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Abstract

Regulatory T cells (Treg) are critical regulators of adaptive immunity and of the pathophysiology of
anti-tumoral immunity. Treg are both generated during thymic development and induced from
peripheral conventional T cells. How these distinct pathways contribute to the homeostasis of
circulating Treg in health and disease remains unclear. We address this question using multiple fate
mapping mouse systems and modeling. Naive and effector/memory (EM) Treg exhibit distinct
dynamics but are both continuously replenished by de novo generation throughout life. The
predominant precursors of circulating EM Treg are naive thymic Treg and not conventional T cells,
a process driven by self rather than foreign antigen recognition. Using the same fate reporters and
three tumor models we demonstrate that infiltrating Treg specifically derive from pre-existing EM
Treg. In summary, we define a linear ontogeny of Treg from thymus to EM, driven by self-antigen

recognition, that then gives rise to tumor infiltrating Treg.



Introduction

Regulatory T cells play a vital role in maintaining the immune system in a state of active tolerance
of self-antigens (7) but also regulate normal adaptive immunity to pathogens (2), tissue homeostasis
(3) and development of malignant disease (4). As such, adoptive Treg therapy is being considered
for treatment of autoimmune and inflammatory conditions (5, 6). In malignant disease, Treg are
common constituents of tumor infiltrates, and in many instances are a biomarker of poor prognosis
where their suppressive activity is thought to counteract beneficial tumor immunity (7-9). Therapies
that target regulatory T cells have been met with striking successes in the clinic, restoring anti-
tumoral immunity (70-72). However, such treatments are also often associated with toxicity due to
loss of self tolerance and specifically targeting intra-tumoral Treg remains a major challenge.
Knowledge of how Treg are generated and maintained throughout life is therefore critical for fully
understanding their physiological functions both in the normal healthy immune system, and for

designing and predicting the long-term impact of immunotherapies targeting regulatory T cell activity.

Treg are characterized by expression of Forkhead Box protein 3 (Foxp3) (73) and circulate
through secondary lymphoid organs and reside in tissues (714, 15). They are a heterogenous
population in terms of ontogeny and differentiation state (76), and are derived from two principle
sources. First, Treg develop in the thymus (77, 18) from precursors amongst CD4 single positive
(SP) thymocytes and are termed thymic or natural Treg (tTreg). Their development is mediated by
agonist recognition of self-determinants, that drives induction of Foxp3 in a CD4 SP T cells, with
stable commitment supported by the cytokines IL-2 and IL-15 (19-24). Second, Treg also derive
following induction of Foxp3 in conventional peripheral CD4+ T cells and are termed inducible Treg
(iTreg) (25). iTreg generation is characterized in vitro through activation in the presence of TGF3(26),
and is observed in vivo in response to foreign antigenic challenge at intestinal sites,(27, 28). A
significant fraction of Treg that reside in the intestine derive by this route and express ROR-yt
expression (29-32). ROR-yt* Treg are rare in lymphoid tissues and restricted to mesenteric lymph
nodes (30). In malignant disease, Treg are commonly found amongst the T cell infiltrate of the tumor
microenvironment (TME) (33). There is evidence that both iTreg and tTreg reactive to tumoral and
neoantigen contribute to the intratumoral Treg pool (29, 34). Studies that have attempted to
distinguish tTreg and iTreg phenotypically correlate low levels of Nrp1 expression with iTreg (29, 35)
and high levels of the transcription factor Helios with tTreg(36), though the reliability of these markers
has since been called into question (37, 38). The precise extent to which tTreg and iTreg contribute
to the maintenance of circulating Treg pools in lymphoid tissues and recruited to tissue sites during

disease remains unclear.

Peripheral Treg exhibit considerable functional and phenotypic heterogeneity. They comprise
naive-like CD44°CD62L" CCR7" cells and more differentiated populations that display an activated
CD44nCDe62L" effector/memory (EM) surface phenotype, markers such as Ox40, GITR, CD69, and
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altered chemokine receptor expression (39-43). These states have also been described during
elicitation of iTreg following mucosal antigen challenge and are associated with their generation and
migration to mucosal sites (37, 32, 44). Treg can also express signature transcription factors
associated with type 1 (Tbet)(45), type 2 (Gata3)(46), type 17 (ROR-yt)(28, 29) or T follicular helper
responses (Bcl6)(47) and are implicated in regulating the associated T helper responses. The
expression of these transcription factors appears transient rather than defining stable sub-lineages
(46). Single cell RNAseq analysis of intratumoral T cell populations reveals even greater degrees of
phenotypic heterogeneity (48), though determining which genetic properties represent transient
responsive states, specific differentiation states, and those defining more persistent sublineages

remains a major challenge.

The homeostatic mechanisms responsible for maintaining conventional T cell populations have
been studied extensively, and the distinct contributions of self-renewal and de novo generation are
well recognized (49). In contrast, the dynamics underlying the maintenance of the mature Treg pools,
and in particular the contribution of thymic Treg generation, are less clear and in part obscured by
their complex ontogeny. tTreg are present in the thymus throughout life, implying a role for
replenishment of peripheral compartments with new cells. However, studies of Rag2-EGFP mice
reveal that a fraction of these cells are mature Treg that have recirculated back to the thymus (50,
51), and it has been suggested these recirculated Treg compete for IL-2 and directly inhibit
intrathymic Treg development (50)(16). Circulating Treg are also more proliferative than naive
conventional T cells (52), as indicated by basal expression of the proliferation marker Ki67 (16),
suggesting that self-renewal contributes substantially to Treg maintenance, as it does for
conventional CD4+ memory T cells (53). Further, while it is evident that Treg resident at mucosal
surfaces derive from both tTreg and iTreg, the extent and dynamics of replenishment of circulating
EM Treg, and the identity of their precursor(s) are far less clear. In total, considerable uncertainty
remains regarding how circulating Treg are generated and maintained, and how these processes

might impact their function during immune challenge.

Here we sought to better understand the homeostatic mechanisms that are responsible for
maintaining the circulating pool of Treg. There are currently no reliable markers or a single fate-
mapping approach that can distinguish and track tTreg and iTreg. In this study we employed multiple
and independent fate mapping systems to define the ontogeny, temporal dynamics and maintenance
of circulating Treg pools across the mouse lifespan and used these same systems to understand the

generation and recruitment of Treg in the setting of malignant disease.



Results

Thymic Treg comprise both de novo generated and recirculated mature cells

To understand the dynamics of circulating regulatory T cells we performed temporal fate mapping
using busulfan drug-conditioned bone marrow chimeric mice (54). In this model, busulfan specifically
ablates the B6.CD45.1 host hematopoetic stem cell (HSC) compartment, allowing its reconstitution
with congenically labelled B6.CD45.2 donor stem cell progenitors. Importantly, mature hematopoetic
lineages are unaffected by this conditioning, allowing one to measure the healthy, constitutive influx
of new cells into existing replete compartments to be detected and measured over time. The kinetics
and extent of replacement in any given cellular compartment are rich in information about the
dynamics of its maintenance (54-57). To assess potential host age effects upon Treg homeostasis,
chimeras were generated with hosts of a range of ages (6-8wks, 8-10wks, 10-12wks and 12-25wks).
We then analyzed Treg phenotype in thymus, lymph nodes and spleen of chimeras between 14 and
300 days post-BMT. The extent of HSC reconstitution (donor chimerism) was assessed by
measuring the donor fraction amongst CD4 CD8 double positive (DP) thymocytes, which stabilizes
within 5 weeks after BMT and serves as an accurate proxy of average HSC chimerism across all
bone marrow sites (58). Following busulfan treatment, donor fractions amongst DP thymocytes were
between 70-100% (Fig. 1A). Normalizing the observed donor fraction in any downstream population
to the equilibrated donor fraction in DP thymocytes accurately reflects the extent to which that

population has been replaced through de novo hematopoesis since BMT.

