
mouse Ig (goat anti-mouse Ig-unlabelled, 1/500; Southern Biotech) in coating solution
(pH 9.1 carbonate buffer: 500 mL distilled H,O, 0.36g Na,CO,, 0.95¢ NaHCO,). RPMI
10% FCS was used to block non-specific binding for 1 hour at 37°C. Cells were counted and
a dilution of known cell numbers were prepared in a separate 96 well plate. ELISpot plate
was washed three times with RPMI, and 100 pL of cell suspension transferred into wells at
diluting densities. Plates were left undisturbed in an incubator for 4-5 hours at 37°C, 5% CO,
for the capture of secreted antibodies. Cells were washed out using three rinses each of RPMI,
PBS-0.05% Tween-20, PBS, then water. Secondary antibody anti-Kappa-biotin (goat anti-mouse
kappa-biotin, 1/1000; Southern Biotech) was added in 100 pL of PBS/0.1% BSA and incubated
overnight at 4°C. Plates were washed 3x with PBS-0.05% Tween-20. 100 pL of streptavidin-
alkaline phosphatase was added to each well (1/1000), and incubated at room temperature for
1 hour. Plates were washed 4x with PBS-Tween, rinsed 2x with PBS, and 100 pL. of BCIP/NBT
(Mabtech, diluted '2) added for the substrate reaction. Spots would develop within 2-7 minutes,
at which point plates were rinsed thoroughly with tap water to stop the reaction. Plates were
dried overnight, then spots measured and counted on an AID ELISpot reader. The number of

counted spots as a proportion of known cells added generates the proportion secreting.
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Introduction

3.1 INTRODUCTION

This chapter includes the publication ‘Stochastically timed competition between division
and differentiation fates regulates the transition from B lymphoblast to plasma cell’, where
the relationship between division, death, and differentiation times in response to different

levels of CD40 stimulation were explored.

Higher levels of CD40 stimulation is associated with a larger B cell response, more antibody
1sotype switching and somatic hypermutation, and the eventual formation of a large number
of antibody secreting plasma cells [138]. Despite this requirement of strong CD40 stimulation
for producing large numbers of antibody-secreting cells (ASCs), weak CD40 stimulation has
been observed to produce a larger proportion of antibody-secreting plasmablasts [70], after

accounting for generation-linked differentiation.

The Cyton model of competing cell fates may shed some light on how this counterintuitive
result can be achieved. The framework of independent, stochastic, and competing cell fates
posits several hypotheses that could be studied in a systematic way (Figure 3.1). Low CD40

stimulation may:

1) Increase the proportion of cells with the capacity to become antibody secreting

(increased propensity);

2) Shorten the time required for cells to become antibody secreting within each cell
cycle, such that more cells differentiate before they divide or die (decrease mean

times, with or without affecting the variance);

3) Delay times required to divide (increase mean times, with or without affecting
variance), while differentiation times and probabilities remain consistent, such that
more cells reach their differentiation outcome before the next mitotic event obstructs

the differentiation time from being observed;
4) Or affect some combination of the above parameters.

Following the publication presented here, some further findings relevant to this chapter are

included.
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Figure 3.1: Hypothesis for differentiation controlled by CD40 stimulation.

Probability distribution functions illustrating the likelihood of undergoing differentiation to ASC (shaded
green) or division (unshaded) over time, in the presence of competing cell fates. Low CD40 stimulation may
a) increase the proportion of cells capable of undergoing differentiation (increase amplitude); b) shorten the
time required for cells to differentiate (decrease mean, with or without changing the variance) such that more
cells differentiate before they divide; or c) extend division times (increase mean with or without changing
variance), giving more cells time to differentiate before they divide.
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In response to external stimuli, naive B cells proliferate and take on a range of
fates important for immunity. How their fate is determined is a topic of much recent
research, with candidates including asymmetric cell division, lineage priming, stochastic
assignment, and microenvironment instruction. Here we manipulate the generation of
plasmablasts from B lymphocytes in vitro by varying CD40 stimulation strength to
determine its influence on potential sources of fate control. Using long-term live cell
imaging, we directly measure times to differentiate, divide, and die of hundreds of pairs of
sibling cells. These data reveal that while the allocation of fates is significantly altered by
signal strength, the proportion of siblings identified with asymmetric fates is unchanged.
In contrast, we find that plasmablast generation is enhanced by slowing times to divide,
which is consistent with a hypothesis of competing timed stochastic fate outcomes. We
conclude that this mechanistically simple source of alternative fate regulation is important,
and that useful quantitative models of signal integration can be developed based on its
principles.

Keywords: B cells, anti-CD40 stimulation titration, fate regulation, lineage priming, competing stochastic timers

INTRODUCTION

Increased understanding of the regulation of cell differentiation, division and death is crucial in
many fields of biology (1-5). While population-level consistency in the proportion of cells taking on
distinct fates has long-since been observed, advancing technologies that enable direct observations
of individual cells and their lineages reveal significant heterogeneity (6-14). In order to manipulate
population-level fate allocation, determining the primary drivers of this cell-level heterogeneity is
an essential precursor to designing interventions, and so the search for the sources of heterogeneity
has been a topic of much recent research.

B lymphocytes are an essential component of the immune response and provide a useful model
for assessing methods of fate control. During activation, they integrate signals from multiple
sources that modify the resulting cell response by altering lifespan, the type of antibody made, the
speed of cell proliferation, and the rate of development into antibody secreting plasma cells (15).
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Competing Fates Regulate B Cell Differentiation

T cells provide one important source of signals that influence the
B cell (16, 17). During an immune response, antigen captured
by the B cell is presented to reactive T cells that are, in
turn, induced to express CD40L on their surface. This ligand
engages the constitutively expressed receptor CD40 found on
the B cell surface. CD40 stimulation alone can activate and
promote B cell proliferation, but its impact is amplified by T cell
derived cytokines, such as IL-4 and IL-5, that further shape fate
changes including isotype switching and the rate of development
into Antibody Secreting Cells (ASCs) (18). Importantly for
quantitative studies, a CD40 agonist and cytokines can replace
the T cell, making it an excellent model system for studying the
impact of variations in signals on fate outcomes in vitro.

Activated lymphocytes vary in the times they take to divide
and, in culture, are usually found spread across multiple
generations. Notwithstanding that, numerous studies report that
the greater the number of divisions cells have experienced, the
more likely they are to have undergone a change, regardless of
time from stimulation. For example, isotype switching is linked
to division, and is influenced by the concentration of switch-
inducing cytokines (19-21). Similarly, the development into ASC
also has been reported to be promoted by progressive passage
through division cycles, and this likelihood, in turn, is modulated
by the concentration of cytokine delivered signals (18, 22). These
studies proposed that alternative division-linked cell changes,
such as switching and development to ASC, could arise as the
combination of a series of independent fate decisions underway
in each cell (18, 20, 23-25).

This hypothesis of independent fate competition was
evaluated and extended upon by Dufly et al. (26), by assessing
data taken from experiments where individual B cells that
had undergone given numbers of divisions, as determined by
CTV staining, were sorted by flow cytometry and subsequently
followed with long-term imaging. Once these cells were observed
to divide, their sibling offspring were examined with times
to divide, to die, to differentiate to ASC, and to antibody
isotype-switch from last mitosis recorded. Probabilistic analysis
established that the complex array of heterogeneous fate
outcomes and times to fates were consistent with a simple
hypothesis where, within each single cell, times to each fate
(isotype switching, differentiation, death, and division) were
selected independently from a probability distribution and
behaved in competition with each other, such that short times
to fate censor later fate outcomes (26). Sibling fates, however,
had significantly greater commonality than unrelated cells of
the same generation, indicating a substantial element of familial
lineage priming.

As external regulators are known to influence the proportions
of cells assuming fates at a population level, we reasoned that
investigation of their impact at the single cell level would provide
additional discriminating insight. Here we examine the cell-
level impact of changing CD40 stimulation strength on ASC
development. This analysis suggests that CD40 has no direct
impact on differentiation rate or asymmetric fate changes, but
exerts its influence by altering the time to divide distribution,
thereby regulating the proportion of cells that differentiate as the
result of alterations to the inherent cellular competition.

MATERIALS AND METHODS

Mice

Blimp-1-GFP reporter mice on a C57BL/6 background (22)
were bred and maintained in specific pathogen free conditions
at the Walter and Eliza Hall Institute (WEHI) animal
facility according to institutional guidelines. All experiments
were approved by the WEHI Animal Ethics Committee.
Ten-week-old female reporter (Blimp-17/SFP) and wild type
(Blimp-1*/%) mice were used for the flow cytometry and filming
experiments.

Cell Isolation and Labeling

Naive, resting B cells were isolated from murine spleens
using a discrete Percoll (GE Healthcare, cat#17089101)
density gradient (50/65/80%, cells collected from 65/80%
interface), followed by purification using magnetic beads
(negative selection, mouse B cell isolation kit, Miltenyi
Biotech cat#130-090-862). Enriched cells were verified to
be >98% B220" and CD19" by flow cytometry. Cells were
labeled with CellTrace Violet (Invitrogen, cat#C34557) at
7.5uM final concentration, with 107 cells/mL in phosphate
buffered saline containing 0.1% bovine serum albumin
(PBS/0.1%BSA), and incubated in a 37°C water bath for
20 min. Cells were washed twice with cold culture medium prior
to culture.

Cell Culture

For flow cytometry and for bulk cultures, cells were cultured
in “B cell medium,” made from Advanced RPMI 1640
(Gibco cat#12633-012) supplemented with 5% fetal calf
serum (Gibco, cat#10099-141, Australian origin), 10mM
HEPES (Gibco, cat#15630-130), 2mM GlutaMAX (Gibco,
cat#35050-061), 10 U/mL penicillin, 100 pg/mL streptomycin
(Penicillin/Streptomycin, Gibco, cat#15140-148), and 50 uM
2-mercaptoethanol (2-ME, Sigma-Aldrich, cat#M7522). For
filming, cells were cultured in phenol red-free Advanced
RPMI 1640 (Gibco custom order) with the same supplements.
Imaged cells were stimulated with 1,000 U/mL IL-4 (WEHI),
and 10, 2.5, or 0.625pg/mL anti-CD40 antibody (1C10,
WEHI Antibody Facility), and incubated at 37°C with
5% CO,. Differentiation promoting effects of IL-4 were
saturating at concentrations above 316 U/ml [(18) and data not
shown].

Flow Cytometry

For flow cytometry experiments, 200 WL wells containing
10% cells were cultured in triplicates across 96 well flat-bottomed
plates. Blimp-1*/SFP and wild type cells stimulated with IL-4
and 10, 2.5, or 0.625pg/mL of anti-CD40 antibody, or IL-4
alone were harvested periodically for flow cytometry analyses
(BD FACSCantoll). Propidium iodide (PI, 0.5pg/mL final,
Sigma cat#287075) for dead cell exclusion and 5,000 beads
(Sphero Rainbow Calibration particles [6 peaks] 6.0-6.4 um, BD
Biosciences, cat#556288) for cell counting were added just prior
to sample acquisition.
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Cell Sorting and Long-Term Live Cell
Imaging

For filming, 5mL cultures (2 X 10° cells/mL) of cells stimulated
with IL-4 and 10, 2.5, or 0.625ug/mL of anti-CD40 antibody
were harvested 85h after stimulation. Cells were labeled for
expression of IgGl (clone X56, BD Pharmingen cat#550874),
and sorted (BD FACSAriallu), for generation four cells that were
undifferentiated (Blimp-1-GFP ™) and unswitched (IgG1-APC™),
to ensure that cells with a similar starting phenotype were tracked
and compared in each CD40 stimulation condition.

Sorted cells were re-cultured in phenol red-free B cell medium
with the same stimuli concentrations as prior to the sort, at
5 x 10* cells/mL. For each of the three anti-CD40 conditions,
250 WL of cell suspension was placed into a separate well of
a pre-prepared chamber slide (Ibidi, cat#80826) where each
well was lined with a polymer imprinted with a microgrid
array of cell “paddocks” (Microsurfaces, cat#MGA-050-02) (27).
Microgrids were prepared aseptically, rinsed with 100% ethanol
for sterilization, then left to dry completely to ensure adherence;
before wetting again with ethanol such that B cell medium
could be introduced to the hydrophobic grids. Chambers were
rinsed 10 times with B cell medium, prior to resting overnight
in an incubator to aid the dissolution of any air bubbles.
Chambers and polydimethylsiloxane (PDMS) microgrids were
exposed to 470 nm LEDs (custom made) for at least 30 min prior
to the addition of cells, to photobleach the grids and reduce
autofluorescence during imaging. The seeding cell density was
determined to yield not more than an average of one cell per
paddock for filming.

Microscopy images were acquired using a Zeiss Axiovert
200M widefield inverted microscope, equipped with an
incubation chamber (37°C, 5% CO,, humidifier), plan-
apochromat 20x objective (0.8 n.a.), 0.63x c-mount, and a Zeiss
AxioCam MRm (1.4 MP) camera. Fluorescence (GFP) and bright
field images were acquired for 141 positions, at 15-min intervals,
encompassing 7,896 paddocks for the three culture conditions,
across 360 time points over the following 89.75h. The remainder
of the sorted cells were placed into triplicate or duplicate cultures
in 96-well plates for a concurrent flow-cytometry time course of
events, and were run twice-daily for the duration of the filming
experiment as a parallel control.

Single Cell Fates Were Manually Tracked
With Visual Cues and Fluorescence
Thresholding

For consistent tracking of imaged cells, fluorescence images
were first processed using the pipeline reported by Dufty et al.
(26). All images from the GFP channel were corrected for
uneven illumination of the microscopy stage, thresholded for
fluorescence, and binarized to produce an objective indicator
of GFP positivity. The image processing method is automatic,
and threshold values were computed relative to background
illumination using intensity histograms for each image. Resultant
images were cropped into individual paddocks, and the processed
GFP, unthresholded GFP, and bright field images with GFP

overlay for each paddock were concatenated for ease of viewing
and stacked into time-lapse films.

Paddocks with individual, undifferentiated cells were
identified, and those observed to divide were followed to
record the fates of paired offspring. Bright field images were
used to manually track cells using their location, size, shape,
granularity and trajectory. These properties allowed for the
reliable identification of division, as well as death. Shortly
before division, cells appeared to lose adhesion and formed
large spheres, before cleaving into two smaller cells that do
not immediately produce pseudopodia. For death, cells sharply
increased in granularity and the circumference of the membrane
appeared ruffled, likely due to blebbing, several frames before cell
fragmentation was observed, or the membrane perforated and
the cell swelled from osmotic intake. This first change in texture
was recorded as the cell death time.

For identifying differentiation to ASC, thresholded and
binarized images in the GFP channel were followed as a
reporter for Blimp-1 expression. Dim light settings are required
for extended imaging to avoid phototoxicity, hence chosen
voltage and exposure settings also allowed some noise to be
detected above the low threshold, from the autofluorescence
of the cells and grids. Consequently, differentiation times were
only recorded when the cell’s fluorescence remained above
threshold for three or more consecutive frames (45 min), and
then did not disappear for more than one frame at a time;
GFP expression would later brighten and cover a larger area.
Unthresholded images from the GFP channel were referenced for
noise exclusion, and also used for cell identification and tracking
based on differentiation status and level of fluorescence.

Sister cells fates were tracked until they either divided again
or died. Some cells survived until the end of filming, or were lost
due to falling out of focus, migration away from their paddock,
or failure to maintain cell ID—these times were also recorded.
Homotypic adhesion prevented the tracking of four or more cells
using this experimental design.

Statistical Analysis

Data was processed in Matlab 2017b by custom software
utilizing in-built functionality. Pearson’s correlation coefficient
was evaluated using corr, and the reported confidence intervals
(CIs) were determined by Fisher’s Transformation. We used
Yule’s Q, a traditional measure of association between pairs of
variables, to quantify association between division and death
or differentiation and no differentiation. Its asymmetric Cls
were determined from a normal approximation to errors in the
logarithm of the Odds Ratio. Non-parametric survival function
(i.e., Kaplan-Meier) estimates were made using the censoring
option of the in-built function ecdf.

Parametric Model Fitting Procedure

Custom software utilizing the Optimization Toolbox in Matlab
2017b was used for model fitting. The uncensored distributions
were assumed to lie in the class of log-normal distributions.
For all stimulation conditions, there was a single log-normal
time to death Tge parameterized by a mean jlge,n and
covariance G?leath' For all stimulation conditions, there was a
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probability, pgig, that the differentiation process is active in the
cell whereupon it occurs at a log-normally distributed time with
parameters g and o(ziiﬁ. If the process was not on, then the
differentiation time was set to be +o0c. For each of the three
concentrations of 1C10 (0.625, 2.5 and 10 pg/mL), labeled j in
(1, 2, 3), it was assumed there was a distinct probability, deiv’
that the division process is active in the cell whereupon it occurs
at a concentration-dependent log-normally distributed time with
parameters p“]div and oi’fv. If division was not active, the time was
set to be +-o00.

For 6 = (Hacaths Oeqays Paiti Wit i Py Waiv> > Pl
uﬁiv, oé’ii, pfﬁv, L fﬁv, ci’ii), a function was written that numerically
calculates the likelihood of generating a data point d € D given
that parameterization. For example, if a time-lapse frame is taken
every h units of time, for a data point d € D in which a cell in
stimulation condition j is observed to differentiate in the frame
number fyi and undergo death in the frame number fgeu,
the likelihood of generating that data point d given the model
parameterization 0 is

L(d|0) = P(fgix < Taig/h < fair + DP(fgeath < Tdeath/
h < feath + I)P(Tjdiv./h > fdeath.);

where the cumulative distribution functions were evaluated using
Matlabs logncdf. For a set D composed of the fates of
stochastically independent cells, the likelihood of generating the
set is the product of the likelihoods of generating each point in
the data

L(D|0) : = MyepL(d]6).

We used Matlab 2017bs Optimization Toolbox function
fmincon to identify the maximum likelihood model parameters
6 that would generate the data:

Omap = argsup,L(D|6).

As sibling cells have correlated times to fate, they are not
independent and so the function given above does not describe
their likelihoods. Despite that, assuming symmetry in the
joint underlying distribution of times to each fate of siblings,
the maximum likelihood marginal parameters are obtained
by optimizing over the same objective function given above
computed on all data, including siblings.

Reshaped Distributions

Competition and censorship alters the underlying distributions
of times to differentiation, division and death into those that are
observed. For example, the observed marginal probability density
function for division under stimulation condition j is related to
the uncensored distributions for division and death through the
following equation:

obs

dP(T < t)/dt = dP(T}, < 0)/dtP(Tgean > 1)/

/@ﬂ@gwmnmpwx

which differs from the uncensored density of T{iiv' Similar

expressions hold for Tg‘:é’] and TgE:’t)h. Rather than perform
numerical integrals to evaluate these, a Monte Carlo approach
was taken where 10° samples were drawn from the uncensored
distributions parameterized by 6yap, censoring rules were
applied to the sampled values, and the resulting empirical
distribution functions and densities of the observed variables
were determined.

