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T Cell Renewal Rates, Telomerase, and Telomere Length
Shortening*

Rob J. De Boef and André J. Noest

Measurements on the average telomere lengths of normal human naive and memory T cells suggested that 1) naive and memory
human T cells have similar division rates, and 2) that the difference between naive and memory cells reflects the degree of clonal
expansion during normal immune reactions. Here we develop mathematic models describing how the population average of
telomere length depends on the cell division rates of naive and memory T cells during clonal expansion and normal renewal. The
results show that 1) telomeres shorten with twice the cell division rate, 2) that the conventional approach of estimating telomere
length shortening per mean population doubling gives rise to estimates that are 39% larger than the “true” loss per cell division,
3) that naive and memory T cells are expected to shorten their telomeres at rates set by the division rate of the naive T cells only,
i.e., irrespective of the division rate of memory T cells, 4) that the measured difference in the average telomere length between naive
and memory T cells may largely reflect the difference in renewal rates between these subpopulations rather than the clonal
expansion, and 5) that full telomerase compensation during clonal expansion is consistent with all data on the shortening of
telomere length in, and between, naive and memory T cells. Thus we reconcile the apparent contradictions between the demon-
strated difference in division rates between human naive and memory T cells and their similar rates of telomere shortening, and
the demonstrated telomere shortening in the presence of telomerase activityThe Journal of Immunology,1998, 160: 5832-5837.

he maintenance of the T cell repertoire is an importantcells/day. Note that these numbers are probably upper estimates
unresolved issue in immunology. Experiments using micebecause these patients are recovering from radiotherapy and have
suggest that at least part of the memory T cells are relanot yet attained normal steady state peripheral T cell counts.
tively short lived and are maintained by active proliferation, i.e., Cancer patients treated with chemotherapy typically fail to re-
by renewal (1, 2). The nature of the ligands stimulating memoryconstitute a normal T cell repertoire, and the reconstitution rates
cells to divide is unknown, and may vary from persisting patho-correlate with the enlargement of the thymus and the appearance of
gens (3), environmental (e.g., food) Ags (2), to self-Ags (4). Mem-CD45RA" CD4" naive T cells (11). For example, the three oldest
ory T cells can indeed be very cross-reactive (5, 6). Naive T cellspatients in this study (11) are 24 yr old, and have daily recovery
on the other hand, seem to live much longer (2, 7), and are mainsates of 0.54, 0.26, and 0.63 CD4T cellsjul blood. For adults
tained by production of novel naive cells in the thymus and by cellhaving approximately 5 liters of blood, and having about 2% of the
division (2); the former are the dominant source during earlyCD4" T cells in the circulation (12), these figures indicate an
life (2). average total body production of aboufX0D4" T cells per day
Cell division of memory cells is also the dominant maintenanceduring this recovery phase. This is similar to the naive T cell pro-
mechanism for the T cell repertoire in human adults (8). Divisionduction estimated above by chromosome damage (9). Similarly,
rates of human naive CD45RAand memory CD45RO T cells multiple sclerosis patients treated with anti-CD4 mAb have mark-
have been estimated by the rates at which patients treated witkdly depleted peripheral CD4T cell counts (13). Upon with-
radiotherapy lose lymphocytes with chromosome damage (9, 10drawal of the treatment the CD4T cell counts again recover very
It was thus estimated that memory CD45RO cells divide once  slowly, with similar recovery rates of CD45ROmemory and
every 22 wk (10). The CD45RAnaive T cells were estimated to CD45RA" naive T cells (13).
divide every 3.5 yr (10). Having an order of magnitude of10
naive T cells in either the CD4or the CD8 compartment, di- ]
viding once every 1000 days amounts to a production of order oMaterials and Methods
magnitude of 18 naive T cells/day in each subclass of T cells. recent studies provide a novel and independent perspective on T cell re-
Similarly, an average division rate of memory T cells of once newal by documenting the rates of telomere length shortening of