We first analyzed the dynamics of Treg development in the thymii of both untreated WT and
busulfan chimeras (Fig. 1B). In mice, thymic size and output peaks at around 6 weeks of age, after
which the thymus undergoes a slow but steady atrophy (59). Measuring total numbers of DP and
CD4 single positive (CD4SP) thymocytes in control mice and chimeras confirmed the expected peak
and subsequent decline in numbers (Fig. 1C). We have previously estimated that these populations
wane exponentially with age, halving in size approximately every 150d (54). In contrast, total Foxp3+*
Treg numbers in the thymus showed no significant decline with age (p=0.15, Fig. 1C). We confirmed
the presence of thymic Treg of both naive and EM phenotypes (Fig. 1B). However, this composition
shifted over time; naive Treg numbers declined significantly with age (Fig. 1D), while EM Treg
numbers increased, reaching a plateau around 9 weeks of age and remaining relatively stable
thereafter (Fig. 1D). To confirm the ontogeny of these intrathymic populations, we next analyzed the
influx of donor-origin cells into these subsets over time, in busulfan chimeric mice. The normalized
donor fraction within CD4SP thymocytes rapidly reached 1 within a few weeks post BMT, indicating
that this population had turned over completely (Fig. 1E). Naive thymic Treg also underwent rapid
replacement by donor progeny, but only to a level of ~80% (Fig. 1E). In contrast, donor-origin EM

Treg were not readily detectable until almost 100 days post BMT, even though numbers of memory



Treg in the thymus peaked by ~d63 of age. The presence of host-derived naive and memory Treg
within the thymus validates the conclusion that these Treg are not de novo generated but recirculated
from the periphery. Previous studies have suggested that mature Treg that recirculate in the thymus
compete for IL-2 and thereby impair de novo Treg generation (50). To quantify any such inhibition in
our experiments, we needed knowledge of the donor:host compositions of both recirculating and

newly-generated naive Treg. We therefore assessed the dynamics of Treg turnover in the periphery.

De novo production of naive thymic Treg continues with age

We analyzed peripheral naive and EM Treg subsets in lymph nodes and spleen of both WT mice
and busulfan chimeras, measuring donor/host chimerism and Ki67 expression (Fig. 2A). From birth,
total numbers of naive Treg rose rapidly in young mice, reaching maximal levels as early as 5 weeks
of age. Numbers were maintained for several months after which a gradual decline was evident (Fig.
2B). In contrast, EM Treg were scarce in young mice, but gradually increased in number until 9-10
weeks of age, and accumulated more slowly thereafter (Fig. 2C). Correspondingly, naive:EM Treg
ratios in both LN and spleen were high early in life but declined progressively, with memory Treg
exceeding naive Treg numbers at around 8 months of age (Fig. 2D). Analyzing the kinetics of donor
cell influx in busulfan chimeras also exposed distinct dynamics. Naive Treg were initially replaced
rapidly and reached a plateau of approximately 70% replacement by d100 (Fig. 2E). In contrast,
donor influx into the EM Treg pool was much slower and reached a far lower level of replacement
(Fig. 2E). Ratios of donor chimerism between LN and spleen of individual mice remained close to 1
in both naive and EM Treg, throughout the time course (Fig. 2F) suggesting that naive and EM Treg

are largely independent and freely recirculating populations in lymphoid tissues.

The failure of donor naive Treg to completely replace host counterparts in the thymus strongly
suggested that some fraction of naive thymic Treg had recirculated from the periphery, in addition to
the recirculation of EM Treg. To estimate this fraction, we assumed that the donor/host composition
of recirculated naive Treg in the thymus matched that of peripheral naive Treg in each individual.
The additional fraction of donor naive Treg observed in the thymus would therefore represent de
novo generated thymic Treg. We estimated this additional fraction (Fig. 2G) and showed that at early
time points after BMT, most naive Treg are de novo generated, but over time their representation
declines. Earlier studies demonstrated that the fraction of total Foxp3+ thymic Treg expressing Rag2-
GFP collapsed dramatically with age. Estimating this fraction from our data, assuming all EM Treg
were recirculated, yielded comparable results (Fig. 2H). However, the increasing numbers of Treg
that recirculate to the thymus with age, together with the natural atrophy of the thymus, obscures the
extent to which de novo Treg generation changes with age. To explicitly measure this change, we
calculated the ratio of estimated de novo naive Treg to the size of the total CD4 SP precursor pool.
In young mice, de novo generated naive Treg make up ~1% of of total CD4 SP, with a modest but

significant reduction with age (Fig. 2I). Nevertheless, this analysis reveals that production of naive
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Treg in the thymus continues even in aged mice and in the presence of ever-increasing numbers of

mature recirculated Treg.

Thymic export and self renewal both contribute substantially to the homeostasis of

naive Treg

This empirical analysis revealed that the naive and EM Treg compartments exhibited distinct
shifts in their size and rates of influx of new cells with age. To better understand these dynamics, we
used mathematical modeling to quantify the processes of influx, self-renewal, and loss that underlie
them. We first analyzed the naive Treg compartment, comparing the support for two simple models
(Fig. 3A); a ‘homogeneous’ model in which all naive Treg exhibit identical dynamics, and an
‘incumbent’ model, in which host naive Treg are heterogeneous, comprising a subset that shares
the same homeostatic dynamics as newly generated donor thymic Treg, and a subset that is
resistant to displacement by new donor Treg and may exhibit distinct rates of division and loss (Sl
Section S1A). Previously we found support for this ‘first-in, last-out’ structure within conventional
naive T cells (54, 57, 60). An important observation that the models needed to explain was the failure
of donor cells to achieve complete replacement of host cells. The homogeneous model predicts
complete turnover of a population given consistent influx of new cells and sufficient time, which we
have observed in other lymphocyte populations (58). Therefore, this model can only explain
incomplete turnover if the steady decline in de novo generation of naive Treg, which we and others
(50) have demonstrated, is sufficiently fast. Incomplete replacement is also explained naturally by
the presence of incumbent, host-derived naive Treg, established before BMT, which persist

independently of newly generated cells.

We fitted each model simultaneously to the time courses of total numbers of naive Treg, their
host/donor composition, and the levels of Ki67 expression among donor and host cells (Fig. 3B). We
assumed that the fluxes of host and donor cells into the naive Treg compartment were proportional
to the numbers of their respective de novo generated thymic naive precursors, the time courses of
which we described empirically (SI Section S1C and Fig. S1). While both models captured the
changes in the total numbers of naive Treg with age (Figs. 3B and 3C, left panels), the homogeneous
model could not account for the incomplete donor influx (Fig. 3B, right panel), even given the waning
production of new naive Treg by the thymus (Fig. 2I, S1). This model also failed to account for the
higher frequency of Ki67 expression among host cells than among donor cells (Fig. 3D). In contrast,
the incumbent model provided better descriptions of these key observations (Fig. 3E), indicating that
the naive Treg compartment is heterogenous with respect to its propensity for replacement. Formal
evaluation of model fits substantiated this view, with statistical analysis revealing significant support
(model weight = 99%) for the incumbent model compared to the homogeneous model (see Sl section

S3 for details). This simple model of heterogeneity predicted that displaceable naive Treg had a
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mean residence time of around 40 days and divided on average every 60 days (Fig. 3F), whereas
incumbent Treg, which were assumed to be stable in numbers, divided and were lost every 20 days.
The displaceable naive Treg population was sustained by influx from thymic precursors throughout
life (Fig. 2E). However, the contribution of self-renewal becomes increasingly important as mice
aged, a contribution estimated to increase to close to 70% in mice over a year old as precursor
numbers declined (Fig. 3G). In tandem, incumbent cells made up an increasing proportion of the
population with age (Fig. 3H). This kinetic explains the diverging levels of Ki67 expression among

donor and host cells with age (Fig. 3D).

