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T Cell Development by the
Numbers

Andreas Krueger,'™* Natalia Zietara,® and Marcin tyszkiewicz®

T cells are continually generated in the thymus in a highly dynamic process
comprising discrete steps of lineage commitment, T cell receptor (TCR) gene
rearrangement, and selection. These steps are linked to distinct rates of prolif-
eration, survival, and cell death, but a quantitative picture of T cell development
is only beginning to emerge. Here we summarize recent technical advances,
including genetic fate mapping, barcoding, and molecular timers, that have
allowed the implementation of computational models to quantify developmental
dynamics in the thymus. Coupling new techniques with mathematical models
has recently resulted in the emergence of new paradigms in early hematopoiesis
and might similarly open new perspectives on T cell development.

T Cell Development: A Model Process with Clinical Relevance
T cell development is a highly dynamic process and essentially continues throughout the life of an
organism. In contrast to other hematologic cell lineages, T cells do not complete their develop-
ment in the bone marrow (BM). Rather, BM-derived progenitor cells migrate to the thymus where
cells complete lineage commitment, undergo somatic rearrangement of their TCR genes, and
undergo selection to prevent the emergence of autoreactive cells (Box 1).

Production of naive T cells declines with increasing age due to thymic involution. Although
generally not a problem in healthy individuals, this decline is a major underlying problem early
after hematopoietic stem cell (HSC) transplantation (HSCT). Preconditioning regimens eradicate
the patient's immune system and only small numbers of T cells can be generated de novo in an
involuted thymus. As a consequence, elderly patients especially suffer a prolonged phase of
immunodeficiency after HSCT. Enhancing T cell regeneration or ‘rejuvenating’ the aging thymus
is therefore paramount to improve the outcome of HSCT [1].

Understanding T cell development is not only a prerequisite for the development of therapeutic
strategies. T cell development has also served as a model process fostering our understanding of
cell fate determination through gene regulatory networks, extrinsic signals, and specialized tissue
microenvironments [2]. Thus, in qualitative terms T cell development is extremely well characterized.
T cells are generated from a minute pool of hematopoietic progenitor cells that has to expand
drastically to generate a diverse range of selectable clones and then undergoes stringent selection
and a productive output of only about 1% T cells compared with the overall number of thymocytes.
Despite these variations in cell number across T cell development, a quantitative picture of this
process is less well developed. Recently, substantial progress has been made in developing lineage
fate-tracing techniques, molecular timers, cellular barcoding, and other sophisticated genetic
reporters, all of which are increasingly accessible to quantitation and mathematical modeling. Such
approaches have recently fundamentally changed current models of early hematopoiesis [3,4].

Here we summarize technical advances and their incorporation into mathematical models. We

then go on to outline recent findings that allow us to draw a quantitative image of key stages of
T cell development highlighting areas where quantitative information is still largely missing.
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T cell development is serving as a
model process for the study of funda-
mental questions of developmental
biology.

Understanding T cell development, at
both the qualitative and quantitative
level, is critical for improving immune
regeneration after hematopoietic stem
cell transplantation.

Refined experimental tools, particularly
lineage fate tracing, cellular barcoding,
reporter gene technology, and molecu-
lar timers, have been critical for the
development of computational models
that are sufficiently accurate to gener-
ate new hypotheses.

Computational models have been pivo-
tal in generating new paradigms of
steady-state hematopoiesis, in quanti-
tating thymus colonization, and in dis-
secting thymic selection processes.
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Box 1. Intrathymic T Cell Development

