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Abstract During the past two decades of research in T cell
biology, an increasing number of distinct T cell subsets
arising during the transition from naive to antigen-experi-
enced T cells have been identified. Recently, it has been
appreciated that, in different experimental settings, distinct
T cell subsets can be generated in parallel within the same
immune response. While signals driving a single “lineage”
path of T cell differentiation are becoming increasingly
clear, it remains largely enigmatic how the phenotypic and
functional diversification creating a multi-faceted T cell
response is achieved. Here, we review current literature
indicating that diversification is a stable trait of CD8" T cell
responses. We showcase novel technologies providing dee-
per insights into the process of diversification among the
descendants of individual T cells, and introduce two models
that emphasize either intrinsic noise or extrinsic signals as
driving forces behind the diversification of single cell-
derived T cell progeny populations in vivo.
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Abbreviations

DCs Dendritic cells

DTR Diphteria toxin receptor

IFN-y Interferon-y

IL-2 Interleukin-2

LCMV Lymphocytic choriomeningitis virus

KLRG1 Killer cell lectin-like receptor subfamily G
member 1

MHC Major histocompatibility complex

MPECs Memory-prone effector cells

SLECs Short-lived effectors cells

Tewm cells T central memory cells

Tem cells T effector memory cells

T-bet T box transcription factor expressed in T cells

YFP Yellow fluorescent protein

Introduction

A central characteristic of T cell immune responses is their
ability to generate a short-lived effector phase, essential for
defense against acute infection, as well as a lasting—often
life-long—memory towards re-challenge with the same
antigen. We know today that this dual capacity of T cell
immune responses can be attributed to distinct subsets of
antigen-experienced T cells including at least one short-
lived subset mounting acute effector functions (such as
cytokine secretion or cytotoxicity) and at least one T cell
subset harboring the ability to persist over long periods of
time, ready to respond to subsequent antigen re-challenge
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[1]. Historically, it had been difficult to demonstrate the
presence of memory- versus effector-prone T cell subsets
due to the fact that most known features of memory T cells
were either uniformly expressed or uniformly absent from
all T cells participating in primary responses to a given
antigen [2]. However, further research yielded the identi-
fication of markers differentially expressed on responding
T cells early after primary antigen contact, and it soon
became obvious that, depending on the set of markers
examined, T cell subsets differ with regard to their
migratory activity, effector function, and future capacity to
become memory cells [3].

The advent of major histocompatibility complex (MHC)
multimer technology enabled the study of T cell popula-
tions of identical peptide-MHC specificity and confirmed
aspects of diversification first observed in less rigidly
controlled systems. The generation of T cell receptor
(TCR)-transgenic mouse lines for use in adoptive transfer
experiments increased the homogeneity of responding
naive T cells even further—in this case to clonal TCR
identity—and still preserved all aspects of effector versus
memory diversification.

The delineation of further subsets among effector and
memory T cell populations that originated from pheno-
typically homogenous naive T cells is an ongoing process.
Current immunology has firmly established the distinction
into memory- and effector-prone T cells, but these two
subsets seem to encompass many additional diverse paths
of differentiation [4]. The stimuli that can direct differ-
entiation down an individual lineage path—while another
is obstructed—are currently under intense investigation
and are reviewed elsewhere [5]. In this review, we mainly
focus on current insights concerning the following
challenging questions: How can multiple paths of differ-
entiation evolve simultaneously, coming from the same
“source”, i.e., from a pool of naive T cells sharing the
same peptide—MHC specificity or even the same TCR?
What is the smallest unit from which the simultaneous
generation of distinct T cell subsets may occur? And what
are the environmental or cell-intrinsic prerequisites for
diversification?

