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Reevaluation of T Cell Receptor Excision Circles as a Measure
of Human Recent Thymic Emigrants"

Ping Ye and Denise E. Kirschner?

The human thymus exports newly generated T cellsto the periphery. As no markers have been identified for these recent thymic
emigrants (RTE), it is presently impossible to measure human thymic output. T cell receptor excision circles (TREC) have been
recently used to assess thymic output during both health and disease. Using a mathematical model, we quantify age-dependent
changes both in the number of RTE generated per day and in TREC concentration during an 80-year lifespan. Through analyses,
wedemonstratethat RTE and peripheral T cell division havethe same potential to affect TREC concentration at any agein healthy
people. T cell death also influences TREC concentration, but to a lesser extent. During aging, our results indicate that thymic
involution primarily induces an age-dependent decline in TREC concentrations within both CD4* and CD8* T cell populations.
We further apply this model for studying TREC concentration during HIV-1 infection. Our analyses reveal that a decrease in
thymic output is the major contributor to the decline in TREC concentration within CD4* T cells, whereas both increased
peripheral T cell division and decreased thymic output induce the declinein TREC concentration within CD8* T cells. Therefore,
we suggest that T cell turnover should be examined together with TREC concentration as a measure of RTE. If peripheral T cell

division remains relatively unchanged, then TREC concentration indeed reflects thymic output.

2002, 169: 4968—-4979.

he human thymus is the central lymphoid organ that pro-
vides a specialized microenvironment for maturation and

selection for the majority of a8 T lymphocytes. T cell
generation through this thymic-dependent pathway is essential be-
cause it establishes and helps to maintain the peripheral T cell
pool. This process also provides T cell repertoire diversity neces-
sary for potential immune responses to a vast number of Ags (1).
With increasing age, the lymphatic thymic mass decreases, and
thymocyte production correspondingly declines (thymic involu-
tion) (2). Recent data suggest, however, that the adult thymus can
remain active even late in life supplying functional T cells to the
periphery (3, 4).

CD4" and CD8™ T cells progress through several stages during
their long lifespan. Both mature CD4" and CD8™ thymocytes first
emigrate from the thymus into the periphery as recent thymic em-
igrants (RTE).® After RTE further mature, they are classified as
naive T cells that continually circulate through blood and lym-
phoid tissues. Measuring the number of RTE produced per day by
the thymus allows for assessment of the thymic contribution to the
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peripheral T cell pool. It is especialy important to monitor thymic
production under conditions that influence T cell depletion and
reconstitution, such as HIV-1 infection, bone marrow transplanta-
tion, and immunosuppressive therapy.

In chicken, mouse, and rat models, RTE have been identified
using various markers. In chickens, chT1™ T cells are classified as
RTE, and the level of chT1* T cells has been shown to declinein
paralel with thymic involution. These cells are distributed in pe-
ripheral blood and lymphoid tissues with a half-life of 3 days (5).
In mice, FITC labeling of thymocytes and grafting of thymic lobes
from congenic Ly5.2" mice have been used to study RTE (6, 7).
Most mouse RTE survive in the periphery for 2-3 wk after release
from the thymus. It is not clear whether these cells die or undergo
further maturation. Inrats, Thyl"CD45RC~RT6~ are markersfor
RTE (8). These RTE were observed to differentiate into more ma-
ture T cells within 1 wk after emigrating from the thymus.

Due to the lack of phenotypic markers for RTE in humans, it is
difficult to distinguish them from long-lived naive T cells (5, 9).
Whether human RTE are fully functional or require maturation in
the periphery needs further study. Therefore, direct quantification
and characterization of RTE in humans are not yet possible.
Currently, the term RTE in humans generally refersto T cells
that have undergone only a few cellular divisions after leaving
the thymus (10).