RESULTS

Population-Level Generation-Based Rate
of Differentiation Is Increased by Weak

CDA40 Stimulation

To determine the effect of modulating CD40 signal strength,
we utilized B cells from Blimp-1-GFP reporter mice to
indicate expression of the ASC differentiation program within
plasmablasts. In this system, cells expressing GFP secrete Ig
at high efficiency (22). Purified resting naive B cells from
reporter mice were labeled with CellTrace Violet (CTV), and
equal numbers of cells were placed in culture with varying
concentrations of anti-CD40 agonist antibody (clone 1C10)
(28) and saturating IL-4 (500 U/mL), and harvested over time
(Figures S1, 1). As expected, increasing concentrations of
CDA40 led to greater cell numbers and increased progression
through consecutive generations (Figures S1A,B). Furthermore,
division-linked effects on ASC development were apparent
as a greater proportion of cells produced Blimp-1-GFP
in the advanced generations (Figures 1C,D), consistent
with published findings (18). These data also confirmed
the observation of Hawkins et al. (29) that lower CD40
stimulation levels resulted in a greater proportion of ASC
per generation when compared to equivalent generations
in cultures with high CD40 stimulation (Figures 1C,D).
An increased rate of differentiation was also measurable in
the population as a whole (Figure 1C). Thus, modulating
CD40 stimulation strength has two distinct effects on the
B cell response: high concentrations promote increased
proliferation, whilst low concentrations increase the rate of
observed differentiation events per generation. To identify
the mechanism that alters cell differentiation by changes in
stimulation strength, we undertook direct observation by live
imaging.

Long-Term Imaging Allocates Fate

Assignments for Single Cells

B lymphoblasts stimulated by CpG can be tracked individually
through multiple cell generations (30, 31). In contrast, observing
differentiation by live imaging following CD40 stimulation
is challenging due to homotypic adhesion. The development
of cell aggregates restricts tracking of individual progenitor
cells for more than one or two generations (30). A new
method was introduced in Duffy et al. (32) to circumvent
this problem. By harvesting and disaggregating CTV labeled,
proliferating B cells after a few days in culture, then seeding
sorted, individual cells into microgrids to maintain segregation,

Frontiers in Immunology | www.frontiersin.org

September 2018 | Volume 9 | Article 2053



Zhou et al. Competing Fates Regulate B Cell Differentiation

A Total cell numbers c Total differentiated to ASC
100000
40 = — Blimp-16/*
ko] === Blimp-1++
. L
2 10000 S 30+
[ =
2 o
= S
g 500 U/mL IL-4 S
= 1000 § —e- 10 pg/mL €
= 2.5 pug/mL g
= == 0.625 pg/mL [
=== no aCD40 o
100 =T T T 1 ——
50 100 150 0 50 100 150
Time after culture (hours) Time after culture (hours)
B Cells per generation D Differentiation per generation
4000 100 =
3000 807
< 60 =
o 2000
To] 40 =
1000 204
0 0 y——R=p — 1
3000 807
< 60 =
8 2000
© 40 =
1000 20
0 ¥ Ll - O h v T #/i !
Q
- T 80+
o) i c
= O 20000 S 604
n £ o
) 5 2
o = T 404
T 10000 =
. 2 "] m
o}
0 o o 1“ g i T T 1
804
20000 =
= 60 =
o
© 40
10000 =
201
0 0 ?__(7/./:
30000 - 80
= 20000 - 60
o
— 409
10000 =
20 i %
P——
0= L L L 0 Y T T 1
0 2 4 6 8+ 0 2 4 6 8+
Generation Generation
FIGURE 1 | Anti-CD40 concentration alters division and differentiation rates. CTV labeled resting BIimp—19fp/Jr B cells were cultured in 500 U/mL IL-4 and 10, 2.5,
0.625, or 0 wg/mL anti-CD40 and harvested over time for flow cytometry analysis. (A) Total cell numbers over time. (B) Total cells found in each generation. (C) The
proportion of total viable cells also GFPT (ASC). Dashed lines are from equivalent wild-type control cells used to set GFP gates. (D) The proportion of cells in each
generation that were GFP. Data points are mean of triplicate cultures + SEM, and representative of several repeated titration experiments.

(27) cells from different generations were observed to divide and ~ and division times, as well as concordance in sibling
their progeny followed until their next fate (32). Here we adapted ~ fates.

this protocol, illustrated in Figure2, to observe the effect In initial bulk cultures CTV labeled Blimp-1-GFP reporter
of CD40 stimulation strength changes on differentiation B cells were incubated with IL-4 and varying concentrations of
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FIGURE 2 | Schematic of live cell imaging experiment. CTV labeled Blimp—19fp/+ B cells were incubated in two stages. Upper panels indicate the initial bulk culture at
multiple anti-CD40 concentrations. After 85 h, cells were harvested, labeled with anti-IlgG1, and unswitched, GFP~ cells identified and sorted from generation 4. Cells
were returned to stimulation conditions identical to that prior to sorting, and a portion plated into control cultures for flow cytometry. For microscopy, phenol red-free
media was used, and cells from each culture condition were placed into a separate chamber of an imaging slide, each lined with a microgrid of 50 1M cell paddocks.
Once settled, the cell density was such that, on average one cell would randomly deposit within one paddock. Media containing pH indicator was placed in
surrounding wells to buffer for evaporation and monitor co? availability. Microgrids were tiled and imaged at 15 min intervals for 89.75 h. Acquired bright field and
fluorescence images were processed and manually annotated to record cell fate.
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anti-CD40 (10, 2.5, 0.625, and 0 g/ml) for 4 days, resulting
in the expected variation in division and differentiation
rates (Figure S1A). To compare the subsequent fate of
undifferentiated cells from the same generation, cells from each
culture were sorted by flow cytometry for those in generation
4, and seeded into 250 wL chambers containing microgrids for
a further 90h of live cell imaging (see Materials and Methods).
Control cell cultures were prepared in parallel at the same
density in 96 well plates, and triplicate 200 pL cultures were
analyzed periodically to ensure the overall population response
of the sorted cells was consistent (Figure S2). Control analyses
indicated that sorted cells were GFP™ and in generation 4 at the
time they were re-cultured (Figure S2B). These cultures also
confirmed that cells stimulated with higher concentrations of
anti-CD40 divided faster, resulting in greater CTV dye dilution
(Figure S2B), and higher total cell numbers (Figure S2C).
Despite the variation in progression through generations, a
greater proportion of cells in 2.5 jLg/mL anti-CD40 were GFP*
than in 10 pwg/mL (Figure S2D). As these proliferation and
differentiation features were consistent with earlier studies,
manual tracking and analysis of the parallel single cell imaged
cultures were undertaken.

Single Cell Data Recapitulated Fate

Changes Seen at Population Level

Acquired images were processed and thresholded to facilitate
GFP scoring, as described in Methods and illustrated in
Figure 3A. After initial visual inspection, “paddocks” identified
with single cells that undertook their first division as GFP~ cells
were selected, and the resulting two siblings followed manually,
to record their times to changes in fates (Figure 3). For the data
presented here, the time of the cell’s first division (therefore from
generation 4 to 5) is set as time 0, the initiating event time,
and the siblings being tracked are in generation 5. The complete
annotated data set was converted to such times by calculating the
times between the first observed division and subsequent fates
(differentiation to ASC, division or death). Histograms of these
times are plotted in Figure 3B, illustrating the heterogeneity in
each outcome.

To visualize differences between culture conditions, observed
proportions to undergo each fate are shown in Figure 4A, and
mean times to reach each fate in Figure 4B. These data suggest
that cells stimulated with high concentrations of anti-CD40 were
more likely to divide and less likely to die (Figure 4A), and when
they did divide they completed mitosis more quickly (Figure 4B)
The proportion of cells observed to differentiate is also consistent
with flow cytometry time courses, in that a higher proportion
of cells differentiated to ASC with lower CD40 stimulation
(Figure 4A). Thus, despite segregation into cell paddocks by
the microgrids, the filmed cells recapitulated the fate outcomes
measured by flow cytometry at the population level.

Stimulation Strength Does Not Affect

Sibling Correlations or Concordance
Whether stimulation strength affected differentiation by
influencing asymmetry in fate was first assessed. For each of the

three concentrations (0.625, 2.5, and 10 ug/mL, respectively)
78, 68 and 75% (£8, 9, 8% as 95% Cls) of siblings take the
same differentiation or no differentiation and death or division
fates. Figure4C plots Yule’s Q, a measure of concordance
for opposing fates (division vs. death, and differentiation vs.
no differentiation) relative to their frequency of occurrence
in the population. The consistent, high values of Q indicate
the significant concordance found for both division-death and
differentiation-no differentiation fates of siblings was not affected
by CD40 stimulation strength. Thus, strong sibling concordances
and correlations were found in this experiment, in line with
earlier findings. Interestingly, these sibling similarities did not
appear to be controlled by altered CD40 stimulation strengths,
despite the marked changes in division times, and differentiation
rates.

Uncensoring Cell Fate Time Distributions
Having eliminated modulation of asymmetric fates as a control
feature regulated by anti-CD40 concentration, we turned to the
theory of competing fates as a potential driver of heterogeneity.
Under this hypothesis, autonomous processes leading to each fate
are underway within the cell. The order in which they complete
determines the fate that the cell is observed to take. As observed
times to fate are heterogeneous, the mathematical framework
of probability is necessary to describe them. It encapsulates
the heterogeneity irrespective of whether its source is truly
stochastic processes within each single cell, or arises as a result
of unidentified heterogeneous lineage properties. The hypothesis
suggests that the apparently complex correlation structures
observed in cell fate data are a consequence of observed times
to fate being the product of competition and censorship, and
leads one to query the role of external regulation on each of the
autonomous processes (26, 32).

Figures 4D,E shows the result of applying the standard
non-parametric survival function estimator, the Kaplan-Meier
estimator (33), to the raw cumulative frequency data for each
fate (Figure4D) to reveal the pre-competition, uncensored
time-to-fate distributions (Figure 4E), assuming probabilistic
independence of these underlying timed mechanisms. For these
plots division is assumed to censor death, death censor division,
and both division and death censor differentiation. In some
instances, the remaining proportion is >0 (i.e., plot does not
reach a height of 1), indicating the observation time was too short
to capture all possible events in this category; or alternatively that
the remaining proportion of cells were incapable of undergoing
that fate.

Within this competing timers model, these results are
consistent with the hypothesis that CD40 stimulation strength
had a significant impact on cell division times with little direct
effect on the underlying distributions of times to death or
differentiation. Higher levels of anti-CD40 reduces division
times, positively impacting the proportion of cells in the
population that progress to the next generation, while reducing
the proportion of cells that differentiate. Together, these results
are consistent with the hypothesis that CD40 stimulation controls
the time to divide, but not the times to differentiate or die.
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channels over time. Sorted cells (generation 4) observed to divide (generation 5) and, if still GFP~, were tracked further to record subsequent division, death, and
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Parametric Model Based on Competition possibility that neither differentiation nor division partake in

and Changes in Division Time Only the competition. To extract these propensities to differentiate
Under the stochastic competition hypothesis, not all processes ~ and divide (i.e., likelihood that the underlying division or
need to be in operation in every cell. In particular, there is a differentiation machinery is active within a cell), we created a

Frontiers in Immunology | www.frontiersin.org 8 September 2018 | Volume 9 | Article 2053



Zhou et al. Competing Fates Regulate B Cell Differentiation

Differentiation or

A B c Division or death no differentiation
1 40 1
f i !
0.9 35 0.8
0.8 0.6
} % 30
o 07 = 0.4
S 06 32 H T o2
t < _u)
L I e
[e] >
S o4 £ 15 3 % $-02
0.3 0.4
10
0.2 . o Division -0.6
R o Death -0.
0 o Differentiation 08
0625 25 10 0625 25 10 0625 25 10 0625 25 10
aCD40 (pg/mL) aCD40 (ug/mL) aCD40 (pg/mL) aCD40 (pg/mL)
D L . .
c D|V|S|on Death Differentiation
o
=1 1
5 0. /_'_’_'_,_17
B 08
O 07
(O]
2 06
805
=}
£ 04
303
o ——10 pg/mL, N=153 —— 10 pg/mL, N=55 —— 10 pg/mL, N=54
Jo2 2.5 ug/mL, N=89 2.5 pg/mL, N=96 2.5 pg/mL, N=68
£ o ——0.625 pg/mL, N=56 ——0.625 pg/mL, N=161 ——0.625 pg/mL, N=91
L,E_, 0610 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
E 4
0.9
L
& 08
O 07
3 06
S os
% 0.4
é‘ 0.3 — 10 pg/mL
¥ 02 2.5 pug/mL
0.1 ——0.625 pg/mL
05

10 20 30 40 50 60 70 80 90 O 10 20 30 40 50 60 70 80 90 O

Time (hours)

10 20 30 40 50 60 70 80 90

FIGURE 4 | Features of single cell imaged data. (A) The proportion of tracked single cells that underwent each fate. Fisher’s exact test was performed to compare
proportions of cells to undergo fates between 0.625 vs. 2.5, 0.625 vs. 10, 2.5 vs. 10 pg/mL anti-CD40. Division vs. death: p = 4.18 x 1076, 1.77 x 1023, and
3.01 x 1077, respectively. Differentiation vs. no-differentiation: p = 0.15, 0.0007, and 0.078, respectively. (B) For cells reaching each fate the average time is shown
with 95% Cls. Kruskal-Wallis test was performed to compare the times to fates between different anti-CD40 concentrations. Division: p = 3.8741 x 1078, death:

p = 0.2386 and differentiation: p = 0.1354. (C) Yule’s Q, a measure of concordance in fate, shows that sibling fate selection (death or division, differentiation or no
differentiation) is highly symmetric at all anti-CD40 stimulation levels with 95% Cls indicated by bars. (D) Cumulative frequency distributions of raw data for time to each
fate. (E) Uncensored times to fate as determined by Kaplan-Meier survival function estimates overlaid for each anti-CD40 concentration. Division was uncensored from
the influence of death, death was uncensored from division, and differentiation was uncensored from both division and death. Data from all tracked cells are included.

parametric statistical model by assuming that underlying time-
to-fate distributions are log-normal given fate is in operation,

three-parameter description for differentiation (mean, variance,
propensity to differentiate) and a two-parameter description for

but with a possibility that differentiation and division are inactive
(discussed in Materials and Methods). Based on the observations
from application of the Kaplan-Meier estimator, we assumed
that the uncensored differentiation and death distributions were
unchanging with stimulus and that only the division distribution
and the propensity to divide were altered. This resulted in a single

death (mean, variance) across all three stimulation conditions,
along with a three-parameter description for division (mean,
variance, propensity) per stimulation condition.

The uncensored lognormal curves with the highest likelihood
of fitting to the data are shown in Figure 5A for comparison with
the per-condition non-parametric uncensoring. The parametric
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and non-parametric estimates are in good agreement, further
supporting the hypotheses of the parametric model. Having
ascribed lognormal curves to the probability distributions of
times to fate, fitted parameters from different conditions could be
compared for deviations in means, variations, and probabilities
(Figure 5B). For decreasing anti-CD40 concentrations (10, 2.5,
0.625 pug/mL), the model fit division time distributions to the
data with increasing mean (15.60, 20.09, 30.89h) and variance

(5.37, 9.37, 17.81h), while the propensity for division being
“on” in the cell decreased (0.84, 0.71, and 0.58, respectively).
Death times (mean 51.20 h, variance 79.87 h) and differentiation
times (mean 36.35h, variance 34.43 h, propensity 1) were fitted
with one distribution each for all of the CD40 stimulation
concentrations, with the assumption that the probability of death
is always ultimately 1. The best-fit propensity for differentiation
was 1, suggesting that differentiation is always “on” in a
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FIGURE 6 | Times to divide given differentiation or not. For each stimulation condition, upper panels display the empirical distribution of times to divide for cells that
did not differentiate (solid black lines) with 95% confidence intervals (dotted black lines) computed with Greenwood’s Formula. The lower panels display the same
information for cells that were observed to differentiate before dividing. Also shown on both are the model-predicted distributions (cyan) of times to divide conditional
on a cell differentiating or not, which differ as a consequence of the reshaping by competition.

stimulated cell and so is the default action that occurs when
either division or death does not censor it. Overlaying the raw
data, Figure 5C provides the extrapolation from these best-
fit uncensored probability distribution functions to what they
predict would be observed as a consequence of competition and
censorship. The model predicts that a small proportion of cells
will take their fate, typically death, after cessation of filming. A
small number of cells are, indeed, observed to have neither died
nor divided by the end of the microscopy session, and these are
plotted at the end of the death-time histograms, according well
with the out-of-sample model prediction.

Further Features of the Data Consistent
With Competition

Figure 6 plots an additional interesting feature of the data that
might appear to require an involved explanation. The upper
panels display the empirical cumulative distribution of the times
to divide of cells that did not differentiate for each stimulation
condition, while the corresponding lower panels display the
times to divide for cells that were observed to differentiate. For
each condition, these two distributions are distinct, with division
times being—on average—longer for cells that differentiated. The
equivalent plots for times to death can be found in Figure S3,
where the same phenomenon is exhibited.

Outside of the competition model, this seems to suggest
distinct distributions for times to division or death fates
dependent on whether a cell differentiates or not. Within
the competition hypothesis, however, it is instead an intrinsic

consequence of the model structure. Also displayed in the upper
panel of Figure 6 is the conditional distribution of the time to
divide given that the cell did not differentiate as determined
by the model, while the lower panel displays the models
conditional distribution of the time to divide given a cell did
differentiate. Within the competition model, these two observed
distributions are expected to be distinct as a consequence of
censoring: knowing that a cell differentiates ensures a lower
bound on the time to divide, conditioning it to be larger.
Thus, the competition model inherently anticipates and accounts
for these apparently involved features of the data within one
mechanistically simple hypothesis that would otherwise require
a model with significantly more parameters to explain.

DISCUSSION

The B lymphocyte is an ideal model system for studying cell
fate control, being highly tractable to in vitro manipulation
and sensitive to many alternative receptor driven signals that
alter its behavior. Here we adopted this system and sought an
answer to how varying the strength of one significant signal,
transmitted through CD40 on the B cell surface, could affect
the rate of development to ASC. This question is of particular
interest as earlier studies noted the effect to be “paradoxical”:
weaker stimulation leads to a greater rate of differentiation with
each generation (29). Building on previous filming experiments
(26, 30), chamber slides were used to sustain and image cells
in varying levels of anti-CD40 stimulation. Miniature paddocks
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segregated the individual cells and reduced interference from
homotypic adhesion (27). These data consisted of the recorded
times to fates of hundreds of sibling pairs, making it suitable for
quantitatively challenging hypotheses.

Analyzing these data allowed the elimination of the
hypothesis that the paradoxical differentiation effect was
due to changes in asymmetric cell division, as siblings had a
high concordance in fate that was unaffected by stimulation
strength. Our attention turned to ask whether the theory
of competing fates (26, 32) could explain the phenomena.
We hypothesized that increased differentiation could arise
by cells transitioning faster within each generation, or by
division times slowing, and thus allowing cells more time
to differentiate before they divided again. Consistent with
the latter hypothesis, the data, when uncensored, revealed
that CD40 stimulation level regulated division times and
division proportions, but had no effect on either differentiation
or death times. Parametric fitting to differentiation times
only required one set of parameters (mean, variance,
propensity), whereas constraining division times to a
single set of parameters would have produced poorly fitted
outcomes. Hence, assuming independently timed control
of fates, we were able to reject the hypothesis that CD40
stimulation was controlling either the proportions of cells
capable of differentiating to ASC, or the time required for
cells to differentiate. Instead, changes in division times were
sufficient to re-create the differentiation patterns seen with flow
cytometry.