every 100 days amounts to a production of abolth@mory T~ CD45RA" naive and CD45RO memory CD4 T cells (14), and of
CD28" and CD28 CD8" T cells (15). Telomeres are unique structures at
the ends of chromosomes that are involved in cellular proliferative capacity
(16, 17). Each cycle of cell division results in a loss of 50 to 100 terminal
nucleotides from the telomere end of each chromosome (14, 17-21). Thus,
Received for publication September 8, 1997. Accepted for publication FEbfuaneasuring the rates of telomere shortening may reveal insights into the
18, 1998. dynamics of T cell renewal (14, 15). Both studies reveal a 1400-base pair
The costs of publication of this article were defrayed in part by the payment of pagedifference in the average telomere lengths of CD45R@aive and
charges. This article must therefore be hereby madartisemenin accordance ~ CD45RA" memory CD4 T cells and of CD28 and CD28 CD8" T

with 18 U.S.C. Section 1734 solely to indicate this fact. cells. Furthermore, this difference is independent of the average telomere
L AJN. was financially supported by the Life Sciences Foundation (SLW) of thelength and the age of the donor (14). Given a loss of 50 to 100 base pairs
Netherlands Organization for Scientific Research (NWO). R.J.D.B. is supported by ger cell division, this difference was interpreted to reflect a clonal expan-
Scientific Collaboration Grant from NATO (GRC960019). sion of 14 to 28 population doublings (14, 15). The average telomere
2 Address correspondence and reprint requests to Rob J. De Boer, Theoretical Biolog%)?ngths of both naive and memory CDA cells decrease at a rate of 33
U.U., Padualaan 8, 3584 CH Utrecht, The Netherlands. E-mail addressPp/yr (14). For the naive T cells, such a division rate is in agreement with
rdb@alive.bio.uu.nl the data cited above (10). The apparently equal average division rate of
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dn )
oc\ 5 E=2ani,1—(a+8)ni,f0r|=O,1,...g>o, (1)
N N in which, formally,n_, = 0. The cellular division ratea and/or

death ratesd are expected to be regulated homeostatically. For
deriving our results, it is not required to specify these functions,

o o
NN ﬂq however.
T n' ! o n 1 'r; The dynamics of the total number of T cell$, is found simply
Mo (M [P [T | M |5 | | N= lZni by summing they; equations
_?_‘ ‘ ‘ ?‘ * dN dn;
e .EE = N(a — 9), (2)

FIGURE 1. A scheme of the one-compartment model. Each myaep-

resents the number of T cells that have gone through predisely divi- . . . -
sions. N is the total number of T cells. The arrows and & represent which recovers a standard model disregarding the division-class

division and death rates, respectively. Both may be arbitrary homeostatistructure. Our very simple model so far is similar to another model
functions of the total T cell density, i.ex is some decreasing, assome  that was previously derived (28). Our major simplification is to
increasing function of the total number of T ceNs= 3;n. Two linear ~ ignore the so-called Hayflick limit (29, 30), which is the minimal
examples are depicted in the figure. telomere length at which cells can still divide successfully. Our

approach can be extended to include Hayflick limit effects, but at

a cost in simplicity and ease of interpretation.

One advantage of this simplification is that one can derive a very

memory CD4 T cells, however, is almost an order of magnitude lower simple differential equation describing the growth of the “average
than the one estimated above (10). telomere loss index,jx. This index,u, should be proportional to

More recently, it became clear that activated T cells can express telo o B .
erase activity (22-27), and avoid telomere shortening during the first 10rt%he average loss of telomere length (iles Lo — by, whereL is

12 divisions in culture (23, 27). Thus, the CD# cell telomere shortening  the measured average telomere lengtfis its starting value, and

of 33-bp year® (14) and the 1400-bp difference between the T cell sub-b is the number of base pairs lost per cell division. The average
populations (14, 15) paradoxically coexist with apparent telomerase activeivision index, u, is simply the mean value of the telomere loss
ity. This implies that there should be cell division that is not fully com- index. i.e

pensated by telomerase activity. Developing a mathematical model in T

which naive and memory T cells are maintained both by renewal and clonal .

