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Chapter 2

ABSTRACT

Upon infection, antigen-specific T lymphocytes become activated, proliferate, differentiate,
and acquire various effector functions. Much of our understanding of the molecular mecha-
nisms underlying these processes derives from studies leveraging gene deletion, RNAi, and
overexpression approaches. However, these perturbations do not inform on the regulation
of gene activity under physiological conditions. Genetic reporter systems that couple biologi-
cal events to detectable output signals are capable of providing this information. Here, we
review the reporter approaches being currently used to investigate various aspects of T
cell behavior, and discuss advantages and disadvantages inherent to different designs. We
outline emerging applications based on recent advances in other fields, and highlight the
potential of synthetic biology and genome engineering to address open questions in the
field.
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Genetic reporters to study the ‘lives of T cells’

TOOLS TO STUDY THE LIVES OF T CELLS

T cells have a central role in the elimination of infectious microorganisms and malignant cells.
Upon recognition of cognate antigen, T cells become activated, proliferate, and differenti-
ate. Subsequently, a part of the activated T cell population acquires the capacity to travel
to sites of infection, where these cells exert effector functions, such as cytokine produc-
tion and target cell lysis. Following pathogen elimination, most activated T cells undergo
apoptosis, leaving behind a small proportion of memory cells that provide rapid protection
upon re-encounter of the same pathogen [1]. To study the mechanisms underlying these
processes, the expression of a large number of genes has been modulated by knockout,
knockdown, and transgenic overexpression. While these approaches have been useful to
identify the function of different genes, by themselves they do not reveal whether physiologi-
cal regulation of their activity in any way controls T cell fate or function. By analogy, a Martian
examining regulation of automobile activity by disruption of different functions would rightfully
come to the conclusion that both wheels and gas pedal fulfill essential functions, but would
fail to distinguish their different roles, as either core components or a critical regulator. To
allow such a distinction between core components and regulators within T cell biology,
approaches have been developed that probe gene activity and cellular functions in their
natural context, through the use of reporter systems.

Here, we provide a comprehensive technical overview of available genetically encoded
reporters. We discuss general design principles of reporter systems in live cells, review the
application of distinct reporter approaches in vivo, as well as their respective advantages and
disadvantages, to address outstanding questions in T cell biology. With this aim, we provide
guidance with regard to the planning and interpretation of experiments involving genetically
encoded reporter systems to probe T cell function. Although not being without limitations,
with careful methodological consideration and experimental design, genetically encoded
reporters are powerful tools to investigate T lymphocyte biology in an almost unperturbed
way. Furthermore, the astonishing progress in synthetic biology and genome engineering
will provide scientists with exciting new possibilities to interrogate cellular differentiation and
functions in years to come.

DESIGN PRINCIPLES OF REPORTER SYSTEMS

The variety of available genetically encoded reporter systems can roughly be divided into two
main categories: reporters that visualize what a T cell produces, or produced at a given point
in time (i.e., gene-expression reporters), and reporters that visualize the signals that a T cell
has received (i.e., signaling reporters).
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Chapter 2

Glossary

Autofluorescence: inherent fluorescence emission of biological structures, such as melanin and
hemoglobin, upon exposure to light; may spectrally overlap with fluorescence of reporter FPs, thereby
limiting sensitivity.

Fluorescent half-life: time required for a fluorophore to halve its fluorescent intensity after cessation
of excitation.

Forster resonance energy transfer (FRET)-based probes: reporter systems that rely on energy
transfer between two FPs (a donor and acceptor). Upon excitation of the donor molecule, it emits light
of a wavelength that excites the acceptor molecule, which then emits light of a different wavelength.
FRET only occurs with appreciable efficiency when both FPs are in close proximity (<10 nm) and,
thus, can be used to report on the distance between two molecules.

Maturation time: time required to form the fluorophore of an FP upon post-translational protein fold-
ing; determines the maximum speed with which an expression-based fluorescent reporter can signal.
Photoactivation: the process of activating a substance by means of light.

Photobleaching: fluorophore destruction as a consequence of light exposure.

Photoconversion: a (permanent) change in fluorescence excitation and emission spectra of a pro-
tein by exposure to light of a specific wavelength.

Phototoxicity: cellular damage due to light exposure.

Split FP: a FP comprising two separate proteins, which by themselves are nonfluorescent, yet form
a FP complex upon interaction with each other.