TSPs enter the thymus from the blood through large venules at the CMJ, which is located at the border of the cortex and
the medulla. TSPs occupy approximately 160 niches localized in the cortex and eventually give rise to ETPs, the most-
immature detectable thymocyte population. In response to chemokine gradients and interactions with thymic epithelial
cells (TECs) and other stromal cells, they migrate to the outer cortex while continuously progressing through CD4~CD8™
DN stages. T lineage commitment is completed with expression of the transcription factor Bcl11b at the DN2 stage.
Somatic rearrangements of the Trb, Trg, and Trd TCR gene loci are initiated at the DN2 stage and continue at the DN3
stage followed by B selection in the subcapsular region of the cortex. Cells with productive rearrangement of the Trg and
Trd genes enter the y8T lineage. Cells with productive rearrangement of the Trb locus signal via the pre-TCR resulting in
allelic exclusion, proliferation, and developmental progression towards the CD4*CD8* DP stage. DP cells occupy most of
the cortex (80% of all thymocytes) and start to rearrange their Tra locus encoding the TCRo chain. This rearrangement
produces a ‘complete’ TCR and is followed by additional selection steps. These selection events eventually result in the
elimination of 90% of all cells. Positive selection ensures the survival of cells expressing an «BTCR capable of recognizing
peptide:MHC ligands. By contrast, negative selection results in clonal deletion of cells expressing a TCR recognizing self-
antigens. Negative selection can occur simultaneously with positive selection in the thymic cortex, most likely leading to
deletion of clones reactive to ubiquitously expressed self-antigens. Alternatively, positive selection induces migration to
the thymic medulla where thymocytes are probed for recognition of tissue-specific self-antigens, again resulting in
deletion or terminal maturation. Whether a thymocyte undergoes positive or negative selection is essentially determined
by its TCR's affinity for antigen:MHC. A minimal TCR signal is required to prevent death by neglect. However, high-affinity
TCR-antigen:MHC interaction results in clonal deletion or, in some cases, the development of thymic regulatory T cells or
natural killer T cells. The latter process is termed agonist selection. Finally, mature SP T cells emigrate from the thymus via
post-capillary venules in the medulla to establish the peripheral naive T cell pool.