Recently, the concentration of T cell receptor excision circles
(TREC) has been suggested as a measure for quantifying thymic
output in humans (9, 10). During TCR gene rearrangement, ex-
cised DNA fragments are maintained in cells episomally as TREC.
Two TREC species, signal-joint TREC (§TREC) and coding-joint
TREC (cj TREC), which are products of the deletion of the TCR
& locus from the TCR « locus during the first TCR « gene rear-
rangement, are produced sequentially by all «f T cells. In most of
them, these TREC are generated without prior & rearrangement and
are henceidentical and can be detected in ~70% of a8 T cells (9).
A maximum of two §TREC and two ¢jTREC can be present
within one «B T cell if the corresponding rearrangement event
occurs in both aleles. TREC are exported from the thymus to the

0022-1767/02/$02.00



The Journa of Immunology

periphery within RTE. Thus, TREC levels in the periphery could
reflect RTE numbers. TREC are stable and are not duplicated dur-
ing mitosis; therefore, TREC concentration is diluted out with each
cell division. This explains why thymocytes have higher TREC
concentrations as compared with peripheral blood T cells (11, 12),
and why naive T cells have higher TREC concentrations than
memory T cells (10).

TREC concentration has been widely used as a measurement of
the number of RTE during HIV-1 infection and treatment, hemo-
poietic stem cell transplantation, and thymectomy (9, 10, 13-16).
However, controversy exists as to whether TREC concentrations
are agood marker for RTE, because TREC concentrations are also
affected by peripheral T cell turnover events, such as T cell divi-
sion and death (9, 10, 17). Different techniques are used to measure
TREC concentrations, such as real-time PCR (10, 17), quantita-
tive-competitive-PCR (9, 13), and PCR-ELISA (18). Measurement
units of TREC concentration vary aswell, including TREC per 10°
PBMCs (10), TREC per CD45RA™ T cells (17), TREC per mi-
crogram DNA of T cells (9, 14), and TREC per 10° CD4™" T cells
(13). Together, these factors make it difficult to interpret and com-
pare TREC data between studies.

Itisnot yet possible to experimentally differentiate the effects of
thymic output and T cell turnover on TREC concentration in a
quantitative way, because thymic output cannot be measured. To
this end, we use mathematical modeling to predict whether TREC
concentrations are a good marker of thymic function, as repre-
sented by the number of RTE. Our model captures age-dependent
changes in thymopoiesis, RTE, and TREC levels. Using uncer-
tainty and sensitivity analyses, we quantify the potential roles of
thymic output, T cell division, T cell death, and intracellular TREC
degradation in affecting TREC concentration at each specific age.
We further define elements that contribute most to changes in
TREC concentration that occur during aging and HIV-1 infection.

Human Thymopoiesis M odel

To quantify age-dependent changes in thymic output per day (i.e.,
the number of RTE produced per day), we develop a model that
describes human thymopoiesis. Bone marrow progenitor cells

4969

migrate to the thymus and differentiate into CD3~CD4~ CD8™ tri-
ple-negative (TN) cells. TN cells then differentiate into
CD3 CD4"CD8™ intrathymic T progenitor (ITTP) cells. ITTP cells
give rise to the predominant thymocyte subset, CD3*CD4"CD8™"
double-positive (DP) cells. After positive and negative sdection, the
surviving DP cells further differentiate into either CD3" CD4"CD8™
single-positive (SP4) or CD3*CD4 CD8™" single-positive (SP8)
cells (19). A minor subpopulation of both SP4 and SP8 cells em-
igrates to the periphery to become RTE and joins the T cell pool
(19). Fig. 1 presents a diagram of this process. The equations and
parameters for the human thymopoiesis model are discussed in the
Appendix.

Quantification of human thymocytes and RTE

Once model equations are derived that describe Fig. 1 (see Ap-
pendix), we then solve the system numerically. We present graphs
for the corresponding simulations of this virtual model of human
thymopoiesis. To build the model, we require a representation for
thymic epithelial space (TES), which is the functional thymic tis-
sue containing al thymocytes. Fig. 2A shows data for the maximal
number of thymocytes calculated from the volume of the TES
region (solid dots) and our best fit function for these data (solid
line) during an 80-year lifespan (see Appendix).