expansion, we are able to resolve this paradox by showing that one can 1 .

obtain full consistency with the data even if telomerase activity fully com- m= N E n; . ()
pensates during clonal expansion. If memory T cells do divide more fre- i=0

guently than naive T cells during renewal (10), we obtain similar telomere

shortening rates of both subpopulations as a steady state solution of olifferentiating Equation 3 with respect to time, and using Equation

model. This accounts for the fixed difference of average telomere length and Equation 2, one obtains the satisfyingly simple result (see
between T cell populations, irrespective of division rate of the memory TAppendiX A)

cells, and irrespective of telomerase activity during clonal expansion.
du
Results i

To model the dynamics of telomere shortening in peripheral pop- ) )
ulations of human T cells, we start by defining a “telomere lossWhich says that the average telomere loss index increases at a rate

index”, i, which measures the telomere loss in units of the expecte&hat is twice the average cellular division rate. This is because two
loss per cell division (in the absence of telomerase). Thusjsf dgugh_ter cells with shortened telomeres replace one parent cell.
the expected number of base pairs lost per cell division, a cell of-Kewise, the average telomere length decreases at alafed
index i has shortened its telomere length biybase pairs. We —2ba. According to this model, the telomere-shortening rate is

formulate our model by calculating the numbey®f T cells with independent of the average telomere length. In tumor cells, addi-
a telomere loss indeix The numbers, change as cells die, divide tional factors have recently been described, such as the telomeric
1 1 1

express telomerase, or switch phenotype (see Fig. 1). Below, wkepeat-binding fa(_:tor TRF1 (31), which are involved in repairing
define an “average telomerase loss indgx,Which is proportion- telomere shortening depender!t on the telomere Iength. We have
ally related to the population-mean telomere loss. To illustrate bal'ot |ncorpo_rat_ed such factors in _ou_r_model be_cause It seems un-
sic principles, we first develop a simple “one-compartment” model“ke_ly that similar factors play a significant role in human T cells,

in which the naive and memory T cell subsets are combined intgVhich are well known to suffer from telomere shortening, and,
one compartment. Subsequently, a more elaborate model is devé{ltimately, senescence, by cell division (14, 15, 22-27).

oped in which naive and memory cells are undergoing cell divisionT

. ) . . elomere loss per cell division
and death at independent rates, and in which naive cells may be P

2a, (4)

primed to become memory cells. Experimental measurements of the average rate of telomere loss
are based upon a longitudinal in vitro expansion of cell lines (17—
One-compartment model 21). Implicitly assuming synchronous cell divisions, and ignoring

Let n, be the number of T cells of telomere loss indixn which ~ Cell death, one typically computes the number of bases lost per
i = 0 denotes cells that have an initial maximal telomere length M&an population doubling (MPBJs

Cells may die, with raté, or divide, with ratex. Division of a cell A

of indexi clearly removes it from the cell count, while its two bypo = m, (5)
daughter cells are added to cell comnt,. The basic dynamics of Gl Ne/No
our model can thus be expressed by the following system of dif
ferential equations 3 Abbreviation used in this paper: MPD, mean population doubling.
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oy pendently (34). The human telomere data (14) demonstrate that
™" /ﬁ,\ﬂ naive CD4" T cells (or at least their precursors) are, indeed, slowly
v "; v v vy "; dividing cells. Experiments with mice also argue for slow division
oj1]2 345 V= ;Vi rates of CD45RA naive T cells (2, 35). Although in a rat model
5v¢ ‘ it has recently been suggested that, in the absence of antigenic
J stimulation, memory CD#4 T cells revert to a naive phenotype
(36), it remains unclear whether one should allow for a similar
OLM c reversal in the human situation. In the present model, we do not
allow for such a reversion of the memory marker (see alternative
/ﬁ"\"' /ﬁ\yq model underDiscussiol. Thus, we devise a two-compartment
Mg | My | My | My | My |Ms | M M=Xm, model in which naive T cells cannot only divide or die, but can
BM% * ! also be primed by external Ags to expand into a clone of memory
T cells.
FIGURE 2. A scheme of the two-compartment model. The boxemd Denoting the naive cell numbers by and the memory cell