Prologue in the Bone Marrow

HSCs and their progeny in BM have long been a focus of quantitative biology. For instance, it
has been of interest to quantitate the lifetime of individual HSCs as well as their progeny to
determine quiescence and self-renewal or the number of progenitors required for successful
BM transplantation. Unsurprisingly, these fundamental questions have sparked the develop-
ment of progressively refined technologies capable of quantification by mathematical model-
ing. Classically, experiments to map the fate of distinct cell populations to derive quantitative
data comprised labeling with nucleoside analogs such as BrdU and transplantation experi-
ments using chromosomal or congenic marks [5,6]. Current state-of-the-art methods essen-
tially reflect more refined versions of either approach or a combination of the two. In contrast
to BrdU labeling, inducible molecular timers based on fluorescent proteins with a distinct half-
life such as GFP-histone 2B fusion proteins can confer cell-type specificity permitting the
application of more refined mathematical models [7]. Clonal tagging via retroviral barcoding
vastly expands the number of traceable clones compared with transplantation of one or at
best two congenically marked grafts [8-10]. These experiments were directly able to show
that after transplantation low numbers of HSCs (in the range of tens), only some of which are
simultaneously active, regenerate the hematopoietic system [8,9]. Furthermore, these studies
revealed a certain lineage bias in multipotent progenitors (MPPs) and even HSCs [8,10]. Thus,
a substantial number of barcoded lymphoid-primed MPPs (LMPPs) were restricted to one or
two rather than all lineages suggesting that regulatory programs of lineage decisions are in
place before clear phenotypic changes. Cellular barcoding permits the application of compu-
tational models to calculate the probability of lineage decisions [11]. However, retroviral
barcoding has several technical and biological limitations. Technically, faithful discrimination
of true barcodes and sequencing errors remains a challenge [12]. Even more importantly, ex
vivo manipulation followed by transplantation constitutes one of the major disadvantages of
viral barcoding. Ultimately, it cannot be excluded that bias is introduced during however
limited in vitro culture. Recently, two studies suggested that steady-state hematopoiesis
differs substantially from the transplantation scenario. Sun et al. developed a system relying
on transient activation of a transposon [3]. Quasi-random integration of this transposon
resulted in the generation of clonal tags in situ without prior manipulation in vitro. This study
demonstrated that the number of progenitor clones contributing to hematopoiesis at steady
state was substantially higher than on transplantation. In addition, analysis of overlaps of
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clonal marks between precursors and progeny indicated that over long periods of time (1 year)
steady-state hematopoiesis is sustained by MPPs or, in the case of granulocytes, even
myeloid-restricted progenitors rather than classically defined long-term reconstituting HSCs.
Despite these paradigm-changing findings, the study by Sun et al. suffered from the disad-
vantage that transposon activation occurred in multiple cell types simultaneously, including
HSCs and more differentiated populations. As a consequence, cell fate and population
dynamics could not be directly traced back to the HSC compartment. This limitation was
recently overcome by Busch et al., who generated a genetic fate-mapping model of long-term
reconstituting (LT)-HSCs [4]. In this model an inducible variant of Cre recombinase was
expressed specifically in LT-HSCs allowing stage-specific and temporally controlled irrevers-
ible pulse labeling by a reporter gene. Reporter-positive cells could subsequently be traced
over time throughout the hematopoietic tree. Applying a mathematical model to this system
allowed the authors to determine the number of active HSCs and the flux of progenitor cells
through the hematopoietic tree, including the residence time and differentiation rates of
progenitor cells within stem and progenitor cell populations. Surprisingly, approximately
30% of an estimated 17 000 HSCs contributed to hematopoiesis, a much higher frequency
than predicted by transplantation experiments. Fundamental differences between transplan-
tation and steady-state hematopoiesis were also evident in the highly variable degree of label
retention after transplantation. The residence time of cells within short-term HSCs and MPPs
was determined to be 330 and 70 days, respectively, providing quantitative confirmation of
the conclusion that steady-state hematopoiesis is sustained independent of LT-HSCs for
extended periods of time [3,4]. Moreover, a strong quantitative bias towards the myeloid
lineage was observed at the myeloid versus lymphoid lineage branch point, consistent with a
generally shorter lifespan of myeloid cells compared with lymphocytes and massive prolifera-
tion events during later stages of lymphocyte development. Findings from this study were
extensively reviewed in [13]. Recently, the idea that steady-state hematopoiesis relies on non-
LT-HSCs has been challenged based on the analysis of a novel genetic model of HSC-specific
fate mapping [14]. While based on the same experimental strategy of inducible genetic fate
mapping this model allowed a much higher degree of labeling of the LT-HSC population
compared with the model developed by Busch et al. (~30% vs ~1%) [4]. Following label
progression longitudinally in individual animals after efficient HSC marking revealed a sub-
stantial contribution of HSCs to adult hematopoiesis, with otherwise similar conclusions to
Busch et al. [4,14]. This new study highlights a critical limitation of computational modeling in
its complete reliance on the quality of the experiment to which the computational model is
applied. A combination of HSC-specific fate mapping and in situ barcoding, which is currently
being developed, might provide additional insight into quantitative aspects of lineage deci-
sions that either method alone cannot achieve [15].

Journey from Blood to Thymus

Under physiologic conditions, T cell development depends on continual colonization of the
thymus by BM-derived thymus-seeding progenitors (TSPs). Candidate TSPs comprise a
heterogeneous mixture of MPPs, common lymphoid progenitors (CLPs), and CLP-like cells
as well as already T lineage-committed progenitors. Their phenotype and differentiation potential
have been extensively reviewed elsewhere [16,17].