Design principles of gene-expression reporters

Gene-expression reporters can serve to identify cells expressing a certain gene of interest
(GOI) as well as to monitor the kinetics of gene expression. In such gene-expression report-
ers, a reporter protein is generally expressed under the same transcriptional control elements
(promoter, enhancers, etc.) as the gene of interest, thereby aiming to mirror expression of the
GOI. Such reporters can be created by inserting a reporter gene flanked by transcriptional
control elements of the GOI randomly into the genome (Box 1). Alternatively, expression
reporters can be created by targeted mutagenesis of the endogenous locus of the GOI, to
insert a gene fragment that leads to multicistronic (Box 2) expression of the reporter gene
and the GOI (Box 1). It is important to keep in mind that neither type of reporter system
reports on the production and functionality of the protein of interest, but instead both mirror
the transcription of the encoding gene. In an alternative expression reporter format, the
reporter protein is produced as a single fusion protein with the protein encoded by the GOI.
Besides better reflecting protein production, such reporter-fusion proteins allow one to study
protein localization and trafficking. As a downside, the physical linkage of reporter and target
protein may alter the function or degradation kinetics of the target protein and, thus, by itself
induce experimental artifacts [2].

Design principles of signaling reporters

To identify cells receiving a certain signal or to monitor the activity of the ensuing intracel-
lular signaling cascade, four general types of signaling reporter have been designed (Figure
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Box 1 | Approaches to generate transgenic reporter animals

Transgenic reporter animals can be generated by conventional transgenesis, by BAC transgenesis,
or by targeted mutagenesis. In the first two approaches, either a small reporter construct containing
defined transcriptional control elements (conventional transgenesis) or a large BAC containing the
reporter and the entire locus of the GO, is injected into germ cell pronuclei, leading to random integra-
tion into the genome. Subsequently, these germ cells are injected in pseudopregnant animals, leading
to the generation of transgenic pups. Transgenesis is relatively easy and quick to perform. However,
the chromosomal position of the integrated transgene and/or BAC influences reporter expression
levels and patterns, necessitating the screening of many mice to identify an optimal founder animal
for strain generation [99].

In conventional transgenesis, reporter constructs are often based on minimal promoters to drive
reporter expression and, thus, do not always quantitatively mirror GOI expression. BAC transgenesis
does allow GOI-mirrored reporter expression patterns, since (almost) all the transcriptional regulatory
elements are present. However, BAC transgenesis may lead to the undesired co-integration of ad-
ditional genes located in the large BAC constructs, which can result in confounding phenotypes [100].
Alternatively, reporter genes can be directly targeted into specific endogenous gene loci through ho-
mologous recombination. This may either involve insertion into a locus that is not subjected to gene-
silencing effects and is relatively easy to target (e.g., Rosa26 locus) [101], or may involve insertion into
the locus of the GOI. A major advantage of the latter is that reporter expression is subject to the same
physiological transcriptional control elements as the GOI, thus mirroring target gene expression with
regard to timing and cell type specificity. As a downside, reporter introduction can influence the ex-
pression of the GO, for instance by altering its MRNA half-life. In mice, the Rosa26 locus has become
a preferred site for the integration of transgenes and various reporter constructs, because it supports
strong, ubiquitous expression of inserted sequences and it is not prone to gene silencing [101].

Box 2 | Multicistronic reporter genes

Multicistronic reporter genes allow the synthesis of several individual proteins from a single mRNA.
The most commonly used multi-cistronic constructs utilized virus-derived internal ribosome entry site
(IRES) sequences, which allow translational initiation within an mRNA sequence, thereby enabling the
separate production of two proteins. However, IRES-mediated translation occurs in a 50-cap-inde-
pendent manner, which is less efficient than 50-cap-dependent protein synthesis [102]. Thus, open
reading frames (ORFs) that initiate at the canonical start site and downstream of the IRES sequence
are not expressed at an equimolar level, and this can limit the sensitivity of IRES-based reporters. As
an alternative to IRES sequences, reporter and target genes can be linked by 2A peptides. These
peptides induce the production of two proteins from a single ORF, by inducing a ribosomal skip.
2A-based systems yield equimolar expression levels of both proteins. However, within this system,
a short peptide remains attached to the C terminus of the upstream protein, while a proline remains
attached to the N terminus of the downstream protein. Depending on the system studied, these ad-
ditional amino acids may affect protein folding and function [103].