Using this function for TES region, we can simulate the model
behavior presented in Fig. 1. Our model results suggest that five
thymocyte subsets increase in numbers to a maximum value at age
1 year and then decrease at arate of ~5% per year (Fig. 2B). When
comparing curve shapesin Fig. 2A and Fig. 2B, it can be seen that
age-dependent changes in the average number of thymocytes is
proportional to the maxima number of thymocytes in the TES
region. This implies that involution quantitatively affects thymo-
poiesis. Shown in Fig. 2C is the simulation for the average number
of RTE produced per day during an 80-year lifespan for an indi-
vidual. The numbers of CD4" and CD8" RTE produced per day
increase to their greatest values at the age of 1 year and then
decline with age. Total thymocyte number has a 2-log decrease

FIGURE 1. Model representing human thymopoi-
esis. Five thymocyte subsets are included, TN, ITTP,
DP, SP4, and SP8 cells. Represented are thymocyte
growth () limited by the maximal number of thymo-
cytes in thymic epithelial space (T(t)), thymocyte
differentiation (f)), death (d;), and emigration to the
periphery asRTE (e;, &) (i = 1,2,3,4,5;j = 1, 2,
3, 4). The definitions and values of parameters are
given in the Appendix.
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TREC AS A MEASUREMENT OF RTE

B
T T T T T T T T T T
® maximal number of thymocytes in TES region - % — TNcells
i best-fit function 10 it — — ITTPcells -
10" F
" 1x10 @ 5x \ ------- DP cells
b @ - — - SP4 cells
é 8x10™ £ ax1o” \‘\ ------- SPscells
3 g 4
<
= 6x10" Z 310" - .
QO o
L L2
FIGURE 2. Thymopoiesis model E 4x10° € axt0” - .
illustrates thymic involution during E = 1
. . . 10
80 years of life. A, Best fit function 2x10" X107 e~ — 7
(Te(t)) (solid line) for data (®) de- ~ .
. ¢ S S B . I e T
rived from the volume of TES region 0 0
(2). B, Model solutions of five thymo-
cyte subsets. C, Number of RTE ex- : ‘ . ‘ [? . ; .
ported from the thymus per day. D, Tt b Ce.coa | thymooytes
Total thymocytes (sum of five thymo- > X oo e cDg* 10" L — - RiEsperday 4
cyte subsets in B) and total RTE ex- S 6x10° F - ® ]
ported per day (sum of CD4" and g ol | 310"
CD8* RTE in C) on alog scale. a Y £
Eoa® b\ 4 S0
s AN T
[=] S
3 3x10° \, 8 g 10°
E 210’ - N 4 F
3 1 103 . \\\ 107
X - o S~ b
0 . | I e et Y 10° ! | | 1 ! L L
0 10 20 30 50 60 70 80 0 10 20 30 40 50 60 70 80

Age (years)

during 80 years. Correspondingly, the total number of RTE ex-
ported from the thymus per day declines exponentially by 2 orders
of magnitude during 80 years (Fig. 2D).

The model predicts the observed ratio of SP4 to SP8 cells as 2,
consistent with human data (19, 20). This ratio in the thymus de-
termines the CD47:CD8™ T cell ratio in the blood, which ranges
from 1.5t0 2.5 (21). Our model predicts that the maximum number
of thymic emigrants at the age of oneis 1.1 X 10° cells/day (Fig.
2D), which is comparable with another estimate of human thymic
emigrants of 10%day (22). Our virtual model also predicts that the
ratio of thymic emigrants per day to total thymocyte numbers is
1.5%. Thisis consistent with experimental data ranging between 1
and 5% in mice (23). Thus, thismodel likely reflects the process of
human thymopoiesis. More importantly, we quantify the number
of RTE entering the periphery per day during the normal aging
process, which cannot be measured experimentally (Fig. 2C).