The numbers of candidate TSPs circulating in peripheral blood are extremely small. Thus, blood
from a mouse contains approximately 180 MPPs, 600 circulating T lineage-committed pro-
genitors, and 180 CLPs [18-22]. It remains to be established whether progenitor numbers in
peripheral blood are actively maintained through controlled release from BM or passively due to a
lack of survival factors [23]. The residence time of HSCs and progenitors in circulation was
estimated to be in the range of only 6 min, suggesting that peripheral blood does not constitute a
conductive environment for BM-derived progenitors [24].
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Transfer experiments relying on progenitor depletion rather than enrichment into non-manipu-
lated recipients as well as genetic fate-mapping experiments indicate that TSPs comprise
multiple populations [25-27]. A minimal phenotypic requirement for TSPs is expression of
the surface markers CD27 and/or CD135. This phenotype includes both MPP subsets and
CLP-like cells. On the molecular level, thymus colonization is controlled in a highly redundant
manner. Thus, deficiency in individual chemokine receptors or P-selectin ligand results in only a
modest defect in thymus seeding [28-31]. However, compound deletion of CC chemokine
receptors CCR7 and CCR9 on TSPs virtually abrogated thymus colonization in non-conditioned
hosts and led to concomitant paucity of early T lineage progenitors (ETPs), the most immature
detectable population of thymocytes [28,32].

Quantitation of thymus colonization at steady state has been complicated by the heterogeneity
of TSPs and their phenotypic dissimilarity with ETPs. Nevertheless, attempts to quantitate
thymus colonization, mostly of irradiated hosts, have been made over several decades [33].
Such attempts were based on limiting dilution assays and/or transplantation of a mixture of two
congenically or chromosomally distinct donor populations. The latter approach permitted an
estimate of thymus colonization by assessing the variance within a binomial distribution [34].
These experiments suggested that the irradiated thymus is colonized by 10-200 cells per day.
Direct cytometry-based detection of donor-derived cells in short-term assays resulted in the
recovery of much higher cell numbers, suggesting that the thymus sustains only a fraction of the
progenitor cells that migrate there for entry into the T lineage [35-37].

Recently, thymus colonization was reassessed using an approach that was accessible to
mathematical simulation and at the same time circumvented problems of direct detection as
well as accidental counting of cells not entering the T lineage. This approach, termed multi-
congenic fate mapping (Figure 1), essentially represented an extension of earlier transfer experi-
ments of two congenically marked populations to up to 13 congenically different fractions [38].
Transplantation of mixtures with defined ratios followed by determination of the number of
congenic tags missing in donor-derived thymocytes permitted the implementation of Monte
Carlo simulation to determine the number of colonization events. The focus on counting missing
tags was important, as the readout was reduced to a binary present/absent call rather than
having to take into account intrathymic differentiation processes. Multicongenic fate mapping-
based simulation showed that a non-irradiated wild-type thymus could be colonized by on
average ten TSPs at a given time [38]. The same approach was employed to estimate the overall
number of niches available for TSPs. To this end, mice deficient in CCR7 and CCR9 were used

Input:
Barcoded BM progenitors Output:
mixed in variable proportions Missing barcodes in thymus
21 days
o

# of niches

# of missing barcodes

Trends in Immunology

Figure 1. Congenic Barcoding Allows Quantification of the Number of Intrathymic Niches Supporting T Cell
Development. Defined mixtures of congenically/fluorescently tagged bone marrow (BM)-derived progenitors are injected
into non-irradiated hosts. After 21 days the number of missing tags is assessed in the thymus. A Monte Carlo simulation was
used to quantify the number of intrathymic niches supporting T cell development based on this number of missing tags [38].
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as recipients based on their near absence of ETPs while at the same time maintaining bona fide
normal overall thymic cellularity. These experiments showed that the thymus contains approxi-
mately 160 niches for seeding by TSPs. Interestingly, conditioning through sublethal irradiation
essentially liberated all available niches for colonization, implying that this type of conditioning is
beneficial for T lineage regeneration despite inducing a certain degree of tissue damage. In
these experiments application of mathematical models proved essential for two reasons. First,
direct visualization of TSPs was impossible due to their elusive phenotype and low numbers,
which bordered on the detection limit of flow cytometry. Second, a mathematical model
permitted the design of a quantitative experiment with a clear binary (present or absent)
readout.