1): () a reporter gene can be introduced into the locus of an endogenous gene whose
expression is upregulated upon stimulation of a particular receptor (i.e., reception of signal
A drives expression of the (reporter) gene B). Technically, such reporters use the design of
gene-expression reporters, with the main difference that, in the case of signaling reporters,
the gene expression observed reflects the activation of a particular signaling pathway; (ii)
a potential caveat of the first design principle is that the endogenous loci of many genes
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Figure 1 | Design principles of signaling reporters. Triggering of cell surface receptors initiates
an intracellular signaling cascade that ultimately leads to transcription of target genes. Such signaling
events can be detected using different approaches: (A) Receptor-triggering can be monitored by plac-
ing a reporter sequence under control of the promoter of a target gene that is known to be activated
upon ligation of the receptor of interest. (B) Alternatively, signaling events can be visualized by reporter
expression under control of an artificial promoter comprising responsive elements for a transcription fac-
tor that becomes activated as part of a particular signaling pathway. (C) For rapid detection of receptor-
triggering, either the translocation of signal-specific transcription factors from the cytosol to the nucleus
or the internalization of the receptor from the plasma membrane can be monitored. (D) If the intracellular
signaling cascade or target genes of a receptor are unknown or redundant among multiple receptors,
receptor-triggering can be monitored by using synthetic signaling pathways. In one such system, ligand
binding to a hybrid cell surface receptor recruits a synthetic adaptor protein with protease activity, which
then cleaves off a covalently bound transcription factor from the receptor. Liberation of this transcription
factor allows its translocation to the nucleus, where it stimulates reporter gene activity. Abbreviations:
AP, adaptor protein; FP, fluorescent protein; TF, transcription factor; TP, target protein.

contain multiple transcriptional control elements (i.e., enhancers, silencers, or binding sites
for different transcription factors) that are regulated by distinct signaling pathways. By defini-
tion, the existence of such multiple levels of control will negatively affect the specificity of the
reporter system for a particular signal. In such cases, the specificity of reporter systems may
be improved by placing a reporter gene under control of an artificial promoter containing
only binding sites for a single transcription factor (TF) that is selectively activated by the
receptor for a signal of interest. In this way, reporter expression can be specifically tailored to
a particular receptor or signaling pathway; (iii) given the time span required for transcription
and translation of the reporter protein, the genetic reporter systems outlined above exhibit a
considerable delay between input and output signals. More rapid reporting on signals can,
for example, be achieved by using the intracellular translocation of stably expressed reporter
proteins as a readout. To this end, reporters may be expressed as fusion proteins with either
the receptor of interest or a specific transcription factor. Thus, such fusion proteins enable
monitoring of ligand-triggered internalization of cell surface receptors or the translocation of
transcription factors into the nucleus, respectively. Alternatively, Forster resonance energy
transfer (FRET) based systems (see Glossary) can be used for the rapid detection of recep-
tor-triggering [3]; for example, when a donor fluorescent protein (FP) is fused to the receptor
and an acceptor FP to a receptor-specific adaptor molecule. While these systems report
much faster than the transcription- and/or translation-based reporters, their output signal will
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usually be weaker since no signal amplification occurs; (iv) If downstream signaling pathways
or target genes of a particular receptor are shared with other receptors or are unknown, the
receptor design principles outlined above will not be suitable. This issue may be overcome
by coupling the receptor of interest to a synthetic and, hence, private signaling cascade that
drives reporter expression. An intriguing example of this class of reporter systems is formed
by the TANGO system, which uses ligand-triggered cleavage of a bacterial transcription
factor fused to the receptor of interest [4]. Once released, this transcription factor then drives
expression of the reporter gene. This system has enabled the in vivo identification of cells
receiving dopamine and sphingosine 1 phosphate signals [5,6].

REPORTER PROTEIN CONSIDERATIONS

Reporter types

The most widely used type of reporter proteins in immunological studies is formed by FPs
derived from genes originally isolated from, among others, corals, that have been engi-
neered to optimize aspects such as expression level, brightness, and emission spectrum.
FPs are often preferred over other reporter proteins (such as enzyme-based reporters; e.g.,
B-galactosidase) because of the availability of variants with many different spectra, with dif-
ferent maturation rates and half-lives, and because no exogenous co-factors are required
for their function. In addition, variants of FPs, such as photoactivatable FPs [2] and split FPs
[7], have been developed that allow further control over reporter activation. As a downside,
FPs require exogenous illumination for their visualization, which may cause phototoxicity and
photobleaching of the reporter as well as cellular autofluorescence. An additional limitation
applying to all reporter proteins is their potential immunogenicity when used in vivo (Box 3).

Box 3 | Immunogenicity

Since reporter proteins are applied in species other than those in which they are physiologically
expressed, they may be regarded as ‘foreign’ by the immune system and thereby induce rejec-
tion of reporter-expressing cells. The immunogenicity of a given reporter protein depends on the
major histocompatibility complex (MHC) repertoire of the host and, therefore, can vary considerably
between mouse strains [104]. Over the past years, immunogenic properties of a small number of
reporter proteins have been demonstrated, including the widely used eGFP and Dsred [105-107].
Reporter immunogenicity is most relevant in adoptive transfer experiments of reporter-producing cells
into nonreporter-expressing hosts, but may in theory also occur in systems that use reporter gene
expression under tightly controlled inducible promoters [108]. Although rarely reported, the potential
immunogenicity of reporter proteins should be considered when planning experiments.