Modeling of EM Treg dynamics favors naive Treg as the direct precursors

Next, we extended our modeling approach to investigate the ontogeny and homeostasis of EM
Treg. While our data and others clearly suggest that naive peripheral Treg derive directly from thymic
naive Treg, the extents to which EM Treg derive from naive Treg or are induced from conventional
T cell subsets is unclear. We therefore explored models in which the precursors of EM Treg are
either naive peripheral Treg, or are instead iTreg, deriving from a Foxp3-negative conventional T cell
subset; either naive (CD44°CD62L"), central memory (CD44"CD62L"), or effector memory
(CD44nCD62L") cells. Irrespective of the precursor, we reasoned that differentiation into EM Treg
occurs through T cell activation and subsequent division. Therefore we explored a simple two-
compartment model in which precursors enter the EM Treg compartment via a fast dividing subset,
behavior that resembles acutely activated T cells that divide and turn over quickly, before
differentiating to a more quiescent, slowly dividing population, that represents a resting state post-
activation with lower rates of division and death reflecting normal homeostatic processes (Fig. 4A).
Previously we found support for similar behavior within circulating conventional memory CD4 T cells
(55, 56). S| Section S1B provides a detailed description of the two-compartment model. To define
the influx into host and donor EM Treg in this model, we used empirical descriptions of the time
courses of the numbers and donor chimerism of candidate precursors of memory Treg (Fig. S2). By
fitting this model to the total numbers of EM Treg as well their donor/host composition and Ki67
levels, we found modest support (52%) for naive Treg as their primary precursor, over TEM (26%),
TCM (13.5%), and naive Tconv (8.5%; see Sl Section S2 for details). Nevertheless, this best fitting
model was able to explain the changes of EM Treg numbers with age (Fig. 4B) and the kinetics of
their replacement by donor cells (Fig. 4C). The model also explained the greater expression of Ki67
amongst donor cells than host cells at early times after BMT (Fig. 4D), when donor cells are more
prevalent within the more recently recruited fast-dividing subset. Self-renewal did not compensate
for the loss of fast-dividing cells (Fig. 4E), indicating a role for influx in driving the accumulation of
EM Treg during the first year of life; this influx represented approximately 1% of EM Treg per day,
although this proportion declines with age (Fig. 4F). We estimated that cells persist in the fast-
dividing state for about a week before transitioning to a slower-dividing state, consistent with the
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normal dynamics of T cell activation, and that slowly dividing EM Treg divide and die on average
roughly every 40 days (Fig. 4E). From this similarity in rates of self-renewal and loss we predict that
cohorts of slow EM Treg can persist dynamically (that is, at a clonal or population level) for many
months. The model also explains the increase in total numbers of EM Treg during the first year of
life (Fig. 4B); during this period, even though the total rate of influx of new memory from its precursor
is declining, it still outstrips the net rate of loss of fast-dividing cells, continually boosting their
numbers. This accumulation in turn drives the accumulation of slow EM cells, explaining the decline

in Ki67 among EM Treg in bulk across the same period (Fig. 4D). See Sl section S1D for details.

Foxp3-CreER temporal fate mapping supports naive Treg as the primary source of
EM Treg

To test the conclusion that naive Treg are the precursors of recirculating EM Treg, we used a
Foxp3GFP-CreERT Rosa26rmTom fate reporter strain (Foxp3FR hereon). Induction of CreERT activity by
a single dose of tamoxifen (TAM) induces permanent and heritable mTom expression in
approximately 75-80% of Foxp3* cells (Fig. 5A). Following TAM administration, the fraction of
Foxp3+* CD4+ T cells labelled with mTom declined gradually (Fig 5A). Foxp3-GFP and CD25
expression by mTom-labelled cells confirmed that reporter induction was restricted to Foxp3+ cells.
Consistent with earlier studies (67), mTom+ cells retained a CD25MFoxp3+ phenotype throughout
the chase period (Fig. 5A), confirming Treg lineage fate was stable in the steady state over time.
The decline in mTom+ cells among naive Treg after treatment was expected, as our analysis of
busulfan chimeras showed that naive Treg are continuously replaced by newly generated cells from
the thymus (Fig. 2C). We fitted a smooth curve (spline) to the kinetic of host cell replacement in
busulfan chimeras (Fig. 2E) and overlaid this curve on the time course of the observed mTom-
negative fraction, aligned to the 20% level that is the baseline mTom labelling (Fig. 5B, dashed line).
The subsequent kinetics were in good agreement, validating the conclusions we drew from the
busulfan chimeric mice. To test our assertion that naive Treg, rather than naive conventional T cells,
are the primary precursors of EM Treg, we followed mTom expression among EM Treg following
TAM treatment of Foxp3FR mice. Because only Foxp3+* Treg were labelled with mTom (Fig. 5A), we
reasoned that the kinetics of dilution of mTom-expressing EM Treg would be slow if newly generated
EM Treg derived from a labelled precursor (i.e. pre-existing Treg) or fast if precursors were instead
unlabeled (i.e. conventional T cell). In busulfan chimeras we saw that almost ~40% of EM Treg were
replaced by new influx between d25 and d150 post BMT. In TAM-treated Foxp3FR mice, we did not
observe any significant infusion of the mTom- cells into EM Treg over a similar timeframe (Fig. 5C),
indicating that cells entering the EM Treg pool in this interval must be rich in mTom+ cells. The most
parsimonious explanation for these dynamics is that naive Treg are indeed the predominant or

exclusive source of EM Treg in the steady state.



Constitutive EM Treg development is driven by self recognition, independently of

microbiome

Our data from busulfan chimeras demonstrated that EM Treg are continuously generated
throughout life, via a Ki67" intermediate, strongly suggestive of an activation linked cell division
process. This led us to consider the identity of the antigens driving this continuous EM Treg
generation. Given that naive Treg are selected on self-antigens in the thymus and have an intrinsic
ability to recognize spMHC, it is possible that recognition of self-antigens in the periphery is also
implicated in driving EM Treg generation. Alternatively, interactions with foreign antigens from the
microbiome could drive EM Treg generation, as has been described in the gut mucosa (31, 32, 44).
We explored these possibilities in two ways. First, we studied germ free (GF) mice, which are
completely devoid of microbiota. One developmental consequence of their gnotobiotic state is that
GF mice lack normal lymph node structures. Therefore, we compared the numbers and phenotype
of Treg found in the spleens of GF mice with those from conventionally housed WT mice. GF mice
contained normal numbers of both naive and EM Treg (Fig. 6A). Turnover of these populations,

assessed by Ki67 expression, also appeared normal in the absence of microbiota (Fig. 6A).

Second, we took advantage of a natural experiment that occurred when our mouse colony was
relocated from a facility using open cages and conventional diets and tap water (which we refer to
for brevity as “dirty”) to a new (“clean”) facility in which mice were housed in individually ventilated
cages and fed sterile irradiated diet and water. The data presented in Figs.1-2 were generated from
mice held in the clean facility. However, similar experiments were conducted in the dirty facility prior
to relocation, and showed that memory compartments of conventional T cells are substantially
enlarged in mice held in dirty conditions, and that the natural microbiota play a critical role in
establishing compartments of conventional memory cells in mice (56). The enlargement of memory
compartments observed in these mice is comparable to that described in other models of “dirty”
mice, such as wildling mice (62) and mice co-housed with pet-shop mice (63). As further illustration,
the ratio of memory:naive conventional T cell populations in dirty hosts was elevated throughout life,
compared with clean hosts (Fig. 6B). We therefore performed a meta-analysis to examine the steady
state generation of naive and EM Treg in busulfan chimeras housed in dirty and clean settings.
Comparing the normalized donor fractions in the two sets of chimeras revealed similar trajectories
of donor cell influx into both naive and EM Treg subsets (Fig. 6C). Similarly, the kinetics of total
donor Treg numbers that are generated following BMT confirmed this view, with absolute numbers
of naive or EM donor Treg reaching identical levels in both clean and dirty hosts (Fig. 6D). Together
these results demonstrate that the tonic generation of EM Treg occurred independently of host

microbiota.
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Tumor infiltrating Treg derive from existing circulating EM Treg

Our results suggest that self-recognition drives a linear pathway of development of naive and
EM Treg throughout life. We next asked how these dynamics applied in the context of malignant
disease setting. Previous studies of MC38 tumors in mice characterize infiltrating Treg as being
induced from conventional T cells and are identified by their low expression of the marker Nrp1
(CD304)(29). We therefore examined the lymphocytic infiltrate of MC38 tumors engrafted into our

different fate reporter models to more directly characterize the ontogeny of tumor infiltrating Treg.