This analysis supported the hypothesis that low CD40
stimulation slows division times, and consequently allows
more time for cells to differentiate. Thus, regulation of
division time by stimulation strength is identified as a
controlling feature of fate decisions by the stimulated B
cell. An influence of cell cycle length on differentiation has
been noted in other cell systems suggesting this may be a
biologically widespread regulatory mechanism (34, 35). We
also assume the likelihood of differentiation is dependent on,
and in turn altered by, the concentration of cytokines in
culture. Further experiments will be required to assess this
possibility.

These studies raise the question of how signals and
internal molecular processes alter the time to different fates.
One mechanism reported to date posits accumulation of
transcriptional regulators. Kueh et al. (36) imaged hematopoietic
progenitor cells and noted the choice between becoming a
macrophage-lineage cell or a B cell was dependent upon the
timed accumulation of transcriptional regulator PU.1. The
longer cells took to divide, the more likely they were to
accumulate the higher levels of PU.1 needed for macrophage
commitment. A variant of this mechanism requiring both timed
production and loss was noted by Heinzel et al. (37) for
expression of Myc as a controller of division progression. Myc
accumulated in proportion to signal strength and decayed at
a constant rate, independently of division, eventually leading
to a timed cessation of mitosis. As transcriptional regulators
are important drivers for many fate changes, equivalent timed
changes in expression level based on accumulation are likely
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FIGURE 7 | Model of division-based control of B cell fate. Quantitative
differences in CD40 signaling leads to proportional differences in division times,
as well as the number of divisions completed. Even without modifications to
underlying differentiation times, cell populations can differentiate as a result of
competing cell fates. With slow divisions, the multitude of weakly stimulated
(Continued)
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FIGURE 7 | cells automatically differentiate, and rapidly form large numbers of
unswitched, low affinity antibody secreting cells. Meanwhile, those cells that
receive strong stimulation divide rapidly, and hold back their differentiation
mechanism until the clone has undergone expansion and isotype
modifications, thus leading to an increased net number of higher affinity
plasmablasts.

to be in operation in mature B cells. Further experiments
measuring levels of transcriptional regulators and correlating
levels with fate outcomes in individual cells will be informative
to identify this and other putative molecular mechanisms
(15).

These findings also offer insights into the controlling systems
for antibody generation during a T-dependent immune response.
T and B cell cooperation is an active process that occurs in two
distinct sites during an immune response. Initial engagement
occurs in the extrafollicular zones of lymphoid tissue and
leads to the heterogeneous production of antibody secreting
plasmablasts, that are typically short-lived and of weak to
moderate affinity (38). Effective T and B cell collaboration
requires an unbroken sequence of graded quantitative events
that begins with antigen capture by the B cell receptor (BCR)
and upregulation of T cell costimulatory surface molecules
such as CD28, class II MHC and CD40 (39, 40). For effective
stimulation by T cells, antigen must also be internalized by
the B cell and presented on the cell surface, providing further
opportunities for quantitative titration of the outcome (41).
These variables in turn determine the level of stimulation
received by an engaged T cell and subsequently the level
of CD40L expression, and the rate of cytokine production
provided to the B cell during the collaborative event (42).
While the combinatorial possibilities are large, given the
results here, we can identify a key principle in operation:
even if holding all other variables constant, quantitative
differences in CD40L, as the result of the chain of early
events, will lead to proportional variations in average division
times as well as the number of divisions completed (43).
By slowing division, the weaker cells automatically assume a
greater likelihood of differentiating and of dying. The more
strongly stimulated cells will divide rapidly, automatically
holding back their differentiation to ASC and leading to
greater selection and expansion. Based on these findings we
suggest that, as stimulated cells lose access to T cells, B
cells slow division and automatically transition to secreting
plasmablasts, provided cytokines are also present. Thus, the
more avid and competent B cells are naturally selected for
expansion while their differentiation is suppressed, leading,
ultimately, to an increased net number of higher affinity
plasmablasts overall (illustrated in Figure 7). This model is
consistent with the studies of Paus et al. showing greater
proliferation and overall generation of plasmablasts by higher
affinity B cells (44). As antibody isotype switching is also
strongly linked to progressive division and unaffected by
the strength of CD40 stimulation (18, 19), this selection

mechanism will, without additional cellular machinery, result in
higher affinity clones that transition, automatically, to produce
specialized antibody subtypes. It seems likely that the quantitative
relation between all of these processes has evolved to provide
an optimal balance for generating protective antibody over
time.

An important second site of T-B cell collaboration is the
germinal center. A subset of activated T and B cells migrate
to primary follicles to initiate and sustain this reaction (45—
47). At this site B cells undertake successive rounds of somatic
hypermutation and selection that generates fully differentiated
plasma cells and long-lived high affinity, memory B cells.
Selection of B cell clones in the germinal center is critically
dependent upon T cells and CD40-CD40L interactions (17, 48,
49). B lineage cells in the germinal center are distinct from
those generated in vitro, and seen in extrafollicular sites (50).
However, labeling studies in vivo have determined that the
division rate is affected by the strength of stimulation provided
by T cell help (51, 52). These observations taken together with
the in vitro findings of the present paper, imply a general
mechanism where the rate of proliferation is linked to, and
tempers, the fate of competent, highly stimulated cells to achieve
an optimal dynamic outcome with minimal direct control over
differentiation.
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Supplementary figures
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FIGURE S1 | B cell proliferation and differentiation is affected by anti-CD40
concentration. CTV labelled resting Blimp-18®* B cells were cultured in the indicated
concentrations of anti-CD40 with constant IL-4 and harvested over time. (A) Plots of CTV vs
Blimp-1-GFP showing increases in GFP* cell frequency with advancing divisions. (B) CTV
histograms of total live cells overlaid to compare division progression in response to different
anti-CD40 levels. Data representative of multiple CD40 titration experiments.
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FIGURE S2 | Control cultures for long-term imaging campaign. CTV labelled resting
Blimp-1#¢"* B cells were cultured in the indicated concentrations of anti-CD40 with IL-4 and
harvested after 4 days. (A) Cells analyzed by flow cytometry showing CTV versus
Blimp-1-GFP. Pre-sort row (- 6 h) indicates varying proliferation and differentiation in each
culture. Sorted cell rows (2 — 51.5 h) show successive harvests of control cells after cytometric
sorting of undifferentiated cells from generation 4 (gating box shown in pre-sort dot plot).
Blimp-1-GFP™ cells indicated in blue. (B) CTV histograms overlaid indicating differences in
division progression of presorted cultured cells and subsequent control cultures of sorted
generation 4 cells. Shaded bar provides reference for generation 4. (C) Shows cell numbers
recovered over time from re-culture of sorted cells, where ‘0’ is 91 h after initial stimulation.
(D) The proportion of GFP* cells upon re-culture of sorted cells shows progressive changes
with division.
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Results

3.2 FURTHER RESULTS

3.2.1 The independence between alternate cell fates was not affected by
CD40 stimulation strength

The Cyton model’s assumptions of independence between cell fates was further interrogated
by investigating the correlations between alternate fates outcomes. To illustrate this analysis,

two hypothetical situations for times to fates are compared in Figure 3.1a as an example.

In the top panels, each simulated point is randomly assigned a time to event X and another
time to event Y. Either fate is log-normally distributed with the same mean and standard
deviation, however each are designated independently of the other, and so the correlation
(p) 15 O (top left panel). When events where Y<X cannot be observed, such as where division
censors long differentiation times, the data set is reduced to only Y>X pairs (top right panel).
As a consequence of censorship, a correlation 1s observed between two independent events;
and this value can change depending on the level of competition between the two fates.
In the bottom panels, simulated times to fates are drawn from two markedly different, but
independent distributions, W and Z. After censorship, the correlation expected between fates
7. and W 1s much lower than if there were more overlap between the probabilities for the two

times to fates [125].

Using this technique, Pearson’s p was calculated for each of the three CD40 conditions under
scrutiny, for both differentiation vs division, and differentiation vs death (Figure 3.2b).
These observed values were compared with that predicted using times to fate distributions
calculated from parametric fits of the data (Figure 3.2c). To do this, the fitted, uncensored
distributions from the parametric model were used to sample simulated populations of the
same size as each data set. After censoring those events where differentiation is longer than
either division or death, the mean Pearson’s Correlations from 1000 simulations are plotted
in (Figure 3.2c ‘modelled’), with 95% confidence intervals (ClIs) for the true mean. There
are large degrees of overlap between the 95% Cls for the observed data compared with the
modelled data; in particular, the observed Pearson’s correlations for 0.625ug/mL 1C10 fell
within the 95% ClIs for both differentiation-division and differentiation-death correlations.
Thus, these data further support the hypothesis that differentiation to ASC is independent
of both division and death times, and that long division times in low CD40 stimulation

conditions allow more cells to fulfil the time required for them to differentiate.
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a Cyton: censorship produces signature correlations when times to fates are independent and in competition.
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Figure 3.2: Intracellular fate correlations

a) Simulated data for times to independent fates taken from the same log-normal distribution (X and Y) or
different log-normal distributions (W and Z). As these distributions are independent, Pearson’s correlation is
expected to be close to 0 (left panels). With censorship, values where X=Y or W>Z are unobservable (right
panels), and the resulting distribution produces a signature correlation value. Adapted from Ken Duffy [125].
b) Observed intracellular fate correlations between differentiation times and either division or death times.
c) Observed Pearson’s correlations (blue) compared with modelled predictions (red) for intracellular
correlations between cell fates (95% Cl).
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Figure 3.3: Intercellular correlations between sibling cells
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correlations between times to fates (95% Cl).
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3.2.2 CD40 stimulation strength does not affect sibling correlations or

concordance

After examining single cell fates and the effects of independent but competing fate outcomes,
it remained of interest whether CD40 stimulation strength would affect sibling cell fate
relations. Very high correlations in fate outcomes and concordance in times required to
achieve cell fates have been seen previously [128], and was also observed in this experiment
(Figure 3.3).

For generation 5 cells that divided, their sibling was also highly likely to divide, and the
converse was also true for death. Similarly, whether one cell differentiated or not, their sibling
was also likely to follow the same fate. Yule’s Q) for quantifying these sibling concordances are

plotted in Figure 3.3a, and appears not to be affected by CD40 stimulation strength.

Sibling cells that undergo the same fate (differentiation, division, or death) have their times to
fate plotted in Figure 3.3b for each stimulation condition. The levels of correlation between
siblings’ times to concordant fates were found to be high for each fate outcome, and CD40

stimulation had little impact on this correlation (Figure 3.3c).
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3.3 FURTHER DISCUSSION

In using a technique for observing and recording the times to fates of individual cells, these
data could then be analysed using mathematical methods to uncensor underlying times to
cell fates. The uncensored data revealed that CD40 signalling controlled division times and
division proportions, but had no effect on either differentiation or death times. Parametric
fitting to differentiation times was successful with only one set of parameters (mean, variance,
P), whereas constraining division times to a single set of parameters would have produced
poorly fitted outcomes. Hence, we were able to reject the hypotheses that CD40 stimulation
was controlling either the proportions of cells capable of differentiating to ASC, or the
time required for cells to differentiate, at the levels of CD40 stimulation tested. Instead,
the changes in division times were found to be sufficient for producing the differentiation
patterns seen with flow cytometry; these data and the subsequent tests for independence
and competition supported the last hypothesis, where low CD40 stimulation slows division
times, and consequently allows more cells time to differentiate. These characteristics would
not have been uncovered without collecting the heterogeneous array of times to fates for

individual cells, and uncensoring analyses.
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Introduction

4.1 INTRODUCTION

Differentiation typically occurs several days after commencement of the B cell response, by
which time most activated cells have undergone multiple rounds of cell division. For both
T-dependent and -independent stimulation, plasmablasts begin to appear 3-4 days after
vwo antigen challenge, around the same time that antibody 1sotype switching is also detected

[49, 139, 140].

The observation that plasmablasts appear several days after B cell activation is also mirrored
in m vitro experiments. These differentiation changes are measurable by staining for
differentiation marker CD138 (Syndecan-1) and antibody secretion [67], or using the Blimp-
1-GFP reporter mouse [70, 114]

An important clue for how the characteristic timing of plasmablast appearance was controlled
and delayed arose with the application of division tracking dyes such as CFSE [98]. The
utility of these dyes made it possible to observe cell differentiation behaviours in individual
generations, as the cell population divides over the course of the lymphocyte response.
When examined in this way, both antibody isotype switching and differentiation to ASC
were found to exhibit strong division-linked behaviour. Regardless of time from stimulation,
or cell numbers per generation, CFSE-labelled cells produced consistent proportions of
cells that were antibody isotype switched, depending on the number of times divided and
the stimulation conditions [92, 103]. Similar results were found for differentiation to ASC
[67], where cells that had divided more times produced antibody secreting cells at greater
frequency. This was observed in both bulk flow cytometry analyses and experiments where
cells were sorted from single, consecutive generations and re-cultured for subsequent analysis

(67, 102].

How division progression imposes such a striking influence on cell differentiation is not
well understood at either the cellular or molecular levels. In this chapter, the production of
antibody secreting cells in different cell generations was examined in relation to the theory
of competition between cell fates. The higher frequency of ASCs among cells that undergo
more divisions has a number of possible explanations if consistent with the competing fate

hypothesis explored and supported in the previous chapter. It may be due to:

1) Changes in the times to differentiate altered by division progression;
2) Poor survival of lymphoblasts in late generations;
3) Faster division times censoring and impeding differentiation in earlier generations;

4) A mixed permutation of altered times and cell fates asin 1 - 3.
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To distinguish between these possibilities, the filming method used in the previous chapter
[128, 141] was adapted with a number of further modifications. In order to facilitate
and improve the ability to monitor differentiation, an attempt was made to reduce the
influence of a major competing fate, cell death, by using a mouse strain overexpressing the
pro-survival oncogene Bcl-2. Bcl-2 belongs to a family of anti-apoptotic proteins responsible
for inhibiting or sequestering pro-apoptotic molecules [142-144]. Bcl-2 and its family of
apoptotic regulators are key components of the programmed cell death pathway, and so are
constitutively expressed in all mammalian cell types. The dysregulation of Bcl-2 contributes
towards malignancies such as chronic lymphocytic leukaemia (CLL) or other lymphomas, as
Bcl-2 overexpression enhances cell survival, one of the hallmarks of cancer [145]. Here, we
use these properties of enhanced survival in Vav-bcl-2-69 transgenic mice [146] to inhibit

death as a competing cell fate, as a means of directly ‘uncensoring’ differentiation.

The previous chapter demonstrated how changing division times alone can modulate the
rate of antibody secreting cell production. In this chapter, the use of single cell imaging was
applied to examine how the passage through multiple division rounds controls differentiation

to ASC.
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Results

4.2 RESULTS

4.2.1 Generation-linked differentiation is enhanced by IL-5

To promote division-linked differentiation and therefore increase the sensitivity of the
proposed experiments, the cytokine interleukin-5 (IL-5) was evaluated. This T cell derived
cytokine has been reported to promote division linked differentiation without effects on other

fates, including isotype switching, proliferation or survival [67, 86].

To assess the effects of IL-5 in our culture system, purified, naive splenic B cells were
CTV labelled and incubated with 10 pg/mL anti-CD40, 500 U/mL IL-4, and varying
concentrations of IL-5 in the established culture system (Methods 2.3 — 2.8). Triplicate
200 pL cultures were harvested and analysed by flow cytometry on days 0, 3, 4, 5 and 6,
and assessed for total cell numbers, as well as cells per generation. Total cell numbers, and
the distribution of cells per generation, were largely unaffected by IL-5 concentrations
(Figure 4.1a,b). Differentiation to ASC, however, was increased in the presence of
IL-5. Proportions of total ASCs produced in the population were higher with greater IL-5

stimulation (Figure 4.1c). When examined by generation, the enhancementin differentiation

a Total cell numbers b Cells per generation
S 150 - 2 40 -
S | 3 S 96h IL-5:
R [ =) —— 10ng/mL
g 100 7 \E’ —— 1ng/mL
[S 2 0.1ng/mL
2 £
g 50 4 3 —— no IL-5
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|9 O L] L] L] L] L] L] L] 0 = L] L] L] 1
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Figure 4.1: Differentiation is generation-linked, and enhanced with the addition of IL-5.

a) Total cell numbers over time for cells cultured with 10 pg/mL anti-CD40, 500 U/mL IL-4, and varying
concentrations of IL-5. b) Cell numbers per generation as determined by CTV gating, at 96 h post-stimulation.
c) Total proportions of differentiated cells (Blimp-1-GFP-positive) as they appeared over time in each culture
condition. d) Proportions of Blimp-1-GFP-positive cells from each generation 96 h after stimulation, indicative
of differentiation to ASC. Mean +/- SEM. Data representative of 3 independent experiments.
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was revealed as a consistent increase with successive divisions (Figure 4.1d), despite very
little differences in cell numbers at the varying IL-5 concentrations. Thus, IL.-5 was included
in subsequent experiments to amplify differentiation outcomes without affecting division or

death as competing cell fates.

4.2.2 Long-term imaging identified the effect of generation progression on

differentiation outcomes

In order to better understand cell fate allocation behaviours that produce division-linked
differentiation, times to single cell fates from last mitosis were measured using long-term
imaging. Healthy Bcl-2-overexpressing mice (VavP-Bcl2-69, Methods 2.1 — 2.2) were
included as a means of either removing or delaying cell death as a competing fate, and filmed
alongside mice that were wild-type for this gene. All experiments here used cells from Blimp-
1-GFP reporter mice, with the exception of the C57BL/6 (wild type) controls used to set the

GFP positive/negative thresholds for both flow cytometry and microscopy image-processing,

4.2.2.1 Experimental design

Asillustrated in Figure 4.2, naive B cells were harvested and purified from the spleens of two
Bcl-2 transgenic, Blimp-1-GFP reporter mice (Bcl-2'¢* Blimp-19""*, henceforth referred
to as ‘Bcl-2-Tg”); two Bcl-2 wild type, Blimp-1-GFP reporter mice (Bel2*/* Blimp-19"7",
‘Bel-2-WT?), and one C57BL/6 wild type mouse (Bcl2*/* Blimp-1*/*, “WT” control) in
preparation for filming. Cells from each genotype were cultured at 10° cells/mL in 6 mL
media, with low anti-CD40 (2.5 pg/mL), high 1L-4 (500 U/mL), and IL-5 (5 ng/mL) to
maximise observable differentiation events, while maintaining a steady rate of proliferation.
Concurrent control samples with identical stimulation conditions were cultured at
5 x 10* cells/mL in 200 pL triplicate wells, for monitoring by flow cytometry over the next

four days of culture (Figure 4.3).