In the first part of our review, we showcase current
evidence for antigen-driven diversification in CD8" T
cell responses and discuss models for diversity acquisi-
tion within clonal populations. The second part will focus
on novel technologies that enable the monitoring of dif-
ferent aspects of diversification, starting out from single
T cells. In the last section, we will summarize recent
insights into the process of diversification, gained by
novel technologies, and will discuss two models for the
putative forces driving diversification on the single-cell
level.
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Diverse capacity for memory and function

During infection or other foreign antigen exposure, naive T
cells recognizing their cognate antigen undergo vigorous
proliferation, reaching maximum population sizes at
approximately 1 week after priming, and then contract to
5-10 % of their original burst size. As early as day 4-5 after
infection with lymphocytic choriomeningitis  virus
(LCMV), the surface markers Killer cell lectin-like receptor
subfamily G member 1 (KLRG1) and interleukin-7 receptor
alpha chain, also known as CD127, indicate a first distinc-
tion into KLRGITCDI127 short-lived effectors cells
(SLECs) and KLRG1 CDI27" memory-prone effector
cells (MPECs) [6]. At this time, both subsets contain cells
displaying effector characteristics, e.g., cytokine secretion.
SLECs, however, are programmed for terminal differenti-
ation and die soon after peak expansion, while the MPEC
compartment contains at least a fraction of cells capable of
transition to memory. Later during the primary response,
around the time of peak expansion, further subdivision of
the memory-prone compartment, detected by expression of
lymph node homing marker L-Selectin (CD62L), becomes
evident [7, 8]. CD62L"CD127" T cells populate the pool
of so-called T effector memory (Tgy) cells, while
CD62LTCD127" T cells become T central memory (Tcp)
cells. The two subsets differ in their migratory behavior as
well as their ability for immediate display of effector
functions and their proliferative capacity upon re-challenge.
While Tgy cells home to peripheral organs such as gut or
lung and display immediate effector function but poor
proliferative activity upon re-challenge, Ty cells re-cir-
culate through secondary lymphatic organs and proliferate
vigorously upon antigen re-encounter but display few direct
effector functions [9]. More detailed investigation into the
paradigm of Ty versus Tgy cells in mice clearly con-
firmed their distinctiveness in terms of proliferative
capacity and homing [10] but also provided conflicting data
on their commitment to exerting effector functions. In fact,
some studies show that Tcy and Tgy, cells are very similar
in terms of interferon-y (IFN-y) secretion and even cyto-
toxic capacity [11]. A major functional characteristic that
remains a factor of distinction between CD8" Tgr and Ty
cells is the ability of the latter to secrete interleukin-2 (IL-2)
upon antigen contact [9]; this also seems to be a functional
characteristic setting apart memory-prone (IL-2%) and
effector-prone (IL-27) CD8" T cells early during primary
responses [12]. Studies simultaneously evaluating the
expression of IFN-y, IL-2, tumor necrosis factor-o;, and
macrophage-inflammatory protein-1-f via multi-parameter
flow cytometry also show that, even within defined memory
subsets, cytokine secretion patterns are far from homoge-
nous: multifunctional T cells (secreting multiple of the
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Fig. 1 Heterogeneity of effector and memory CD8" T cell subsets.
When multiple parameters (/-5) are taken into account, bipolar
subdivision into memory and effector T cell subsets does not suffice
to describe the phenotypic heterogeneity present within a population
of antigen-experienced T cells. Migratory behavior and proliferative
capacity further subdivide effector and memory compartments.
Within these sub-compartments, distinct cytokine secretion patterns
set apart multi- from mono- or non-functional T cells and thus
generate further functional diversity

above factors) exist in parallel to oligo-functional T cells
(secreting, for example, only IFN-v), creating further sub-
divisions within established memory subsets [13]. The
presence of multi-functional T cells within a given memory
compartment seems to be of major importance for the
protective quality of T cell memory in mouse infection
models [14] and human infections with pathogens such as
human immunodeficiency virus [15, 16]. However, the
capacity for production of defined cytokines is not irre-
solvably tied to certain paths of memorys; it rather creates
another layer of diversity that has to be considered in
addition to central or effector memory characteristics [17]
(Fig. 1). An optimal T cell immune response to a given
pathogen probably does not consist of a single optimal T
cell subset. Instead, it is likely to require a division of labor
between multiple subsets—long- and short-lived, functional
and quiescent—that only through their interplay are able to
address the manifold challenges that infection poses. We

are only beginning to understand how vaccination strategies
can be modulated to preferentially generate a certain T cell
subset. However, the truly challenging question might be
how to generate a certain diversity of subsets specific to a
given antigen. Rational design of vaccines aimed at this
goal requires a better understanding of how diversity arises.