m, represent the number of naive T cells, and memory T cells, respectivelypumbers bym,, we write
that have gone through preciselgell divisions. The arrowsy,, oy, 8, d
and 8, represent their (homeostatically controlled) division and death Vi 2
) e . ) — = Vi 1 — + v+ 6V, 8
rates, respectively. The arroyC represents the priming and proliferation dt a1~ (ay +y WV (8)

involved in normal immune reactions to foreign Ags. . . .
anAg wherev_, = 0 as before. Extending our previous notation, de

andd,, denote the division and death rates, which will probably be

homeostatically controlled by the total count of naive célls
whereA is the total telomere loss over the experimeéMy,is the  X,v,. The new parametet, is the probabilistic rate at which naive
number of cells the culture started with, aNgdis the final popu- T cells are externally primed to become a proliferating clone of
lation size. These experiments have yielded5®,,,, = 100. activated T cells. Clearly, all results of the one-compartment

Because cell division is not expected to be synchronous, thisnodel carry over to the naive cells of this two-compartment model.

buep is Not equal to the number of base pairs lost per cell divisionwe need only repeat the analysis of the one-compartment model to
(i.e., to our parametds). We here calculate the difference between obtain for the total number of naive cells
the two. Solving Equation 2, one obtains that{ 8)t = In [N,/

NoJ. Employing the solution of Equation 4, i.qs, = 2at, and our div =V(a, — 8, — ), (9)
definition thatb = A /u, and also ignoring cell death, i.e., assum- dt
ing 8 << @, we obtain the expression and for the average telomere loss index= X,iv,/V
AL dI'LV
b = m (6) dt = 205\/ . (10)

for the average number of base pairs lost per cell division. Thus, in As before, the naive telomere lengths decrease with twice the
comparison with Equation 5, our Equation 6 requires taking thenaive T cell division rate. The only difference is that at a steady
natural logarithm and correcting by the factor 2 obtained in EquasState of Equation 9 we obtaim, = &, + v, which is simply the
tion 4. The ratio of this “true” estimate of the telomere loss to the “Net turnover rate” of naive cells. The “priming” ratg, thus in-

“MPD”-based estimate is creases the naive cell telomere-shortening rate, but this is esti-
mated to be a negligible contribution (see below).
b log [N/Nj] 1 0.72 @ Turning to the memory cell compartment, we have to consider

clonal expansion. The 1400-base pair difference in average telo-
_ .. .mere lengths between human memory and naive T cells was in-
Thus, the true average rate of telomere loss per cell division igerreted to reflect a clonal expansion of 14 to 28 cell divisions (14,
72% of the previous estimates of telomere loss per MPD. Thej5) | our model, we consider naive T cells that may be primed
existing data (17-21) then yield an estimate of=8% = 70. For it external Ags at a probabilistic ratg per day, to ultimately
definiteness we use = 50 bp/cell division from now on. The rate yia|q 4 clone ofC memory T cells. Due to the telomerase activity
at which a population of dividing T cells loses its telomere baseg, qxed by the activation with Ag and/or the costimulatory factors
pairs (i.e., Ba) can now be equated to the experimental value of 55_57) ‘the degree of clonal expansion is unlikely to be reflected
33 base pairs/yr (14). This yields a division ratecof= 1/3 per j, 5 proportional degree of telomere loss (23, 27). Thus, we write
year. Fortuitously, this is identical to the previous estimate (14). i, right after clonal expansion a memory T cell has shifted its
Finally, as total T cell numbers tend to remain at steady state,gmere loss index by an amoukit Note that perfect compensa-

we may put N/dt = 0 in Equation 2 and obtaim = 8, &S {jo py telomerase activity during clonal expansion would corre-
expected. Hence, the steady state average cellular life sp@n (1/spond toK = 0.

buro  2IN[N/No] — 2In[2] —

equals 14 = 3 yr. In Appendix B, we derive that the total number of memory cells
Two-compartment model M satisfies

