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Upon primary infection, naive T cells that recognize their
cognate antigen become activated, proliferate, and si-
multaneously differentiate into various subsets. A long-
standing question in the field has been how this cellular
diversification is achieved. Conceptually, diverse cellular
output may either arise from every single cell or only
from populations of naive cells. Furthermore, such di-
versity may either be driven by cell-intrinsic heterogene-
ity or by external, niche-derived signals. In this review,
we discuss how recently developed technologies have
allowed the analysis of the mechanisms underlying T cell
diversification at the single cell level. In addition, we
outline the implications of this work on our understand-
ing of the formation of immunological memory, and
describe a number of unresolved key questions in this
field.

Diversification of T lymphocytes upon infection - fates
and states

Whenever we encounter an infection, those few naive T
lymphocytes that recognize a pathogen-derived antigen
are activated, expand, and in parallel, differentiate into
subsets conferring different functions. A basic allocation of
these subsets consists of cells with and without the poten-
tial to form immunological memory, so-called memory
precursor effector cells (MPECs) and short-lived effector
cells (SLECs), respectively. SLECs are considered to be
terminally differentiated effector cells, which mediate
pathogen eradication during the primary infection and
then rapidly undergo apoptosis. By contrast, MPECs can
differentiate into memory T cells that survive long term
and provide protection upon renewed infection with the
same pathogen. MPECs and SLECs are generally consid-
ered to represent distinct cellular fates, with fate being
defined as a heritable state directing a cell and all its
progeny to a particular phenotype or function [1]. Several
cell-surface proteins have been put forward as markers to
distinguish MPECs and SLECs. In particular, separation
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of activated T lymphocytes during infection based on ex-
pression of KLRG1 and CD127 has been shown to yield
populations enriched in either SLECs or MPECs in adop-
tive transfer studies [65,69-71]. It should be noted though,
that T cell diversification occurs on a much larger scale
than just the ability to survive after pathogen clearance.
These additional layers of diversification include pheno-
types other than those defined by killer cell lectin-like
receptor subfamily G, member 1 (KLRG1) and CD127,
but also functional capacities and spatial distribution
[5]. For example, memory T cells can be divided into central
memory (T..,), effector memory (T.,,), tissue resident mem-
ory (T,,), and bone-marrow memory T cells, based on their
differential localization and migration behavior. In recent
work, Newell and colleagues have utilized mass cytometry
to examine the phenotypic and functional diversity of CD8*
memory T cells at an unprecedented level. Simultaneous
analysis of nine functional parameters revealed the occur-
rence of >200 different combinations of functions in CD8*
memory T cells [6]. For CD4* T cells, similar analyses have
thus far not been performed. However, in view of the
variety of functional activities that CD4" T cells can dis-
play, a similar, if not even greater heterogeneity may be
expected. Although the large heterogeneity observed in the
mass cytometry study work may at first glance suggest a
random acquisition of functional properties, the number of
combinations observed for CD8" T cells is still well below
the 512 (=2°) combinations that are theoretically possible.
This suggests that some functions of T cells are co-regulat-
ed [7], or — to put this in the language of Waddington’s
epigenetic landscape — that there are local minima in the
landscape of all possible functional cell states, in which
cells are more likely to be found. It is important to realize
that these data reveal the existence of a large number of
different T cell states; not necessarily T cell fates (de-
scribed in greater depth in [1]): only a few T cell states
have been shown to be permanently fixed under physiolog-
ical circumstances, and may thus truly be considered fates.
For example, T, CD8" T cells generally do not leave the
peripheral tissue site in which they reside [8]. However, for
many other T cell states described, evidence that these
should be considered fixed properties, rather than tran-
sient conditions that can readily be left, is thin at best [1].

Regardless of whether a given acquired state is tran-
sient or permanently fixed, it is of interest to understand
how T cell diversification arises in the first place. In the
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subsequent paragraphs we first depict fundamental mech-
anisms for cellular diversification in any proliferating cell
compartment. We then describe the evidence for or against
these different mechanisms in the generation of a diverse T
cell pool. Finally, we outline the implications of these
recent data for the formation of immunological memory.