Origin of diversification

Estimates for the number of naive precursor T cells specific
for one peptide-MHC complex range between 50 and 500
cells in mice [18, 19]. The number of T cells expressing
identical TCRs has been suggested to range between 10
and 50 cells per mouse [20].

The diversification of naive T cells can be studied at
different resolutions. Either all T cells responsive to a
pathogen or only subpopulations specific to a defined
antigen or peptide can be analyzed for their capacity to
generate memory and effector subsets. Given the con-
ceptual notion that all TCR specificities should potentially
be available for recruitment into acute immune responses
as well as preservation into memory, the smallest units
that should be able undergo sufficient in vivo diversifi-
cation are clonal TCR-identical populations of naive
T cells (Fig. 2).

While MHC multimer staining allows the definition of
progeny originating from naive T cells with identical
peptide-MHC specificity [21], even in humans and genet-
ically un-manipulated mice, delineation of clonal progenies
in these systems is only possible via TCR repertoire anal-
ysis. Two pioneering studies in this field yielded somewhat
contradictory information. One study in humans showed
TCR repertoires of Ty and Tgy cells retrieved from
peripheral blood to be largely distinct [22], a discovery
interpreted as evidence for the selective recruitment of
certain TCR specificities for either central or effector
memory differentiation. Another study, however, demon-
strated largely overlapping TCR repertoires in Tcyy and
TgMm populations derived from various peripheral lymphatic
organs in mice [23].

Easy access to TCR-identical populations of T cells is
possible through the use of TCR-transgenic mouse lines for
adoptive transfer experiments [24]. When the number of
naive TCR-transgenic T cells transferred into wild-type
hosts is adapted to physiological precursor frequencies, this
approach grants valuable insights into the process of subset
diversification [25]. Thus, it could be shown that diverse
memory- and effector-prone subsets can originate from
small populations of TCR-identical precursors of both
CD8" and CD4* T cells [26]. These insights have led to
different models of how diversification from clonal pro-
genitors might occur.
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Fig. 2 Response “units” derived from the naive T cell repertoire. T
cells participating in a fully developed immune response against a
complex pathogen are heterogeneous in their clonal descent. The
number of clonal ancestral populations contributing to a pathogen-
specific response will generally be larger than the number contrib-
uting to antigen- or peptide-specific responses. The smallest unit that
should be capable of generating both effector and memory T cells is a
population of TCR-identical naive T cells

Current models for the generation of diversity
within clonal progeny populations

Different models for the generation of diverse memory and
effector subsets have been proposed. The first two models
mainly focus on the directionality of differentiation: the
linear differentiation model (Fig. 3) was coined based on
the initial observation that effector phenotype T cells arise
before memory phenotype T cells during the course of the
expansion phase of a T cell immune response. This model
postulates that after encounter with their cognate antigen, T
cells will proliferate and differentiate first into Tgg cells,
most of which will subsequently die, but a fraction will
continue to display Tgy characteristics, and a fraction of
those will become Ty cells, re-acquiring the potential for
re-circulation, homeostatic self renewal, and vigorous re-
expansion [27-29]. The passage through a Tgg stage, a
central part of this model, received recent support from
studies showing that large fractions of memory CD8" and
CD4" T cells had at some point during their ontogeny
expressed effector molecules such as Granzyme B and
IFN -y, respectively (since IFN-y is also secreted by many
CD4* and CD8" memory T cells, the study using IFN-} as
a reporter provides only limited ontological information)
[30, 31]. These studies showed that the acquisition of some
effector T cell characteristics is not obstructive to later
differentiation towards memory, but they could not estab-
lish the passage through an effector phase as obligatory for
memory generation.