We first used the Foxp3FR reporter strain to determine whether Treg in TME derived from pre-
existing Foxp3+* Treg, or were induced from conventional T cells, following tumor grafting. Foxp3FR
mice were treated with TAM to pre-label existing Foxp3+ Treg, and then were engrafted several
weeks later with MC38 cells. Analyzing cellular composition of tumor masses at maximal tumor size
(~d17) revealed the anticipated lymphocytic infiltrate of T cells (Fig. 7A). CD4+ T cells in the TME
included a substantial fraction of Foxp3+* Treg that exhibited an activated EM phenotype with
evidence of elevated activation state, since PD1 and Ki67 frequencies were increased compared to
naive and EM Treg from LN or spleen (Fig. 7B). Consistent with previous reports (29), Nrp1
expression levels were modestly reduced on tumor infiltrating Treg (Fig. S3). Examining Foxp3
reporter expression by Treg in TME revealed that in all cases a large proportion of Treg recovered
from tumors expressed mTom, indicating that they derived from Treg labelled prior to tumor
engraftment. Furthermore, the frequency of mTom expression by Treg in tumor was like that of Treg
from lymphoid tissues of the same host (Fig. 7B). Over the course of the experiment, mTom
frequencies in naive and EM Treg compartments of LN and spleen diverged, as mTom-negative
cells more rapidly replenished the naive Treg pool. A closer inspection of mTom frequencies
revealed expression among tumor-infiltrating Treg was similar to the maximum level observed shortly
after TAM treatment, that also remained high amongst EM Treg, implying that tumor-infiltrating Treg
predominantly derive from circulating EM Treg. To explore this ontogenic relationship further, we
performed temporal fate mapping of Treg in the TME to assess their origin. To do this, we exploited
the fact that donor derived cells accumulate in naive and EM Treg with highly distinct kinetics (Fig.
2E). A concordance of the donor fraction of Treg in TME with either naive or EM Treg would reveal
the Foxp3+ precursor of intratumor Treg. Chimeras were generated as described earlier and were
engrafted with MC38 cells at 8 weeks post BMT. At this time, the donor fraction among naive Treg
was ~0.4 but was much lower (~0.1) among EM Treg. Measuring the donor fraction among Treg
from tumors revealed low chimerism, closely resembling that of circulating EM Treg (Fig. 7C). These

data strongly suggest that Treg infiltrating MC38 tumors derived from pre-existing EM Treg.

Finally, we asked whether this ontogeny was applicable to other tumors. We therefore analyzed
Treg infiltrates in two other model tumor systems, EL4 (thymoma) and A20 (B cell malignancy) in

TAM treated Foxp3FR hosts. In both cases, Treg recovered from the TME were EM phenotype, with
11



elevated Ki67, and expressed the mTom reporter at a level that correlated closely with circulating
EM Treg in the same host (Fig. 7D). These observations demonstrate that the tumor-infiltrating Treg

derived from cells that had already committed to a regulatory phenotype.
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Discussion

Using independent fate reporter systems to track development and differentiation of Treg, our
results strongly support a linear model of Treg development driven by self-recognition. Thymus-
derived Treg continually replenish circulating naive Treg throughout life, and these in turn
differentiate into the circulating EM Treg pool constitutively throughout life, driven by self-recognition.
Following tumor engraftment, we found strong evidence that the large majority of tumor-infiltrating
Treg derive specifically from circulating EM Treg. As such, we found that the homeostasis of
circulating Treg, both in health and malignant disease, is well accounted for by production and

differentiation of thymically derived Treg and does not rely upon a substantial contribution from iTreg.

Given the deleterious impact of suppression of anti-tumoral responses (7-9), the origin of
regulatory T cells recruited to tumors has been a subject of intense study in recent years. Studies
that suggest a significant contribution of inducible Treg to intratumor infiltrates have largely relied on
correlative data, using markers or transcriptional profiles thought to distinguish iTreg and tTreg (29,
36), or the overlap of TCR repertoires within recirculating Treg and Treg from the TME (64). These
approaches can be problematic since markers such as Nrp1 do not always correlate well with the
apparent origin of Treg (37). Further, the TCR repertoires of populations within the TME will inevitably
be shaped by the activation events driving their recruitment and retention, making comparisons with
putative precursor populations difficult, and conclusions are inevitably qualitative. By genetic
labelling of Foxp3+ Treg prior to engraftment we could clearly demonstrate that reporter expression
by Treg in the TME matched that of circulating Treg. While we cannot completely exclude a
contribution of de novo generated iTreg in these models, any contribution would at best represent a

small fraction, given the high concordance of fate reporter between EM Treg and intratumoral Treg.

Our data also identify self-recognition as a defining property controlling circulating peripheral
Treg homeostasis. The role of agonist selection in generating thymic Treg is well recognized, as is
the importance of mucosal antigens, including microbiota, in driving development of RORyt-
expressing iTreg in the gut (29, 31, 32). These cells are preferentially retained within the Gl tract
where they play a critical role in maintaining tolerance to the symbiotic microbiota of the gut and are
only present as a small fraction of Treg in mesenteric lymph nodes that drain the intestines, and
absent from other lymph nodes or the spleen. Our analysis of WT mice and busulfan chimeras show
that EM Treg are generated continuously throughout life. Although the circulating Treg compartment
is dominated by thymus-derived naive Treg early in life, EM Treg numbers increase steadily with
age, coincident with a decline in thymic output. We saw almost half the EM Treg compartment is
replaced by newly generated EM Treg by ~d160 post-BMT, and the kinetics of Cre reporter
expression in Foxp3FR mice indicated these cells derive from naive Treg precursors. Strikingly, this
tonic generation appears to occur independently of microbiota, since EM Treg were present in

normal numbers in GF mice, and the kinetics of de novo production of EM Treg were identical in
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“dirty” facilities that were sufficient to induce substantial inflation of conventional memory T cell
subsets (56). Given that thymically derived naive Treg are selected on self-antigens, it seems
reasonable to conclude that EM Treg development is also driven by a peripheral self-recognition
event. However, it appears that only a subset of the naive Treg repertoire has the capacity to develop
into EM Treg. This heterogeneity may reflect differences in either the diversity or abundance of self-
antigens expressed in peripheral lymphoid tissues, as compared with the thymus, where self-antigen
expression by medullary thymic epithelial cells is facilitated by AIRE (65). There have, however,
been reports of AIRE-expressing ILC3 in lymph nodes (66), that may represent an additional source
of self-antigens that promote EM Treg development from naive Treg precursors in peripheral
compartments. The distinct ontogenies of Treg in the gut and the circulation likely reflect the different
functions of these compartments, either maintaining tolerance to foreign microbiome antigens at
mucosal surfaces or systemic tolerance to self-antigens. The specificity of circulating EM Treg,
however, is especially pertinent to malignant diseases since T cells infiltrate tumors from the
circulation. Our analyses showed that Treg in the TME derive specifically from pre-existing EM Treg,
already primed by self-antigens in the periphery, rather than through neoantigen-driven activation

and recruitment of either naive Treg or inducible Treg derived from conventional T cells.

