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Abstract

The protection of a multicellular organism from infection, at both cell and
humoral levels, has been a tremendous driver of gene selection and cellular
response strategies. Here we focus on a critical event in the development of
humoral immunity: The transition from principally innate responses to a
system of adaptive cell selection, with all the attendant mechanical problems
that must be solved in order for it to work effectively. Here we review recent
advances, but our major goal is to highlight that the development of adaptive
immunity resulted from the adoption, reuse and repurposing of an ancient,
autonomous cellular program that combines and exploits three titratable
cellular fate timers. We illustrate how this common cell machinery recurs and
appears throughout biology, and has been essential for the evolution of
complex organisms, at many levels of scale.

Immunology & Cell Biology 2020; 98: 439-448

LOOKING BACK IN TIME

There are signatures and ghostly remnants of events long
past carried in the genes and cellular processes that fuel the
contemporary biosphere. Some events, such as the cellular
adoption of mitochondria, are permanent foundations,
and reveal to us the striking consequence of a distant
fortuitous symbiosis." We are now used to finding other
examples of flexible, adaptable biological processes that are
tweaked and tuned and reused in a myriad of ways in
different species. With care, these origins and paths can be
identified with the many modern tools available. What we
find now is helping to expose this connected history and to
complete the detailed story of evolution. Of course, this
works in reverse and evolution can serve as a powerful
organizing principle to try to understand the current
complex state and how it came to be.”

The development of immunity is a potent force for
gene selection.®™ In most species, immune genes are
some of the most active and pliable. Even closely related
species can show significant divergence in immune genes,
presumably as a result of chance decisions and local, or

isolated, selection forces.”® Despite the complexity,

shadowy evolutionary signatures and clues to the past are
emerging rapidly and offer major new insights into the
cellular machinery underlying immunity.

A BRIEF OVERVIEW OF THE INNATE TO
ADAPTIVE JUNCTION

The field of comparative adaptive immunology has been
recently galvanized by the discovery of two distinct
somatic diversification mechanisms for the generation of
antigen receptors. The two mechanisms are found at the
junction between jawless vertebrates, the lamprey and
hagfish, and jawed vertebrates. Until recently, the more
primitive jawless vertebrates were thought to be devoid of
an adaptive system, whereas the jawed vertebrates deliver
almost fully formed, familiar T- and B-cell systems.”"!
Adaptive  systems in  jawed  vertebrates  utilize
randomization of immunoglobulin (Ig) superfamily genes
and the selection of multiple cell types during active
immune responses. Thus, it appeared that chance Ig gene
events in the vertebrate

family—dependent lineage
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Evolutionary origins of the B-cell response

uniquely enabled the cell response patterning necessary
for a complete adaptive immune outcome. However, this
dogma has now been rewritten.'®'*"'® We now know that
the agnathan lampreys developed a parallel adaptive
system, with equivalent cellular selection features but
altered receptors based on Toll-like receptor (TLR) genes.
This discovery indicates that the cellular principles were
in place for adaptation in lamprey jawless vertebrates,
and the actual receptors and substrates for solving the
binding and combinatorial problems could have multiple
answers. It is now clear that the evolving systems found
the capacity for programming cell autonomous selection
and expansion, and likely cooperation. Where did it find
this program? It seems unlikely to have been invented
twice de novo. Rather, we argue, it was there all the time,
within the multicellular genetic coding, fully adaptable
and pliable for this new purpose. We review briefly the
cellular machinery for cell development, programming
and patterning, and then speculate on the key steps in
the innate to adaptive transition that corralled this
machinery for an entirely new purpose.

THE AUTONOMOUS B-CELL PROGRAM

When studying vertebrate immunity, it is hard to avoid
being overwhelmed by its apparent complexity.
Lymphocytes are surrounded by finely detailed
microenvironments and express a large number of
receptors and continually process signals that influence
their viability, fate and position. Thus, cells of adaptive
responses are highly mutable and continually regulated
throughout their lifetimes. The B cell undergoes numerous
such events before making antibody of different types. As
circulating mature follicular cells, they do not secrete
antibody but must be activated to undergo extensive
proliferation, to change antibody type and differentiate
into short- and long-lived antibody-secreting (plasma)
cells.'” However, when studied in isolation, when complex
signals are stripped away, we see evidence for simple
behaviors that have all the hallmarks of primitive
autonomous programs that have recurred in biology and
are found repeatedly in different forms. These features
appear in many versions of adaptive responses, and we
believe these provide an echo of their evolutionary history.