It remains an open question how thymus colonization is regulated. Based on parabiosis
experiments it has been proposed that thymic niches open periodically at 3—4-week intervals
[39]. However, niche saturation through intrathymic transfer and sequential congenic fate-
mapping experiments indicated a periodicity of 10-14 days; that is, an individual thymus
acquires maximum receptivity for colonization every 10-14 days with a refractory period in
between [38,40]. Interestingly, this period coincides with the average lifetime of an ETP as well as
with the time of residence of transplanted thymocytes at the corticomedullary junction (CMJ),
which constitutes the region of thymocyte entry [41,42]. These data suggest that the presence of
ETPs near the CMJ might preclude TSPs from entry. Vascular endothelial cells that depend on
lymphotoxin-B receptor signaling through crosstalk with thymocytes have recently been pro-
posed to play a critical role in thymus colonization by TSPs [43,44] and it has been shown that
ETPs receive signals through the c-kit receptor by membrane-bound stem cell factor (SCF) on
such cells [45]. Thus, it is plausible that TSPs compete with intrathymic ETPs for the same source
of SCF. It has also been proposed that more mature double-negative thymocytes (DN3s) rather
than more immature populations provide negative feedback for thymus colonization [46].
However, DN3-mediated feedback was not observed in mice deficient in CCR7 and CCR9,
highlighting the need for more refined models to study cellular and molecular feedback control-
ling thymus colonization [38].

Early Events: From 160 TSPs to 100 000 000 Double-Positive (DP)
Thymocytes in 16-20 Days