The progressive differentiation model (Fig. 3) proposes
the opposite course of events, namely that activated T cells
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Fig. 3 Linear versus progressive differentiation model. The ‘linear
differentiation model” proposes that T cells recognizing their cognate
antigen on antigen-presenting cells (APCs) and receiving further
signals through co-stimulatory molecules and cytokines will first
acquire effector function (dark blue cell color); thereafter, they will
either go into apoptosis and die or continue to down-regulate effector
function (transition from dark to light blue cell color) and become
memory T cells (Tgy and Ty, cells). The ‘progressive differentiation
model’ postulates that antigen-experienced T cells will first acquire a
status ‘low in effector function’ and prone to Tcy development.
Stronger activation signals will drive T cells beyond this state and into
becoming Tgy or even Tgg cells. Tgg cells in this model are
irrevocably destined for cell death

do not differentiate towards a memory phenotype but away
from it. Depending on the strength of the signal—inte-
grated out of stimuli received via TCR, costimulatory
molecules, cytokines, and other environmental signals—T
cells are induced to either become terminally differentiated
effector cells (strong signal) or remain outfitted with the
naive-like homing and proliferative characteristics of Tcy
cells (weak signal). In support of this model, extensive
studies show the inability of phenotypically defined
effector T cells to re-acquire a memory phenotype upon
adoptive transfer and re-exposure to antigen [32]. The
progressive differentiation model is also supported by
observations showing that short or weak stimulation favors
the generation of Ty, cells over terminally differentiated
Tgr cells [33, 34]. Studies showing that late entry into an
immune response [35] or the presence of many responding
T cells support increased Ty generation (probably due to
a decrease in the available stimuli over time or inaccessi-
bility due to competition) [25] point in a similar direction.
On the other hand, truly suboptimal signals can also
obstruct the road to lasting memory [36].

A synthesis of the two models appears to be the most
reasonable representation of physiological events, with a
more or less unidirectional flow of differentiation from
Tem to Tem to Tgr cells in established memory but also a
requirement for acquisition of at least some effector func-
tions for memory licensing during the initial expansion
phase. In fact, an interesting study by Intlekofer et al. [37]
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showed that acquisition of effector function and capacity
for memory transition seem intrinsically linked. The
authors describe that transcription factors T-bet (i.e., T box
transcription factor expressed in T cells) and Eomesoder-
min both induce IFN-y secretion and make CD8™ T cells
simultaneously receptive to the essential homeostatic
cytokine IL-15 by inducing expression of the IL-15
receptor beta chain.

Apart from the directionality of differentiation, the time
point at which a certain profile of differentiation is fixed and
stably transmitted to further progeny is another intensely
debated topic. Is it determined on the level of the first cell
division, or is it fixed even before the first DC-T cell
encounter? Or is differentiation plastic altogether and sub-
jected to multiple alterations during the course of population
expansion? Early studies showed that the signal duration
required to induce clonal populations of naive CD8* T cells
to generate diverse progeny is very limited: 2 h of T cell-DC
contact are sufficient to induce proliferation, and 24 h
are enough to generate both memory and effector phenotype
progeny [38, 39]. In addition, modulation of the inflammatory
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Fig. 4 One cell-one fate versus one cell-multiple fates models. The
‘one cell-one fate’ model states that the cumulative signal (antigen,
co-stimulation and cytokines) received before the first T cell division
determines the T cell’s destiny, and all of its progeny adhere to the
defined cell fate (e.g., effector T cell differentiation). The ‘one cell—-
multiple fates’ model proposes that the progeny of a T cell retains
plasticity to change direction of differentiation through multiple
rounds of division, thus opening the possibility to generate progeny
outfitted with multiple distinct fates starting out from a single
ancestor. When observing the outcome of differentiation within
progeny cells derived from multiple T cells, the result predicted by a
deterministic model is indistinguishable from that predicted by a
plastic one

setting very early during infection results in substantially
altered distribution into memory-prone and short-lived
effector CD8™ T cell populations, modulation later results in
only minor effects [40]. These results are generally inter-
preted as evidence for early programming of differentiation
pathways and early determination of T cell memory versus
effector fate. However, neither a predetermination before
initial antigen contact nor the successive integration of
multiple signals received during rapid population expansion
can be formally excluded by the data. When following the
diversification of T cell populations, it in fact appears
impossible to resolve the stalemate between the opposing
models favoring early determination or prolonged plasticity
of T cells, proliferating and differentiating in response to
antigen. Diversity of effector and memory or mono- and
multifunctional T cell subsets could arise by determining
multiple naive T cells for divergent paths of differentiation
before or during initial priming, thus creating homogenous
progeny from one (“one cell-one fate”) but diverse progeny
from many naive ancestors. Alternatively, diversification
could be generated by a single naive T cell whose progeny
retains plasticity during clonal expansion and can therefore
diversify in response to varying extrinsic or intrinsic stimuli
(“one cell-multiple fates™) (Fig. 4).