On day 4, after cells had begun proliferating and were distributed across approximately nine
generations including an undivided cohort, the Bcl-2-WT and Bcl-2-Tg populations were
harvested and sorted for undifferentiated (Blimp-1-GFP negative) cells in generations 0, 2,
4, and 6. These eight populations were seeded into individual wells of two chamber slides,
at 5 x 10* cells/mL in 250 pL filming media (Advanced BCM-E phenol red free) with fresh
stimuli, where each well was lined with a 50 pm microgrid to isolate individual cells into
paddocks for tracking (Methods 2.10). Remaining cells were distributed across six plates in
duplicate or triplicate cultures at 5 x 10* cells/mL in 200 pL with stimuli for a concurrent
flow cytometry time course, and analysed at twice-daily time points for the duration of the

imaging experiment (Figure 4.4, 4.5).
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Figure 4.2: Protocol for imaging Bcl-2-Tg and Bcl-2-WT cells sorted into individual cell generations.

Cells from Bcl-2-Tg mice or Bcl-2-WT mice (and C56BL/6 controls) were cultured in 5 mL 2.5 pug/mL anti-CD40,
500 U/mL IL-4, and 5 ng/mL IL-5 for four days prior to imaging. (Concurrent 200 plL cultures were set up
for flow cytometry analyses.) Cultures for filming were harvested 84h after initial stimulation, and sorted
for Blimp-1-GFP-negative cells occupying generations 0, 2, 4, or 6. Sorted cells were cultured with stimuli in

phenol-red-free media (Advanced BCM-F) for imaging, and remaining cells plated for concurrent culture and
analyses by flow cytometry.
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Figure 4.3: Flow cytometry control prior to cell sort.

a) Total cell numbers per well plotted for Bcl-2-Tg Generation
(red), Bcl-2-WT (blue), and WT (green) cells cultured
in triplicate 200 uL wells for daily analyses, in the same
conditions as and parallel to cultures reserved for
flow cytometric sorting. b) The populations for each
genotype were segregated into generations based on
CTV peaks, at the indicated times after activation. ‘7+
includes cells in generations 7 and above. The magenta
circle at 68 h highlights the high proportion of Bcl-2-Tg
cells left undivided at this time. Mean +/- SEM of

triplicate cultures. 0 1 2 3 4 5 6 7+
Generation

%07 84n
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Time-lapse images were acquired on a Zeiss Axio Observer.Z 1 inverted microscope equipped
with a PCO.edge scientific CMOS camera, in the GFP and transmission channels (refer to
Methods 2.11). Each microgrid was tiled in a 3 x 4 fashion, totalling 108 positions (including
C57BL/6 controls), imaged every 6 minutes over the following 61.8 hours.

4.2.2.2 Population controls confirm division-linked differentiation and

Bcl-2 mediated survival advantage

Upon completion of the experiment, flow cytometry data of the bulk control populations
were analysed first. To assess the effects of Bcl-2 overexpression on cell fates at the population
level, total cell numbers were monitored over the initial four days after stimulation. Bcl-2-Tg
cells differed slightly from the Bcl-2-WT and WT controls, as total cell numbers were lower
at the 68 h time point soon after commencement of cell division (Figure 4.3a). This effect is

likely due to a delayed entry into first division, as previously noted [147, 148], and confirmed
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by the higher undivided fraction in the Bcl-2-Tg population (Figure 4.3b, 68 h). Notably,
the Bcl-2-Tg populations had surpassed the controls in cell number by 84 h post-stimulation,
suggesting no impediment in proliferation. Since the CTV distribution and hence division
profiles between Bcl-2-Tg and Bcl-2-W'T remained very similar (Figure 4.3b, 84 h), Bcl-2

overexpression did not appear to affect division rate.

Control populations of cells sorted from different generations were also followed by flow
cytometry (Figure 4.4). Both the Bcl-2-W'T and Bcl-2-Tg cultures continued proliferating
after re-culture, although for both groups, cells sorted from the undivided portion
(generation 0) were significantly slower to increase in number (Figure 4.4a, b) compared to
the other generations. Cells sorted from generations 2, 4, and 6 expanded rapidly, and based
on CTYV profiles, appeared to successtully progress through multiple further generations
(Figure 4.4b). For generation 0, however, a large proportion of the sorted cells remained
undivided. A comparison between Bcl-2-W'T and Bcl-2-Tg indicated that cells overexpressing
Bcl-2 typically accumulated more divisions, and also reached higher cell numbers compared
to their WT counterparts across the time series, presumably as a consequence of enhanced

survival allowing more cells to divide.

For the above control cultures, proportions of cells that differentiated to ASC from each sorted
population were also compared by relation to generation number (Figure 4.5). Cells sorted
from generation 6 differentiated more quickly per division than those from generation 4,
which in turn accumulated ASCs faster than cells from generation 2, consistent with
generation-linked changes in rates for differentiation reported previously [67]. Generation 0
cells appeared to differentiate at a similar low rate to those sorted from generation 2
(Figure 4.5a, b). Despite differences in cell numbers, the rate of differentiation observed
over time was found to be similar for both Bcl-2-W'T and Bcl-2-Tg when compared in

this manner.

Thus, segregation into generations using CGTV peaks demonstrated that the proportion of
cells differentiated to ASC were comparable between the Bcl-2-W'T and Bcl-2-Tg cultures at
both the population (Figure 4.5a, b) and generation levels (Figure 4.5c).

Opverall, the features of differentiation and proliferation for population data were as expected:
Despite the small early difference in cell numbers between Bcl-2-Tg and Bcl-2-W'T cells,
differentiation behaviour was similar, and demonstrated generation-linked behaviour across
time, regardless of generation. Having confirmed the population controls indicated the
culture conditions were successful, microscopy images were then analysed for single cell

fate outcomes.
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Figure 4.6: Manual tracking of cell fates using live cell imaging.

B cells from Blimp-1-GFP reporter mice that either over-expressed Bcl-2 (Bcl-2-Tg) or were wild type at the
Bcl-2 locus (Bcl-2-WT) were stimulated with anti-CD40 antibody, IL-4, and IL-5. On day 4, undifferentiated
cells were sorted into generations 0, 2, 4, or 6, and placed into separate wells of a chamber slide for filming.
Chambers contained microgrid inserts to separate individual cells into ‘paddocks’. Images were acquired in
the transmission and GFP channels using a Zeiss Axio Observer.Z1 equipped with environment chamber to
maintain 37°C, 5% CO,, and humidity. Automated rounds of 108 positions were acquired at 6 minute intervals.
Raw images in the GFP channel were corrected for uneven illumination, noise, thresholded, and binarised
for visual scoring. Cells that occupied individual wells were followed and their first division event recorded.
Subsequent daughter cells were tracked for their differentiation, division, and death times. Sample images
from one paddock are shown, with the first division assigned as ‘time 0". One daughter differentiates into an
ASC at 3.9 h and divides at 10.8 h, the other differentiates at 5.1 h and divides at 10.7 h.

4.2.3 Bcl-2 delayed death times and increased the proportions dividing cells

Time-lapse microscopy images were processed using a pipeline developed by Andrey Kan
(WEHI) as a series of MatLab scripts, to objectively identify differentiation times as the
Blimp-1-GFP reporter cells began to produce GFP (Methods 2.12). These steps were similar
to those used previously (Chapter 3, [126, 128, 141]). Resulting images were cropped into
individual paddocks and compiled into time-lapse movies for manual analysis, with the same
paddock displayed in the bright field and raw GFP channels, and an additional panel for
bright field overlayed with thresholded and binarised GFP fluorescence (Figure 4.6).

Paddocks which contained a single cell that would go on to divide were identified and tracked,
and the fates of at least 50 starting cells and their 100 or more daughters were recorded for
each of the populations sorted from generations 2, 4, or 6, for both the Bcl-2-Tg and Bcl-2-W'T
populations. Meanwhile, for cells sorted from undivided populations (generation 0),
164 progenitor cells were followed from Bcl-2-Tg and 165 cells from Bcl-2-W'T" regardless
of fate. Frame numbers were recorded for when cells divided, died, or started expressing
Blimp-1-GFP, and cells were tracked until they either died, divided again, or could no longer
be tracked (classified as ‘lost’) due to movement away from the field and/or plane of view,
or imaging ceased as the experiment ended (see Methods 2.13). These values were then
translated into times to fates from mitosis for generations 1, 3, 5, and 7, or for generation 0,

time from the commencement of filming, 90.75 h after initial stimulation.
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A large number of cell ‘losses’ were recorded for generations 0 and 1 (Figure 4.7a),
predominantly due to the fraction of cells that survived the extent of the imaging without
either dividing or dying (see section 4.2.6). In contrast, the proportions of fates followed for
generations 3, 5, and 7 were high, with 87% or more of cells traced until division or death.
Due to this apparent discrepancy in generation | selecting for a small proportion of cells
with delayed entry to first division by their progenitors, we focussed our initial analyses upon
cells sorted from generations which were actively proliferating at the time of cell sorting

(ie. generations 2, 4 and 6).

Inspection of the raw filming data revealed non-uniform distributions for division, death,
and differentiation when timed from mitosis, for both Bcl-2-W'T (Figure 4.7b) and Bcl-2-Tg
(Figure 4.7c). Division times in particular appeared to conform approximately to right
skewed distributions, predominantly occupying narrow time ranges in the first 20 h, as
previously observed [128]. Death times were more broadly distributed than division times,
and as expected, tended to occur later for Bcl-2-Tg populations than for Bcl-2-W'T. The
majority of differentiation events occurred within 40 h of mitosis. By contrast, cell loss events
appeared not to relate to mitosis time and showed no consistent pattern, as would be expected

for a randomly occurring event.

Proportions of cells that underwent division, death, or differentiation were enumerated
(Figure 4.8a), in conjunction with mean times to each fate (Figure 4.8b). Comparisons
between genotypes revealed that smaller proportions of cells died with Bcl-2-Tg, compared
to Bcl-2-W'T. Conversely, Bcl-2 overexpression also increased the proportions of cells
observed to divide. Meanwhile, for the proportions of cells that differentiated to ASC,
Bcl-2 overexpression had little, if any, effect. Across the generations, the proportions of cells
observed to undergo each fate remained largely the same (Figure 4.8a), while times to
GFP expression appeared to decrease with increasing generation number (Figure 4.8b).
As complex simultaneous changes in multiple fates are expected if competition is operating,

Kaplan-Meier (KM) analyses were employed to untangle censored fate times (Figure 4.9).

For this analysis, division times were considered censored by deaths and losses, death times
by divisions and losses, and differentiation times by division, death, and loss outcomes.
Uncensored KM estimates of times to each fate are illustrated in Figure 4.9. As noted in
the previous chapter, this analysis indicates that under these culture conditions not all cells
are destined to divide, even if they do not die (Figure 4.9a). Surprisingly the projected
proportion of non-dividing cells per generation, indicated by the plateau, is different between
Bcl-2-WT and Bcl-2-Tg cells (50% compared to approx. 80%). Despite the larger frequency
of dividing cells, Bcl-2 overexpression did not appear to affect the time taken for those cells
to divide (Figure 4.9a). In each condition, the majority of cells that divided achieved their

fate by approximately 22 h, regardless of genotype or generation number. From there, the
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Flgure 4.7: Quantifying filming data.

a) Proportions of cells which could not be tracked until division or death, and were deemed ‘lost’; largely due
to the cessation of imaging. For generations 3, 5, and 7, where the vast majority of cells divided or died within
the microscopy experiment, histograms are plotted of times to divide (blue), die (black), differentiate to ASC
(green), or when cells were lost (red) for both b) Bcl-2 WT and c) Bcl-2 Tg populations. Times to fates were
calculated from last mitosis. u = geometric mean event time (h).
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Figure 4.8: Summary of filming data.

a) Proportions of Bcl-2-WT (solid) or Bcl-2-Tg (dashed) cells observed to undergo division, death, or
differentiation, tracked from generations 3, 5, and 7. b) Geometric mean times between initial mitosis and
observed cell fates (95% Cl).

KM plots began to plateau, indicative of a difference in the total proportion of cells capable
of dividing between Bcl-2-Tg and Bcl-2-WT (dashed line, Figure 4.9a).

The Bcl-2-Tg genotype was included in this experiment in an attempt to delay death,
and therefore uncensor and observe more differentiation events. Both these requirements
appeared to have been satisfied. Death was delayed by approximately 11.5 h in the Bcl-2-Tg
populations (Figure 4.9b), and there was no statistical difference between differentiation
times for Bcl-2-Tg compared to Bcl-2-WT for each generation (Figure 4.9c¢, Log-rank test

in GraphPad Prism, using one randomly selected sibling of each pair).

4.2.4 Increasing generation number decreased the time required for cells to

differentiate, without affecting proportions

This single cell data was explored in more detail to evaluate how generation number
was influencing differentiation. KM survival estimates were plotted together to compare
generations 3, 5, and 7, for both Bcl-2-W'T' (Figure 4.10a) and Bcl-2-Tg (Figure 4.10b),
using one randomly selected cell from each sibling pair to fulfil the assumption of
independence between events (see section 4.2.5 for linked sibling fates). Whereas the
changes in distributions of times to fates between generations were ambiguous with the
Bcl-2-WT populations, the inclusion of Bcl-2 overexpression, and hence delayed death and
censorship, allowed the differences in uncensored distributions to be visualised more clearly

(Figure 4.10b). Model fitting was thus attempted on the Bcl-2-Tg data (Figure 4.11).
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Figure 4.9: Uncensored division, death, and differentiation times.

Kaplan-Meier survival estimates of uncensored times to fates, calculated from last mitosis (0 h), depicting
one randomly selected cell from each sibling pair in generations 3, 5, and 7. a) Proportions of cells divided
over time, uncensored from deaths and losses. b) Proportions of cells that died over time, uncensored from
divisions and losses. c) Proportions of cells differentiated over time, uncensored from divisions, deaths, and
losses. ‘Steps’ mark each event of interest, while check marks indicate censoring events.

Log-normal cumulative distribution functions (CDFs) were fitted directly to the KM survival
estimates, to quantify the probabilities of undergoing each fate over time (Methods 2.14).
The survival estimates for each fate across generations 3, 5, and 7 were first fitted freely (with
the exception of p=1 for death), using the least sum of squared differences between a log-
normal CDF and the observed data. Resultant curves are overlaid in Figure 4.11a. These
same CDFs were plotted as probability density functions (PDFs) in Figure 4.11b, listing
model parameters of mean (n) and standard deviation (o) for the log-transformed data, and

the propensity (p) for the fate to occur in the absence of censorship.

Inspection of modelled PDFs reinforced the observation that the distribution of division
times changed little with increasing generation numbers. Meanwhile, for both differentiation
and death, the mean times to fates reduced markedly with increasing generation numbers.
Fitted curves were mapped only until the last event of interest, due to the lack of power
in data towards the end of KM distributions, and to minimise any skew to the fitting due
to the remaining censoring events. Nevertheless, the data suggested that only a limited
proportion of cells are able to differentiate in each generation, and that the proportion

remains the same regardless of division number. Consequently, constrained fits were
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Figure 4.10: The effect of generation number on times to fates.

Kaplan-Meier survival estimates for uncensored division, death, and differentiation times were compared for
generations 3, 5, and 7, in both a) Bcl-2 WT, and b) Bcl-2 Tg populations. One randomly selected cell from each
sibling pair is plotted.

tested where a single optimal division time probability was mapped to all three generations
(9 = 3 parameters; same p, o, p) (Figure 4.11c), and times to differentiate (p, o) varied
between generations, but retained the same propensity (9 = 7 parameters, equal p)
(Figure 4.11d). Resulting modelled fits deviated little from the data compared to the free
fits, despite the fewer parameters (Figure 4.11d). This result suggests that approximately
50% of cells in each generation (p = 0.54) are committed to differentiate. Furthermore, that
the median time to differentiate (calculated by exp”, p = log-transformed mean) is reduced by

10 hours from generations 3 to 5, and by a further 12 hours from generations 5 to 7.

Together, analyses of the Bcl-2-W'I, Bcl-2-Tg, and model-fitting data indicated that the
number of divisions after B cell activation did not substantially affect division times from last
mitosis, but shortened both death and differentiation times. Faster differentiation times with
increasing generation number was consistent with the hypothesis that differentiation times
would more frequently outcompete division or death in cells that undergo many divisions,
leading to division-linked increases in differentiation frequency. Proportions of cells with the

capacity to undergo each fate, however, appeared unaffected.
pacity g PP
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Figure 4.11: Model-fitting to Bcl-2 Tg data

a) Log-normal cumulative distribution functions (CDF) were fitted to the Kaplan-Meier estimates for
generations 3, 5, and 7 for each fate, using the least sum of squared differences. Probability of death was
constrained to 1, all other parameters were fitted freely. b) Fitted CDFs are plotted as probability distribution
functions (PDFs). Log-transformed mean (W) and standard deviation (o), and probability (p) parameters are
listed for generations 3, 5, and 7, respectively. c) Division times were re-fitted with the same distribution
for each generation (9 = 3 parameters), and d) differentiation times were re-fitted with the constraint that
probabilities were to remain the same between generations (9 = 7 parameters), resulting in exp# = 29.96,

Time from mitosis (h)

20.09, 8.50 h medians for generations 3, 5, and 7, respectively.
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Figure 4.12: Sibling correlations in times to fate and concordances between fate outcomes.

a) Where sibling fate outcomes were concordant, the time for one cell to reach the indicated fate is plotted
against the time for its sibling cell; sibling ‘1’ or ‘2’ is randomly assigned. b) Pearson’s p measuring the
correlation between sibling times to fates for generations 3, 5, and 7, as well as the pooled data from these
generations. (95% Cl) c) Yule’s Q for sibling fate concordance, for division vs death (left), and differentiation vs
no differentiation (right).
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4.2.5 Sibling fate concordances and correlations remained high regardless

of generation number

Statistical tests between times to fates excluded sibling data by randomly choosing one cell of
a pair, as these tests assume independence between events, and sibling fates are known to be
highly concordant (Chapter 3, [128]). Sibling fate outcomes and times were investigated for
these data, to test whether generation number would influence the strong correlations and

concordances previously observed.

Yule’s Q, used previously for quantifying concordances between sibling fate outcomes [128],
was used here as it conveniently reports a value of 0 for no concordance and 1 for perfect
concordance [149]. The Yule coeflicient of association (Q)) is calculated by: (ad-bc)/(ad+bc),
where a 1s the number of pairs in positive agreement, d is for negative agreement, b is
where one event has a negative outcome and c is where the other has a negative result.
The data demonstrated a very strong association between the fates of sibling cells for both
division/death and differentiation (Figure 4.12a). Generation number appeared not to

affect the high concordances observed, for either Bcl-2-W'T or Bcl-2-T'g.

For siblings with concordant fate outcomes, the correlation in their times to divide, die, or
differentiate were also determined. These are plotted in Figure 4.12b, with sibling ‘1’
and ‘2’ randomly assigned. Pearson’s correlation coefficient (p) was measured for each fate
(GraphPad Prism), for generations 3, 5, and 7 from both Bcl-2-W'T and Bcl-2-Tg populations
(Figure 4.12c). Generation number was found to have little influence on the correlations
between times to sibling fate outcomes; consequently, the correlations for each genotype
were also measured together for increased statistical power, regardless of generation number
(Figure 4.12c, right column). Sibling cell fates for division, death, and differentiation were

all found to be strongly correlated regardless of Bcl-2 expression.

Thus, these data demonstrate little or no eflect of the number of divisions since
B cell activation on either the linked fates of sibling cells, or the times required to achieve

these fates.