Reporter signaling kinetics

Different biological systems display distinct signaling kinetics, and the choice of reporter
should be tailored to the biological question being studied. For example, early activation
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events after T cell receptor-triggering occur within seconds to minutes, requiring a rapid
reporter ‘on-time’ in case one wants to understand the timing of the activating event. Vice
versa, in case one wishes to study when a certain signaling event ceases, a rapid ‘turn-off
time’ is essential. Finally, if one wants to determine whether a cell received a signal at some
earlier point in time, or perhaps many cell generations ago, reporter systems with very slow
turn-off times are required.

Strategies to influence on-time and turn-off time

As mentioned above, one strategy to investigate the timing of rapid biological phenomena is
formed by the monitoring of the translocation of a constitutively expressed reporter protein
fused to the protein of interest. Alternatively, FRET-based probes also provide an immediate
readout, as well as split FP when fused to interacting protein domains. For rapid reporting on
gene expression, the de novo transcription of rapidly maturing fluorescent reporter proteins
may be used, such as the yellow FP (YFP) variant Venus, which matures in approximately 7
min [8]. Analysis of the cessation of a particular biological function requires the turn-off time
of the reporter to mirror the turn-off time of the protein of interest. To accomplish this, the
lifetime of reporter proteins can be adjusted through incorporation of destabilization signals
[9,10]. For example, addition of a PEST motif decreases the half-life of GFP from 5 days to
3 h [10]. An inherent disadvantage of this approach is that it also diminishes reporter signal
intensity.

To achieve the continuous labeling of cells that persists after expression of the gene of
interest has ceased, the use of reporter fusion proteins has also proven useful. For example,
reporter proteins fused to histone-2B (H2B) proteins, have a substantially increased half-
life compared with free GFP, and can be detectable for months [11,12]. However, when
cells divide, dilution of the reporter protein leads to a reduction in signal, a property that
can be used to selectively visualize quiescent cell populations [11,12]. In cases in which
it is desirable to identify reporter activation in cells ‘many generations ago’, systems that
create permanent, heritable alterations are required. Such systems typically use inducible
genetic recombination, leading to persistent reporter activation. This can be accomplished,
for instance, by inducing a Cre-recombinase through a signal of interest, which then excises
a floxed stop-cassette upstream of a reporter sequence [13]. Furthermore, with the devel-
opment of clustered regularly interspaced short palindromic repeats (CRISPR) technology,
many alternative strategies may be pursued (Box 4; see also Concluding remarks).

If it is desired to distinguish between cells that are actively expressing a GOI and cells
that have previously expressed the GOI, classical gene-expression reporters and Cre-
recombinase-based reporters can be combined; for example, by simultaneous expression
of a FP and a Cre- recombinase in the locus of a GOI. While the FP serves as a reporter for
ongoing GOI expression, the Cre-recombinase can mediate the excision of a stop cassette
upstream of a second FP. The latter can then be used to visualize cells that expressed
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the GOI at any point in time. Alternatively, ‘fluorescent timers’ can be used as reporters to
discriminate between cells with ongoing or prior expression of a GOI. These FPs spontane-
ously change their emission spectrum over time, with conversion rates varying from several
minutes up to days, depending on the fluorophore, oxygen concentration, and temperature
[14].

Box 4 | CRISPR technology

Over the past few years, CRISPR-associated technology has become an extraordinarily powerful tool
for genetic engineering. In its most commonly used form, expression of Cas9 and a short guide RNA
(sgRNA) homologous to a specific genomic sequence of interest is used to create double-strand
breaks (DSB) at the intended locus. Exploiting the relatively error-prone nonhomologous end joining
mechanism (NHEJ), this may allow inactivation of a locus of interest by introduction of random mu-
tations. Alternatively, by providing a DNA template homologous to the sequence flanking the DSB,
homology-directed repair (HDR) can occur instead of NHEJ, thereby allowing the targeted introduc-
tion of desired genetic alterations, such as specific point mutations, short DNA sequences (such as
LoxP-sites), and even larger DNA elements, such as, for example, reporter genes.

Compared with conventional gene targeting approaches, CRISPR technology is simple, versatile,
and efficient. Furthermore, by co-introduction of different guide RNAs, multiple genomic loci can be
targeted simultaneously. CRISPR-mediated genome engineering can be performed in zygotes and,
thus, does not require embryonic stem cell technology, which considerably accelerates the genera-
tion of transgenic reporter animals.

An addition to serving as a genome-engineering tool to introduce reporter genes into the genome,
CRISPRs may also be used as an active component of a reporter system, for example by fusing
endonuclease-inactive Cas9 variants to other proteins, such as transcriptional activators and/or re-
pressors or chromatin-modifying enzymes [109,110].