In Figure 2 we generalize the simple one-compartment model to a CLM — M(ay — 8y) + YOV 1)
model describing two coupled compartments, for “naive” and dt Mo M

“‘memory” T cells, respectively. We assume separate homeostatignq that the differential equation for the average telomere loss
control of division and/or death rates for the naive and the Memory,dex is

cell types, since one would otherwise expect one of the two types
to outcompete the other (32, 33). Additionally, mouse experiments dpm

\Y
do suggest that the naive and memory subsets are regulated inde- o 2w YOy = v = K, (12)
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which says that telomere-shortening rate of memory cells is noK = 0 does allow forA > 0, i.e., a fixed telomere length difference
just reflecting their division ratey,,, but depends on the clonal A between naive and memory T cells remains a natural result even
expansion, the naive:memory ratio, and their difference in averag# there is no telomere shortening at all during clonal expansion.
telomere lengths. Thus, memory telomere lengths are much lesehis does require that memory cells divide more frequently than
directly related to the division or turnover rates than the very sim-naive T cells, i.e.q,, > a, Which is indeed supported by data (1,
ple proportionality Equation 10 found for the naive cells. 2,9, 10, 35, 37, 38). This resolves the apparent contradiction be-
tween transient telomerase activity during clonal expansion (23,
27) and the measured telomere shortening: the latter could, in prin-
For memory T cells, it is apparent from Equation 12 that the short-ciple, all be due to telomere loss during renewal. Obviously, the
ening rate slows down whep,, exceedsu,, + K, which is the  parameteK need not be zero, allowing the 1400-base pair differ-
mean index of cells that have just been produced by clonal exparence (14, 15) to reflect both clonal expansion and differences in
sion of a primed (former naive) cell. To analyze this effect, it is renewal rates.

helpful to write a differential equation for the distance between the

naive and memory telomere loss index, which we defind as Parameter estimation

The difference&\ in naive and memory telomere lengths

M — M- Subtracting Equation 10 from Equation 12 gives The time constant;, and the priming rate of naive T cellg, can
dA Vv both be estimated from Equation 11. Arguing from the viewpoint
@ 200y — ay) — yCM(A -K). (13) that in adults memory T cells are maintained largely by renewal,
and only marginally by the priming of naive T cells (1, 2, 6, 8, 35,
Inspecting this result, one notices a “time constamt’= 37), we obtain from Equation 11 thgCV << «,,M. Because in

M/(yCV), and a “source” ternr = 2(ap, — @) + K/7. Since we  most adults the ratio of memory over naive T cells is approxi-
only consider data from adults (14), in whom memory and naive Tmately one (39, 40), i.eM/V = 1, this simplifies intoyC << ay,.
cell counts tend to remain in steady statgndr can be treated as By the same reasoning the time constant simplifies +01/(yC).

finite constants allowing us to simplify Equation 13 into Employing the estimated memory division frequency of once ev-
ery 22 wk, i.e.,a,, =~ 0.006 (10), we therefore obtain that> 22
% =o—Alt, (14) wk. Approaching the steady state telomere distah@e Equation
dt 15 may therefore take several years. Since the experimental data

were all from human adults (14, 15) such a time scale could indeed
be consistent with our steady state approximation. Assuming that
200y — ay) M T cell precursor frequencies generally increase about a 1000-fold

A=or=K+2r(ay — ay) =K+ +C v @9 following a typical immune reaction (41), i.e., assumig 1000,