A clear example of such a program comes from the
follicular B cell’s autonomous proliferative response to the
TLRY ligand, CpG unmethylated DNA.'® This response
has been extensively filmed and analyzed to reveal its
remarkable features. It is mediated by nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB)
signaling that results in stimulated cells that divide three
or four times, before they return to a small, nondividing
state and then die. The cells do not differentiate into
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antibody-secreting cells unless other signals are
provided.'®?*®  Thus, lymphocytes are capable of
implementing a program of activation, asynchronous
proliferation, cessation and death in response to the
presentation of a single stimulus. Quantitative studies of
the CpG response program indicate that the net outcome
is the result of three timed fates initiated by activation,
subsequently referred to as the three-timer model (3-
TM).'*?! The first timer controls time between divisions
while the second timer dictates the time allowed for the
series of cell divisions before returning to quiescence (the
cell’s division destiny, heritable from the initial cell).
Finally, the third timer regulates the time to die, which,
for CpG-stimulated B cells, is also heritable from the
founding cell and is unaffected by cell division.*
Molecular regulation of the first timer is attributable to
cyclins and cyclin-dependent kinases.'” The second timer
is strongly coupled to expression of the transcription
factor Myc, protein levels of which accumulate and fall in
cells over time and are also unaffected by division.”* The
timing of cell death (third timer) is controlled by the net
effect of multiple proapoptotic and antiapoptotic
molecules.””*> The components and mechanism of the 3-
TM are illustrated in Figure la, b to highlight how it leads
to a canonical immune response pattern. As a result of the
absence of the generation of any additional specialized cell
types, as well as the ancient origin of TLRs,”*** it appears
that the TLR9-induced B-cell program provides a window
back to simpler organisms that relied on innate immune
recognition to initiate protective responses that could
include limited cell expansion.

This simple response sheds light on how an ancestral
program for limited cell-intrinsic proliferation, cessation
and cell loss was adopted to enable the emergence of
adaptive immunity. Evidence for such an evolutionary
legacy is provided by the conservation of intracellular
events coupled to TLR activation across diverse
evolutionary relationships. TLR-induced activation of the
NF-«B pathway, for instance, is shared between mammals,
insects and sea urchins.?*2° Furthermore, there is evidence
to suggest that the molecular control of the 3-TM outlined
previously is evolutionarily ancient. Myc and its homologs
have important roles in controlling proliferation in stem
cell and gamete populations in the metazoan Hydra.””*®
The control of programmed cell death by the Bcl-2 family
proteins is likewise significantly evolutionarily conserved,
with homologs identified and extensively studied in
Caenorhabditis elegans.”>°

Of course, for most T- and B-cell responses, the
cellular behaviors are significantly more complex than
that seen for isolated, CpG-stimulated B cells. This is a
consequence of the imposition of three further advanced
control features that presumably evolved later, and
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Figure 1. Three ancient cell fate timers combine for ubiquitous tissue patterning outcomes. (a) The basic program of the 3-TM. Engaging the
receptor (or receptors) motivates separate modular cellular changes that initiate (1) division; (2) the duration of division and (3) the time to die.
Note that the times for 2 and 3 can be inherited and passed to progeny. (b) The net effect of each timer applied in sequence, leading to the
automatic increase and timed loss of the stimulated cell and subsequent clonal family over time. (c, d) These diagrams show how similar
autonomic mechanical features underlie the B-cell response, insect wing development and the growth of the intestinal crypt. Additional modular
cell fate programs that interleave with 3-TM are represented below the dashed line. These may include the integration of further signals as in c,
or may function as additional independent modules that regulate differentiation fates. These fates may function as timers, as with the
components of the 3-TM, or could use cell division as a “counting” mechanism, with a threshold number of divisions triggering a cell fate

decision. 3-TM, three-timer model; CDK, cyclin-dependent kinase; cell #,

further interleaved with the basic 3-TM program, to
achieve a greater degree of control. These advanced
control features are (1) to modify and diversify the
signals that trigger the response program; (2) to
incorporate differentiation events, often linked to division
progression, that allocate responding cells to a range of
effector outcomes and diversify the immune response and
(3) to develop three-dimensional tissue channeling and
cell interaction systems to optimize antigen detection,
signal integration, cell selection and cooperation. It is the
simultaneous actions of these interleaved cell modules
that underpin why the vertebrate immune system is
extremely  complex.’™**  Nevertheless, ~despite the
additional layers of regulation, the core adoption of the
3-TM that utilizes regulable timers based on cyclins, Myc
and death molecules or their homologs appears
common to all.

cell number; DIV, division; t, time.