Age (years)

Human TREC Model

The §TREC concentration declines during aging and HIV-1 in-
fection (9, 10, 17, 24). Some studies indicate that reduced thymic
production of RTE contributes most to the decline of §TREC con-
centration (9, 10, 24), whereas others suggest that increased cell
division but not thymic dysfunction affects § TREC concentration
(17, 25). To address the question of whether the TREC concen-
tration is mainly affected by thymic output or peripheral T cell
turnover, we extended the thymopoiesis model to illustrate dy-
namic changes in § TREC, the most ubiquitous human TREC spe-
ciesthat is produced during TCR gene rearrangement, and the one
that is most consistently measured experimentally. Fig. 3 presents
the dynamics for §TREC between the thymus and peripheral
blood and lymphoid tissues (LT). Total T cell levels (including
both naive and memory T cells) are influenced by thymic output of

THYMUS
SP4 SP8 FIGURE 3. Model representing human sTREC
dynamics. Total §TREC levels are affected by thy-
o o mic output to the periphery as RTE (e,, e,), which
contain § TREC (§ TREC concentration within RTE
Y Y €y, ), T cell death (5,, 8,), and § TREC degradation
CD4* RTEs CDS8* RTEs (€4, €,). Total T cell levels are affected by thymic
output of RTE (e, &), T cell growth (v, y,), and T
CcD4t ct cbst c2 cell death (8,, 8,). The § TREC concentration within
L 5o T cells is affected by each event. For simplicity,
"= T cells o s Tcells v §TREC in SP cells and RTE are not drawn. The
& O o Io] CSJ c_)o e definitions and values of parameters are given in the
sJTRECs sjTRECs .
Appendix.
BLOOD AND LYMPHOID TISSUES
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RTE, T cell growth, and T cell death. § TREC are generated within
thymocytes and exported to the periphery within RTE. Thus, total
S TREC levels are determined by thymic output of §TREC, T cell
death, and intracellular §TREC degradation. Studies of §TREC
levels in thymectomized humans and macaques indicated that
there is no significant extrathymic source of cells containing
STREC (9, 11). T cell death induces the loss of §TREC within T
cells, and thisloss of §TREC is proportional to theloss of T cells.
As the § TREC concentration is determined by both total §TREC
levelsand total T cell levels, events that affect them will indirectly
induce changes in § TREC concentration, including thymic output,
T cell growth, T cell death, and §TREC degradation. Using our
TREC model, we reveal how thymic output and T cell turnover
affect §TREC concentrations at each specific age and during the
entire lifespan in healthy people, and explore the principal factors
contributing to the declinein § TREC concentrations during HIV-1
infection. The equations and parameters for the human TREC
model are discussed in the Appendix.

Predicting total T cell numbers, total §TREC levels, and
§ TREC concentration

The dynamic changes of CD4" and CD8™ T cells in peripheral
blood/LT based on our simulations are shown in Fig. 4A. The
initial increase of T cellsis due to the large output of newly gen-
erated T cells from the thymus in the early years of life (see Fig.
2C). Then, T cell numbers continuously increase until age 30
years. After age 30 years, T cell numbers remain at a relatively
stable level with a slow decline over time, as suggested by data
(26, 27). Our simulation results of T cell dynamics are within the
normal range calculated from human data on cell numbers per
mm? of blood, blood volume, and body weight (error bars in Fig.
4A) (26, 28—-31). Increased peripheral T cell division maintainsthe
30-year increase and subsequent relative equilibrium in T cell
numbers (data not shown). This is consistent with data from two
animal models of older sooty mangabeys and mice that lack thy-
mic function, indicating that most T cell production occurred in the
periphery (27, 32).