Previous studies have suggested that Treg recirculating to the thymus exert negative feedback
upon thymic Treg development (50). Our estimates of newly produced Treg as a fraction of total
thymic Foxp3* T cells were in close agreement with these earlier results. However, there were two
confounding issues that contrived to exaggerate the apparent decline in thymic Treg development.
First was the accumulation of EM Treg in thymii, which reached a maximal level by 60 days of age.
Second was thymic atrophy that progressively reduces the rate of de novo generation of thymic Treg,
due a decline of precursors. Relating de novo Treg numbers to the size of the upstream precursor
pool, CD4SPs, revealed stable levels of de novo Treg development for the first 8 months, with
evidence of modest reduction by one year of age. The kinetics with which recirculated Treg
accumulate in the thymus and the apparent reduction in Treg development do not correlate well.
Given the age-related changes that take place during thymic atrophy (67), it is possible that the
modest reduction in Treg output may instead reflect alterations in the function of some other
component of thymic function such as mTECs, that are important for Treg development (68).
Analysis of donor influx of peripheral naive Treg pools in busulfan chimeras did, however, exhibit a
clear ceiling on the extent of replenishment possible, at around 0.75. A reduced thymic output of
naive Treg with age could account for this observation, but would require an almost complete
cessation of output by around 100-150d post BMT, a point at which we could still detect de novo
Treg in abundance. In line with this, a simple homogeneous model of naive Treg homeostasis, which
took the waning levels of de novo Treg in the thymus as input, still predicted replenishment

approaching 90%. Instead, we suggest that the naive Treg pool is homeostatically heterogeneous
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at the time of BMT, comprising a subset of Treg with enhanced survival and self renewal properties
that confer a competitive advantage over newly generated Treg. The mechanisms resulting in the
generation and maintenance of such a subset remain to be determined, but given the rapid
expansion of both Treg and conventional pools that occurs in neonatal mice, it is possible that Treg
that develop during this window exhibit enhanced homeostatic properties to facilitate the rapid

population of the periphery.

Finally, the present study and our previous work provide clues regarding the functional
importance of peripheral Treg activation states and dynamics. First, our conclusion here that EM
Treg are constitutively generated throughout life by self recognition events, parallels our earlier
studies of conventional CD4 memory T cell dynamics. In those studies we showed that CD4+ CM
and EM T cells are continuously generated and retained in healthy unchallenged laboratory mice,
independently of microbiota and foreign antigenic stimulation (55, 56, 69). Continuous generation of
these auto-reactive CD4+ memory T cells does not appear to be associated with development of
overt autoimmune pathology. We speculate that the tonic generation of EM Treg in parallel with
conventional CD4+ memory subsets represents an active and necessary regulatory response and
may even share antigenic drivers. Second, we reveal the pathological consequences of maintaining
a pool of circulating self-reactive EM Treg. Treg that first infilirate the TME appear to derive
predominantly from circulating EM Treg. While there is much interest in the role of tumor neo-
antigens in shaping both conventional and regulatory T cell responses to tumors, the recruitment of
primed self-reactive EM Treg to the TME would appear the most teleological solution for tumors to
generate the most suppressive environment, since self-antigens likely remain the most abundant
source of regulatory T cell stimulation, regardless of tumor evolution and adaptation. An appreciation
of the ontogeny of Treg found in TME may be essential if they are to be successfully targeted by

immunotherapy without compromising self-tolerance.

Caveats and limitations : Our analysis of Treg antigen specificity inevitably focused on microbial
derived antigen. We note however, that germ free mice are not free of foreign antigen, since food
antigens may represent a significant source of foreign antigen. We analyzed Treg ontogeny in the
TME of transplanted tumors. It will be important to validate our finding in endogenously generated

or spontaneous tumor models.
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Materials and methods

Study design

The study aimed to quantify the cell dynamics of regulatory T cell subsets across the life course,
mapping the fate of different precursors for different subpopulations, and use these approaches to
define the ontogeny of Treg that infiltrate the tumor microenvironment following tumor development.
WT mice and busulfan bone marrow chimeras were used to define the dynamics of Treg throughout
the life course. An inducible Foxp3CreERT fate reporter strain was used to track the fate of Foxp3
expressing cells at a fixed point in time, following a signal treatment with tamoxifen inducer.
Mathematical models were used to analyse data from WT mice and chimeras and test different
candidate models of naive and EM Treg homeostasis. This study was not blinded. Both male and
female mice were used in the study. Numbers of samples and independent experiments are

indicated in the figure legends.

Busulfan Chimeras and Foxp3 reporter strains

Busulfan chimeric C57BI6/J mice were generated as described in (70). In summary, B6.SJL-
Ptprca Pepct/Boyd mice (B6.CD45.1) and C57BI6/J (B6.CD45.2) mice were bred and maintained in
conventional colonies in the Comparative Biology Unit, Royal Free Campus of University College
London, or where indicated, at the MRC National Institute for Medical Research, London, UK (NIMR).
At NIMR, mice were housed in open cages and fed tap water. At UCL, mice were housed in
individually ventilated cages, fed irradiated food and drank irradiated water. Germ Free and matched
SPF mice were obtained from the Oxford Centre for Microbiome Studies, Oxford, UK. B6.CD45.1
mice aged between 8 and 25 weeks were treated with 20 mg/kg busulfan (Busilvex, Pierre Fabre) to
deplete HSC, and reconstituted with T-cell depleted bone marrow cells from congenic donor
B6.CD45.2 mice. Chimeras were sacrificed at various times after bone marrow transplantation.
Cervical, brachial, axillary, inguinal and mesenteric lymph nodes, spleen and thymus were dissected
from mice; single cell suspensions prepared, and analyzed by flow cytometry.

Foxp3imo(EGFPre/ERT2)Ayr] ) mice (Jax strain 016961) and B6.Cg-Gt(ROSA)26 Sorim9(CAG-tdTomato)kze/ |
mice (Jax strain 7909, Rosa26R™™™ hereon) were obtained from Jax Laboratories and interbred to
homozygosity at both loci. Mice were fed with tamoxifen by a single feed of 2mg of tamxoxifen

(Sigma) diluted in 100ul corn oil (Fisher Scientific).

All experiments were performed in accordance with UK Home Office regulations, project license
number PP2330953.

Cell lines and tumor engraftment

MC38 (colon carcinoma), EL4 (T cell lymphoma) and A20 (B cell lymphoma) cell lines were

passaged in vitro using standard conditions in DMEM culture media with 10% FCS. MC38 cells were
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passaged using 0.5% Trypsin EDTA 1X solution (Gibco). For engraftment into mice, cells were
recovered at the exponential phase of growth in vitro, washed and resuspended in tissue culture
grade 1X Phosphate Buffer Saline (PBS). Cells were then counted using the CASY counter and
injected (5 x 108/host) via the s.c. route, near the neck fold of host mice. Body weight and tumor
diameter measurements were done at regular intervals. Tumors were permitted to grow up to a
maximal diameter of 15mm over a period of 14-20 days. A20 tumors were transplanted into male

(male Balb/c x female Foxp3EGFF-CreERT2 Rosa26R™o™F1 mice.

Flow cytometry and electronic gating strategies

Flow cytometric analysis was performed with 2-5 x 10% thymocytes, 1-5 x 10¢ lymph node or
spleen cells. Cell concentrations of thymocytes, lymph nodes and spleen cells were determined with
a Scharf Instruments Casy Counter. Cells were incubated with saturating concentrations of
antibodies in 100 pl of Dulbecco’s phosphate-buffered saline (PBS) containing bovine serum albumin
(BSA, 0.1%) for 1hour at 4°C followed by two washes in PBS-BSA. Cells were stained with the
following monoclonal antibodies and cell dyes: CD45.1 FITC, CD45.2 AlexaFluor 700, TCR-beta
APC, CD4 PerCP-eFluor710, CD25 PE, CD44 APC-eFluor780, CD25 eFluor450, CD62L eFluor450
(all eBioscience), TCR-beta PerCP-Cy5.5, CD5 BV510, CD4 BV650, CD44 BV785 (all BioLegend),
CD62L BUV737 (BD Biosciences), LIVE/DEAD nearlR and LIVE/DEAD Blue viability dyes
(Invitrogen). Foxp3 and Ki67 co-staining was performed using the FITC Flow Kit (BD Biosciences)
according to the manufacturer’s instructions, along with anti-Ki67 eFluor660 (eBioscience). Cells
were acquired on a BD LSR-Il or BD 605 LSR-Fortessa flow cytometer and analyzed using Flowjo
software (Treestar). Thymic subset gates were as follows: CD4SP: CD4+CD8TCRp+. DP:
CD4+CD8*. Naive Treg: live TCRB+ CD4+CD8- Foxp3+ CD44'°> CD62L". Effector memory Treg: live
TCRB* CD4+CD8- Foxp3*+ CD44 CD62L".