. ) . we obtain for the priming rate that<< 6 X 10~° per day. In other
on a time scaler. Comparing these results to experimental data, ords, on average, a naive T cell would run a chance of less than

we can draw several interesting conclusions. 107° day * of being primed by a foreign Ag to clonally expand.
Importantly, our results imply that the steady state telomere-

shortening rate of memory cells should approach that of the naiv%. .
cells, after a time period of a few timesThe empirical results on ISCuUssion
CD4" T cells (14) demonstrate precisely this similarity of short- Summarizing, we find that naive T cells reduce their average telo-
ening rates. Hence, in steady state, the rate of telomere shortenimgere lengths at a rate reflecting twice their cell division rate, that
in memory T cells should approaclxg, i.e., that of the naive T  the conventional approach of estimating telomere length shorten-
cells, and should not have any relation to the parameters of thing per MPD gives rise to estimates that are 39% larger than the
memory T cells. There is, indeed, good agreement between botfirue” loss per cell division, that—irrespective of their division
telomere-shortening rates and the average division ra{es- rates—memory T cells are expected to have the same rate of losing
0.0008 day* of human naive T cells (9, 10, 14). This resolves their telomere ends as naive T cells, and that the average difference
what appeared to be a contradiction between measured memoiy telomere lengths between naive and memory T cells need not
cell telomere-shortening rates and data suggesting that memory fEflect the clonal expansion telomerase activity of Ag-primed
cells are dividing considerably more frequently than naive T cellsnaive T cells. As a consequence, the recent telomere data (14)
(1, 2, 9, 10, 35, 37), seem to be cross-reactive (5), and have lesse most informative about the division rates of naive T cells,
stringent maintenance requirements (38). and should not be used for estimating the division rates of mem-
Intuitively, this result can be understood in terms of the influx of ory T cells. In combination, the current T cell data on telomere
primed naive cells with long telomeres into the memory compart-lengths (14, 15) and telomerase activity (22—-27) suggest that
ment. If memory T cells are dividing more frequently than naive Tmemory T cells are indeed dividing more frequently than naive
cells their average telomere length will initially shorten more rap-T cells (1, 2, 9, 10, 35, 37, 38).
idly than that of the naive T cells. The average memory telomere The naive and memory T cell repertoires in our model are main-
length cannot “run freely,” however, because it is bound to thetained by proliferative self-renewal, and we have shown that this is
average naive telomere length by the influx of primed naive cellsconsistent with the available data. Alternatively, one could argue
This bond ultimately leads to a steady distadcketween the two  that both naive and memory T cells are long lived, and are only
average telomere lengths. It is also natural therefore that this distimulated to divide by clonal expansion upon stimulation with
tanceA depends on the difference in naive and memory T cellspecific Ag. The latter view is, in fact, supported by the slow
division rates, on the clonal expansion, and on the ratio of totatecovery rate of memory T cells in adults, and the relationship of
numbers of naive and memory T cells. this recovery rate with the rate of naive T cell recovery (11, 13).
The effect of telomerase activity during clonal expansion on theFurthermore, it has recently been suggested that the so-called
naive-memory distancA can be understood completely in terms “memory” isoforms of the CD45R T cell markers reflect an acti-
of the parameteK. One extreme case is “perfect telomerase com-vation stage rather then a true memory stage (36). Thus, in the
pensation” corresponding # = 0. By Equation 15 one sees that absence of Ag, memory cells would revert to a quiescent state with

which will ultimately approach the steady state
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a naive CD45R phenotype (9, 36). These revertant T cells couldSince the second term in the numerator of Equation 16 equals (
in principle, account for the observed shortening of the average- §)Nu we obtain Equation 4 in the text, which describes the
telomere length of naive CD4T cells (14) in the absence of any dynamics.

cell division in the naive T cell compartment. The shortening of the For some purposes it may not be sufficient to know only the
average memory T cell telomere length could, indeed, be due ttime-dependent average telomere loss indé¥; the full solution
incomplete telomerase compensation during clonal expansion. Alef n,(t) may be required. Therddt equations can, in fact, be
though it remains unclear whether this alternative scenario is resolved explicitly, e.g., by Laplace transform methods (42). For the
alistic, we are currently developing alternative mathematic modelsimplest initial condition (i.e.ny(0) = 1, n,(0) = 0; i > 0), and

to investigate its consistency. constanta and 8, the normalized age distribution is found as
In our model, we have not considered a possible source of naive

T cells from thymic or extrathymic lymphoid compartment. It is, nM (2at)

indeed, believed that such a source is small in human adults (8, pt) = m = 2 (18)