1

4x10 ) T T
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Shown in Fig. 4B are changes in total §TREC within both
CD4" and CD8" T cells during 80 years. The level of total
STREC in peripheral blood/LT reaches its maximum around 15
months of age and remains at that level for ~12 months. Then total
g TREC level decreases concomitant with the decline in number of
RTE produced per day.

We simulate S;TREC concentration within CD4™ T cells by
dividing total levels of §TREC within CD4" T cells with total
CD4" T cells. In experimental measurements (9), results were
presented in units of S TREC/1.5 X 10° T cells. Hence we mul-
tiply our §TREC/T cell results by 1.5 X 10° (Fig. 4C, solid
line). Similarly, we calculate the SjTREC concentration within
CD8" T cells (Fig. 4D, solid line). The s TREC concentrations
for both CD4" and CD8" T cells decline ~2 logs during an
80-year period.

Douek et al. (9) reported that § TREC concentrations decline by
1-1.5logs in both blood CD4* and CD8™" T cells during the life-
time of an individual (in units of §TREC/1.5 X 10° T cells).
Zhang et a. (10) measured §TREC level (al circles) per 10°
PBMCs and found atotal decrease of 2 logs over seven decades.
To convert data from Ref. 10 into units of §TREC/1.5 X 10° T
cells, we divide §TREC/PBMCs with the ratios. total lympho-
cytesPBMCsand T cells/total lymphocytes over time (26, 33, 34),
and then multiply by 1.5 X 10° T cells. § TREC data from Douek
et a. and Zhang et a. were both measured using blood samples.
The number of T cellsin blood represents ~2% of total T cellsin
the body (35-37). We scale the data sets appropriately by assum-
ing that T cells in humans continuously circulate between blood
and lymph, exchanging in the blood 48 times daily in healthy
individuals (35), and that the levels of §TREC per T cell in blood
are similar to §TREC per T cell in LT. Our model results of av-
erage § TREC concentrations in blood/LT during aging are com-
parable with two experimental data sets from Douek et a. and
Zhang et al. (Fig. 4, C and D). The dlight differences are likely due
to different PCR techniques, target cell populations, and unit con-
versions used for data sets.

1.5x10" T T T T T T T

1

3x10

FIGURE 4. Model simulations dur-
ing 80 years for levels of total T cells,
total §TREC, and §TREC concentra-
tions. A, Tota T cells in periphera
blood/LT. The normal range for T cells
is calculated from data on cell number/
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Elucidating principal factors contributing to TREC
concentration in healthy people

The key to interpreting TREC data is to quantitatively distinguish
between the effects of thymic output and T cell turnover on
S TREC concentration (38). Although T cell division and T cell
death can be measured experimentally, RTE levels cannot. To ex-
plore how both thymic and periphera events affect § TREC con-
centration, we study the parameters that correspond to each of four
eventsthat determinesthe § TREC concentration: thymic output; T
cell division; T cell death; and § TREC degradation. In this section,
we address relative contributions of these four events to §TREC
concentration in healthy people, which will help interpret §TREC
data during T cell depletion conditions. To do this, we first exam-
ine how these four events affect §TREC concentration at each
specific age, and then we test how these four events combined
induce §TREC concentration decline during 80 years in healthy
people.

§TREC concentration dynamics at a given age. To address rel-
ative contributions to §TREC concentration at a given age, we
implement uncertainty and sensitivity analyses for four parame-
ters: SP4 emigration rate; T cell divisionrate; T cell death rate; and
S TREC degradation rate (cf Ref. 39). Detailed methods for these
analyses are discussed in the Appendix. We present results for one
of the outcome variables, §TREC concentration within CD4" T
cells.

