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Modelling thymic output

We used phenomenological functions to explain changes in the rate of release of new naive cells from the
thymus with host age. For the analysis of our busulfan chimeric mice, we assumed that these rates are pro-
portional to the numbers of double-positive (CD4"CD8™, or DP1) thymocytes, while den Braber et al. [1]
used the numbers of single positive (SP4 and SP8) compartments from WT mice. We chose the former to
exclude effects of contamination of the SP4 and SP8 populations with recirculating mature cells from the
periphery.

In both sets of data, all thymic populations appear to decline exponentially from approximately 7 weeks of
age:
0(t) = 6(0)e . (S1)

The rate of thymic involution v was estimated by fitting a linear model to the log-transformed cell counts
of DP1 thymocytes. Thymectomy was represented by setting 0(¢) to zero at the time of surgery (t = 7
weeks)

Orx(t) =
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0 t > 1op.
To describe changes in thymic output from birth onwards we used the piece-wise function described in den

Braber et al. [1]. They modelled an exponential increase in the numbers of SP4 and SP8 thymocytes until 7
weeks of age (¢1), a rapid fall between 7 and 8 weeks of age (¢2) and a slower decline thereafter:

By (1 — e=*1t) t<t
Op(t) = < O(t;) e~2lt—t) t <t <t ($3)
O(to) e~ *3(t—t2) t > to.

When modelling data from the busulfan chimeras, we assumed that the total output from the thymus at any
time is identical to that in age-matched untreated healthy mice, but is split between donor and host cells
according to the chimerism y at the DP1 stage of thymic development:

Odonor (t) = X@(t)

ehost(t) - (1 - X)e(t) (84)

Adaptation model

We solved Eq. 3 in the text using the method of characteristics, with two boundary conditions. One is the
constraint that the population density of cells of post-thymic age a = 0, N (¢, 0), at any time ¢ is simply the
rate of thymic export at that moment, 6(t). The second boundary condition is the population density with
respect to cell age at time zero, N(0,a) = g(a). Given both, one can then track the fate of the population
present at time zero, Nini(t, a) and the fates of cells subsequently exported from thymus, Ny(t, a);

t
Ninit(t,a) = g(a — t) exp ( — / AMT+a—1) dT), fora >t
; (S5)

No(t,a) = 0(¢ — a) exp ( - /OaA(T) dr), fora < t.



To connect the adaptation model with observations of naive T cell numbers, we integrated Ninit(t,a) +
Ny(t,a) over cell age to obtain the total population size N (t).

We explored exponential (A(a) = Ao e~%/") and sigmoid (\(a) = \o/(1+ (a/r)?) forms for the net loss rate
A decreasing with cell age. The population density of T cells with respect to cell age at time zero was unknown
and we modelled it as g(a) = eP* fy. The free parameter p could be positive or negative, such that older cells
can initially be over- or under-represented compared to younger cells. This definition of g(a) also ensures,
for consistency, that g(0) is the rate of output from the thymus at that time, 6. This quantity is unknown but
can be expressed in terms of g(a) and the initial pool size No;

Nop
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to to
Total cell numbers = / g(a)da = / e’ Opda = Ny = 0y =
0 0

where the range of possible cell ages at host age ¢( is 0 < a < .

When modelling data from the busulfan chimeras, we considered three subpopulations of naive CD4 or CD8
T cells - a host-derived population generated pre-BMT N/, (¢, a), the host population post-BMT N/(t, a),

and the donor population post-BMT Nél(t, a). Total cell counts are then

t
Ntotal(t) = /0 (Ni}rllit(tv a) + NGh(tv a) + NOd(ta a)) da. (87)

When modelling the busulfan chimera data, we measured host age from the time of earliest BMT (45 days). In
the analysis of the data in den Braber et al. [1], time zero was defined either as birth or the time of thymectomy
(7 weeks), as appropriate.