Additional levels of control

If one desires to study GOI expression only when a cell is at a given site, or if one wants to
monitor whether a signal is received within a given time window, it is desirable to incorporate
external spatial or temporal control within the reporter system. Such control can be achieved
by putting reporter systems in a ‘reporting state’ via administration of exogenous substances:
for example, tetracycline-inducible systems are based on recombinant transcription factors
that initiate (tet-on) or terminate (tet-off) transcription upon binding to tetracycline, thus
allowing for reversible temporal control of expression of reporter components [15,16]. To
obtain inducible and irreversible control of reporter expression, the Cre-Lox system can
be modified by fusing the Cre-recombinase to a steroid receptor (e.g., estrogen receptor
T2 (ERT2)), which causes Cre to remain inactive until the receptor ligand (e.g., tamoxifen)
becomes available.

Finally, light-induced activation or photoconversion of reporter proteins, such as
Kaede, may be used to facilitate cell migration studies [17]. While Kaede-expressing cells
constitutively emit green light upon excitation, this emission can be photoconverted to red
fluorescence by exposure to violet light. This system has enabled the measurement of in vivo
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immune cell trafficking by photoconversion of cells located in one inguinal lymph node and
analysis of their migration to other lymphoid organs [18].

THE USE OF GENETIC REPORTERS IN T CELL BIOLOGY

Upon activation, T cells diversify along multiple axes that influence their phenotype, effector
functions, transcription factor expression profile, trafficking pattern, proliferative capacity,
and their ability to survive long-term. Here, we discuss how genetic reporter systems have
contributed to our understanding of these different aspects of ‘the lives of T cells’.

Investigating T cell activation

T cell activation requires the recognition of cognate antigen by the T cell receptor (TCR),
which activates downstream signaling events within minutes after TCR ligation. Systems
based on inducible expression of reporter genes generally do not have the temporal
resolution to mirror such rapidly occurring events. However, as the TCR becomes internal-
ized upon triggering, constitutively expressed TCRa-GFP fusion proteins can be used to
microscopically detect T cell activation at an early stage in vivo [19]. Alternatively, since
intracellular Ca®* levels increase shortly after TCR triggering, calcium sensors can be used
to rapidly report on T cell activation [20]. This has been accomplished using a FRET-based
reporter encoding a fusion protein of cyan FP (CFP) and cpCitrine linked by the Ca®*-binding
protein troponin C. At low calcium concentrations, the conformation of troponin C spatially
separates CFP and cpCitrine, preventing FRET. Increasing Ca?* levels induce troponin C to
undergo a conformational change, resulting in FRET between the two proteins. This reporter
system has been used to visualize encephalitogenic T cell activation in vivo [21].

A third type of reporter for early T cell activation utilizes the transcription factor nuclear
factor of activated T cells (NFAT). Upon TCR triggering, NFAT rapidly translocates from the
cytosol to the nucleus to activate expression of multiple genes [22]. This translocation can be
visualized using NFAT-FP fusion proteins in combination with a constitutively marked nucleus
(e.g., H2B-FP fusions). Adoptive transfer experiments using NFAT-YFP/H2B-mCherry T cells
[23] or NFAT-EGFP/H2B-mRFP T cells [24] have revealed that T cell activation occurs in
both stationary and moving effector T cells in central nervous system autoimmunity [23] and
antitumor responses [24].

Exploiting the biological function of NFAT as a transcription factor, reporters have also
been created that harbor a synthetic promoter containing multiple NFAT-binding sites fol-
lowed by a reporter gene. In this setting, TCR-triggered NFAT translocation to the nucleus
activates the reporter. While the on-rates of these reporters are generally too slow to study
early TCR signaling events, they do enable the identification of antigen-specific T cells within
a polyclonal T cell population when used in transgenic animals [25,20].
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While available T cell activation reporters identify activated T cells, most of them do not
measure the strength of the TCR signal perceived. A way to accomplish this is to report
on the activation of a target gene that has distinct expression levels depending on TCR
signal strength, such as Nr4a1 [encoding nuclear receptor 77 (Nur77)]. In bacterial artificial
chromosome (BAC) transgenic mice expressing a GFP-Cre fusion protein from the Nr4a1
locus, TCR signal strength was reflected by GFP expression levels [27]. This approach was
used to demonstrate that regulatory T cells (Treg) and invariant natural killer T (iNKT) cells
receive stronger TCR signals compared with conventional T cells during their development
[27]. Furthermore, this system was also used to show that the expression of certain tumor
necrosis factor receptor superfamily members directly correlates with TCR signal strength
in Treg cell progenitors [28], and that naive CD8" T cells with heightened self-reactivity
display enhanced reactivity toward foreign antigens [29]. The Cre-recombinase included in
the reporter was not used in these studies, but could be beneficial in future fate mapping
experiments.