We first perform the uncertainty analysis by varying each pa-
rameter independently. Shown in Fig. 5 are the changesin §TREC
concentration in response to individua variations of each param-
eter. The solid line represents the median level of §TREC con-
centration when the parameter is given its baseline value. The
range between upper and lower bounds represents the 95% confi-
dence interval for the simulated median of §TREC concentration.
According to the 95% confidence interval, thymic emigration, T
cell division, and §TREC degradation affect §TREC concentra-
tion to agreater extent than does T cell death, and thisistrue at any
age over 80 years of life (p < 0.005). No significant differences

TREC AS A MEASUREMENT OF RTE

sjTREC concentrations in CD4" T cells

| |
30 40 50 60
Age (years)

10 20
FIGURE 6. Simulation of ninevirtual § TREC concentrations. This sen-
sitivity analysis shows the effects of changing four parameters simulta-
neously that control thymic output, T cell division, T cell death, and
S TREC degradation on §TREC concentration within CD4" T cells. Em-
igration rate of SP4 cdlls (e,), T cell divison rate (y,), T cell death rate (6,),
and §TREC degradation rate (e,) vary logarithmicaly 100-fold of baseline
values. The unit for §TREC concentration is §TREC/1.5 X 10° cells.

are found between the effects of thymic output and T cell division
(p > 0.05), and we assume the § TREC half-life (degradation rate)
is likely constant. Therefore, our results indicate that, at any age,
when these events have similar magnitude changes, thymic output
and peripheral T cell division can have an equal impact on §TREC
concentration, whereas T cell death affects it less.

We also perform the same uncertainty analyses for total § TREC
levels and total T cell levels. Our results indicate that decreased
thymic output leads to a decrease in total §TREC levels and total
T cell levels, which is more evident early in life. Increased T cell
division affects T cell levels, but not total §TREC levels. Increased
T cell death leads to a decrease in total §TREC levels as well as
T cell levels (data not shown).

The above experiments were performed by varying each of four
events, thymic output, T cell division, T cell death, and §TREC
degradation, independently. What remains to be determined is the
effect on § TREC concentration when all four events are allowed to

A B

107 ¢ T T
3 —— change in thymic emigration rate

FIGURE 5. Effects of independently altering
thymic output or peripheral turnover events on
§TREC concentration within CD4* T cells.
Model simulations of §TREC median and 95%
confidence interval provide the uncertainty in
§TREC concentration when varying one param-
eter at each time. Each parameter controls one of
four events: thymic output; T cell division; T cell
death; and §TREC degradation. The unit for
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sjTREC concentrations in CD4" T cells

§TREC concentration is §TREC/1.5 X 10°
cells. A, Changesin § TREC concentration when
varying emigration rate of SP4 cells (e,) loga-

rithmically from 0.007/day to 0.7/day. B,
Changes in § TREC concentration when varying
T cell division rate (y,) logarithmically from
0.0002/day to 0.02/day. C, Changes in §TREC
concentration when varying T cell death rate (8,)
logarithmically from 0.0002/day to 0.02/day. D,
Changes in § TREC concentration when varying
§TREC degradation rate (e,) logarithmicaly
from 0.0002/day to 0.02/day.
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Table I. PRCC between §TREC concentration and each parameter®

SP4 Emigration Rate T Cell Division T Cell Death Rate S TREC Degradation
Age (years) (e) Rate (vy;) (81 Rate (e,)
5 0.73 -0.77 0.64 —0.86
10 0.74 —0.78 0.65 —0.84
20 0.76 -0.82 0.65 —0.86
40 0.82 —0.86 0.66 —0.84
70 0.84 —-0.90 0.73 —0.86
Mean = SD 0.78 + 0.05*" —0.82 £ 0.06* 0.67 = 0.03 —0.85 = 0.01*

2 Parameter sensitivity is evaluated by PRCC. Data represent mean PRCC from 90 experiments, and each PRCC is significant

at the 0.05 level.

*, p < 0.005, compared with T cell death rate using absolute values (Student’s t test). T, p > 0.05, compared with T cell

division rate using absolute values (Student’s t test).

vary in combination. This sensitivity analysis will assess the im-
portance of these four events relative to each other for inducing
variability in §TREC outcomes. Model simulations of §TREC
concentrations for nine virtual patients show large variations and
different shape curves (Fig. 6) arising from uncertaintiesin the four
governing parameters. Differencesin the values of four parameters
may explain the considerable discrepancy observed from patient to
patient and study to study (Fig. 4, C and D) (9, 10, 24).