Peripheral subset gates were as follows: CD4 naive: live TCRB* CD4+ Foxp3-CD44"° CD62L".
CD4 TEM: live TCRB+ CD4+ Foxp3- CD44" CD62L°. CD4 TCM: live TCRB* CD4+ Foxp3- CD44hi
CD62L". Naive Treg: live TCRB* CD4+ Foxp3+ CD44'> CD62L". Effector memory Treg: live TCRB+
CD4+ Foxp3+CD44h CD62Lb.

Mathematical modelling and statistical analysis

The mathematical models and our approach to model fitting are detailed in Text S1 of in Sl. All

code and data used to perform model fitting, and details of the prior distributions for parameters, are

available at https:// htips://zenodo.org/records/15368583 (DOl 10.5281/zenodo.15368582).

Models were ranked using the Leave-One-Out (LOO) cross validation method (77). We quantified
the relative support for models with the expected log point-wise predictive density (ELPD), for which

we report the standard error. Models with ELPD differences below 4 were considered similar.
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Statistics

Statistical analysis, line fitting, regression analysis, and figure preparation were performed using
Graphpad Prism 8. Column data compared by unpaired Mann-Witney student’s t test. * p<0.05, **
p<0.01, *** p<0.001, **** p < 0.0001, unless otherwise stated.
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Figure 1 - Thymic development of regulatory T cells. Busulfan chimeras were generated using
B6.CD45.1 hosts and B6.CD45.2 donors (See Methods) and mice analyzed at various times after
BMT. (A) Scatter plot of donor chimerism in DP1 thymocytes of all chimeras analyzed. (B) Gating
strategy to identify naive (CD62L"CD44") and EM (CD62L"°CD44") Foxp3* Treg in thymus, and
donor (CD45.2) vs host (CD45.1) composition therein. (C) Scatter plots show total number of DP1,
CD4 single positive (CD4SP) and Treg (CD4SP Foxp3*) subsets isolated from thymus of chimeras
(black open) and untreated WT control mice (red diamonds), with mouse age. For linear
regression lines, * p < 0.0001 that slope is non-zero. (D) Scatter plots of total numbers of naive
and EM Treg from chimeras and WT control, by host age. (E) Scatter plots of normalized donor
fraction at different times post-BMT amongst CD4SP, naive Treg and EM Treg subsets.
Comparison, by non-parametric students T test (* p < 0.0001), of donor chimerism amongst
CDA4SP and naive Treg is for chimeras >42d post BMT. Summary bars show mean and s.d. Data

are pooled from five independent batches of chimeras (n=45) and WT controls (n=34).

Figure 2 - Mapping the developmental dynamics of regulatory T cell subsets in busulfan
chimeras. Cells from lymph node and spleen from busulfan chimeras and WT mice described in
figure 1 were analyzed. (A) Gating strategy to identify naive (CD62L"CD44") and EM
(CD62L"°CD44") Foxp3* Treg in peripheral lymphoid organs, their donor (CD45.2) vs host (CD45.1)
composition therein, and gates used to measure Ki67 expression. (B-C) Scatter plots are of total
numbers of naive (B) and EM (C) Treg recovered from lymph node and spleen of chimeras and
control WT mice of different ages. Lines show simple linear regression fits to data. (D) Scatter plot
of ratio of naive to EM Treg in lymph node and spleen of WT (filled symbols) and busulfan
chimeras (empty symbols) at different host ages. (E) Scatter plots of normalized donor fraction in
lymph node and spleen of busulfan chimeras at different times post BMT for naive and EM Treg.
(F) Scatter plot showing ratios of donor chimerism in naive (blue) and EM Treg (red) between
lymph node : spleen. Panels G-H; The estimated fractions of de novo developed Treg amongst
(G) total naive thymic foxp3* cells and (H) total (naive and memory) Foxp3* thymic Treg. () De
novo generated naive Treg as a fraction of total CD4SP thymocytes. For linear regression lines (B,

C, ), * p < 0.001 that slope is non-zero.

Figure 3 - Naive Treg are heterogeneous in their homeostatic dynamics. (A) Schematics of
the homogeneous and incumbent models of naive Treg homeostasis. (B,C) Best fits of the
homogeneous and incumbent models, respectively, to the numbers and normalized donor
fraction of naive Treg cells over time. (D,E) The two models’ fitted trajectories of Ki67 expression

within donor and host cells. Mice were grouped by age at BMT, in weeks; 6-8 (n=10), 8-10 (n=11),
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10-12 (n=9) and 12-25 (n=9). (F) Mean residence and interdivision times of naive Treg in the
incumbent model, with 95% confidence intervals. (G) The estimated proportion of daily
production of naive Treg that derived from self-renewal rather than de novo production. (H) The
estimated proportion of Treg that were incumbent (host-derived, established before BMT).

Shaded regions indicate 95% confidence envelopes.

Figure 4 - Memory Treg are constitutively replenished from naive Treg and transition from
fast to slow turnover following their de novo generation. (A) Schematic of the two-
compartment model of memory Treg homeostasis. (B-D) The fitted time courses of the total
numbers of memory Treg (B), donor fraction (C), and levels of Ki67 (D) in busulfan chimeric mice,
grouped by age at BMT (6-8wks, n=10; 8-10wks, n=11; 10-12wks, n=9; and 12-25wks, n=9). (E)
Estimated mean interdivision times and residence times (mean time before death or onward
differentiation) of fast and slow memory Treg. (F) Daily proportional influx of fast and slow

subsets by newly generated memory.

Figure 5 - Foxp3-FR fate mapping implicates naive Treg as the source of de novo EM Treg.
Foxp3-FR mice (n=22) were treated with a single feed of 2mg of tamoxifen and cohorts of mice
taken at different times after treatment. (A) Histograms (top row) show mTom reporter expression
at the indicated days after treatment by CD4*TCR" Foxp3* cells from lymph nodes. Scatter plots
show CD25 vs Foxp3EGFP expression by mTom+ve and mTom-ve CD4* T cells from lymph
nodes. Histograms (bottom row) are of Foxp3-EGFP expression by mTom* CD4*TCR" T cells or
total CD4*TCR" cells from lymph nodes at different times after treatment. (B-C) Scatter plots are
of fraction of naive (B) or EM (C) Foxp3* Treg that are mTom -ve, calculated from total numbers of
Treg recovered from LN and spleen. Splines (long dashes) are best fit lines of normalized donor
fractions observed in busulfan chimeras in either naive or EM Treg as shown in figure 2E. A linear
regression line with 95% confidence intervals is applied to mTom-ve fraction of memory Treg.

Slope deviation from 0, p = 0.013. Data are pooled from four independent experiments.

Figure 6 - Tonic memory Treg generation is insensitive to environmental antigens. (A) Treg
numbers were measured in spleen from young (70d) or old (145-180d) WT mice maintained in either
conventional (n=7 young, n=6 old) SPF or germ free (n=9 young, n=7 old) barrier facilities. Bar
charts (left, middle) are of numbers of naive and EM Treg recovered from different aged hosts from

different holding facilities, and of Ki67 expression. (B-D) Data from busulfan chimeras detailed in
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fig. 1 (grey symbols, clean), generated and analyzed at the UCL Comparative Biology Unit, were
compared with chimeras generated in an identical manner three years previously, at the MRC
National Institute for Medical Research (red symbols, dirty). In this meta-analysis, Treg were
identified by CD4*CD25" gate throughout, since earlier study did not include Foxp3 intracellular
stain. (B) Ratio of memory:naive CD4" T.on cells calculated from total numbers of subpopulations
recovered from lymph nodes and spleen from different experiments, for central (CM) and effector
memory (EM) conventional T cells. Lines are linear regressions to data. (C) Comparison of
normalized donor fractions (C) and absolute cell numbers of donors cells (D) for naive and EM Treg

in busulfan chimeras generated in dirty and clean environments.