How can different cell fates and cell states be reached?
As has been put forward by Buchholz and colleagues, the
antigen-specific T cell compartment formed upon infection
can be considered an antigen-specific tissue [9]. Akin to the
development of other tissues, a population of progenitor cells
(i.e.,naive T cells)is able to give rise to multiple different cell
types (i.e., different effector and memory cells). Further-
more, although formal evidence for this is still lacking, part
of the cells constituting this tissue are thought to possess a
stem cell-like capacity to renew, as based on the ability of the
antigen-specific T cell pool to expand repeatedly upon re-
current infections. The view of T cells as forming an antigen-
specific tissue brings up two central questions that have also
been at the center of stem cell research in other areas [10]. (i)
How are different cellular subsets formed from — at least
superficially — homogeneous naive T cells? Conceptually,
cellular diversification within the T cell compartment could
either arise at the level of the individual naive T lymphocyte
(i.e., with each naive T cell yielding similar proportions of
SLECs and MPECs) or at the level of a population of naive T
lymphocytes (i.e., with some naive T cells preferably or
exclusively yielding SLECs and others mostly yielding
MPECs as output). In other words, the central question
here is whether the output of each single cell mirrors the
diversity of the entire antigen-specific T cell pool (which we
will refer to as single cell asymmetry), or whether the
population response reflects the average of disparate indi-
vidual cell behaviors (something we will refer to as popula-
tion asymmetry). (ii) Do either cell-intrinsic or cell-extrinsic
signals dictate the fate of the daughter cells that are formed
upon T cell proliferation? In other words, does a T cell decide
itself which differentiation pathway its daughters will fol-
low, or does the environment impose a certain differentia-
tion pathway?

The combination of possible diversification at either the
single-cell or the population level with either cell-intrinsic
or cell-extrinsic mechanisms yields the four fundamental
scenarios for T cell diversification (Figure 1).

Although the analogy with stem cell differentiation is
helpful to illustrate basic mechanisms of T lymphocyte fate
determination, it is also important to realize that an anti-
gen-specific T cell pool is a rather unusual tissue. Specifi-
cally, in other adult tissues, organ size and cellular
composition are stable features, requiring relatively little
flexibility with respect to kinetics of cellular turnover and
differentiation. Furthermore, in the case of damage of
these tissues, a default regenerative response may well
suffice. By contrast, T cell expansion and differentiation
necessarily have to retain a high degree of flexibility, to be
able to respond to the specific requirements of a particular
infection. Therefore, from a theoretical point of view, an
entirely cell-autonomous regulation of T cell fates appears
difficult to reconcile with the flexibility required. As a
second noteworthy aspect of the antigen-specific T cell
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Figure 1. Matrix depicting the two axes of fate-directing mechanisms in the
differentiation of naive T lymphocytes (blue) into SLECs (orange) and MPECs
(green). As indicated within the figure, both single cell asymmetry and population
asymmetry may potentially result from internal variability in gene expression
levels, or from external, niche-imposed signals. Note that in this figure, the most
extreme version of population diversification is depicted, in which individual cells
only produce either SLEC or MPEC. Adapted from [10]. Abbreviations: MPEC,
memory precursor effector cell; SLEC, short-lived effector cell.

tissue, the ability of antigen-specific T cells to enter distinct
anatomical sites exposes them to highly different cellular
environments, thereby providing ample opportunities for
niche-derived signals to influence T cell fate. Based on
these two theoretical considerations, it seems plausible
that external, niche-directed signals play at least some
role in T cell diversification. What are the data?

How to measure T cell fate acquisition?

The classical strategy to analyze T cell differentiation has
been the analysis of populations of antigen-specific T cells
at various times after infection. These studies have been
essential to demonstrate that different T cell phenotypes
dominate distinct phases of the immune response. Al-
though these analyses have been informative to describe
T cell-based immune responses at the T cell population
level — the process that evolutionary pressure has acted
upon — they do not reveal how these antigen-specific popu-
lations are formed. For example, are T cells at a time point
B descendants from all or from just a small fraction of the
cells present at an earlier time point A? Are T cells present
at two different locations derived from a single naive T cell?
Are T cells with functional or phenotypic properties « or
derived from the same naive T cells as T cells with property
v? To answer such questions that address how the antigen-
specific T cell tissue is formed, it is necessary to use
technologies allowing the tracking of individual cells and
their progeny over time, at different anatomical locations
or across diverse phenotypic subsets.

The earliest and most widely used method for single cell
tracing has been time-lapse microscopy. The beauty of
time-lapse imaging lies in its ability to generate complete
ontological trees upon proliferation of individual cells.
Furthermore, the combination of time-lapse imaging with
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