INVESTIGATING T CELL SUBSET DIFFERENTIATION

T cells can differentiate into several different subsets that are characterized by the expres-
sion of different transcription factors. Such subsets are, for example, Th1, Th2, Th17,
and Treg cells, whose prototypical transcription factors are T-bet, GATA-3, retinoid-acid
receptor-related orphan receptor (ROR)-yt, and forkhead box protein (FoxP)-3, respectively.
Given that these subset-specific transcription factors are located intracellularly, conventional
identification of T cell subsets usually requires intracellular staining after cellular permeabi-
lization, a procedure that is not compatible with subsequent cell tracing. However, linking
the expression of these transcription factors to reporter genes has been demonstrated to
overcome this obstacle.

To report on Th1 cells, a transgenic reporter mouse strain containing a ZsGreen reporter
inserted into the T-bet locus has been generated. This reporter has been used to monitor the
differentiation of CD4" T cells into Th1 cells in vivo and was instrumental in demonstrating
that T-bet represses expression of Th2-related genes [30]. Similarly, GATA3-GPF [31] and
RORyt-eGFP [32] reporter mice have been created, which have been used to study CD4
lineage differentiation into Th2 and Th17 subsets [33-38].

To study the in vivo formation and fate of Treg cells, numerous FoxP3 reporters have
been described, including reporters in which FP expression is placed under the control of
Foxp3 regulatory elements [39], Foxp3-reporter fusion proteins [40], and bicistronic Foxp3/
reporter expression cassettes [41-44]. For fate-mapping experiments and to investigate
the degree of Treg lineage commitment, mouse strains that can discriminate between cells
actively expressing FoxP3 and cells that have previously expressed Foxp3 have also been
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generated. This has been accomplished by crossing mice carrying a YFP-Cre fusion protein
[45], an eGFP-CRE-ERT2 fusion protein [46], or IRES-separated GFP and Cre [47] in the
Foxp3 locus, with a strain carrying a floxed stop-FP cassette. These reporters have been
used to demonstrate that the Treg cell population shows remarkably stable lineage commit-
ment under physiologic and inflammatory conditions.

In addition, strains expressing a diphtheria toxin receptor (DTR)-GFP fusion protein
under the control of the Foxp3 promoter have been created, which not only enable the
identification of Treg cells, but also their inducible deletion via administration of diphtheria
toxin [48-50], a strategy that has been used to explore the role of many other cell types
[61,52]. For a more detailed and comprehensive overview of Treg cell reporters, we refer the
reader to the excellent review by Jeremiah and Liston [53].

Monitoring T cell expansion and death

T cell expansion reflects the net value of proliferation and apoptosis, because some T cells
may still proliferate while others already undergo apoptosis. Analysis of the contribution of
both processes to T cell expansion observed is made possible by several types of reporter
system.

T cell proliferation can, for example, be monitored using reporter proteins whose half-
lives are substantially longer than the timeframe in which proliferation occurs. If such proteins
are expressed in a cell before, but not during, division, half of the reporter proteins will
be inherited by each daughter cell, leading to halving of reporter intensity upon each cell
division. This approach has been utilized in a mouse model in which cells can be induced
to express a highly stable H2B-GFP fusion by doxycycline administration. Upon withdrawal
of doxycycline, flow cytometric analysis of H2B-GFP expression levels is used to determine
the number of divisions a cell has undergone [12]. While this inducible H2B-GFP system
has not yet been used to investigate clonal expansion of mature T cells, a similar approach
has been used to monitor proliferation of T cells during thymic development, in this case
using a Terd-H2Be-GFP knock-in reporter strain [54]. In these mice, an expression cassette
encoding IRES-H2B-GFP was introduced in the 3’ untranslated region (UTR) of the Tcrd
locus, which is transcribed during early T cell development but excised during TCRa-chain
VJ-recombination. Consequently, proliferation of T cells directly after positive selection could
be monitored. Using this setup, it was shown that CD4" and CD8" T cells hardly divide
following positive selection, whereas iINKT cells undergo a phase of intense proliferation
[564]. A major advantage of the H2B-GFP system over conventional methods to measure
cell proliferation, such as carboxyfluorescein succinimidyl ester (CFSE) labeling, is that this
system can report on the number of divisions a cell has undergone without a requirement for
prior in vitro labeling and adoptive transfer of cells.

Alternatively, proliferation-associated cell cycle progression can be studied using the
fluorescent ubiquitination-based cell cycle indicator (Fucci) reporter system. In this system,
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green and red FPs are fused to protein domains that cause rapid degradation at different
stages of the cell cycle, leading to oscillation of red and green signals in dividing cells [55].
Fucci transgenic mice have recently been used to show how signal integration by TCR, co-
stimulatory receptors, and cytokines influences the kinetics and phenotypic diversification of
T cell responses upon infection [56,57].