Dissecting T cell ontogeny down to the single-cell level

Further understanding of the rules and mechanisms deter-
mining T cell diversification into various effector and
memory subsets requires techniques enabling the dissection
of T cell ontogeny down to the single-cell level. To
experimentally establish a direct link between an ancestral
T cell and its progeny, two main approaches are conceiv-
able: a single T cell can be continually observed while it is
dividing and generating progeny, or a heritable marker
specific to an individual ancestral T cell can be introduced,
allowing the identification of all marker-positive T cells as
being derived from a single ancestor.

The structure of lymphatic organs as well as the distri-
bution and delineation of specific groups of leukocytes has
been traditionally investigated using light microscopy. The
staining of tissue sections with specific dyes, differentially
labeling various populations of leukocytes according to the
chemical properties of their sub-cellular components, is a
decade-old method still widely applied for basic research
and pathological evaluation of clinical specimens. While
substantially refined through the use of enzymatically or
fluorescently labeled antibodies or reporter systems tying a
certain transcriptional activity to the expression of a fluo-
rescent protein, classical immunohistochemistry remains
an altogether static method. The requirement for thin sec-
tions of fixed tissues restricts it to the display of mere
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snapshots of the dynamic processes going on in vital
organs.

Confocal (single-photon) fluorescence microscopy
makes a deeper look into intact organs possible. By
focusing a laser beam on a defined point within the tissue
and blocking all light emitted from excited fluorophores
outside the focal plane, background fluorescence is largely
eliminated, allowing thicker tissue sections or even intact
organs to be microscopically inspected. In principle, this
method enables analysis of vital organs; however, the high
light intensities required for sufficient excitation of the
tightly defined focal plane lead to rapid photo-damage of
analyzed tissues and largely preclude the visualization of
dynamic processes [41].

Reduction of photo-damage and increased penetration
into vital tissue became possible with the development of
two-photon laser scanning microscopy. Here, an infrared
laser is used to excite a focal point within a given tissue.
The long wavelength of the lasers used guarantees lower
light scattering and thus deeper penetration into tissues and
decreased photo-damage. Reduction of background fluo-
rescence is achieved due to the lower energy of the laser
beam, which induces sufficient fluorophore excitation only
when two photons are absorbed simultaneously by a given
fluorophore, an event highly unlikely outside the focal
point [42]. Using this technique, quite representative tissue
volumes of an organ can be observed over periods of up to
a few hours while leaving the organ more or less in situ.
Not every organ can be analyzed equally well using this
technique, and most insights concerning T cell differenti-
ation have been gained by studying lymph nodes draining
defined sites of infection [43, 44]. Intravital imaging
granted novel insights into the earliest events during anti-
gen-driven T cell responses [45]. Elegant studies could
define three phases of CD8™ T cell interactions with den-
dritic cells (DCs) presenting cognate antigen [46]. Phase 1
is dominated by transient contacts during which upregu-
lation of activation markers such as CD44 or CD69 occurs.
Phase 2 is characterized by long-lasting interactions (up to
several hours), during which T cell cytokine secretion
becomes detectable. Proliferation is initiated in phase 3,
and the interactions of DCs with the earliest ensuing
progeny again become transient. It could further be shown
that DC-T cell ratio as well as peptide-MHC density on
presenting DCs and TCR affinity to presented peptides
positively correlate with a shortening of phase 1 and rapid
establishment of stable interactions [47]. From these dis-
coveries, it was deduced that repetitive contacts during
phase 1 allow the generation of a cumulative TCR signal
that, when reaching a threshold, enables lasting interaction
and induction of proliferation. These data were put into the
context of findings from flow cytometrical studies showing
that very short prevalence of antigen-presenting DCs or
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very low-affinity antigen diminishes CD8" T cell popula-
tion expansion (possibly by reducing the number of cells
reaching phase 2), but leaves differentiation into diverse
memory and effector T cell subsets intact [48]. The pre-
vailing conclusion was that defined CD8" T cell fates are
determined before the first cell division, conceptually tying
a single cell-derived progeny to a single fate and requiring
multiple precursors for generating diversity. A study by
Steven Reiner’s group put forward another concept of how
different memory and effector subsets might arise. By
imaging (in vitro) the first cell division of in vivo-activated
CDS8™" T cells, they identified a substantially unequal dis-
tribution of synaptic signaling components (such as CD8 or
leukocyte function-associated antigen-1) onto the two
arising daughter cells. This process—reminiscent of
asymmetric cell divisions that tissue stem cells undergo—
was claimed to generate a proximal effector-prone daugh-
ter cell and a distal memory-prone one [49]. However, the
inheritance and lasting impact of the initial disequilibrium
could not be shown conclusively.