Busulfan treatment results in levels of chimerism that vary slightly across mice. To compare replacement
across mice, we normalised the fraction of cells in the periphery that were donor-derived to the thymic
chimerism 7, defined to be the proportion of thymocytes at the early double-positive (DP1) stage of de-
velopment that were donor-derived:

NjO
X Ntotal(t)

This framework allowed us to combine data from bone marrow transfers made in recipients with different
ages. We assumed N and p were free parameters common to all mice that characterised the pool size and
age distribution of naive cells at age ¢y = 45 days, the earliest age at BMT in our experiments. For animals
that underwent BMT later in life, we used Ny and p to calculate the predicted naive T cell pool size and age
distribution at the time of BMT ¢, by tracking and combining the sizes of (i) the cohort of cells present at ¢
until ¢, which was initially of size Ny and with age distribution g(a); and (ii) the populations exported from
the thymus between ¢y and ¢,

Normalised donor fraction f; = (S8)
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Thymic output as a function of age was modelled as described above, using the forms presented in den Braber

et al. [1] or as exponential decay when fitting models to busulfan chimera data.

The parameters N (0), p, Ao, and  were estimated by simultaneously fitting the model to the log-transformed
cell counts and logit-transformed normalised donor fractions.



Selection model

We solved Eq. 4 in the text to obtain the distribution of loss rates A in the naive T cell pool. This distribution
is integrated over \ to give total cell numbers in a host of age :

VO _ (1) o) — AN A D),
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Amax
N(t) = i N(\t) dA.

Here fp(\) is the distribution of fitnesses of cells emerging from the thymus, assumed to be lognormal with a
cutoftf A\yax chosen to be the 99th percentile of the distribution for any given mean and variance; and finit(\)
is the distribution of fitnesses of cells in the periphery at ;. Again, thymic output as a function of age was
modelled using the forms presented in den Braber ef al. [1] or as exponential decay when fitting to busulfan
chimera data. Donor cell numbers could be calculated based on host age and age at BMT:
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The selection model has six unknowns (Ng, 0o, ttg, 0g, tinit and ginit), which, as before, were estimated by
simultaneously fitting the model to the log-transformed cell counts and logit-transformed normalised donor
fractions.

Incumbent model

In this model, proposed in [2], the peripheral naive CD4 and CD8 T cell populations are assumed to be
heterogeneous, each consisting of a ‘displaceable’ subset continuously supplemented from the thymus and
an ‘incumbent’ subpopulation established early in life that is nearly self-renewing (i.e., with low net loss rate
>\7,)
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As described in ref. [2], we solved these ODEs to obtain total cell counts N (¢), with initial condition N (0) —
I(0) = Ngonor(0) + Npost (0), where Ngonor(0), Nhost(0) and 1(0) are the numbers of donor, host and incum-
bent cells present at ¢(, respectively. In the incumbent model ¢y corresponds to the time at which host-donor
chimerism has stabilised at all stages of thymic development, estimated to be 6 weeks post bone marrow
transfer, and not the time of earliest bone marrow transfer as in the models above. We accounted for differ-
ent ages at BMT by tracking changes in the donor population Nyonor(0) with host age. The initial cell counts



and normalised donor fractions in mice that underwent BMT later in life (age ¢;) are then
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and the total cell counts and normalised donor fraction as functions of host age are
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For fits to data from den Braber et al. [1], 6 and 61y (Equations S1 and S2) were used for WT and Tx mice
respectively and Nyonor Was set to zero. In ref. [2] the incumbent loss rate was found to be statistically indis-
tinguishable from zero and so we set \; = 0.

The incumbent model has four free parameters (/N (0), 6y, 1(0) and A) when fitted to the log-transformed cell
counts of naive T cells when using data from den Braber et al. [1]. Fitting the data from busulfan chimeras
required an additional free parameter f;(0), the normalised donor fraction at ¢.

Statistical Analyses

Models were fitted to data in R using optim with the Nelder-Mead algorithm, using the log likelihood as the
objective function. When fitting models simultaneously to multiple datasets, we accommodated different
degrees of (unknown) noise or measurement error by calculating the maximum likelihood estimate of the
error variance within each dataset and then maximising the joint profile likelihood with respect to the model
parameters, as described in [2]. Bootstrapped 95% confidence intervals on parameter estimates were ob-
tained by re-sampling residuals 1000 times. Model selection was performed using the Akaike Information
Criterion [3].
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