4.2.6 Undivided cells can differentiate and upregulate Blimp-1-GFP many
days after the addition of stimuli

In the above analyses, generation number executed a clear effect on differentiation times.
From this conclusion emerged the question of whether differentiation required mitosis to
occur, or whether division events enhanced the activity of an otherwise slow differentiation
timer. To test between these possibilities, we returned to the recorded undivided cells and

examined them for their capacity to differentiate to ASC prior to entry to first division.
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Figure 4.13: Tracked cell fates over time for cells sorted from generation 0.

70

Each line from the Y axis represents an individual cell that was tracked. Cell fates are colour-coded: red for cells
that survived until the end of the imaging experiment, or were lost and unable to be tracked; blue for cells
that died; orange indicates cells that divided; green marks are differentiation events. Time is along the X-axis,
representative of the 61.8 hours of images. 165 progenitors were tracked from the Bcl-2-WT population, and
164 cells were followed from Bcl-1-Tg.
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Figure 4.14: Exploring global differentiation timers.

a) Kaplan-Meier estimates of uncensored differentiation times calculated from the commencement of imaging.
Included events are: all generation O cells, generation 2, 4, 6 cells that also divided, and one randomly selected
sibling from each cell pair in generations 1, 3, 5, 7. Censoring events are a second division event, death, or
losses of undifferentiated cells. b) Estimates of differentiation times adjusted for the existing proportion of
differentiated cells at the time of sorting. Fitted log-normal CDFs are overlaid, under the constraint that p
remains equal. Log-transformed mean (1) and standard deviation (o), and probability (p) parameters are
listed for generations 3, 5, and 7, respectively. c) PDFs of fitted curves. d) Change in median (exp*) of modelled
times to differentiate for each generation.

Cells sorted as ‘generation 0 which were seeded into their own paddocks for filming were
tracked from the commencement of filming (91 h after stimulation), regardless of eventual
fate. Many did not divide over the next 62 h of imaging (67.9% from Bcl-2-W'T, 78.4% from
Blimp-1/Bcl-1), and instead died or simply survived until the cessation of the experiment
(Figure 4.13). Of the fully tracked cells, 24.8% of Bcl-2-W'T" and 37.7% of Bcl-2-Tg
populations were observed to become GFP-positive, indicative of differentiation to ASC,

prior to entering any division.

Thus, taken together, these results suggested a hypothesis whereby differentiation did not

require cell division, but were somehow accelerated in cells undergoing multiple divisions.

4.2.7 An alternative hypothesis where differentiation is timed from B cell

activation

Analternative hypothesis, where differentiationissetin place and timed frominitial stimulation,
and increased by division, was explored further by plotting observed differentiation times from
the commencement of filming (ie. 91 hours after cells were placed in stimulation conditions),

rather than time from last mitosis.

86



Results

For KM estimates from the start of imaging, differentiation times were assumed to be censored
not by mitosis, but rather by when cells were no longer followed (ie. if underwent a second
division, died, lost, or survived until filming ended). Uncensored times to fates are plotted in
Figure 4.14a. Despite the cells from each generation having been exposed to stimuli for the
same amount of time, different KM estimates emerged for each generation, thus rejecting

the possibility that time from stimulation was the sole contributor to differentiation times.

To further visualise how division events could be modulating the likelihood of differentiation
when timed from stimulation, the KM estimates for differentiation as timed from the beginning
of the imaging experiment were adjusted to represent the observed section of the putative
cumulative distribution function (CDF) for total differentiation times (Figure 4.14b). First,
curves for each generation were shifted to the right by 91 h to account for the time from
stimulation. Second, the proportion of unobserved cells that had differentiated between time
of activation and cell sorting was estimated using the control flow cytometry data, recording
the proportion of GFP-positive cells from the generation being sorted for (2, 4, or 6 to observe
generations 3, 5, or 7, respectively). The beginning of each KM distribution was shifted
up by the corresponding value for that generation. This step was necessary as exclusion of
differentiated cells during cell sorting enriched for cells that remained undifferentiated by
this time. As a result, the KM estimates were thus normalised to the remaining proportion of

undifferentiated cells at 91 h post-stimulation.

Log-normal CDFs were fitted to each of these curves between the first and last differentiation
events for each generation. Initial fits produced very similar total propensities (ie. scale factor p)
for differentiation, and so these were constrained to remain constant between generations 3,
5, and 7. Fitted, constrained CDFs mapped to the data reasonably well, and are overlayed on
Figure 4.14b, with PDFs illustrated in Figure 4.14c. These data remain consistent with
the hypothesis that division events modify a differentiation likelihood, even if timed from

stimulation, by reducing the mean time to differentiate for cells in successive generations.

Quantifying the change in mean times to differentiate between the sorted populations
revealed a difference of approximately 25 h (Figure 4.14d) — incidentally approximating
to the average time taken for two rounds of cell division: the difference between the sorted
generations. This result opens up the possibility that differentiation events are not timed from
exposure to stimuli, but from the subsequent activation that occurs as cells reprogram gene
expression during the transition from quiescent to activated cells, prior to first division. The
distinction here is that while all cells are exposed to stimuli at the same time, perhaps not all
cells are activated and reprogrammed at the same time. Rather, they initiate gene expression
changes across a distribution of times. It follows that cells which activated earlier will begin
dividing earlier, and reach higher generation numbers at the time of sorting; while those

that took longer to activate divide fewer times. Consequently, the difference between the
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populations that were sorted may not have only been the number of divisions undergone,
but also the time since cellular fate reprogramming. Under this alternative model, all cells
follow a determined series of timed fate changes after an initiating event, but since cells
that activate earlier also begin dividing earlier, those in higher generations would produce a
greater proportion of differentiated cells compared to those lower generations for the bulk

of the response.

Whether the differences observed here between the differentiation times for cells in generations
3, 5, and 7 were caused by the number of divisions undergone, or were a consequence of the
cohort’s earlier activation times remains ambiguous with this analysis. These new data shine
a light on the question of when differentiation times might be set or changed, and merit
further investigation for how they might conform to prior observations of competition with

division timed from mitosis, as in the previous chapter.
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4.3 DISCUSSION

Single-cell imaging and the de-convolution of competing cell fates was used in the last
chapter to record an influence of division times on fate allocations among activated B cell
populations. Here, these same tools were utilised to investigate the fate-allocation behaviours
behind division-linked differentiation, where cells have been observed to produce more

antibody-secreting cells after multiple rounds of division [67].

Culture conditions were selected to maximise the proportions of ASCs produced while still
maintaining a range of cell divisions. Consequently, low levels of anti-CD40 stimulation were
used based on results from chapter 3, in combination with saturating IL-4. IL-5, a known
enhancer of differentiation [67], was included to increase the frequency of differentiation

independently of that caused by anti-CD40 levels.

Individual cells sorted from different generations were manually tracked to calculate the times
taken from mitosis until cells differentiated, divided, died, or could no longer be tracked.
These times to fates were examined both by inspection and using KM survival estimates

under the assumptions of independent, competing cell fates.

B cells isolated from Bcl-2 overexpressing mice were included in the study as a means of
directly reducing the impact of death as a competing cell fate. KM analyses uncensoring
death times from competing division and loss outcomes found that Bcl-2 overexpression
delayed the time for cells to die, as expected, by approximately 11.5h. Surprisingly, Bcl-2
also affected division, seemingly by modulating the proportions of cells capable of dividing
in each generation, but not the distribution of division times for those cells that do undergo
mitosis. Since Bcl-2 has been identified principally as a survival molecule [142], this finding
1s suggestive of a number of possibilities. For instance, it is possible that high levels of Bcl-2
affect not only survival, but also a cell’s decision to divide and prevent the normal cessation
of proliferation seen in lymphocytes, known as ‘division destiny’ [73]. Another possibility
exists where by classic cell cycle ‘checkpoint molecules’, known regulators of apoptosis
that trigger cell death when cells are under excessive duress [150], may have alternate or
secondary roles in permitting cell division when the cells are producing survival factors in
excess. Alternatively, there remains the possibility that a subset of naive cells which would
have terminated with negative selection, instead survived with Bcl-2 overexpression, and

after stimulation contributed disproportionately to the higher percentage of dividing cells.

These results appear to contradict early findings that Bcl-2 overexpression reduces the
proportion of cells proliferating in both B and T lymphocytes [151, 152]. However a possible
explanation for the incongruity becomes more apparent when studying the population as a

whole, as with the generation O population where all single cells were tracked. Bcl-2 expression
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prolonged the survival of these activated but undivided cells, leading to an accumulation of
cells that would otherwise have died in the absence of cell divisions. Consequently, when
measuring population turnover and proliferation rates, these surviving cells essentially dilute
the proliferating population, producing a smaller total proportion of proliferating cells in the

presence of more Bcl-2.

For survival times, the use of Bcl-2-Tgrevealed a clear decrease in times to die as cells progressed
through divisions. Between undivided and actively dividing cells, a large difference in survival
times was also observed, and is indicative of reprogramming after B cell activation. Although
Bcl-2 enhances survival of both populations, the ~40 h survival times of divided cells 1s still
incomparable to the ~120h or longer survival times of undivided B cells. Earlier studies
document the independent effects of Bcl-2 on cell cycle entry and cell survival [153, 154],
and these data support the need for assigning separate parameters for ‘entry to first division’

and subsequent division and death times [94].

Use of the Bcl-2-Tg cells produced no significant impact on uncensored differentiation times
compared to Bcl-2-W'T. Bcl-2 overexpression did, however, enhance our ability to measure
the differences in differentiation rates when comparing across multiple generations. In
contrast to CD40 stimulation data, where division times changed and affected differentiation
outcomes as a result of competition, control of differentiation to ASC by generation number
demonstrated the inverse. Here, with the aid of Bcl-2-Tg to directly remove death as a
competing fate, it was shown that increasing division numbers decreased the time required
to differentiate, with little change to division times. In the generations analysed here, median
differentiation times decreased by over 20 hours between generations 3 and 7, allowing

differentiation to not only outcompete death times, but also division times in later generations.

By modelling to the data with a constrained set of parameters, it was found that the underlying
propensity for differentiation likely remains consistent regardless of generation number. This
result is visually similar to findings presented in [128], however the untangling of multiple
competing fates left the previous data set difficult to model using constrained parameters.
The use of Bcl-2-Tg here helped reveal underlying patterns of fate control, and the results

remain consistent with the competition hypothesis.

Curiously, the propensity for differentiation modelled here was found to be short of 100%. This
inconsistency with the previous chapter (where p = 1) may be due to the lower concentration
of IL-4 used (500 U/mL as opposed to 1000 U/mL), a known driver of differentiation [67].
Although division parameters were deemed to be saturated at both these concentrations
(IL-4 titration, data not shown), there may be a difference in saturation thresholds for the two
independent cell fates. Further, the finding that not all activated cells have the propensity to
differentiate is of interest, given that the lymphoblast gene regulatory network appears to be
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a system which suppresses Blimp-1 and the plasmablast program [110, 155]. Ultimately the
usefulness of a B cell lies in its ability to secrete antibody, and hence expanding cells without
the capability of becoming effector cells at first appears wasteful. An explanation may lie in
the generation of memory cells — low affinity cells that appear during the germinal centre
response, exit the B cell reaction until repeat exposure to antigen, and importantly, do not
differentiate to ASC [156]. Indeed, the overexpression of Bcl-2 has been demonstrated to

enhance memory cell production [157].

Although all cells sorted from generation 0 were filmed and tracked, they were excluded from
our initial analyses searching for trends across generations as the length of the films was not
enough to encompass the division or death eventsin alarge proportion of cells, particularly from
the Bcl-2-Tg. Surprisingly, however, these undivided cells were still observed to differentiate,
as indicated by Blimp-1-GFP expression; a finding not previously reported in B cells. This
indicated that mitosis was not required for differentiation and led to the hypothesis that
undivided, stimulated cells are already harbouring an active, ‘differentiation timer’. Further,
it raised the possibility that this timer might be heritable, and influence differentiation time
in the progeny of each founder cell. Evidence for heritable timers governing B and T cell fate
has recently been shown to regulate the time for division progression [135] as well as survival
in other stimulation systems. These studies provided a precedent that led us to examine this

possibility for differentiation after CD40 stimulation.

Model-fitting was attempted on differentiation in generation 0 under the assumption of
a heritable time to become ASC. Fitted data was consistent with a hypothesis that cells
differentiate at a particular rate after activation, modulated by mitotic rounds, but an alternate
hypothesis where differences in differentiation arise from variation in times from a putative

‘activation’ time rather than number of divisions undergone could not be excluded.

By this model, cells are programmed to differentiate at some point between exposure to
stimuli and entry to first division, and the designated times to differentiate follows the same
distribution for all cells, calculated from time of activation. Therefore, cells that activate
earlier are also expected to differentiate earlier, and cells that activate later take longer to
become ASC, such that when sampled from a population where division times are consistent,
those cells observed to have divided more times also activated earlier and have a shorter
wait time until differentiation (Figure 4.15). This form of differentiation timer may also
remain independent of division times, such that for cells activated at the same time, those
that divide more slowly take the same length of time to differentiate as those that divide
quickly, consistent with earlier results (Chapter 3). The possibility remains that differentiation
times may be insensitive to division number (although limited by phases of the cell cycle that
allow changes in gene expression), and investigating this is hindered by our inability to track

self-adherent B cells over multiple divisions.
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Figure 4.15: An alternate model for differentiation: a global timer regulates time to ASC.

For this model, cells are programmed to differentiate at a set time after ‘activation’, which occurs some time
after exposure to stimuli, and also sets the time of the first division. Division and differentiation otherwise
still operate independently, with differentiation time insensitive to the frequency or rate of cell divisions. In
a system where divisions progress at a similar rate regardless of activation time or generation number, the
observer will see cells distributed across multiple generations, reflective of their activation time and time to
first division (CTV profile, inset). Those cells occupying higher generation numbers thus differentiate sooner,
due to their earlier activation time.

Whether the observed differences in differentiation times arose from a mechanism that
counts the number of divisions undergone, or a count down from activation time, remains
indistinguishable without further experiments. Consequently, for the next chapter, the use

of cell cycle inhibitors were pursued in an attempt to modulate division times, and directly

uncensor differentiation fates.
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Introduction

5.1 INTRODUCTION

The earlier chapters, and previous studies of CD40/IL-4 stimulated B cells provide
evidence supporting the presence of independent, competing fates within individual cells.
Collectively these data support a concept [125] where upon division, each daughter cell has
created, effectively, a set of molecular programs that dictates a pre-determined time to die,
a determined time to divide, and a determined time to differentiate, where each of these
fate timers are shared with a sibling cell. Data from the previous chapter also supports an
alternative extension to this hypothesis for differentiation. By this revision, the timed fate
outcome is not initiated de novo by mitosis, but a time to differentiate is set and carried from
earlier generations (likely before the first division) and transmitted through the subsequent

descendants.

These experiments highlight how statistical analyses and modelling can give insight to
the hidden mechanisms behind complex systems, their modes of operation and potential
interactions in influencing the outcome of a cell population. Occasionally, multiple models
may generate similar outputs, and thus further empirical data is required to distinguish
between the possibilities. For the competition hypothesis, a method for removing one or
more of the competing fates to directly observe otherwise censored outcomes would be
experimentally valuable, and facilitate the study of cell fate allocation under a variety of

different stimulation conditions.

In the last chapter, Bcl-2 overexpression was used to successfully delay cell death and enhance
the comparison between the differentiation times of the populations under observation.
Division times, however, particularly when short, still obscured the direct observation of
potential differentiation events. A prediction of the model of competing cell fates is that if
division times could be lengthened, even artificially, the likelihood of differentiation would
be increased. A further prediction is that blocking cell division would uncensor and reveal
the intrinsic cell death time, usually reset upon mitosis. In this chapter, the ability of cell cycle
inhibitory compounds to ‘uncensor’ cell death and differentiation was assessed, and findings

used to test the competition hypothesis and its predictions for hidden cell fates.

The use of cell cycle inhibitors to promote differentiation has a precedent in T cell studies.
In murine helper T cells, Richter, Lohning and Radbruch [158] exposed naive, stimulated
cells to cell cycle inhibitors with different modes of activation. Days later, cells prevented
from dividing were observed to differentiate into IL-4, IL-10, or IL-2 producing T cells, in
some cases in greater proportions than in the absence of inhibitors, where cells progressed

through multiple divisions. These data are consistent with the model of competing cell fates,
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Uncensoring differentiation
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Figure 5.1: Inhibiting division to uncensor cell death and differentiation times.

The model of intracellular fate competition predicts how modifying individual fates can affect the population
outcome over time: a) Inhibiting cell division will uncensor underlying cell death and differentiation times for
the population. b) With divisions removed, total cell numbers will not increase over time, but decrease at the
rate predicted by the unsynchronised probability distribution for times to die. Cell cycle inhibitory compounds
will yield distinctive dose-response curves in total cell numbers, with no change above a concentration where
division is completely inhibited. c¢) Without division progression, and hence no mitotic event to censor or
redistribute differentiation times, the proportion of cells differentiated to ASC is expected to increase over
time. (t1, t2 represent successive time points)

where division censors and restarts differentiation time, as an increased rate of differentiation
is an expected outcome of arresting cell division. Given this precedent, the same cell cycle
inhibitors — aphidicolin, L.-mimosine, nocodazole, and paclitaxel — were assessed here. These
compounds were limited in their range of actions and only affected DNA synthesis or mitosis.
Thus, to extend the study and include cell cycle inhibition during G, phase, compounds
affecting cyclin dependent kinases 4 and 6 (CDK4, CDK®6), the predominant CDKs driving
the cell cycle in B cells [159], were also tested. These and several other inhibitors (Appendix IV)

were assessed for their division cessation and uncensoring capabilities.

As the primary targets of the tested compounds are directed at blocking cell division, none of

these inhibitors are expected to influence differentiation or cell death pathways directly. Such
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an inhibitor would be suitable for testing the hypothesis that inhibiting divisions allows cells
additional time to achieve their differentiation threshold, and hence become plasmablasts

(Figure 5.1a).

The predicted outcomes of an effective division inhibitor are illustrated in Figure 5.1. Death
of cells will be an automatic consequence of blocking division (Figure 5.1b). Notably, the
death curve over time for cells that have their division blocked should be the same, irrespective
of the inhibitory compound used. By this theory, the death of cells induced by mitotic
inhibitors is a product of uncensoring, and not induction of an additional death pathway.
Hence, there will be concordance in dose response curves between division cessation and
death of cells. Similarly, blocking cell cycle should allow the frequency of cells differentiating

in a given generation to increase (Figure 3.1c).

The alternative model arising from the last chapter must also be tested, where differentiation
timers are dependent on an activation time, and progress irrespective of division events. By
this model, a population of division-inhibited cells are expected to continue differentiating at
the same rate as untreated cells, as the use of cell cycle inhibitors should not affect activation

time and hence will have little effect on plasmablast formation.