Figure 7 - Intratumoral Treg derive almost exclusively from pre-existing circulating EM Treg.
(A-B) Foxp3-FR mice (n=10) were treated with a single feed of tamoxifen and 14 days later,
engrafted with MC38 tumor cells. Mice were culled when tumor size reached maximal permitted
size (15mm), between 15-20d post engraftment. (A) Density plots show TCR, CD4 and Foxp3 gates
used to identify Treg in lymph node (LN) and tumor of host mice, and their naive vs EM composition.
(B) Histograms and bar charts show representative and summarized expression of PD1, Ki67 and
mTom by naive and EM Treg in LN and spleen, compared with tumor infiltrating Treg. (C) Busulfan
chimeras were generated as described in figure 1. Hosts were engrafted with MC38 cells ~8 weeks
post BMT. Mice were culled when tumor size reached maximal permitted size, and phenotype of
Treg in lymph nodes and tumor determined. Density plot show CD25 vs Foxp3-EGFP, and CD62L
vs CD44 used to gate naive and EM phenotype Treg. Plots of CD45.1 and CD45.2 indicate host
and donor composition of the indicated Treg subsets, and summary bar charts of normalized donor
fraction across all mice (n=9 pooled from three independent experiments). (D) Foxp3FR mice were
treated with a single feed of tamoxifen and 14 days later, engrafted with either A20 (n=11) or EL4
(n=6) tumor cells. (Foxp3-FR x Balb/c)F1 mice were used as hosts for A20 tumors. Mice were culled
when tumor size reached maximal permitted size and phenotype of Treg assessed as in (B). Data

are pool of 5 (B), 3 (C-D) independent experiments.

Supplementary material endnote citations. (55) (58) (77) (72)

Supplementary material
S1 Describing precursor influx into naive and EM Tregs
Figure S1: Dynamics of naive Treg precursors

Figure S2: Dynamics of potential precursor populations of EM Tregs
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S2 Modeling production, self-renewal and loss of naive and EM Tregs
S2A Models of naive Treg homeostasis

Table 1: Estimate of statistical support and model parameters for homogeneous and incumbent

models
S2B Modeling EM Treg dynamics

Table 2: Comparison of statistical support and parameter estimates (mean with 95% credible

intervals) across candidate precursors of EM Tregs
S2C Explaining the growth of EM Treg numbers over the first year of life
S3 Model validation and comparison

Figure S3 - Nrp1 (CD304) expression by circulating and intratumoral Treg
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S1 Mathematical modeling

S1A Models of naive Treg homeostasis

We modeled the dynamics of naive Tregs in busulfan chimeric mice — the changes in their pool size,
their donor:host composition and the extent of their Ki67 expression — using a mechanistic modeling
approach. First, we considered a simple homogeneous model, which assumes that the birth, death,
and maturation dynamics of naive Tregs are governed by processes that remain unchanged over the
mouse’s lifetime. This model can only explain the incomplete replacement (i.e., normalised chimerism
stabilizing to values < 1) in naive Tregs that we observe when the influx of precursor-derived cells
declines with time and drops below their net loss rate. That is, the supply of donor-derived cells
from their precursors dries up before their donor fraction can equilibrate with the chimerism in their
ancestors in the thymus — the early stage CD4 CD8 double positive (DP) thymocytes.

Alternatively, the partial replacement of host cells by donor-derived cells in naive Tregs can also be
explained by models assuming heterogeneity in their maintenance. To address this, we included
the incumbent model in our analyses, which compartmentalizes naive Treg population into two
subsets with distinct kinetics birth and loss. Specifically, it defines an ‘incumbent’ subset composed
of self-renewing, long-lived subpopulation of relatively older cells that are established early on in life —
before the bone marrow transplant — which are resistant to replacement by newly derived donor cells.
The incumbent model also considers a ‘displaceable’ subset within naive Tregs consisting cells with
comparatively rapid kinetics of division and loss. For the purposes of modeling naive Treg dynamics
in adult (7 weeks and older) busulfan chimeric mice, we consider that thymic precursors of naive
Tregs exclusively feed into the displaceable subset.

General formulations of the neutral and incumbent models

We defined both of these models as the systems of ordinary differential equations (ODE), to sepa-
rately track the dynamics of incumbent and displaceable compartments in Ki67 " and Ki67~ subsets
of donor- and host-derived naive Treg cells.

Neutral model:

Host compartment in busulfan chimeras

Ki67 *subset

ax; e !
—- = ad®) (L= x(®) en+px (2 Xy + X7) = (6+0x) Xy
Ki67 subset

dX;

— = a () (1= x(t) (1 —en) + BXG — (px +60) X

Donor compartment in busulfan chimeras
Ki67*subset

X o )
= = ad(t)x(t)ea +px (2 Xg + Xg) — (B4 dx) X4

Ki67 ~subset
dXy

=& = a(t) X(1) (1= ea) + BXT = (px+60) X




We used empirical descriptions of the total size of the immediate precursors of naive Tregs and the
extent of donor chimerism and fraction of Ki67+ cells within the precursors to define ¢(¢), x(t) and e(t).
These descriptor functions are explained in detail in the section S1C. Both the neutral (equation 1)
and the incumbent (equation 2) model estimate the rate of daily influx («) into naive Tregs, their
division and loss rates (p and §) using the data from the busulfan chimeras. Lastly, we used our
previous estimate of the rate of loss of Ki67 expression (8) on T cells (Gossel et al eLlIfe) and fixed it
to 1/3.5 days—!. We depict the general formulation of the incumbent model similarly below.

Incumbent model:

Host compartment in busulfan chimeras
Displaceable Ki67 " subset

dX, — + +
T = ag(t) (L= X)) elt) + (2% + X))~ (B4 X,

Displaceable Ki67 subset
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dt
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Donor compartment in busulfan chimeras
Displaceable Ki67*subset
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Incumbent Ki67 "subset
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=y Yy Y - (B0 Y
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S1B Modeling EM Treg dynamics

We used a two-compartmental model that encodes heterogeneity in EM Treg turnover to explain their
behaviour in busulfan chimeric mice. We argued that activation and cell-division events accompany
differentiation to the EM Treg lineage, and therefore designed a model that divides cells into two kinet-
ically distinct subsets based on the time since their compartmental entry. In this two-compartment
model, we considered that new precursor-derived cells enter EM Treg compartment via a ‘fast’ subset
with relatively rapid dynamics of division and death. Cells in the fast before transitioning into a more
quiescent ‘slow’ state.



ODE system depicting the two-compartment model:

Host compartment in busulfan chimeras
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Here, we considered that all precursor-derived cells enter the Ki67 " subset, since cell-division is a
requisite for the commitment to the EM Treg lineage. We estimated the rates of influx (a), maturation
of fast to slow subest (), division (p) and loss (§), using the data-derived from busulfan chimeras.
Additionally, we fixed the rate of loss of Ki67 expression 3 = 1/3.5 days~!, similar to as described for
the neutral and incumbent models (eq. 1 and 2).

S1C Modeling the de novo production, division and loss of naive and EM Treg

Our modeling strategy allows us to map the chimerism and Ki67 expression kinetics of the poten-
tial source population onto the dynamics of the population of interest. Specifically, the chimerism
in the source constrains the parameters defining influx and ‘net loss’ (death - division), while the
Ki67 " fraction of the precursor population constrains influx and division rates of the population of in-
terest. By comparing the quality of the model fits we then established the relative support for different
candidate precursors of Tregs.



Precursors of naive and EM Tregs

We considered that de novo generated FoxP3™ thymic SP4 T cells are direct precursors of naive
Tregs. For EM Tregs, we compared naive Tregs and conventional naive, central memory, and effector
memory CD4 T cells as potential precursors. We describe the changes in their total pool size an
donor:host chimerism using phenomenological functions described below. We use the age of the
youngest animal in busulfan chimera set as the starting point for modeling i.e., to = 40 days.