While intravital imaging is an excellent tool for inves-
tigating the earliest events of single T cell differentiation
within an intact tissue context, it also introduces some
unphysiological factors and faces severe restraints in terms
of monitoring effector and memory T cell ontogeny in its
entirety. First, to allow the visualization of representative
numbers of antigen-specific T cells within a tissue volume
of approximately 1 mm’ (the volume size examined by
standard imaging studies), it is necessary to introduce a very
high number of cells (10° or higher) into an experimental
animal. This number is approximately 10,000-fold above
the threshold established as ensuring physiological condi-
tions for T cell activation and differentiation in adoptive
transfer systems [25], thus possibly limiting the physio-
logical relevance of data acquired under such conditions.
Second, limited observation time due to accumulating
photo-damage and limited observation breadth due to
visualization of only a small tissue volume make continuous
monitoring of single cell-derived progeny cells through
multiple rounds of differentiation currently impossible,
precluding further-reaching conclusions regarding T cell
ontogeny and kinship [41].

The first experimental approach truly enabling visuali-
zation of a complete ontological tree (or at least all of its
branches) stemming from a single T cell “root” was con-
ducted by transfer of a single antigen-specific T cell into an
otherwise normal wild-type host [50]. Progeny T cells
generated from the single ancestor during immunization-
driven expansion were followed flow cytometrically via
expression of a heritable congenic marker, thus allowing for
direct identification of phenotypic and functional traits. Not
only did this study show that it is technically possible to
recover substantial numbers of single cell-derived progeny
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cells after transfer of a single T cell but it also demonstrated
that progeny derived from a single naive CD8" T cell can
develop into functionally diverse effector and long-lived
memory subsets. These data stand in obvious opposition to
the notion that T cell differentiation is stably determined
before the first cell division or even pre-determined before
antigen contact and emphasize plasticity as a hallmark of T
cells proliferating and differentiating in response to antigen
contact [51]. While providing the field with very clear
insights into the general diversification potential of single
naive T cells, the method of transferring a single congeni-
cally marked T cell is intrinsically limited in the volume of
data that can be acquired, and rare phenotypes showing, for
example, limited subset diversification of single cell-
derived progeny cells might be “overlooked”. A solution to
this dilemma could lie in an innovative method developed
by Schumacher et al. [52], who have introduced multiple
unique and heritable genetic labels into an otherwise
homogenous population of naive TCR-transgenic T cells to
track the kinship of single cell-derived progeny cells. This
procedure—termed “barcoding” by the authors—is carried
out by retrovirally transducing a unique short strip of DNA
(“barcode”) into a T cell. During T cell proliferation, this
barcode is faithfully transmitted to all progeny and can then
be detected by subjecting T cells to microarray analysis. A
library of over 3,000 different barcodes enables individu-
alization of large populations of naive T cells and thus
provides a wealth of data concerning the shared origin of
effector and memory T cells. In essence, studies carried out
using the barcoding approach have confirmed that single
naive T cells can generate both effector- and memory-prone
progeny and appear to do so very regularly [53]. It is of note
that the authors elegantly circumvent the caveat of retro-
viral transduction, which requires naive T cell proliferation
and activation, by labeling physiologically proliferating
thymocytes. However, among the limitations to the “bar-
coding” approach is the difficulty in ensuring truly unique
labeling when transducing bulk T cells with a retroviral
library. It must also be mentioned that the authors mainly
aimed to resolve qualitative—not quantitative—differences
in subset distribution among different single cell-derived
progeny populations: two barcodes might, for example, be
represented in both memory and effector subsets, but the
relative distribution of the two corresponding single cell-
derived progeny populations onto the subsets could still
differ greatly.