AUTONOMOUS PROGRAMMING IN
DEVELOPMENTAL BIOLOGY

We find it striking that features of the molecular and
cellular origins of cell fate patterning that drives adaptive
immune responses can be found in many systems under
study in developmental biology. Many of the desired
outcomes are shared across the two disciplines. The
generation of cellular diversity is a critical step in a
successful immune response. The generation of sufficient
cell numbers and the partitioning of functions among the
generated cells are complex tasks that must be carried out
with great precision. Too many, or too few of a
particular cell type could be catastrophic to the chances
of an organism’s survival during an infection. This is
analogous to the processes of cellular diversification
carried  out during development, with  similar
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consequences coupled to potential unsuccessful outcomes.
Therefore, here we highlight how a common autonomous
program underpins the generation of cellular diversity
and is shared across multiple biological processes such as
embryonic development, tissue homeostasis and adaptive
immunity. Following are some notable examples of
complex cellular systems that share the common
principles of autonomous cellular programming coupled
to asynchronous proliferation, differentiation and cell
death. These examples demonstrate that carried within
cells is the genetic instructions for (1) patterning tissue,
(2) growth and limiting the total level of this expansion
and (3) clearing cells by apoptosis. These three controls
are likely used in different ways, in many examples of
tissue formation, in body patterning and in initiating and
maintaining cell types. These three controls are therefore
ready to be copied and incorporated for immunity, and
likely explain why cyclins, Myc and death molecules or
their homologs underpin so many cellular systems
throughout evolution.

MAKING A WING HAS ANALOGOUS
FEATURES TO AN ADAPTIVE IMMUNE
RESPONSE

requires precise control of cellular
proliferation and patterning, as well as of growth
cessation. The imaginal discs of the developing Drosophila
wing is a well-studied system for investigating the
molecular control and cellular principles involved in the
development of a complex tissue.”” At the beginning of the

transition from the larval to the adult stage, the imaginal

Organ growth

disc comprises a small number of precursor cells poised to
undergo multiple rounds of cell division.”* Rapid cell
division is initiated by external signaling through the
insulin/insulin-like growth factor pathway and is further
regulated by the disc-intrinsic production of the Dpp
signaling molecule, ultimately resulting in an upward of
1000-fold expansion in cell number over 4 days of larval
development.*>?> These signals promote an intracellular
signaling response that drives cell growth and cell cycle
progression. This program is strongly linked to the proto-
oncogene Myc, which transcriptionally regulates essential
components of cell division and growth, including
ribosomal activity and metabolic pathways.*>>® Individual
proliferating cells compete with each other based on their
levels of Myc. Myc-overexpressing cells proliferate more
extensively than their wild-type counterparts, and Myc-
deficient cells are correspondingly outcompeted. After
4 days of growth, the cells of the wing disc will stop
proliferating as the wing reaches its final size. The process
of growth arrest appears to be intrinsic to the proliferating
cells of the wing disc, as they will stop dividing even in the
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presence of ongoing signaling and an extended period of
larval developrnen’[.33 However, unlike the cessation of
division in the humoral immune response, this is achieved
by the extension of cell cycle length, rather than an exit
from division progression.

FURTHER ANALOGS: AUTONOMOUS
ORGANOID AGGREGATION

Related and parallel autonomous cell development can be
found in other complex organs, previously thought to be
dependent on high levels of tissue organization. The
mammalian intestinal epithelium requires continuous,
rapid self-renewal to maintain mucosal barrier integrity
and function. This tissue is organized into distinct
functional units consisting of a luminal villus,
predominantly composed of mature enterocytes and
Paneth cells, and a crypt, which contains about six LgrS+
stem cells that are continuously giving rise to new cell
types. In studies that made a significant contribution to
the development of organoids, the Clevers laboratory
established that single Lgr5" crypt stem cells could
generate structures resembling intestinal tissue in the
presence of minimal growth signaling provided by the
Wnt pathway ligand, R-spondin-1.>" The generation of
these structures from single cells was highly reproducible,
the structures contained all mature cell types of the
intestinal epithelium, and they could be maintained in
culture long term (at least 8 months). The lumen of these
organoid structures contained the postapoptotic remains
of enterocytes that had undergone cell death and budded
from the tips of villi, reminiscent of the turnover of
epithelial cells in vivo. Furthermore, only the Lgr5" stem
cells displayed evidence of Wnt pathway activity (nuclear
B-catenin), suggesting that the emergence of distinct cell
types, their proliferation rates and the timing of apoptosis
are established early in the cellular hierarchy and
inherited through multiple rounds of cell division.
Additional work has highlighted the role of the Myc
pathway in controlling proliferation of intestinal crypt
stem cells, acting as an important transcriptional target of
Wnt/B-catenin signaling, and translating the activity of
this pathway into the control of cell division.”®** This is
supported by studies showing that the absence of the
cofactors required for Myc expression in crypt stem cells
impairs their capacity for regeneration in vivo.”®*°
Furthermore, analysis of apoptosis components within
intestinal tissues across mouse and human revealed that
high expression of antiapoptotic Bcl-2 is restricted
predominantly to the Lgr5" stem cells of the crypt base,
and expression falls gradually as cells progress toward the
villus tip.*' This raises the potential for a timed loss of
antiapoptotic mature,