The above possibilities are examined in this chapter.
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5.2 RESuULTS

5.2.1 Efficacy of Cell cycle inhibitors blocking B cell division

A range of cell cycle inhibitors with different biological targets and actions on cell cycle
phases were chosen for analysis (Appendix IV). Each inhibitor was first assessed for its
efficacy at blocking B cell proliferation to establish an effective dose range and examine the
prediction that blocking cell cycle would reveal a consistent death time. Functionally wild type
(Blimp-1¢"*"* or Fucci Red"®*/Green'#*) naive splenic B cells were cultured with 10 pg/mlL
anti-CD40 (1C10) and 500 U/mL IL-4. Cells were initially left undisturbed for three days,
at which point multiple cell divisions had distributed the population across generations 0-6.
At this time cultures were harvested, re-stimulated, and treated with a range of inhibitor
concentrations in triplicate 200 pL. wells. Division progression was then followed over the
subsequent two to four days, by analysing replicate 96-well cultures using flow cytometry

with multiple time-points (Figure 3.2).

Cells remaining in culture in the absence of the selected compounds continued to proliferate
for approximately three further divisions (Figure 5.2a), while those affected by inhibitors
demonstrated lower total cell numbers over the course of the experiment (Figure 5.2b).
Total cell numbers were largely dose-dependent (Figure 5.2c), and for many but not all of
the inhibitors, complete division-inhibiting concentrations could be identified where C'TV

profiles did not progress over time (Figure 5.2d).

Inhibitor dose-response curves showed significant differences in the relation between cell
survival and the blocking of division, particularly between cell cycle categories. These

patterns are summarised below:
G

Fach of the G -inhibiting compounds tested effectively blocked cell division (Figure 2d),
with only the CDK1/2 inhibitor BMS-265246 (‘BMS’) unable to cause a complete cessation.
Higher concentrations of BMS slowed divisions, but did not inhibit them completely when
used alone (Section 5.2.4; Figure 5.6). Millipore Cdki and LEEO11 were inconclusive, as their
addition to the culture media caused the cells to autofluoresce in the CTV channel, thus

excluding the use of these compounds for proliferation analyses.

It was notable that, for conditions where division was highly suppressed, most cell cultures
progressed for an additional generation before being arrested in the next G, phase. This

delay of approximately 8 hours, visible in the overlaid CTV profiles (Figure 5.2d) was most

101



Chapter 5

b) Total cell numbers
8.
—~
G
N
6.
3 5
-
o g4
c o
e
QU O°
QL2
o)
[a
0 T
0 10 20 30 40 50
15
—~
G
N c
<< 210
oS &
c £
o (0]
—-— i
© 3 5
E I
>
n- <
0
15
&
T 6
=10
(7]
5 8
= 5
S o,
O [e]
O [T
se)
[¢°] g——
o 0 T
0 10 20 30 40 50
10
—~
O s
Z §
v =
T 25
v g
X
5z
g 2
= 2
0 T I — T l—
0 10 20 30 40 50

Time after drug (h)

102

No Drug
0.03 uM
0.11 uM
0.33 uM
1.00 pM
3.00 uM

No Drug
1uM
3.16 yM
10 pM
31.6 uM
100 uM

No Drug
0.1 uM
0.316 uM
1uM
3.16 uM
10 uM

No Drug
0.3 yM
1.0 uM
3.16 uM
10 uM
31.6 M

()]
>
S
()
O
=
c) Dose response
(No drug) 1.0
28 h
c
2
=
o
Q.
o
o
o1 (M)
1072 107! 10° 10"
(No drug) 1.0
32h
c 041 D
Kel
£
o
Q
o
0 0.014
(M)
0.001 - r r -
10" 10°  10° 102 108
(No drug) 1.0
45h
5
)
S o1 D
o
a
0.01 - r r (“M)_,
102 10" 10° 10' 102
(No drug) 1.0
27h
5 KN
£
S 0.1
Q
o
a
0.01 . . (“M).
107" 10° 10" 102

Drug concentration

a) CTV profiles
100 4— 0.25 h
—8.25h
80 1— 24.25h
c 41.75h
S 60 4
T
o
aQ
O 40 A
o
20 1
0 MJT:TV
0 10°
d)
1001 —0h
—7h
80— 135h
c 28 h
£ 60
o}
]
& 40
20
O T T
0 10°
100+
80
5
£ 60
o
s
& 407
20+
0
100 {— 0 h
—7h
80 1— 28.5h
s 52.5h
£ 60
o
s
& 40
20
[V s —
0 10° 10° 100 10°
100 {— Q0 h
—27h
80
c
'-g 60 -
o
Q
SR
o
20
0~y T T
o 10% 10° 10* 10°
CTV



Results

Figure 5.2: Cell cycle inhibitor dose response titrations.

Purified naive B cells were first stimulated with 10 ug/mL anti-CD40 and 500 U/mL IL-4 for three days.
Harvested activated B cells were then re-cultured with fresh stimuli and varying concentrations of the
inhibitory drugs indicated. Results from experiments from different days are aggregated. a) An example of
proliferation progression as indicated by CellTrace Violet fluorescence in the absence of cell cycle inhibitors.
b) Total cell numbers over time (mean +/- SEM of triplicate wells) at the indicated inhibitor concentrations.
c) Dose response curve 1-2 days after treatment with inhibitors (chosen time indicated in magenta rectangle
from b). d) CTV profiles of selected inhibitor concentrations (magenta box in c), with indicated time points
overlaid. Results are representative of 1-3 titrations for each compound. Inhibitory compounds are grouped
in sets based on cell cycle inhibitory phase. *Note, for Millipore Cdki and LEE011, compounds were found to
interfere with CTV fluorescence and hence prevented proliferation analyses.
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Figure 5.2 continued.
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likely due to those cells transiting through S/G,/M of the cell cycle at the time inhibitors

were added, when they are not regulated by cyclin dependent kinases.

Of particular interest, was the relationship between concentrations that prevented cell
division and the coincident reduction in cell numbers due to cell death. For each CDK4/6
inhibitor (Palbociclib HCI, 1Y2835219), and the pan-CDK inhibitors (Purvalanol A and
Flavopiridol), increasing compound concentrations continued to further deplete live cells
from culture, beyond the concentrations that arrested cell division, as indicated by their
C'TV profiles (ie. the magenta box concentrations completely inhibit cell division). Thus, for
most G| inhibitors there was poor concordance with the prediction of fate competition, that
blocking division and the cause of cell death would be coincident. However, this result was

in striking contrast to that found for S and M phase inhibitors below.

S phase

L-mimosine has been observed to exhibit a range of effects on both transition from G, to
S phase and DNA replication [160], in particular its inhibition of Ctf4 binding to chromatin
in late G, preventing the initiation of S phase and DNA synthesis [161]. Since its mechanism
of action more closely resembles that of the other S phase inhibitors, which all interrupt DNA
synthesis, rather than progression through G , for the purpose of this summary L-mimosine

1s classed as an S phase inhibitor.

For the S-phase inhibitors tested here — L-mimosine, Aphidicolin, Etoposide, and
Mycophenolic Acid — cells responded to the presence of these compoundsin a dose-dependent
manner. It was striking that at the higher concentrations tested, the effects of each of these
inhibitors appeared to reach a limit, where division cessation and the amount of cell death
were at maximum effect, such that higher concentrations of drug did not induce any further
cell death. This was consistent with the prediction of the uncensoring model where limiting

cell division would allow cells to uncensor their pre-determined distribution of death times.
G,/M

The tested G,/M drugs primarily inhibit microtubule function, where their assembly
and disassembly are normally required for chromosome rearrangement (metaphase and
anaphase) and separation of the daughter cells (cytokinesis). Demecolcine responded in
a dose-dependent manner, while Paclitaxel, Nocodazole, and Vincristine all completely
inhibited cell proliferation at the concentrations tested. As was seen for S phase inhibition, at
concentrations above which cell division was inhibited, further increases in concentration did

not induce any further cell death within the dose range tested.
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a) G, inhibitors b) S inhibitors c) G,/M inhibitors
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Figure 5.3: Summary of dose-response curves.

Inhibitors affecting different phases of the cell cycle were noted to exhibit distinct traits, as summarised here.
Representative diagrams of cell numbers due to cell cycle-inhibition as a proportion of cells in untreated
samples, after one day of exposure to inhibitors. a) G, inhibitors largely produced steep dose-response curves,
with increased cell death at higher inhibitor concentrations, irrespective of cell cycle arrest. b) Division-
inhibiting concentrations of S phase inhibitors were identified, above which total cell numbers plateaued.
c) GZ/M inhibitors also blocked cell division, with no further death observed at concentrations above which
division was inhibited.

The differences in dose response patterns between inhibitors affecting different phases of the

cell cycle are summarised and highlighted in Figure 5.3.

5.2.2 CDK4/6 inhibitors induce rapid cell death at high concentrations

The above analyses revealed that, in contrast to the S and M phase inhibitory compounds,
the G, inhibitors tested continued to promote cell death at concentrations beyond those
required to inhibit division alone. This result implies these inhibitors are promoting additional
pathways to cell death, possibly in an off-target manner. To explore the timing of cell death
in relation to cell cycle by one such compound, the CDK4/6 inhibitor PD isethionate,
cell imaging was used. We were particularly interested in determining how the time to die
coincided with expected cell division times. For this experiment, generation 4 cells sorted
three days after simulation with 20 pg/mL 1C10, 1000 U/mL IL-4, and 5ng/mL IL-5 were
seeded in a microscopy chamber slide (Methods 2.9 - 2.11), and imaged for 4 hours prior to
the addition of 10 pM PD isethionate or media-only control. This concentration was selected

to study how higher concentrations of CDK inhibitors were influencing cell death.

Generation 5 cells were tracked from the previous mitosis until they divided or died
(Figure 5.4). Cells tracked in the absence of cell cycle inhibitors are illustrated in Figure 5.4a.
In the presence of PD isethionate (Figure 5.4b), 17.2% of cells continued on to divide, with
the same distribution of division times as without the drug, and a mean of approximately
9 hours. Death times were notably early in the presence of PD isethionate — approximately

50% of the cells had died 8 hours after their generation in the presence of drugs.
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Figure 5.4: Cell fate times were filmed for cells treated
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The observed death times here are even earlier than division times in the absence of cell
cycle inhibitors, and is indicative of a rapid death triggered by high CDK4/6 inhibitor
concentrations causing the cell loss seen with flow cytometry. Curiously, given that the few
remaining division times are unchanged, the data highlights a disconnection between division

inhibition and promotion of cell death.

5.2.3 Cell cycle inhibitors have the potential to uncensor underlying death

times

In contrast to the G, inhibitors, increasing concentrations of S phase and G,/M phase
inhibitors did not appear to further deplete cell numbers when used beyond the concentration
required to inhibit division, as predicted by the Cyton competition model. When tested in the
same experiment, concentrations which completely inhibited division produced very similar
survival kinetics, again as predicted by the theory (Figure 5.5). This similarity resulted
despite the markedly different molecular and cell phase targets for the range of inhibitors

used.

The survival curve of cells treated with 6 pM of G| inhibitor Purvalanol A also closely
resembled that of the S and G,/M phase inhibitors (one-way ANOVA, no significant
difference). At this concentration, divisions are inhibited, and thus the similarity in death

times between this and the other drugs is indicative of minimal additional cell toxicity. Taken
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together, these times to die are consistent with an underlying distribution of death times that

could be revealed by blocking division, as predicted by the competition model.

Drawing upon filming data from the two earlier chapters, estimates of the predicted time
to die distributions for CD40 stimulated B cells can be used to compare and evaluate the
survival plot of the uncensored death curve shown in Figure 5.3. This can be achieved with

the following argument.

The time to die plots in Figure 5.5 are taken from day 3 cultures, with a heterogenous
population of cells distributed across multiple cell generations. Imaging from Chapter 3
(Section 3.2.7) and Chapter 4 (Section 4.2.4) revealed that stimulation and division number
had little impact on the time to die distribution. Consequently, the uncensored time to die
for wild type cells was modelled using the generation 5 death times from Figure 4.10 (fitting
log-normal mean = 3.19, standard deviation = 0.32), as an approximation for the average
death time for the population, when measured from mitosis. This fitted death times is overlaid

in Figure 5.5 (blue dotted line).

The prediction from filming would be expected if cells were completely cell cycle ‘synchronised’
by assigning division as time = 0. For the measured data in Figure 5.5, however, cells were
unsynchronised in their division cycle at the time of exposure to inhibitors; hence, their
times to die, once censorship is removed, will involve more variation than the survival curve
deduced from filming. Thus, an equation for summarising the net population’s survival

curve when completely unsynchronised can be used [162], and this calculation is overlaid in

Cell number after division inhibition

100000 —— Nodrug
_ Purvalanol A
2 10000 ¢ Aphidicolin
% —— Etoposide
= 1000 —e— Mycophenolic Acid
= —— Paclitaxel
o 1004y el Synchronised prediction (Gen 5)
ol Steady state equation (Gen 5)

0 10 20 30 40 50
Time after drug (h)

Figure 5.5: Death curves from division-inhibiting concentrations of multiple drugs.

Several S phase and GZ/M inhibitors were used together, with the inclusion of CDK inhibitor Purvalanol A,
at concentrations that arrested the cell cycle. Cells stimulated with 10 pg/mL anti-CD40 and 500 U/mL IL-4
were cultured for three days. Division inhibitors were added, and total cell numbers were measured over
time. Survival curves in response to cell cycle inhibitors were not significantly different (p=0.998, one-way
ANOVA). Predicted death times from filming synchronised cells (1- cumulative lognormal with m = 3.19 and
s = 0.323), or the unsynchronised equivalent based on Dowling et al. steady state equation [162] (same log-
normal parameters) are overlaid (dotted lines).
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Figure 5.5 (grey dotted line). In reality, the few hours required for all cells to be arrested
by the cell cycle inhibitors should be accounted for, and so a more accurate death curve
prediction should sit to the right (later) than Dowling’s steady state prediction and to the left
(earlier) than the prediction from modelling synchronised cells. The observed survival times

are strongly consistent with these uncensoring predictions.

5.2.4 Synergy between G1 inhibitors arrests the cell cycle at reduced

concentrations of any one drug alone

For the analysis so far, inhibitors of S and G,/M phase appeared to successfully uncensor
death times, while for the majority of CDK inhibitors tested increasing concentrations
always further increased the rate of cell death. Despite this apparent cytotoxicity, targeted
G, inhibitors with known actions on CDK proteins would be highly valued reagents for fate
uncensoring. To further explore the possible use of CDK inhibition, we reasoned induction of
cell death might be an off-target effect (ie. unrelated to blocking of CDK) and that combining
two of the least cytotoxic compounds might lead to synergistic inhibition, and minimise
the putative off-target toxicity. To test this possibility, combinations of two compounds were
tested with the prospect of arresting division during G, while reducing off-target effects that

would induce early apoptosis.

Multiple concentrations of BMS, Purvalanol A, Palbociclib HCI, Flavopiridol, and
LY2835219 were first screened in an Alamar Blue assay (Methods 2.16), to obtain a fast
readout of a broad, high throughput search for effective combinations. BMS, the CDK1/2
inhibitor, was of particular interest as high concentrations did not appear to harm the cells,
however, alone it was unable to completely block cell division. Thus, the inhibitors were
combined in chequerboard assays where stimulated cells (10 pg/mL anti-CD40, 500U/mL
IL-4 for three days) exposed to each concentration of one inhibitor were simultaneously
treated with 6-7 diluting concentrations of a second cell cycle inhibitor. These permutations,
or cells in individual inhibitors alone, were cultured for 33 hours prior to the addition of
Alamar blue, followed by a further 10 hours for a readout of metabolic activity. Measured
fluorescence values were normalised to the no cell and untreated cell controls on the same
plate and, compared with Etoposide treated cells (Methods 2.16) as a comparator for the
predicted uncensored death at the level of an S phase inhibitor. Relative fluorescence values
for representative inhibitor combinations are plotted in Figure 5.6, with fluorescence from

Etoposide-treated wells marked with a dotted line.

These data were inspected to search for a series of concentration combinations that did not
vary in survival effects, but gave cell numbers equivalent to the Etoposide control. When used
alone, Purvalanol A, Palbociclib HCI, Flavopiridol, and LY2835219 again induced rapid
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Figure 5.6: Combinations of G1 inhibitors are less cytotoxic.

Cells were cultured in 10 yg/mL anti-CD40 and 500 U/mL IL-4 for three days, before two of Purvalanol A,
Flavopiridol, BMS, LY2835219, and Palbociclib HCl were added in combination at the indicated concentrations,
in a chequerboard fashion. After 33 hours of exposure to inhibitors, Alamar Blue was added for 10 hours, and
fluorescence measured. Fluorescence values were calculated relative to no drug (1.0) and no cells (0.0), and
plotted for drug 1 (lines) vs drug 2 (X axis). Fluorescence from Etoposide-treated cells (Etp, dotted line) was
included to indicate expected cell numbers as a result of division inhibition. Dose response curves are plotted
for four such combinations out of nine tested. Magenta boxes highlight approximate drug concentrations with
the potential for further testing. Untreated, no cell, and Etoposide controls were measured from the same
plate for each illustrated sample.

sensitivity in cells with increasing inhibitor concentrations. BMS however, was particularly
promising when used with Palbociclib HCI, producing several concentrations that were
comparable with the use of Etoposide. Having identified a putative optimal combination and
dose range with this Alamar blue method, it was important to follow up with C'TV profiles

to confirm eflective cessation of cell division.

Cells stimulated in anti-CD40 and IL-4 were cultured for 3 days, prior to treatment with
0, 0.05, 0.2, 0.8, or 3.2 pM of BMS and 0, 1, 2, or 4 pM Palbociclib HCI. C'TV overlays
revealed total division progression/cessation in each combination (Figure 5.7a), while total
cell numbers indicated patterns of cell death (Figure 5.7b). Although several combinations
had potential, 0.05 pM BMS with 2 pM Palbociclib HCl was selected for further investigation,
as it gave the highest cell number return while still blocking division. The combination of
the two compounds effectively inhibited division, when neither one could do so alone. In the
following section this less cytotoxic G1 combination was included in uncensoring analyses of

differentiation along with other inhibitory compounds.
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Figure 5.7: CTV progression profiles for BMS-265246 vs Palbociclib HCI.

CTV labelled cells were cultured with anti-CD40 and IL-4 for four days prior to the addition of the indicated
concentrations of inhibitors. a) Inhibitor-treated cells were analysed 41 hours later, and their histograms
overlaid with profiles prior to cell cycle inhibition to compare division progression. Magenta boxes highlight
2 uM Palbociclib HCl and 0.05 uM BMS-265246, neither of which inhibit division alone, but when combined,
divisions cease. b) Average cell numbers from wells treated with BMS (line) and Palbociclib HCI (X-axis) for
41 h, as in a. Crosses mark where divisions are completely inhibited.
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5.2.5 Cell cycle inhibition increases the frequency of antibody secreting cells

To test whether differentiation could be uncensored with cell cycle inhibitors, C'TV and
Blimp-1-GFP were used to compare the development of ASC. Preliminary testing indicated
that division-arrested cells often became very large, and as a consequence levels of
autofluorescence can increase and interfere with detection of GFP. Hence, it was important
to include W'T negative controls under identical inhibitory conditions for these experiments.
Division-inhibiting concentrations of a short-listed inhibitor panel were tested on
Blimp-1-GFP reporter cells. Cells were cultured for three days with 10 pg/mL anti-CD40
and 500 U/mL IL-4, until the population was distributed across generations 0-6. Cell cycle
inhibitors were added for 24 hours, before division progression and differentiation were
analysed by flow cytometry (Figure 5.8a). Proportions of differentiated cells per generation
were calculated by subtracting the percentage of cells in the GFP+ gate of the wild type
population (see Methods 2.8) from the percentage of cells in the equivalent gate on the
Blimp-1-GFP reporter (Figure 5.8b).