Taken together, novel approaches for tracking single T
cells and/or their progeny in vivo have changed our view of
how T cell differentiation takes place. Intravital imaging
studies support the notion that substantial signal integration
occurs during repetitive DC-T cell interactions before the
first T cell division. However “barcoding” and single T
cell transfer studies show that this cumulative initial signal

does not ultimately tie all single cell-derived progeny to a
single fate. The observation that multiple subsets arise
within a single cell-derived T cell progeny population
conclusively shows that proliferating T cells retain differ-
entiation plasticity beyond the first cell division and
diversify during the expansion phase. Thus, on the level of
multiple progenitors, two phases of diversification can be
envisioned: phase 1 lies before the first cell division and
generates multiple pre-mitotic T cells outfitted with a dif-
ferent “starting level” of differentiation (e.g., due to micro-
anatomical variations in signal strength). In phase 2, the
proliferating progeny of these T cells then diversify around
the imprinted “starting level” of differentiation. But why
does diversification during the expansion phase occur?
What are the environmental signals and signal imbalances
driving it? Are extrinsic signals required at all, or is T cell
subset diversification an altogether stochastic process?

Diversity by default?

Studies monitoring the development of T effector and
memory subsets starting out from populations of TCR-
transgenic T cells have painted a picture that emphasizes
the stunning robustness of diversification. In a study carried
out in a CD11c-Diphteria toxin receptor (DTR) transgenic
mouse model, where the duration of antigen exposure and
inflammation was limited to less than a day by DT-induced
depletion of DCs, it was found that, although T cell pro-
liferation was massively diminished, no substantial
alteration could be found in the distribution of cells onto T
memory and effector subsets compared to non-depleted
mice [48]. A study comparing the responses of TCR-
transgenic T cells triggered by very low-affinity or very
high-affinity antigen expressing L.m.-OVA yielded similar
results [54]. Thus, it does not seem to matter what happens
after priming: diversity always prevails. These observa-
tions could tempt one to speculate that diversification is
driven by intrinsic processes leading to stochastically
uneven distribution of differentiation signatures among
dividing progeny. In fact, the topic of transcriptional noise
as a driving force behind probabilistic differentiation of
stem cells has drawn substantial attention in recent years
[55-57]. A basic concept from this line of research pro-
poses that stem cells shift between different transcriptional
states in a probabilistic manner, allowing for extrinsic
signal-dependent differentiation of cells in state A, while
preserving others in a signal unreceptive state B [58].
While this particular example does not fully abolish the
need for extrinsic signals to establish diversity, it shows
that these signals do not necessarily have to be diverse
themselves but only have to act upon populations of
intrinsically state-shifting cells. We can speculate that such
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diverse states might be created in T cells by, for example,
the bi-polar expression of CD25, creating a high or low
responder state to autocrine IL-2. In fact, high CD25
expression in a subset of virus-specific CD8" T cells
responding to infection could recently be correlated with an
IL-2 dependent bias for effector differentiation and apop-
tosis [59]. CD25™Y T cells, although producing higher
amounts of IL-2, were shown to preferentially continue
towards a memory phenotype.

Diversity due to variable environmental cues?