molecule expression as cells
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ultimately resulting in their programmed death after their
terminal differentiation into enterocytes at the villus tip.

Together, these data demonstrate a remarkable capacity
for mature stem cells to autonomously generate cellular
diversity concurrent to rapid cell division without the need
for external instructive signaling to control the fate
decisions of individual cells. We speculate that these are
common properties that are shared in the adaptive
immune system, and the capacity for the cell-intrinsic
generation of complex cellular outcomes in response to
restricted signaling events closely resembles an adaptive
immune response. Thus, we argue that these cellular
programs share, build upon and are further examples of a
common evolutionary origin. Consequently, we reason
that it is highly likely that the behavior of intestinal crypt
stem cells could be accurately recapitulated by probabilistic
modeling incorporating the timers of division motivation,
division rate and the onset of cell death in a manner similar
to modeling of T- and B-cell responses. These parallels that
might be traced to molecular patterning timers in each of
our examples are illustrated in Figure 1. Our figure also
illustrates how this core 3-TM cell machinery controlling
cell generation, cessation and loss, can be interleaved with
additional modular division-dependent and timed
differentiation programs to diversify and complete the
tissue patterning outcomes.

BUILDING AN IMMUNE SYSTEM FROM
MODULAR CELL RESPONSE PROGRAMS

The considerations discussed previously, the parallels in
autonomous programming and their evolutionary origins,
point to an ancient biological mechanism. This ancient
mechanism brings together three controls for fate and
tissue patterning (division, division progression and
death) that can be placed under the control of different
initiating receptors (or sets of receptors) depending on
the biological context. This could enable the pattern of
net outcome, such as the total cell number generated and
their longevity, to be manipulated and optimized.

Given this context, we argue that the solution needed
for adaptive immunity, of finding and selecting cell
clones, can be viewed as modular and evolvable as it can
utilize readily available cell functional units, including
each of the 3-TM cellular programs exemplified by the
CpG B-cell response. This understanding of somatically
diversified antigen receptors superimposing over a pre-
existing cellular program fits well with the observation of
convergent evolution of adaptive immunity in the jawed
and jawless vertebrates. In the lamprey and hagfish, this
cellular programming is connected to variable lymphocyte
receptor family genes, which are predominantly
composed of the leucine-rich repeat regions that are

Evolutionary origins of the B-cell response

essential to the function of TLRs. Whereas in the jawed
lineage, the equivalent selective pressures lead to
connecting the Ig family to a similar autonomous
program. Clearly, although the molecular strategies
utilized by the two phylogenies are distinct, both are
layered on top of a common set of lymphoid cell types
and their corresponding response genes. This provides
strong evidence that these cells and their programming
preceded the emergence of a fully fledged adaptive
immune system.'™' As such, we speculate that the
responses of VLRA+ and VLRB+ lymphocytes in the
jawless vertebrates share the same cellular
principles and molecular control of T and B cells in the
jawed vertebrates, including Myc-dependent proliferation
bursts and Bcl-2 family protein-dependent, timed
apoptosis.

In the following sections, we examine in more detail
the possible origins for how the broad recognition of
foreign material by innate receptors became coupled to
the 3-TM that modulates the adaptive cellular responses.
Not surprisingly, the development of receptors and

would

defense strategies that were drawn into the new adaptive
programs were also sourced from available substrates that
were already well invested in the immune defenses of
more primitive organisms.