The transition from approximately 160 TSPs to a readily detectable population of 20 000 to
30 000 ETPs constitutes a major black box in our understanding of early T cell development,
which includes essentially all events before to definitive T lineage commitment. Although on
the molecular level transcription factor hierarchies have been established that lead to the
eventual commitment step reflected by expression of Bcl11b, it remains unclear how
alternative lineage potential is efficiently repressed early on thymus seeding [17,47,48].
TSPs and ETPs combined have been estimated by transplantation of BM-derived progen-
itors to have an average lifetime of 9-12 days [42] during which they divide almost once per
day. These data have recently been employed to generate a dynamical model of early T cell
development to generate estimates for the residence time of cells within each thymocyte
population and the cell cycle duration as well as probabilities of death or developmental
progression [49]. In addition to providing a valuable set of quantitative data, this model was
devised to address the question of whether commitment occurs randomly and independent
of cell division within ETPs or whether it is more likely that commitment occurs only after a
certain amount of proliferation has been completed. Modeling suggested that the latter
scenario was more consistent with available data, highlighting the value of such approaches.
Thus far, this model did not take into account that the source of ETPs is heterogeneous,
comprising at least CLP and MPP subsets as well as possibly some other progenitor
populations. It remains to be determined whether these populations contribute to T cell
development to different extents. Fate-mapping experiments have shown that 85% of ETPs
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display a history of lI7r expression, suggesting that the majority of thymocytes might be
derived from CLPs, CLP-like cells, or late MPPs [27,50]. However, these findings might also
be explained by preferential intrathymic expansion of this fraction of TSPs. Transfer experi-
ments have shown that CLPs and MPPs progress developmentally with different kinetics
once within the thymus [25,26,51]. Thus, CLPs already give rise to a substantial frequency of
DP thymocytes after 7 days, showing faster differentiation kinetics compared with the
average lifetime of ETPs. At the same time, CLPs generate one wave of T cell development
that is complete after 4 weeks. By contrast, MPP-derived ETPs can be detected for at least
2 weeks resulting in a delayed appearance of DP cells. Notably, MPP-derived T cell
development does not decline significantly until at least 4 weeks after transfer, suggesting
the presence of long-lived progenitor cells within this subset. These findings are also
consistent with the transient self-renewal potential of MPPs in BM [3,4]. It remains an open
question for how long this property of MPPs is maintained after entry into the thymus.
Interestingly, in the absence of competent TSPs thymus-autonomous T cell development
is sustained for multiple months, demonstrating the substantial self-renewal capacity of
intrathymic progenitors [52]. The reason for a two-tiered system of early T cell development
remains unclear. However, given the periodicity of thymus colonization with its prolonged
refractory intervals, the combination of immediate CLP-based and prolonged MPP-based
T cell development might ensure continuous T cell output despite discontinuous input
(Figure 2). Single-cell-based techniques are likely to foster our understanding of the
interdependence of longevity, proliferation, and lineage commitment. Possibly, a refined
version of the extant computational model will also help answer some of these questions
[49,53].
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Trends in Immunology
Figure 2. Gated Entry of Multiple Progenitors Generates a Continuous Output of Mature T Cells. (A) Two major populations of bone marrow-derived
progenitors that contribute to T cell development — common lymphoid progenitors (CLPs) and multipotent progenitors (MPPs) — enter the thymus simultaneously in a
‘gated’ manner. Their differing self-renewal potentials and times of differentiation ensure continuous efflux of mature T cells into the periphery. (B) Multiple waves of
progenitors that enter the thymus contribute to continuous export of mature T cells. DP, double positive; DN, double negative; SP, single positive.
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T lineage commitment is completed as thymocytes transit through a short DN2 phase of 2-3
days before entering the DN3 stage, at which they start recombining the Tcrb locus (for T
cells) and undergo the first selection checkpoint for productive TCR gene rearrangements. At the
transition to this stage, massive expansion occurs resulting in 3 x 10° DN3s emerging from just
25 000 DN2s. The size of the DN3 compartment appears to be tightly regulated and remains
almost constant even if cell numbers in more immature compartments are reduced. For
instance, mice deficient in CCR7 and CCR9 display more than 100-fold reduction in numbers
of ETPs and DN2s but only a twofold reduction in DN3s [28,32]. Other mouse models with
transcription factor- or miRNA-mediated deficiency in ETPs, such as Tcf7-deficient mice and
miR-17~92-deficient mice, respectively, display a similar phenotype [54-56]. The mechanisms
controlling the size of the DN3 compartment remain unknown. However, it can be speculated
that size regulation is independent of output because Rag-deficient mice, in which all ‘output’ of
this compartment is directed towards cell death, retain a normal-sized DN3 compartment.
Furthermore, intrathymic redistribution does not affect DN3 numbers [57]. By contrast,
deficiency in IL-7 signaling results in reduced overall thymocyte numbers including the
DN3 compartment, suggesting that this pathway may contribute to the regulation of compart-
ment size. Mathematical models analogous to those determining the flow through BM progeni-
tor compartments might provide testable hypotheses on how the DN3 compartment is
maintained [4].

Life-and-Death Decisions: From 100 000 000 to 10 000 000 in 3 Days
Thymocytes remain at the DN3 stage for about 4 days. On successful selection for expression of
a productively rearranged TCR chain (i.e., B selection), cells transit through the highly prolifer-
ative DN4 or pre-DP stage and subsequently become DP thymocytes [58]. The average lifespan
of DP thymocytes before selection was estimated to be in the range of 60 h, during which
recombination of the Tcra locus occurs. This period is followed by a brief 16 h of positive
selection and, in part, negative selection. Selection ultimately results in death of 90% of DP
thymocytes [59-61].

Positive selection ensures the survival of cells expressing an «BTCR capable of recognizing
peptide:MHC ligands. By contrast, negative selection results in clonal deletion of cells express-
ing a TCR recognizing self-antigen. Negative selection can occur simultaneously with positive
selection in the thymic cortex, most likely leading to deletion of clones reactive to ubiquitously
expressed self-antigens. Alternatively, positive selection induces migration to the thymic
medulla, where thymocytes are probed for recognition of tissue-specific self-antigens, again
resulting in deletion or terminal maturation and eventual egress from the thymus.