The direct detection of T cell death is complicated by the rapid clearance of apoptotic
cells in vivo [58]. Thus, reporter activation has to occur early during the apoptotic cascade.
An early event in the apoptotic cascade is the activation of caspase-3, and the proteo-
lytic activity of this caspase has successfully been used to detect apoptotic cells [59]. To
this end, a FRET-based reporter was created that comprises CFP and YFP linked by a
caspase-3 cleavage sequence. Upon caspase-3-mediated cleavage of the peptide linker,
FRET between the two FPs is lost. This approach has enabled the direct identification of
apoptotic cells in vivo, and has been used to show that contraction of the antigen-specific
T cell response is regulated by antigen availability [59]. However, also with this reporter, the
detection of apoptotic cells is limited to the relatively short time interval between onset of
apoptosis and clearance of the cellular remnants, thereby providing a likely underestimate of
the extent of apoptosis.

Monitoring T cell effector functions

Cytokine reporters

Activated T cells can functionally diversify through acquisition of multiple different cytokine
expression profiles, and analysis of cytokine expression constitutes the area within T cell
research in which reporter systems have been used most extensively. To date, more than 20
different mouse strains that report on expression of cytokines, such as interleukin (IL)-2, IL-4,
IL-7, IL-9, IL-10, IL-17, IL-22, interferon (IFN)-B, IFNy and transforming growth factor (TGF)-
have been generated [60-75]. In an ideal case, activity of these expression reporters reflects
the levels of cytokine produced. However, many cytokine mRNAs are tightly regulated and
short lived, and, therefore, it can be difficult to achieve detectable levels of reporter output
with systems that are under control of all physiological regulatory elements. To increase
the strength of the reporter signal, many cytokine reporters contain mRNA-stabilizing poly-
adenylation sequences, such as the bovine growth hormone (bgh) polyA or SV40 polyA
sequences. For example, the bicistronic YFP-enhanced transcript for IFNy (Yet)) knock-in
transgenic mouse [73,76] carries a bgh polyA signal in the 3’ UTR of the Ifng gene to delay
reporter MRNA degradation. However, since the reporter gene is transcribed from the same
mMRNA as the endogenous /fng gene, stabilization of the reporter mRNA also influences the
expression pattern of IFNy. This problem is most profound in homozygous Yeti mice, which
die prematurely due to elevated IFNy levels [77], but T cells from heterozygous Yeti mice
also show increased IFNy production upon activation compared with wild type T cells [78].
To circumvent these problems associated with exogenous polyA signals, improved cytokine
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reporters containing endogenous 3’ UTRs have been generated, such as the ‘GREAT’ mice
that also report on IFNy expression [74].

Cytotoxicity reporters

Cytotoxic T cells (CTLs) kill target cells by releasing toxic molecules, such as granzyme
B (GrzB), and several gene-expression reporters for GrzB have been developed to mark
CTLs [79,80]. A more direct appreciation of the cytolytic function requires cytotoxin-reporter
fusion molecules, which enable the visualization of the cellular distribution and excretion of
cytotoxins. In this case, the choice of fluorochrome requires particular consideration since
the low pH in cytotoxin-containing granules can profoundly decrease fluorescence intensity.
While yellow and green FPs are particularly sensitive to low pH, many blue, red, and far-red
variants are less pH dependent and, thus, can be used for this purpose [81]. Recently, a
transgenic mouse expressing a GrzB-tdTomato fusion protein was developed (GZMB-Tom-
Kil) that enabled the analysis of the distribution of GrzB-containing vesicles at different steps
of CTL-target cell interactions [82]. Alternatively, combinations of pH-stable and pH-sensitive
FP-cytotoxin-fusion proteins (which only become fluorescent once lytic granules fuse with
the plasma membrane) have been used in in vitro studies to trace lytic granules continuously
throughout exocytosis [83-85].

Single cell fate-mapping reporters

Most of the available reporter systems can only be utilized to track the behavior of popula-
tions of cells. To understand cell fate at the single cell level, approaches such as cellular
barcoding and allotype markers have been exploited to demonstrate, for instance, that naive
T cell activation is highly efficient [86] and to demonstrate that individual naive T cells are
extremely heterogeneous in the amount and type of offspring that they produce [87,88].
Similar approaches, based on the combinatorial expression of multiple FPs, enabling one to
label individual cells with distinctive color combinations, have also been developed. The first
of these, which received considerable attention under the names ‘brainbow’ and ‘confetti’,
utilizes Cre-Lox recombination to stochastically induce stable expression of one out of two
to four FPs localized in the reporter cassette [89,90]. Furthermore, integration of multiple
transgene copies allows for the combinatorial expression of these FPs, creating almost 100
hues that can be distinguished by microscopy. These approaches have been used to visual-
ize individual neurons in the brain [89], for lineage tracing of intestinal stem cells [90], and
for fate mapping of skin-resident Langerhans cells [91] and lymph node follicular dendritic
cells [92].