Describing influx into the Treg compertments

We used a general descriptor function, described in equation 4, to capture the changes in the pool
sizes of precursor populations of naive and EM Tregs.

(t—tg)

o(t) =goe 7 . (4)

Our model definitions assume that rate of influx into both naive and EM Tregs ‘o’ remains unvarying
with time and is proportional to the size of the precursor population under consideration. The rate of
precursor influx is then a x ¢(t), where the constant « is estimated while fitting models to the busulfan
chimera data. We estimated the parameters ¢y and v by fitting equation 4 to the log-transformed
counts of the precursor population. We show the descriptions of pool size changes and parameter
estimates for the precursors of naive Tregs i.e., de novo generated FoxP3* thymic SP4 T cells in
Fig. S1A. We show the descriptions of pool sizes for the candidate precursors of EM Tregs viz. the
conventional naive, central memory, and effector memory CD4 T cells in Fig. S2A.

Empirical descriptions of normalised chimerism in the precursor populations

We describe the changes in the fraction of donor cells in precursors of naive and EM Tregs using

X(t) = xo <1 - 6_(t_20)n> (5)

The parameters x( and ¢ were estimated by fitting equation 4 to the observed time-course of donor
chimerism in the precursor population in busulfan chimeras. Fits and parameter estimates for the
precursor populations are shown in Fig. S1B and S2B.

Ki67 expression dynamics in the precursors of naive and EM Tregs

The fractions of Ki67 expressing cells in both the host- and donor-derived FoxP3* thymic SP4 T cells
(mean values 15% and 9%, respectively) remain stable across mouse lifetime Fig. S1C. We assumed
that these dynamics are represented in the influx into naive Tregs and fixed the rate constants ¢, and
eq that defined Ki67* fraction in precursor influx to 0.15 and 0.09, in equations 1 and 2.

We assumed that all newly generated EM Tregs were Ki67", since differentiation into memory likely
involves cell division.
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Figure S1: Dynamics of naive Treg precursors. We show the changes in pool size (A), donor chimerism (B) and
Ki67 ™" fraction (C) of de novo generated FoxP3™ thymic SP4 T cells. Curves shown in (A) and (B) were generated using
equation 4 and equation 5, respectively. The intercepts shown in (C) were fixed to the mean Ki67 " percentages observed

among host and donor FoxP3™ thymic SP4 T cells — 15% and 9%, respectively.
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Figure S2: Dynamics of potential precursor populations of EM Tregs. We depict the time-courses of total counts (A)
and donor chimerism (B) of candidate precursors of EM Treg cells. Lines shown A represent phenomenological descriptions
of the observations of total counts (solid dots) generated using equation 4. Similarly, we generated curves for chimerism
data in B using equation 5.



S1D Explaining the growth of EM Treg numbers over the first year of life

Our analysis suggests that EM Treg population contains a transient stage — the fast subset — which
quickly transitions to a more persistent ‘slow’ stage with a mean time ~ 5 days. The slow population
divide and die on average every 40 days, but these processes are finely balanced - therefore, slow
EM Treg accumulate over time as they are fed from the fast population. The growth in total EM
Treg numbers during the first year of life can then be understood quite simply. If we sum Ki67" and
Ki67~ cells, and also sum host and donor cells, the following equations describe the timecourses of
total numbers of fast (X) and slow (Y) EM Treg:

dX

—r = ad(t) — (x + X (), (6)
ay
— = nX(l) = WY (), 7

where \x = 6, — p, and \y = 6, — p, are the net rates of loss (that is, loss minus self-renewal) for
fast and slow cells respectively. Adding these,

dM
—r = adoe” TP A X () = Ay Y (B), ®)

where M (t) is total EM Treg numbers, and we show explicitly the waning influx described empirically
by the declining exponential (equation 4). Equation 8 shows that during the first year of life, when X
is small, the influx of new EM cells outstrips the total rate of loss fast cells. From equation 7 we see
slow cells continuously accumulate during this period, since their net loss rate Ay is close to zero.
This accumulation explains the decline in Ki67 levels in bulk among EM Treg (Fig 4D), even while
the fast cell population is increasing. Only after the influx of new EM declines sufficiently for fast cells
to decline, would EM cell numbers start to fall; the model predicts this would happen in very old age,
beyond the time frame of these experiments.



S2 Model validation and comparison

Each model in our modeling framework is fitted simultaneously to four sets of observations — cell
counts (y, 1), normalized donor fraction (y,2) and the fraction of Ki67* cells within donor (y, 3) and
host (y,,4) cells, where a denotes the animal (a =1,...,n).

We estimate the model parameters using a Bayesian statistical inference approach. The joint density
of the observations in each animal is defined as, y, = (Y41, Ya,2, Ya,3: Ya,4). We assume that y, have
independent multivariate normal distributions with mean ., = (p4,1, f4a.,2, 10,3, 1ta,4) @nd covariance
matrix D = diag(c?,0%,0%,02). Here, u.; = fi(time,,0), is the model prediction for i observation
in a" animal. The ‘prior’ distributions of model parameters are defined based on existing knowledge
regarding their values. Observations from the posterior distribution of (6, D) are generated using the
no-U-turn-sampler sampler in the Stan language, where parameters are sampled from the joint prior
density following the Hamiltonian Monte Carlo algorithm.

Model selection criteria: We estimate the expected log point-wise predictive density (elpd’) for
each model (1), which is the measure of its performance and out-of-sample prediction accuracy '2,
using the leave-one-out (LOO) cross validation method. The LOO process estimates the probability
density P(y;|y—_;, M;) of the prediction of i observation using the model 1; fitted on the data with
observation i excluded. The elpd estimate is then the sum of the predictive densities of the LOO
estimates of all n observations in the data,

—

- n . n - n . . 2
elpdi, = > elpdi, = > log(P(yily—i, M;),  se(elpdf,)) = J > (elpdiy, | —elpdi /n)".  (9)
i=1 i=1

=1

We use the estimates of elpd and its standard error (eq. 9) to calculate the relative support for
each model as the model weight (W) and to rank them using the Pseudo-Bayesian model averaging
method, implemented in the /oo package in R.

—_—

W, - exp(elpdﬁ)\—%se(elpdﬁ . 10)

52/ exp(elpdiy, — Lse(elpdi,)

As the elpd estimates are derived from LOO cross validation, W is interpreted as the confidence in a
model’s ability to predict new data, relative to all the other models under consideration.

References

1. Vehtari, A., Gelman, A. and Gabry, J. (2016). Practical Bayesian model evaluation using leave-
one-out cross-validation and WAIC. Statistics and Computing 27, 1413-1432.

2. Yao, Y., Vehtari, A., Simpson, D. and Gelman, A. (2018). Using Stacking to Average Bayesian
Predictive Distributions (with Discussion). Bayesian Analysis 13.



CD4*TCRM  CD4*TCRMFoxp3*

naive Tconv 100+
naive Treg — (©)
EM Treg —
iE1 B
c|>,> OO 63
| % 60 N
o O
] O 40- ©
X
20
L "M : 0 \ I \
CD44 —» CD304 Nai EM Nai EM Tum
LN SPN

Figure S3 - Nrp1 (CD304) expression by circulating and intratumoral Treg. Treg from lymph nodes and
tumours of busulfan chimeras described in figure 7C, engrafted with MC38 cells, were analysed for
expression of CD304. Density plots show gating strategy to identify Foxp3+ Treg, and naive vs EM Treg
subsets therein. Histograms show CD304 expression by naive and EM Treg from LN (as compared with
naive CD4+ conventional T cells (TOP histogram), and EM Treg in tumour vs naive CD4+ conventional T cells

from LN. Summary bar charts show % CD304+ in the indicated Treg subsets in LN, spleen and tumour (n=9

pooled from three experiments).