Filming analyses from the previous chapter (Figure 4.11d) also allowed us to predict the
expected differentiation outcome per generation after 24 hours with complete uncensoring
(Figure 5.8c), and compare with observed data (grey crosses, Figure 5.8b). Observed
differentiation rates did not meet expectation, however differentiation in division-arrested
cells still exceeded the levels measured in untreated cells for each of the inhibitors tested, in
particular the G, phase inhibitors. A partial repeat using a subset of the shortlisted inhibitor
panel produced very similar results (Figure 5.8d, e).

With each of the compounds tested, the cells not only continued to differentiate in the
24 hours after cell cycle inhibition, but the level of differentiation exceeded that of the no
drug control, where cells continued to cycle through mitotic divisions. The proportion of cells
differentiated to ASC became higher for each generation when division-inhibited, and also
higher as a total frequency (area under the curve), highlighting the inhibitory effects of cell
division on differentiation outcomes. Thus, these data remain consistent with the competition
hypothesis, where division events censor differentiation outcomes while resetting the ‘timer’
in the next generation. The increased population rate of differentiation compared to the no
drug control argues against the alternative hypothesis, raised in the previous chapter, of a

global timer that counts down differentiation from activation time.

This differentiation outcome was encouraging for the model of competing cell fates; however
it was still important to assess whether cells that upregulated Blimp-1-GFP had fully developed
into antibody secreting cells, and whether cell cycle arrest perhaps prohibited some cells from

fully differentiating,
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Experiment 2
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Figure 5.8: Uncensoring division-linked differentiation.

Cells were stimulated with 10 pg/mL anti-CD40 and 500 U/mL IL-4 for three days prior to exposure to the
selected panel of inhibitors. a), d) Blimp-1-GFP reporter mice were used as an indicator of differentiation to
ASC. For GFP+ cells (blue), gating was determined using GFP vs SSC channels to exclude autofluorescence.
b), e) Proportions of cells differentiated per generation after cell cycle inhibition. The last plotted generation
includes all cells in generations 7+. Grey crosses indicate differentiation outcomes predicted from c). c)
Differentiation times fitted to imaging data from Figure 4.11c predict the amount of differentiation expected
at 24 h after last mitosis for cells in generations 3, 5, and 7, when cells were stimulated with 2.5 ug/mL
anti-CD40, 500 U/mL IL-4, and 5 ng/mL IL-5.
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ELISpot assay for secreting cells
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Figure 5.9: ELISpot assays for secreting cells.

Proportion of cells secreting as determined with an ELISpot assay. Cells were cultured for three days in
10 pg/mL anti-CD40 and 500 U/mL IL-4, prior to the addition of cell cycle inhibitors. Secreting cells were
measured after 24 hours of exposure to inhibitors. Mean=SEM. The difference between any inhibitor-treated
sample and no drug control is statistically significant (P<0.05, two-tailed Student’s t test).

5.2.6 Blimp-1-GFP-expressing cells produced as a result of inhibiting

division secrete antibody

To verity that GFP+ cells generated under the effects of mitotic inhibitors were fully
differentiated and hence antibody secreting, ELISpot assays were performed on the treated
cells. Cells stimulated for 3 days with 10 pg/mL anti-CD40 and 500 U/mL IL-4 were
exposed to cell cycle inhibitors for 24 h, then counted and subjected to an ELISpot secreting
assay (Methods 2.17). Plaque-forming cells were counted, and the calculated proportion of
cells that were deemed secreting are plotted in Figure 3.9. For each of BMS + Palbociclib
HCI, Purvalanol A, L-mimosine, Aphidicolin, and mycophenolic acid, a higher proportion
of secreting cells were detected than for cells untreated with any inhibitors. The difference
between proportions of secreting cells for G| (BMS+Palbociclib HCI, Purvalanol A) compared
with G,/M inhibitors (L-mimosine, Aphidicolin, Mycophenolic acid) was not significantly
different (Student’s t test, P=0.98). The proportion of secreting cells under the influence of
cell cycle inhibitors, however, were each significantly higher than the proportion detected in

the absence of inhibitors (two-tailed Student’s t test, P<0.05).

Collectively, the data so far indicate that cell cycle inhibitors can effectively uncensor death
times, regardless of which phase of the cell cycle division arrest occurs in. Differentiation was
also successfully uncensored, producing more antibody-secreting cells than in the absence of

cell-cycle inhibitors. The proportion secreting, however, was at lower levels than predicted.
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5.3 DISCUSSION

The current Cyton model of cell fate allocation was built around experimental data suggestive
of independent, stochastic, and competing intracellular fates. Analyses of observed times to
fates can predict the total potential of fate outcomes for a population of cells, as demonstrated
in Chapters 3 and 4. For differentiation to ASC, the distribution of potential times to fates
is obscured by division and death outcomes, as division events appear to change required
differentiation times, while dead cells cannot be observed to differentiate. In this chapter, the
potential for cell cycle inhibitors to remove division as competing events, and hence serve as

useful tools for dissecting the control of differentiation programs was explored.

For the panel of compounds tested, most appeared to impart their effects on division in a
dose-dependent manner. Of the ones that didn’t, concentrations tested were initially too
high to observe the full dose-response range. Interestingly, for many of the S phase and
G,/M phase inhibitors, a plateau was reached where increased inhibitor concentrations
had little to no effect on cell numbers, suggesting that they were able to inhibit division
without triggering an additional apoptotic pathway. When tested in parallel at appropriate
concentrations for inhibiting cell division, use of the different compounds were found to
produce overlapping survival curves. Given that each S phase and G,/M phase inhibitor
was specific for a different target, and yet produced these identical death curves at saturating
concentrations for division-inhibition, the notion that those cells died due to various possible
off-target effects was unlikely. Rather, the data was consistent with survival estimates from
filming in chapter 4, and strongly supports a model where programmed cell death behaves
as an independent and competing mechanism to division, and inhibition of the latter left the

cells to live out their normal survival times until apoptosis.

Amongst the G| phase inhibitors, the majority that targeted CDK prompted cell death
at lower concentrations than that required to completely inhibit cell division, and hence
these molecules were unable to be used alone for uncensoring differentiation outcomes.
PD isethionate, for instance, was found to promote early death times. To circumvent this, CDK
inhibitors were combined at lower concentrations to trial division blocking with reduced,
potentially off-target, toxic, effects. The synergy between CDK1/2 inhibitor BMS-265246,
and CDK4/6 inhibitor Palbociclib HCI was found to be a viable option for inhibiting cell

division.

For Purvalanol A, another pan-CDK inhibitor, acceptable concentrations were found for
inhibiting cell division, indicating that cells are able to be maintained in G, without triggering
early cell death or other cell monitoring responses. Unfortunately, when used for microscopy,
this molecule appeared not to exhibit its cell cycle-inhibiting properties, perhaps being highly

photosensitive [Kim Pham, unpublished], and thus was not useful for imaging experiments.
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Further imaging of cells treated with Paclitaxel (a G,/M inhibitor), performed outside the
scope of this project, revealed some unusual properties — the cells would grow and appear
to replicate their DNA (cell size and granularity as seen by bright field imaging), as per
normal, but after becoming spherical in preparation for mitosis, cells would visibly attempt
to undergo cytokinesis without success. This was expected, given the tubulin modulatory
effects of Paclitaxel. However, curiously the cells continued to grow, seemingly doubling
their DNA again, and attempting to divide into four cells in time with untreated cells. After
several rounds of unsuccessful divisions, these multinucleated cells would die. These results
corroborate with flow cytometry data from all G,/M inhibitor treated cells, where forward
scatter, correlated with cell size, would increase markedly over time after division inhibition.
It is interesting that these cells are still able to differentiate and start producing Blimp-1,
suggesting continued gene regulation despite shared internal structures and cycling through
subsequent G,/5/G, phases. Differentiation results from the G,/M inhibitors must then be

interpreted with caution, given that cell cycles still proceed, only in the absence of cytokinesis.

Gating of GIP+ cells also needed to be done carefully, particularly of the cell cycle inhibited
cells. Over time, the growing cells accumulated autofluorescence, detectable in the GIP
and SSC channels, likely due to increasing volumes of cell components and products of
metabolism [163, 164]. Nevertheless, including wild type cells proved useful, and all plotted
fluorescence values were calculated by deducting measured fluorescence of wild type samples

from the equivalent Blimp-1-GFP samples.

For uncensoring of differentiation to ASC, use of the cell cycle inhibitors all increased the
proportions of secreting cells in each generation in the absence of cell divisions. These
findings were consistent with the hypothesis that blocking division would reveal underlying
differentiation times, central to the model of competing cell fates. Further, that the proportion
of ASCs accumulated faster in division-inhibited cell populations than in the untreated
control led to the rejection of the activation timer hypothesis for differentiation formed in the
last chapter. If cells were insensitive to divisions, differentiation would be expected to proceed
at the same rate whether cells were division-inhibited or not. Instead, the data is indicative of
a suppressive effect of mitosis on differentiation outcomes. When compared with uncensored

predictions from imaging, however, these proportions fell short of expectations.

Itis possible that traversing through the cell cycle, in particular S phase [165] was a requirement
for transcriptional changes resulting in measurable differentiation. It was curious then that
cells arrested in G, demonstrated a markedly higher level of differentiation to ASC compared
to cells arrested in S/G,/M. This is perhaps indicative of a preference for transcriptional
regulation in this first part of the cell cycle [Rhys Allan, in preparation]. When assessed
for antibody-forming plaques, however, the number of secreting cells remained similar

regardless of which phase cells were arrested in. Together, this would allude to a multi-step
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differentiation pathway where signs of differentiation commitment (ie. Blimp-1 upregulation)
do not fully coincide with the timing for becoming antibody secreting, in relation to the same

cell cycle.

Other possibilities exist for the discrepancy between observed and predicted proportions of
ASCs. For example, plasmablasts and lymphoblasts may have different survival requirements
[63], and thus plasmablasts could preferentially die in our culture system and evade detection.
Additionally, the assumption that blocking cyclins or DNA replication allows other cellular
processes to continue unperturbed should not be overlooked. Although there is evidence
for independence, interfering with a major cellular process such as division may also delay
the progression of other molecular pathways in the cell, and hence the threshold of signals

required for differentiation.

Opverall, the system of artificially inhibiting the cell cycle tested here was found to be efficient
at uncensoring underlying cell death times, otherwise unobservable in the presence of
rapid proliferation. For differentiation, cells restrained from completing their cell cycle were
observed to differentiate to ASC at an increased rate, and remains consistent with the model

of competing cell fates.
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The CD40/1L-4 response in B cells has been well characterised as a model for T-dependent
B cell regulation [67, 93, 166]. In this thesis, I have utilised this system to observe and model
directly how differentiated cells are elicited under different circumstances. My studies tested the
assumptions of the Cyton model of independent, stochastic, and competing cell fates [125].
In using this framework of distinct, quantifiable components for the distributions of times to
cell fate, I studied the effects of various conditions on cell fate allocation in a systematic way.
The relationship between differentiation, division, and death was explored in the context of
intracellular competing cell fates, and how their interactions can influence a cell population’s

overall outcome.

As a starting point for my studies I examined the cause of a curious variation on the
well-known feature that the incidence of differentiation to ASC increased with progressive
cell divisions [67]. In this variation, low CD40 stimulation increased the likelihood of
differentiation to ASC in any given cell generations [70]. By segregating cell fate allocation
behaviour into component parameters, the quantitative model of competing cell fates posited
several hypotheses by which this could be operating: the propensity for differentiation may
have been changing, cells were perhaps differentiating faster, or division times were slowing,
and thus allowed cells more time for their differentiation timer to outcompete division. As
these alternatives could be distinguished by directly observing and timing cell fate changes

using long-term cell imaging, time-lapse microscopy was conducted.

Perhaps surprisingly, the underlying process controlling differentiation outcomes became
very clear. The degree of CD40 stimulation did not alter the underlying propensity for
differentiating over time at all. Instead, low stimulation slowed average division times, and as
a direct consequence of delaying a competing fate, allowed a greater proportion of cells to

differentiate in the time before next mitosis.

Using similar methods, the underlying cause for the increase in ASC frequency with division
was 1nvestigated more closely. Whereas CD40 stimulation did not control differentiation
times when measured from mitosis, a further kinetic method of modulating differentiation
outcomes was identified here: the number of times a cell had divided since activation directly
influenced the average amount of time required for cells to differentiate to ASC. That is,
while division times were maintained at a constant, cells that had undergone more divisions

would take less time from mitosis to differentiate to ASC.

Taken together, these results portray a B cell response where both strongly and weakly
stimulated cells play important roles. When considered in the context of the broader
immune response, these data provide insight into why stronger stimulation produces a

diminished proportion of effector cells. The level of activation signals received by B cells
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when interacting with T cells i1s determined by the physical properties of the antigen: its
avidity to the BCR, the B cell’s antigen processing and presentation ability, and the binding
efficiency of the MHC complex to TCR. Each of these steps contribute towards the duration
of the immunological synapse with helper T cells [81, 90, 167], and hence, ultimately, the
strength and longevity of signals received. Given the range of affinities expected in the B cell
repertoire, for any given challenge, fewer cells will receive a strong stimulatory signal than
a weak signal. Since differentiation to ASC prevents further antibody affinity maturation
and 1sotype switching, suppressing this outcome in the strongly activated cells is necessary
to produce a large population of high affinity B cells of specialised Ig classes. These results
indicate an automated feature in the system where only after multiplying through several
divisions and expanding their number, are these valuable cells permitted to differentiate to

ASCs.

In contrast, the majority of activated B cells are likely to be stimulated sub-optimally.
My results suggest that, rather than wasting these populations, a default programme to
differentiate is triggered to ensure their usefulness in the humoral response. As these cells do
not receive a strong impetus to divide and only progress slowly, their differentiation threshold
1s achieved early, such that many can begin secreting antibody prior to apoptosis. Although
of low-afhinity and most likely IgM, these secreted antibodies can begin to neutralise, or at

least impede their target antigens early in the immune response.

These considerations reveal that the cellular machinery which leads to ASC differentiation
may be shared for high and low affinity cells. Thus, rather than evolving to bestow these
cells with new instructions, the immune system can take advantage of competing cell fates to

achieve the same sophisticated outcome.

The conditions used here emulated a primary immune response, where naive B cells receive
T cell derived stimulation in order to activate, proliferate, and contract once the infection
1s cleared and those lymphocytes are no longer required. A major feature of the adaptive
immune response is its ability to form memory cells. The low-affinity, naive-like state of
memory cells suggest that they form early in the germinal centre [168]. In the imaging
experiments, time to die was found to have an extremely long-tailed distribution: not all
the cells died, and 2-13% of divided cells survived until the end of imaging, with higher
proportions in low stimuli and low generations. Further, the uncensored propensity to
differentiate found in Chapter 4 suggested that not all activated cells are programmed to
differentiate. The possibility remains that these long-lived, undifferentiated cells may have
been the beginnings of memory cell formation, and also arise as a result of heterogeneity in

competing times to fates.
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It must be noted that a larger proportion of ASCs in a given cell generation does not
necessarily mean more secreting cells overall. Populations receiving low CD40 stimulation
have slower division kinetics compared to their counterparts receiving higher stimulation, and
expand little from their starting population. Moreover, cells receiving high CD40 stimulation
multiply rapidly and achieve higher generation numbers, which are subsequently more likely
to undergo division-linked differentiation. This brings our findings in line with earlier studies
which report that T dependent stimulation drives ASC formation [58, 169]. The strongly
activated cells likely correspond to lymphoblasts that remain actively dividing in the germinal
centres of lymphatic tissue, where they undergo affinity maturation and multiple rounds
of proliferation prior to differentiating into a large nett population of plasmablasts. Mildly
activated cells do not expand into such large populations; however, they are consistent with
the short-lived plasmablasts found early in the immune response at the periphery of germinal

centres [170].

At first, these results appear to contradict the findings of Bolduc et al., where constitutive
(D40 signalling in transgenic mice (CD40LBTg) appeared to terminate the germinal centre
response [171]. Although hyperproliferation was initially observed, as would be expected
from our data, the presence of germinal centre B cells was diminished by 1 week after
challenge when compared to wild type, along with reduced antigen-specific IgG, cells late
in the response. To reconcile with these observations, we must take into consideration both
the increased division rates introduced with enhanced CD40 stimulation, and division linked
differentiation [67] and isotype switching [92]. By accumulating mitotic events early in the
response, these cells are likely driven to differentiate to ASC earlier in the response than
normal, and indeed large numbers of ASCs were found in the T cell areas adjacent to
germinal centres merely 7 days after immunisation, and marginal zone B cells were found
to express increased levels of prdm! (Blimp-1) and 2/4, markers of differentiation [172]. By
progressing through their division and differentiation programs much faster than normal,
enhanced CD40 signalling would thus lead to early cessation of the germinal centre response,

which under normal circumstances is primarily driven by proliferating lymphoblasts [173].

Further, for antibody modifications, the authors reported IgG, switching early in the
response, but a diminished IgG| response later in the experiment. A possible cause for this
loss in isotype is the late-stage, division-linked switching to IgE [92] or other immunoglobulin

isotypes, which were not measured.

For this project, anti-CD40 and IL-4 were used as a means of focussing on T cell dependent
activation. In particular, the effects of varying CD40 were studied; however, CD40 alone
1s insufficient for activating substantial amounts of B cells [92, 93]. Unlike CD8+ T cells
where individual stimulatory signals appear to be additive and a signal of sufficient strength

can initiate proliferation [124], B cells require cytokines such as IL-4 as a secondary signal
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to promote proliferation and switching [174], perhaps indicative of complementary roles
in proliferation kinetics. In filming of the effects of IL-4 concentration on times to fates,
preliminary results indicated an increase in the fraction of cells induced to divide each
generation, but the effects on death and differentiation were unable to be resolved (data
not shown). As such, investigations into this cytokine and others such as IL-5, IL-21, and
interferon-y remain ongoing. It would be of interest to uncover how each of these cytokines
control individual parameters in the B cell response; whether they modulate differentiation
kinetics in the same or different ways, and whether when used in combination, their effects

will add, subtract, synergize, show dominance effects, or perhaps behave with redundancy.

Different methods of modifying differentiation outcomes were observed here. We found
direct modulation of differentiation times, as with changing generation numbers. A second
mechanism was by controlling division time as a competing cell fate. A third possibility was
by modifying the propensity to differentiate, as suggested by the difference in modelled

p values between Chapter 3 and 4 imaging experiments.

An alternative method of controlling differentiation was also explored, where the times to
fates were determined from activation. This was found to be inconsistent with the cell cycle
inhibition data, given that the population’s differentiation rate is expected to remain equal
regardless of whether the cells divide or not. Instead, differentiation increased markedly in
the absence of divisions, indicating some suppressive effects of mitosis on differentiation, in

support of the competition hypothesis where fate timers reset upon cell division.