EARLY ORIGINS OF TLR RESPONSES AND
A CELLULAR BLUEPRINT IN DROSOPHILA

A very early evolutionary example of innate receptor
development is in the primitive organisms that comprise
the invertebrate deuterostome lineage, in which
functional TLR genes have been identified. The genome
of the sea squirt Ciona intestinalis contains two identified
TLRs: Ci-TLR1 and Ci-TLR2, consisting of intracellular
Toll/interleukin-1 receptor and extracellular leucine-rich
repeat region domains.*»** These receptors are triggered
by multiple bacterial components, including cell walls
and flagellin, as well as by poly-I:C. The binding of TLRs
to these pathogen-associated molecular patterns initiates
signaling cascades involving molecules conserved in
vertebrate immune systems, such as MyD88 and NF-«B,
and triggers the release of effector molecules including
tumor necrosis factor-o. and antimicrobial peptides.®*°
During the course of evolution, the established
autonomous cellular programming that was essential to
the development of complex multicellular organisms
intersected with immune signaling to generate a primitive
cellular immune response. Evidence for such a primitive
cellular program from which mammalian lymphocyte
behavior may have emerged can be found in the
responses of the innate immune system of insects, such as
Drosophila  melanogaster.****Along with other insects,
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Drosophila do not possess an adaptive immune system,
and instead rely on an innate immune response carried
out by a population of phagocytic cells known as
hemocytes. Hemocytes comprise the bulk of the cellular
immune system in insects and are categorized into three
distinct lineages: plasmatocytes, lamellocytes and crystal
cells. These cells develop from a specialized lymphoid
organ, known as the lymph gland, and circulate
throughout the Drosophila hematopoietic system in a
quiescent state. Although lacking antigen receptors,
hemocytes recognize foreign microbial material via innate
pattern recognition receptors and undergo an immune
response consisting of proliferation, differentiation and
effector functions.*>*® Depending on the nature of
infection, these cells will either terminally differentiate
into phagocytic plasmatocytes to engulf foreign microbes,
or they will acquire the phenotype of lamellocytes to
encapsulate multicellular parasites.

The activation of hemocytes involves the binding of
nonself-material by surface pattern recognition receptors,
most notably the Toll receptor, which triggers an
intracellular signaling cascade resulting in cellular
proliferation and differentiation. Many of the signaling
receptors and pathways involved in hemocyte responses
are conserved in mammalian humoral immunity,
including in both T-dependent and T-independent B-cell
responses, such as TLR, Janus kinase/signal transducers
and activators of transcription and mitogen-activate
protein  kinase signaling.***®  Furthermore, as in
mammalian B cells, disruption of the genes involved in
these pathways results in overgrowth of hemocytes and
the development of hematological malignancies.*”*®

DROSOPHILA DSCAM—A PRIMITIVE
ANTIBODY

In addition to their capacity for proliferation and
differentiation, hemocytes also possess a restricted
repertoire of an adhesion protein, Down syndrome cell
adhesion molecule (Dscam). Dscam is a member of the
Ig superfamily. Approximately 18 000 distinct isoforms of
the cell surface, membrane-bound Dscam are generated
in Drosophila by alternative splicing of multiple Ig
domains.**® While bound to the hemocyte cell surface,
Dscam molecules recognize and bind foreign material
and facilitate the process of phagocytosis. Dscam is also
secreted by hemocytes and circulates throughout the
Drosophila hemolymph, binding to bacterial components
and opsonizing them for phagocytosis. Dscam molecules
are highly conserved across insects, and a study of
Anopheles gambiae AgDscam revealed that the isoform
repertoire is  responsive to  distinct infections,
demonstrating ongoing feedback driving the selection of
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isoforms ~ with  specific ~adhesive characteristics.”"
Furthermore, increased AgDscam-binding affinity was
observed when produced by cells previously exposed to
the target pathogen.”

Therefore, the invertebrate immune system utilizes a
somatically diversified receptor which is coupled to a
cellular response and subject to ongoing feedback. Thus,
the immune response of invertebrates may represent an
evolutionary blueprint for the cellular and molecular
program that has been developed in mammalian humoral
immunity. Although the cellular immune response in
invertebrates has not been as completely described as in
mammals, the conservation of basic cellular functions,
signaling pathways and effector molecules would suggest
that there are many features described in humoral
immunity that are identifiable in the invertebrate cellular
immune response. We speculate that the cellular
principles underpinning the hemocyte response mirror
those of follicular B cells, whereby asynchronous
activation, proliferation and differentiation of hemocytes
leverage the principles of cell autonomy and stochasticity
to guarantee successful outcomes to infection.