11). Our approach of a two-compartment model can, however, be
reiterated for the progenitor T cells providing novel naive T cells. ) ) o .
If the compartment of mature immunocompetent T cells wouIdWh'Ch is e_wdently the Poisson dlstrlbutloq with parametet. 2
have a source term from a self-renewing stem progenitor compartdeed, this parameter equals the mean indét, as found by
ment (20), we could reinterpret our two-compartment model forintégrating Equation 4 with constaat One may also generalize to
progenitor T cell and mature T cell renewal. Calling progenitor T ime varianta, 8, and find thap,(t) remains a Poisson distribution
cellsv; and mature T cellsn, yC would represent the differenti- With parameteru(t). Extension to general initial conditions re-
ation and proliferation of a progenitor cell into an immunocom- Auires an additional convolution only, because of linearity and
petent mature T cell. Thus, the rate of mature T cell telomerdnvariance under shifts.

length shortening should reflect twice the division rate of the pro-

genitor cells, and should be quite independent of the mature T cell

division rate. Appendix B. The Two-Compartment Model

Other grpups (R. Antia and S. Frost, perspnal commurﬂcation)ro write down them, dynamics we use the fact that naive popu-
are analyzing the same telomere data (14) with mathematic modegtionsy, are Poisson distributed around the averageThus, the

incorporating a Hayflick limit (28). These authors interpret the datag|ona| expansion of a clone of naive T cells should give rise to a

as showing a skew in the distribution of memory T cell telomere|one of memory T cells with a telomere loss index that is Poisson
lengths in older humans, which would be due to the death of memgist/ibuted around the average, + K, whereK is the average
ory T cells when their telomeres become too short. Thus, memory,,mere |oss during clonal expansion (allowing for a compensa-
T cells can be dividing more frequently than the rate estimated;,, ,; tojomerase activity). We idealize slightly by assuming that
from the average shortening rate of their telomeres. Although th%ach clonal expansion event happens much faster tham ttg-
recent data on T cell telomerase activity cast some doubt on thﬁamics, but that there is a steady stream of such events, each pro-
relevance of the Hayflick limit for T cells, this remains a valid ducing a small addition to the total count of memory cells. This
alternative interpretation of the data. By choosing to ignore theenables us to write they dynamics as
Hayflick limit, we have been able to demonstrate that the average
rate at which memory T cells lose their telomere ends is expected
to be independent of their division rate anyway. Our model can in dﬂ = 20ym _ 1 — (ay + &M + yCu (19)
principle be extended to include the effect of a Hayflick limit. The dt M Mo YK
major effect of this is that the difference between the memory and
naive telomere lengths need not be in perfect equilibrium, and maifhe M dynamics, Equation 11 in the main text, follows by sum-
become smaller in elderly individuals. Thus, qualitatively, this ming overi. To derive theu,, dynamics, we first write
hardly affects our results.

. A Eimi' — My
Appendix A. The One-Compartment Model I S v I (20)
First, we derive Equation 4, which describes the dynamics of the
“population average telomere loss indegx™= 2~ in/N = 27, wherem’ and M’ are the derivatives given by Equation 19 and

in;/N. The rate of change qi is Equation 11, respectively. The first term in the numerator evalu-
ates as
du NYn/— N Dlin;  Din/— N'p 1)
ot 2 = v _dm . . .
dt N N g = 20y Elmi 1~ (ay + SM)Elmi + ‘yCEIVi _K (21)
wheren,’ andN’ are the derivatives given by Equation 1 and Equa- ' =t =t =t
tion 2, respectively. The first sum term in the numerator is eval-
uated as = 20yMy + 20y, E(i + 1m
i=1
Eini’ = ZaEini 1~ (e +9) Eini 7 — (am + Sy )Muy + yCV(uy + K)
i=1 i=1 i=1
= 2any+ 2a D\ (i + In — (a + 8N = 2auM + (e = dwMpm + YCMy + K).

i=1
Since the second term in the numerator is equadp { &, )M +
= 2aN + (o« — §)Nu . vCV, we obtain Equation 12 in the main text.
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