Attempts to quantify selection events yielded surprisingly contradictory results. Earlier studies
were based on comparing thymocyte fate in MHC-deficient mice or on transfer into mice
carrying cell type-specific MHC deficiency [62-64]. In combination, these studies remained
inconclusive in that either the contribution of clonal deletion to overall thymocyte death was
minute or deletion of MHC-responsive (i.e., positively selected) cells was between 5% and
65% depending on the assay system. Recently, a new approach to quantify thymocyte
selection was undertaken using a combination of two mouse models: Bim-deficient mice,
which have a defect in clonal deletion, and Nur77 reporter mice, in which reporter expression
serves as an indicator of TCR signal strength [65]. Accordingly, in these mice increased
numbers of thymocytes with high levels of reporter expression represent cells that would have
undergone clonal deletion under wild-type conditions. Combining this system with calcula-
tions of the average lifespan of various thymocyte populations permitted the determination of
thymic selection rates [60]. The overall estimate is that 5.5-6-times more cells undergo
negative selection than complete positive selection. Among cells undergoing clonal deletion,
2-3-times more DP cells were deleted in the cortex compared with deletion of single-positive
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(SP) cells in the medulla. To formally distinguish between death by neglect and clonal deletion,
this study relied on a combination of CD5, CD69,and caspase 3 staining and established that
approximately 25% of apoptosis in the thymus occurred due to negative selection [60].
Applying data from this study to a dynamical mathematical model has yielded somewhat
discrepant results in suggesting that more than 90% of post-selection DP cells and, conse-
quently, relatively few SP cells undergo clonal deletion [61]. Rates of 75% failure to undergo
positive selection and clonal deletion predominantly occurring at the DP stage were also
determined by applying a dynamical model to an experimental model of temporally inducible
selection [66]. This study also showed that the ratio of two CD4 T cells developing for each
CD8 T cell is due to cell death bias at the DP stage.

The murine thymus on average exports 1-4 x 10° CD4" and CD8* T cells per day, which is
equivalent to 1% of all thymocytes [67,68]. Before newly selected SP thymocytes enter the long-
lived T cell pool, they undergo a final step of maturation that starts in the thymus and continues
for approximately 3 weeks in the periphery [69-72]. Molecular timers such as fluorescent
reporter protein expression under the control of the Rag locus were instrumental in defining
the post-selection residence time of thymocytes, which is in the range of 4 days [73]. Such
experiments showed that egress from the thymus is not random but rather developmentally
controlled and thus allowed molecular characterization of this process. Tonic type | IFN signaling
and NF-«kB kinase TAK1 were required for all aspects of functional maturation before egress [70].
These experiments highlight the potential of molecular timers at other stages of T cell
development.

Concluding Remarks

Developing a good quantitative model of a biological process depends on the quality of data
serving as input for computational models. Thus, some major progress has been made in
recent years with the development of fate-mapping approaches, barcoding, and genetically
encoded molecular timers. The most solid quantitative information on T cell development
primarily exists at the level of the population dynamics of HSCs and their BM-resident
descendants up to thymus colonization and then again for thymic selection (Figure 3 and
Table 1). In between, early intrathymic T cell development characterized by commitment and
vast proliferation remains quantitatively largely uncharted terrain. Furthermore, it remains to be
established how age-dependent thymic involution and pretransplantation conditioning regi-
mens affect intrathymic developmental dynamics, and computational models might provide
surprising new insight. However, the biggest challenge in establishing quantitative models of T
cell development remains its technical restriction to the mouse model. Obtaining comparable
information for the human system cannot rely on sophisticated genetic tools and only rarely will
it be possible to infer data directly from interventional regimens. Clonal dynamics of HSCs after
gene therapy can be determined by mapping retroviral insertion sites as surrogate barcodes
[74,75]. In vitro differentiation suggested that human progenitors generate T cells with slower
kinetics than their murine counterparts [76]. One groundbreaking study directly compared age-
dependent thymic output in human and mouse using TCR excision circles as molecular timers
and in vivo cell labeling with deuterated water [77]. This study suggested that whereas in mice
thymic output contributes to the majority of naive T cells generated throughout life, in adult
humans only 10-20% of naive T cell production is thymus derived with the remainder being
generated through homeostatic proliferation in the periphery. On an organismal level, humans
and mice differ in lifespan by a factor of 30-50, size and total cellularity by a factor of 3000, and
number of cell divisions throughout life by a factor of 10° [78]. Furthermore, murine cells have a
higher basal metabolic rate and display profound differences in telomere biology, which
directly affect the aging process [15,79]. It remains an open question whether these complex
differences can be incorporated into computational models attempting to quantify human T cell
development.
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Outstanding Questions