THE COEXISTENCE AND OPTIMIZATION
OF PRIMITIVE AND ADVANCED
STRATEGIES

We now ask what roles CpG/TLR9-based pathways play
when more sophisticated antibody production systems,
that include T-dependent pathways and germinal centers
(GGCs), that can improve affinity exist in the same host?
In answering, we note even more examples of primitive
humoral responses in the vertebrate immune system. For
instance, B-1 cells that differentiate and produce a
relatively limited repertoire of natural antibody, usually
IgM, without priming, are mimicking the action of
simple humoral agglutinin production by invertebrates
and most multicellular organisms.”® This coexistence of
more primitive B-1 cells is likely affected by
thermodynamic features governing antibody binding to
targets in solution that determines how large a repertoire
of receptors is needed for an effective humoral immune
response. These constraints dictate that a combination of
strategies are needed to minimize the time to protection
against antigens comprising epitopes of multiple, distinct
valences.” Fitting with this concept, T-independent B-cell
stimuli are strongly synergistic with cross-linking B-cell
receptor ligation, promoting development of antibodies
associated with bacteria that also have a high epitope
valence.”® Thus, the more primitive modes of antibody
regulation act quickly and typically target multivalent
epitopes. These pathways to antibody complement the
more sophisticated T-dependent responses that can
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achieve high affinity against monovalent antigens but take receptor mutation.”>® This proliferation of GC B cells is
a longer time to be selected. tightly controlled by coupling of an Myc-dependent

division timer to B-cell receptor selection, whereby the
3-TM FEATURES ARE SEEN IN THE GC highest affinity cells in the GC light zone receive the

strongest external signaling, thus providing them with a
Recent studies of GC reactions suggest that the substantial duration in which to divide within the GC dark

components of the 3-TM play a key role in its regulation. zone.”” ™ This extension of proliferation promotes
In the GC B cells undergo successive rounds of selection selection of the most effective clones to undergo further
and stimulation, shuttling between light and dark zones as somatic hypermutation.®® The process is also balanced by a
centrocytes and centroblasts and undergoing extensive dynamic death timer that functions to prevent continuous
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Figure 2. Key steps in humoral immune cell evolution. (a) Simple intrinsic secretion of natural antibodies or agglutinins into fluid spaces for B-1
cells in vertebrates, but also observed for agglutinins, defensins and lectins in other, more primitive species. (b) Germline-coded receptors of
varying degrees of diversity trigger a limited expansion and therefore increased production of secreted material but with minimal further
diversification of effector activity. This is seen for the CpG response in vertebrates, but also for hemocyte activation and contraction in insects,
including stochastic splicing to diversify and select Dscam protein variants by Drosophila. (c) Diversification of receptor and coupling to the same
3-TM limited, intrinsic response program. (d) Coupling of further effector fate changes to 3-TM responses by time and/or division to diversify and
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cell signals, with cells shuttling between light zone (LZ) and dark zone (DZ) regions and this results in the selection of high-affinity cells. 3-TM,
three-timer model; cell #, cell number; Diff, differentiation; t, time.
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accumulation of rapidly dividing GC cells.”**"%* The
timed transition of GC cells between centroblasts and
centrocytes may also represent an additional component
integrated into the GC 3-TM.®* This model of GC behavior
thus demonstrates that the basic principles outlined in the
3-TM can be integrated into complex, ongoing processes
and complemented by additional layers of regulation, such
as intercellular communication, cell migration and
competition. A summary of our projected key steps in the
progressive modification and evolution of humoral
immune response, highlighting the modular, repeated
nature of the recurring cellular programs, is presented in
Figure 2.

LOOKING AHEAD

Our motivation for writing this speculative article was to
search for links between an emerging modular view of
immune cell control and its evolutionary past. We focused
on the tripartite timers revealed by CpG-activated B cells
that motivate a simple program of expansion, cessation
and clearance, and found evidence for its ancient origins
and adaptability for different purposes. We anticipate that
attempting to trace and isolate the steps in cell evolution
and how functional modules have been captured and
utilized by immune cells can further inform and help guide
our interpretation of the operation of the very complex
vertebrate immune system. While intellectually appealing
for our understanding, we also believe that finding these
connections in further detail can instruct and inform the
building of hierarchical, multiscale models that can
interpret complex signal sensing problems and explain the
mysterious logic of the immune response.
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