T cell dependent stimulation is not the only method for stimulating B cells. T cell independent
stimulation offers unique activation properties, and an opportunity to study the B cell
response under an alternate system. Lipopolysaccharide (LPS) is one such option, stimulating
B cells through toll-like receptor 4 (TLR-4) as a means of TI activation [56, 70, 175]. This
method also produces large amounts of ASCs, however, as for TD stimulation, still induces
homotypic adhesion and prevents long-term tracking of individual cells by microscopy.
Whether differentiation patterns remain immutable or may be regulated by LPS or other TT
activating signals remains unknown, but would be of interest, particularly in the context of

competing cell fates.

One common method of activating B cells that avoids homotypic adhesion is stimulation
with CpG through TLR-9, however cells do not differentiate to ASC using this method [70,
126]. Earlier filming experiments of CpG stimulated B cells demonstrated a high level of
familial concordance between division and death outcomes, similar to that observed with
CD40 here. Even cousin cells retained a substantial level of concordance, indicative of a
method of pre-programming the number of times cells will divide in progenitors at the

time of activation. Mother-daughter cells, however, exhibited very little correlation in times
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to divide, and subsequent division times tended to revert to the mean [126]. These trends
within cell families could not be interrogated in the CD40 system in the same way, due
to upregulation of leukocyte function-associated antigen-1 (LFA-1) and intercellular cell

adhesion molecules (ICAM-1 and ICAM-3) [176], causing homotypic adhesion and hence

preventing the tracing of large family trees.

A method for circumventing the problem of homotypic adhesion while still obtaining
familial differentiation patterns is to sort for single cells using flow cytometry, and increase
throughput with multiplexing assays where cells are labelled with unique combinations of
division-tracking dyes [177, 178]. Although not a microscopy method and hence lacking
temporal information, inheritance data can be inferred from the descendants of individually
identifiable founder cells. Undivided cells are labelled with division tracking dyes, sorted into
cell culture wells, and left to divide and differentiate freely for several days. Upon analysis,
the generation number and phenotypes of all detected descendants may be collected and
compared for concordance. Data has been collected in this way for T cells [177, 178]. Similar
analyses for B cells are possible and will be informative for differentiation, isotype switching,

and changes in other markers detectable using flow cytometry.

The tendency for all members of a family of activated B or T lymphocytes to simultaneously
stop proliferating, or reach ‘division destiny’, can now be attributed to the proto-oncogene
Myec [135, 179], a key driver of the metabolic switch to glycolysis after lymphocyte activation.
Levels of Myc protein peak in the undivided cell soon after activation, and decline over
the subsequent days at the same rate regardless of the number of divisions undergone.
Consequently, descendent cells of the same progenitor retain similar levels of Myc protein,
and its loss beyond a certain threshold deprives cells of their motivation to divide [135]. Myc
is produced by several activation pathways, and its role in integrating CD40 signalling to
drive proliferation has been established [135, 180].

These systems all suggest a level of pre-programming in the progenitor cell, where the
offspring then behave as related ‘automatons’ until a subsequent change in their presumably
epigenetic coding modifies their behaviour. Indeed, this is consistent with the remarkably
high levels of correlations and concordances observed between sibling cell fates in the filming
data. Were the mechanisms driving the apparent stochastic cell fates primarily extrinsic to the
cells, and created by a microenvironment difference, we would expect greater discrepancies
between sibling cell fates. While it could be argued that siblings shared the same paddock
and hence an identical microenvironment, there were several instances of sibling pairs that
were followed in the same paddock, but still produced non-concordant fates (and these can
be accounted for by intracellular competing fates which required very similar times [128]).
Similarly, there were a number of cell siblings which initiated in the same well, but escaped

their paddocks and traversed across the microgrid, drifting apart. Despite their distance,
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these sibling cells would share the same fate at similar times (data not shown). Further,
analyses of recorded fate outcomes across each microgrid indicated no relation between
paddock location and cell fates (Cameron Wellard, data not shown). Thus, the contribution
of differences in the local environment towards population variation is negligible under
these circumstances, and likewise, any hypothesis attributing the population’s variation to
an ongoing, cell autonomous, stochastic process may be eliminated. Examining the level of
pre-programming and how susceptible activated cells are to further immune modulation
would be valuable for understanding and manipulating the immune response, however the

ability to trace complete lineages is currently limited.

When imaging cells for the analyses employed here, individual cells must remain identifiable
as they are assessed over time. Following their location, size, trajectory, granularity,
fluorescence-intensity and behaviour, however, necessitates a large amount of time, and
for a substantial data set, requires many months of tracking, comparing cells’ appearances
between consecutive frames, as well as across multiple channels. Efforts have been made to
build automatic tracking software [181, 182]; while these have been successful with round,
and even motile cells, the inherent homotypic adhesion of T cell activated B cells makes
cell detection and segregation challenging. These activated B cells climb over each other in
3-dimentional space, form pseudopods and various protrusions that are difficult for software
to detect, and the membrane is not always well defined; while visual processing in the human
mind is excellent at deducing and completing shapes, even when some edges are not clearly
visible, it is difficult to program software to complete the same task. Software that can follow
cells by recording their attributes across multiple colour channels and over time would have
more information to work with for accurate tracks, though these do not seem to be readily
available. An assessment of current tracking algorithms by Ulman et al. [182] found some
software to score well in each technical aspect, though none were able to obtain fully correct
solutions to the test images. Thus, correcting erroneous tracks from automated detection was
found to be more time-consuming for our experimental setup than simply tracking them

manually.

A common tool for automated cell tracking is the use of ubiquitously fluorescent cells to aid
in cell segregation. Mice ubiquitously expressing DsRed, enhanced cyan fluorescent protein
(ECFP), or monomeric red fluorescent protein (mRFP) were obtained for this purpose;
however, the difficulty in separating adjacent cells of the same colour remained. Consequently,
the additional channel required for imaging these fluorochromes was dispensed of in favour
of shorter time intervals between images, particularly in the older (and slower) microscopy
system (Zeiss Axiovert 200M). PI was excluded for the same reason, since PI uptake would
occur several frames (tens of minutes) after the onset of blebbing. The newer and faster

microscopy system (Zeiss Axio Observer.Z 1) now offers time for acquisition from additional
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channels while maintaining short intervals between images, opening up the possibility of

re-including these colours should automated cell tracking become more reliable.

A second method for following individual cells is to physically separate them during image
acquisition. The use of microgrids here segregated cells initially as they were seeded,
however did not stop them from aggregating after the first division. Micromanipulation at
the time of cell division is possible but extremely time consuming. Instead, several groups
have developed intricate microfluidic slides, with various designs for single-cell ‘catchments’
to 1solate individual cells even as they divide and develop during imaging [183-185]. These

have the potential to be beneficial for following cell family trees in future experiments.

Single cell imaging provided data for calculating uncensored distributions of times to cell
fates. The next step was test for these uncensored distributions by directly inhibiting division,
while simultaneously testing the competition model. A range of cell cycle inhibitors were

assessed for their ability to manipulate cell divisions and influence differentiation to ASC.

For differentiation, the results were consistent with the competition hypothesis in that a greater
proportion of ASC was observed overall after 24 hours of cell cycle arrest. The proportion of
differentiated cells exceeded even that of the untreated cells when summed by generations,
inconsistent with an alternative hypothesis where differentiation is programmed from cell
activation. Curiously, these differentiation levels did not meet the proportions predicted from
uncensoring analyses of earlier data. There are several possible explanations for this, the first
being that cells may need to progress through S phase in order for its transcriptional change
to manifest [165]. Alternatively, it’s possible that lymphoblasts and plasmablasts possess
different proliferation kinetics, an effect that would skew our observations of population data,

for instance if plasmablasts have reduced survival under these culture conditions.

As noted by Hasbold ¢t al. [67], a common assumption in our calculations is that plasmablasts
proliferate at the same rate after differentiation as lymphoblasts, Although they rely on
different survival signals to maintain their cell numbers [63], there has been little evidence
thus far that they would divide or die at different rates immediately after differentiation
(and prior to maturing into plasma cells which then have a slow turnover). Even though
cells that differentiate appear to have longer division times, a cause for this correlation is
presented in our model where long division times permit more cells to differentiate (Chapter
3; [125]). Despite the two behaviours acting independently, censorship (by division) skews the
observed distribution of differentiation times. Whether these differentiated cells then go on

to proliferate at different rates in subsequent generations is unknown.

In addition to unveiling differentiation times, the various cell cycle inhibitors appeared to be

effective at uncensoring cell death, indicative of an ‘always on’ death time that progresses
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regardless of cell cycle phase. The S and G,/M phase inhibitors in particular demonstrated

independence between division-cessation and survival at the concentrations tested.

Many of the inhibitors tested here are approved chemotherapeutic agents for treating cancer,
including Palbociclib, Etoposide, Paclitaxel, and Vincristine (National Cancer Institute, U.S.
Department of Health and Human Services). Although these compounds have known
targets, a better understanding of their effects on division kinetics would benefit patients
with potential personalised treatments, and lowered doses of drugs to reduce ill side-effects
while remaining effective at combating cancerous cells. Furthermore, with a Cyton model of
quantitative cellular behaviour, it would be possible to investigate how different oncogenic
mutations affect proliferation and cell survival, and thus which individual division and

apoptotic modulatory agents are most suited to a particular patient.
pop ry ag p P

This Cyton model for quantifying cell division and death outcomes was developed over
a number of years from careful, quantitative analyses of flow cytometry data, and more
recently, single cell imaging data. These results offer new insights into the kinetics and cellular
machinery in operation for interpreting B cell activation signals, and remain consistent with
the model of competing intracellular fate outcomes. The finding that simple control of one
cell fate can lead to emergent properties at the population level is valuable for understanding

B cell response outcomes, with the potential to translate to other cell systems.
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APPENDIX I - RECIPES

I-1 Advanced B cell medium (AdvBCM) recipe

Concentration Ingredient

Advanced RPMI 1640, GIBCO, cat# 12633-012
Base medium
For imaging: Custom made Advanced RPMI 1640, no phenol red

10mM HEPES, GIBCO, cat# 15630-130

2mM GlutaMAX, GIBCO, cat# 35050-061

100U/mL penicillin,

100ug/mL streptomycin Penicillin/Streptomycin, GIBCO, cat# 15140-148

50uM 2-mercaptoethanol (2-ME), Sigma-Aldrich, cat# M7522

5% Foetal Calf Serum (FCS), GIBCO, cat# 10099-141, Australian origin

I-II MACS buffer

Concentration Ingredient

Mouse tenacity phosphate buffered saline (MTPBS),

Base medium WEHI Media kitchen

2mM Ethylenediaminetetraacetic acid (EDTA), Sigma-Aldrich, cat# E6758

0.5% Bovine serum albumin (BSA), Sigma-Aldrich, cat#f A3294

I-IIT FACS buffer

Concentration Ingredient

Mouse tenacity phosphate buffered saline (MTPBS),

Base medium WEHI Media kitchen

0.1% Bovine serum albumin (BSA), Sigma-Aldrich, cat# A3294

0.1% Sodium azide, Sigma-Aldrich
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APPENDIX Il - REAGENTS

II-I B cell preparation

Reagent

Source

Red blood cell lysis buffer

WEHI Media kitchen

Foetal calf serum

Gibco

RPMI 1640

Gibco, cat# 11875-093

‘100%’ Percoll

Percoll: GE Healthcare, cat# 17-0891-01

+10% 10x MTPBS (mouse tenacity PBS, WEHI Media kitchen)

50, 65, 80% Percoll

Mix ‘100% Percoll’ with

Dulbecco’s phosphate buffered saline: Gibco cat# 14190-144

B cell isolation kit

Miltenyi Biotec, cat# 130-090-862

CellTrace Violet (CTV)

Invitrogen, cat# C34557

PBS/0.1%BSA

Dulbecco’s phosphate buffered saline: Gibco cat# 14190-144

Bovine serum albumin: Sigma-Aldrich, cat# A3294

Flow Check Rhodamine Low-Brite
Beads

Polysciences, cat# 24257-5

Sphero Rainbow Calibration
Particles (6 peaks), 6.0 - 6.4 um

BD Biosciences, cat# 556288

Propidium iodide (PI)

Sigma-Aldrich, cat# P4170

AlamarBlue

AbD Serotec, subsequently Bio-Rad, cat# BUF012B

Goat anti-mouse Ig-unlabelled

Southern Biotech, cat# 1010-01

Goat anti-mouse kappa-biotin

Southern Biotech, cat# 1050-08

BCIP/NBT

Mabtech, cat#3650-10

II-II Stimuli for B cell activation

Stimulus

Source

aCD40 monoclonal antibody
(1C10)

WEHI antibody facility, prepared from original hybridoma

Recombinant mouse IL-4

Dialysed at WEHI from Sf21 supernatant

Recombinant mouse IL-5

R&D Systems, cat #405-ML-025
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APPENDIX III - FLOW CYTOMETRY

III-I Fluorochrome-conjugated antibodies

Target molecule Conjugate | Clone Stock . Dilution | Source
concentration
BD Pharmaceuticals, cat#
lgG1 APC x56 0.2 mg/mL 1/500 550874
CD138/Syndecan-1 | PE 281-2 0.2 mg/mL 1/a00 | BD Pharmaceuticals, cat#
553714
CD138/Syndecan-1 | Biotin 281-2 0.5 mg/mL 1/1000 | BD Pharmaceuticals, cat#
553713
BD Pharmaceuticals, cat#
B220 APC RA3-6B2 0.2 mg/mL 1/1000 553092
BD Pharmaceuticals, cat#
B220 PE RA3-6B2 0.2 mg/mL 1/1000 553089
BD Pharmaceuticals, cat#
CD19 FITC 1D3 0.5 mg/mL 1/300 553785
BD Pharmingen,
IgM PE-Cy7 R6-60.2 0.2mg/mL 1/100
cat# 552867
BioLegend,
gD ze;cg/ 11-26c.2a | 0.2mg/mL 1/100
y> Cat# 405710
ITII-II Streptavidin
Conjugate Stock . Dilution Source
concentration
PE.Cy7 0.15 mg/mL 1/100 Caltag Laboratories, cat# SA1012
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ITII-III Flow cytometer configurations

Fluorochrome

Excitation (nm)

Filter/bandpass (nm)

CellTrace Violet (CTV)

Rhodamine beads

Violet 405

450/50

Propidium iodide (PI)

Blue 488 (Canto)

Yellow Green 561 (Fortessa)

670 longpass (Canto)

610/20 (Fortessa)

Green fluorescent protein (GFP)

Fluorescein isothiocyanate (FITC)

Blue 488

530/30 (Canto)

525/50 (Fortessa)

Allophycocyanin (APC)

Red 635

660/20 (Canto)

670/30 (Fortessa)

Phycoerythrin (PE)

Blue 488 (Canto)

Yellow Green 561 (Fortessa)

585/42 (Canto)

586/15 (Fortessa)

PE.Cy7 Blue 488 (Canto) 780/60
Yellow Green 561 (Fortessa)
PerCP-Cy5.5 Blue 488 670 longpass (Canto)

695/40 (Fortessa)

Data acquired on BD Canto II or BD Fortessa X20
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APPENDIX [V — CELL CYCLE INHIBITORS

Compound

Mode of action

Source

Aphidicolin
e Stock: I mg/mL in ethanol

e Use | pg/mL on naive B cells

Specifically inhibits DNA Polymerase-
alpha (DNA replication), but not beta or
gamma (RNA and protein synthesis).

Sigma Aldrich #A0781

BMS-265246 Potent and selective CDK1/2 inhibitor. SelleckChem #52014

*  Stock: 10 mM in DMSO

e 1-10 pM very similar but doesn’t

inhibit B cell division

Demecolcine Depolarizes microtubules and inactivates | Sigma-Aldrich #D1925
spindle fibre formation, arresting cells in

e (aka. Colcemid) metaphase.

e Stock: 10 pg/mL in HBSS

*  Use 32 ng/mL on naive B cells

Etoposide Complexes with topoisomerase II and Sigma-Aldrich #E1383
DNA to enhance double-strand and

*  Stock: 50 mM in DMSO single-strand cleavage of DNA.

e Use 2 pM on naive B cells

Flavopiridol HC1 Pan CDK inhibitor. Competes with ATP [ SelleckChem #S52679

¢ Stock: 10 mM in DMSO

¢ Use ~500 nM on naive B cells

to inhibit CDKs including CDK1, CDK2,
CDK4 and CDKS6.

LEEO11 Highly specific CDK4/CDKG6 inhibitor. [ Selleckchem.com
#57440

e Stock: 15> mM in DMSO

*  Autofluorescent

L-mimosine Late G1-phase inhibitor, reversible. Sigma Aldrich #M0253
Seems to have multiple effects: inhibits

e Stock: 60 mM, 75 mM in 10% eukaryote initiation factor 5-A, Ctf4,

NaHCO, deoxyribonucleotide metabolism (arrests

DNA synthesis), is also an iron chelator,

*  Use 150 uM on naive B cells may activate a GCDKI

LY2835219 Potent and selective inhibitor of CDK4 SelleckChem #S7158

*  Stock: 10 mM in DMSO

¢ Toxic before it inhibits divisions

and CDKS6.
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Compound Mode of action Source

Mycophenolic Acid Selective inhibitor of inosine Sigma-Aldrich
monophosphate dehydrogenase, #M3536

*  Stock: 16 mg/mL in methanol | preventing DNA synthesis in lymphocytes.

*  Use | pg/mL on naive B cells

Nocodazole Interferes with the structure and function | Sigma Aldrich #M1404
of microtubules. Disrupts cell cycle during

e Stock: 5 mg/mL in DMSO interphase and mitosis.

e Use <25 ng/mL in naive B cells | Thought to bind directly to tubulin.

Paclitaxel Lowers the critical concentration for MP Biomedicals #
tubulin polymerization. Reversibly binds | 0219353201

e Stock: I mM in ethanol to tubulin, prohibiting depolymerization
during mitosis.

*  Use 100 nM in naive B cells

Palbociclib HC1 Highly selective inhibitor of CDK4/6. SelleckChem #S1116
It shows no activity against CDK1/2/5,

+ (aka PD-0332991 HCI) EGFR, FGFR, PDGFR, InsR.

*  Stock: 5 mM in DMSO

e Use 3.16 pM on B cells

PD 0332991 isethionate Potent selective inhibitor of CDK4 and Sigma Aldrich
CDKG6. #PZ0199

* (aka. Palbociclib)

* Stock: 10 mM in H,0O

*  Use ~3 pM on naive B cells

Purvalanol A Potent, cell-permeable pan cyclin- Sigma Aldrich #P4484
dependent protein kinase (CDK) inhibitor.

e Stock: 50 mM in DMSO

*  Use 6 pM on naive B cells

Vincristine Inhibits microtubule assembly by binding | Sigma-Aldrich #V8879

e Stock: I mg/mL in methanol

e Use <10 ng/mL

tubulin and inducing coiled spiral
aggregate formation.

Arrests in G2/M-phase by blocking

mitotic spindle formation.

2-Bromo-12,13-dihydro-5H-
indolo[2,3-a]pyrrolo[3,4-c]
carbazole-5,7(6H)-dione

*  (Referred to here as “Millipore
Cdki”)

¢ Stock: 10 mM in DMSO

¢ Autofluorescent

Potent, selective, reversible and ATP-
competitive inhibitor of Cdk4/D1.

Inhibits the activity of other CDKs only
at much higher concentrations.

illipore CalBiochem
#219476
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