Early steady-state and post-transplan-
tation hematopoiesis have recently
been shown to have fundamentally dif-
ferent dynamics. Is this also the case
for intrathymic T cell development?

TSPs are a heterogeneous mixture of
cells with distinct developmental and
proliferative potentials. Can this hetero-
geneity be accurately captured by
dynamic models to explain their flux
through developmental stages?

How are the dynamics of T cell devel-
opment quantitatively altered on age-
dependent thymic involution?

Quantitation of T cell development
depends on refined experimental set-
ups predominantly based on geneti-
cally encoded reporters and has
therefore been largely restricted to
the mouse as a model organism. What
experiments can best capture T cell
developmental  dynamics in  the
absence of (genetic) intervention? Are
T cell developmental dynamics funda-
mentally different in mice and humans?
If so, what are the underlying reasons?

What can we learn from computational
models to improve T lineage regenera-
tive therapies?
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Figure 3. The Thymic Universe. Areas of circles and widths of arrows are proportional to the cellularity and lifespan of the
indicated populations, respectively. TSP, thymus-seeding progenitor; LSK, Lin~Sca-1*Kit*; HSC, hematopoietic stem cell;

double negative; ETP, early T lineage progenitor; DP, double positive; SP, single positive.
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Table 1. T Cell Development by the Numbers.

Cell

Population Number
BM?

HSC 17 x 10°
MPP 4.2 x 10°
CLP 2.8 x 10°
Blood®

LSK 270

HSC 90

MPP 180

CLP 180

CTP 504

TSP® 1800
Thymus'

TSP 160

ETP 2-3 x 10*
DN2 2-3 x 10*
DN3 2-3 x 10°
DN3a 1.6 x 10°
DN3b 4 % 10°
DP 97 x 10°
Pre-selection DP 88 x 10°
Post-selection DP 8.5 x 10°
SP 17 x 10°
CD4 SP 12 x 10°
CD8 SP 4 % 10°

T regulatory 5-8 x 10*

Residence time Refs

oo® [4,14,80]
70 days [4]

60 days [4]

n.d.” (18]

6 min (18,24]
n.d. [18,25,26]
n.d. [25,26]
nd. [19]

nd. [25]

60 h? (38,49
216-288 h [42,49]
48-66 h [42,49)]
48-96 h [42,49,59]
n.d. [81]

n.d. (81]

76 h [60,61]
60 h [60,61]
16 h [60,61]
130 h [60,61]
130 h [60,61]
130 h [60,61]
130 h [60,65]

aBased on 2.8 x 10° total nucleated cells [80].
PRate of self-renewal: 1/110 to 1/10 per day.

Estimated based on blood volume of 72 mi/kg body weight and 25 g body weight [82].

9Not determined.
°Lin~CD135*CD27".

Based on 1-2 x 10° total thymocytes in 8-10-week-old mice.
9Time of occupancy of individual TSP niche: 9-11 days [38].
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