A second strategy to achieve multicolored cell populations uses lentiviral gene ontology
(LeGO) vectors encoding red, green, or blue FP [93,94]. Simultaneous transduction with
these three vectors provides individual cells with a stochastic and heritable combination
of different FPs [93,94]. This approach, named red-green-blue (RGB) marking, has been
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used to track the differentiation of hematopoietic stem cells in vivo [93]. To our knowledge,
neither of the two FP-based methods described above have been used to track individual T
lymphocytes and their offspring, and development of non-invasive technology to follow the
fate of many individual cells in parallel remains an important priority.

Investigating cell memory formation

Genetic reporters have been used to investigate the formation of T cell memory, particularly
regarding the question of whether memory T cells are derived from effector cells or directly
from naive T cells, without prior acquisition of effector functions. To this end, reporters that
link the expression of a gene expressed at a specific T cell differentiation state (e.g., effector
phase) to continuous reporter gene expression have been designed. This principle has been
used in a transgenic mouse carrying a human GRZB promoter-controlled Cre-recombinase.
Expression of GRZB drives Cre-mediated excision of a floxed stop-cassette that blocks the
expressing of a placental alkaline phosphatase (PLAP) reporter gene [79]. In this system,
both cells actively expressing GRZB and cells that have previously expressed GrzB are sta-
bly marked by PLAP expression. This approach has been used to demonstrate that memory
cells can derive from GrzB-expressing (effector) T cells [79]. These observations were con-
firmed in a second transgenic reporter system in which an inducible Cre-recombinase was
controlled by the murine GrzB locus [80]. Similar approaches have been taken to investigate
whether IFNy-producing T cells can become memory cells. To this purpose, two mouse
models were generated, in which either the first exon of the /fng gene was replaced by a
Thy1.1 (CD90.1) reporter gene, or in which an IRES-Thy1.1-construct was knocked into the
endogenous /fng locus [95]. Using these mice, it was demonstrated that IFNy-expressing T
cells can also differentiate into memory cells.

To understand which factors may determine whether individual T cells survive long term,
a mouse strain has been generated that reports on the expression of the anti-apoptotic
molecule B cell lymphoma 2 (Bcl-2) [96]. In this strain, a YFP gene was inserted into the
translation initiation site of the Bc/2 locus. Using this model, a subset of effector CD8" T cells
was found to express high levels of Bcl-2, which correlated with the ability of those cells to
persist long term [96].

CONCLUDING REMARKS

Genetically encoded reporter systems have proven to be highly versatile tools to monitor
the activation, function, and differentiation of T cells during immune responses. However,
several aspects in (T cell) biology have been difficult to investigate with currently available
reporters. For example, to date, it is difficult to translate the strength of a signal that a T cell
has received into a heritable output signal. Specifically, most published reporter systems
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have used digital output signals (on/off). However, because for many biological systems
(i.e., stress responses) gene expression levels are tuned based on the strength of an input
signal, reporter systems providing graded or analog output signals proportional to the
intensity of the input signal would be desirable. Studies in yeast have revealed that analog
reporter output can be achieved through the concerted action of (i) the low affinity of a given
transcription factor to its binding site; (i) high competition among transcription factor binding
sites across the genome; and (iii) low cooperativity of transcription factor binding [97]. While
to our knowledge, this has not been translated to reporter systems used in T lymphocytes,
it paves the way for novel reporter systems yielding graded output signals. Mirroring such an
analog input signal by a graded heritable output signal (i.e., ‘analog memory’) will be even
more challenging [98].

A second aspect in T cell biology that has been difficult to study thus far is the effect
of T cell-secreted factors on neighboring cells in vivo. Such systems would be of value by
complementing our understanding of T cell activity under different conditions to the effects
of these activities on the surrounding tissue. Development of such reporters is challenging,
since the downstream receptor-signaling pathways of most T cell secreted factors are (or
are currently thought to be) triggered by several factors. Conceivably, the use of reporter
systems that use private, synthetic signaling pathways, such as the TANGO system, will
provide inroads to address questions along these lines. Alternatively, application of Boolean
logic through ‘multiplexed genome engineering’ could be an option to further increase speci-
ficity of a reporter system for a signal interest. For instance, if only a combination of two gene
transcripts is sufficiently specific for a signal, an ‘AND’ strategy could be designed, in which
concomitant expression of red and green FPs inserted in the two respective loci is used as a
readout. By the same token, ‘NOT’ strategies may be designed, in which a signal of interest
is revealed by transcription of FP 1 but not 2. Such multiplexed signaling reporters may not
only be used to reveal the influence of T cells on their surroundings, but also be of significant
use in other biological systems that are based on cellular crosstalk.
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