If it is true that antigen and inflammation do not substan-
tially influence diversification of T cells during the
expansion phase, then removing these signals directly after
priming should not restrict diversification. While evidence
in this direction has been generated on the population level
[48], studies investigating this topic with resolution down to
the level of single cell-derived progeny cells are largely
lacking. However, a recent publication gave a first glimpse
of what might really happen when the environment is
“turned off”. In a hybrid intravital imaging and flow
cytometry-based study, Beuneu and colleagues [60] made
use of the Yeti-System, which has a yellow fluorescent
protein (YFP) placed under control of the IFN-y promoter,
to examine the early acquisition and heritability of func-
tional characteristics among single CD8+ TCR-transgenic
T cells and their ensuing progeny. The authors could show
by intravital imaging that substantial differences in IFN-y
promoter activity were detectable before the first cell divi-
sion. They went on to flow cytometrically sort single
YFP"€" and YFP'*™ pre-mitotic T cells and subjected them
to further in vitro expansion in cultures devoid of antigen
and supplemented only with IL-2. After approximately 5-6
cell divisions, single cell-derived progeny cells were reex-
amined for IFN-y promoter activity via YFP expression and
IFN-y secretion. Surprisingly, both promoter activity and
cytokine secretion proved to be remarkably restricted to the
ancestors’ phenotype—being either IFN-y high or IFN-y
low. While this study focused on cytokine production and
made no statement concerning effector or memory pheno-
type, the restrictive cytokine phenotype observed for single
cell-derived progeny cells under “environmentally limited”
conditions in vitro stands in contrast to diverse cytokine
profiles observed after single cell transfer and population
expansion in vivo [50, 61]. Thus, although diversification
due to stochastic variations in transcriptional activity (i.e.,
transcriptional noise) is far from being ruled out, environ-
mental influences on diversification need re-investigation.
But why should single cell-derived subset diversification be
so dependent on environmental cues during expansion
phase while population-derived subset diversification is
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not? The answer to this question might lie in the fact that
individual members of a population of T cells could be
imprinted with distinct differentiation programs before the
first cell division while—quite obviously—a single cell
could always only acquire one program before it has divi-
ded. Thus, while in the first case diversity already exists
before the first cell division, it has to still develop in the
second case, making it vulnerable to restriction of envi-
ronmental cues during the expansion phase.

Conclusion

We have reviewed here our current knowledge of the
multiple layers of effector and memory subset diversity that
have become evident within clonal populations of CD8" T
cells responding to antigen exposure and have highlighted
the capacity of even single naive CD8" T cells to generate
multi-faceted progeny populations. Major unanswered
questions regarding how diversification occurs remain: is
diversification driven intrinsically through stochastic pro-
cesses within every dividing T cell or extrinsically through
the heterogeneous exposure of an evolving progeny popu-
lation to distinct environmental cues? Ultimately, the
consequences of environmental modulation at different
time points during T cell immune responses will have to be
analyzed. Will “turning off” inflammation and/or antigen
presentation after initial priming have detrimental effects on
the diversity of single cell-derived progeny populations? If
not, then the key to diversification lies preferentially within
T cells themselves. If so, then extrinsic cues would have to
be essential to the process of diversification (Fig. 5), mak-
ing it well imaginable that not every environment creates
optimal conditions for diversification.

Answers to these questions will require monitoring of
progeny of single cell origin to unmask distorting effects
present in population-based studies. It will additionally
require both representative and sensitive methods for mon-
itoring single T cell-derived progeny cells: ‘representative’
by faithfully monitoring many single cell life histories, and
‘sensitive’ by allowing quantitative statements regarding
the amount of diversity achieved in a certain experimental
setting. Current studies highlight the robustness of diversi-
fication. However, this robustness might be the product of a
dual process, relying both on the diversification potential of
single cell-derived progeny cells under optimal conditions
and the efficient recruitment of multiple clonal progenitors
[62] to correct for limited single cell-derived diversification
under sub-optimal conditions.

Understanding the mechanisms of and the prerequisites
for single T cell-derived diversification could have a sub-
stantial impact on the development of efficient vaccination
strategies. For example, vaccination against target antigens
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Fig. 5 Driving diversification: intrinsic versus extrinsic factors. The
restriction of environmental influences (“cues”) could be a way to
experimentally investigate the factors driving subset diversification
within single T cell-derived progeny populations. If restriction of
antigen exposure and/or inflammatory stimuli during population

for which only small numbers of naive precursor T cells
pass thymic selection into the periphery (e.g., tumor anti-
gens) will require optimal diversification of responders in
order to result in effective immune responses. In the case of
chronic infections, there is frequent antigen re-encounter
and substantial clonal T cell turnover, and insufficient
diversification of progeny populations could lead to the loss
of individual T cell clones, which might have substantial
implications for the control of (chronic) infection. There-
fore, a better understanding of how to guide a single T cell’s
progeny towards diversification into short-living effector T
cell populations and long-living memory T cells should
provide valuable tools to improve current immunotherapies.
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