To explore which events contribute most to the variations ob-
served in § TREC concentration, we perform the same experiment
10 times (with 9 samples each time asin Fig. 6) by simultaneously
varying all 4 parameterswithin alarge range. Parameter sensitivity
is represented by the mean partial rank correlation coefficients
(PRCC) between §TREC concentration and each parameter: em-
igration rate of SP4 cells; T cell divisionrate; T cell death rate; and
S TREC degradation rate, respectively. We perform this calcula-
tion at different ages to assess whether certain parameters have
greater or lesser effects at different times (Table 1). The SP4 em-
igration rate, T cell division rate, T cell death rate, and §TREC
degradation rate are all significantly correlated with §TREC con-
centration at any age (p < 0.05). The contributions of thymic
output, T cell division, and death to §TREC concentration grad-
ually increase during aging, whereas § TREC degradation remains
constant. Thymic output, T cell division, and § TREC degradation
are more critical in regulating § TREC concentration than is T cell
death (p < 0.005). No significant difference is observed between
the effects of thymic output and T cell division on §TREC con-
centration (p > 0.05). If we assume the haf-life of §TREC is
relatively constant, our analyses suggest that both thymic output
and T cell division can strongly and equally affect §TREC con-
centration at any age. These results are consistent with our previ-
ous findings when varying the parameters individualy (Fig. 5).
Similar results are also observed for §TREC concentration within
CD8" T cells when varying these parameters (data not shown).
This important finding distinguishes the relative roles of thymus
and peripheral T cell turnover in regulating § TREC concentration
and provides a quantitative rule to characterize which events affect
S TREC concentration during disease states.

§TREC concentration dynamics during 80 years. The uncer-
tainty and sensitivity analyses characterized how thymus and T
cell events can affect §TREC concentration at each specific age.
To assess the § TREC concentration decline during the overall ag-
ing process, we simulate the § TREC concentration within CD4™
T cells using either a constant thymic output, or a constant growth
rate, or a constant death rate (values at age 1 year). As shown in
Fig. 7, when fixing either the growth rate (dashed line) or the death
rate (long dashed line) to be constant, simulations of §TREC con-
centration have a similar trend of decline as the healthy controls
(solid line). However, when thymic output is maintained at a fixed

level, the resulting simulation of § TREC concentration remainsin
arelatively steady state during 80 years (dotted line). This finding
indicates that decreased output of RTE due to thymic involution
predominantly elicits the decline of §TREC concentration within
CD4" T cells during aging. This result is robust when we apply
any constant values for thymic output, T cell growth rate, or T cell
death rate (data not shown). Similar results are achieved for
§TREC concentration within CD8" T cells (data not shown).
Therefore, §TREC concentration can represent thymic output for
healthy people during the aging process.

Elucidating principal factors contributing to TREC
concentration decline during HIV-1 infection

Our human thymopoiesis and TREC model provides a systematic
way to quantitatively analyze how the thymus and peripheral T cell
turnover contribute to changes in § TREC concentration during T
cell depletion situations, such as HIV-1 infection, hemopoietic
stem cell transplantation preceded by chemoradiotherapy, thymec-
tomy, and chemotherapy.

To apply our TREC model as a predictor of thymic function, we
examine an HIV-1 infection scenario. HIV-1 disease is character-
ized by a gradua decline of CD4" T cells, with an initial rise
followed by afall in CD8* T cells during a 10-year period typi-
cally (40). § TREC concentrations within both CD4" and CD8" T
cells decrease during early HIV-1 infection (9, 13). Some studies
suggest that the decline in §TREC concentration results from a
decrease in thymic output (9, 41). Evidence shows that HIV-1
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interrupts thymopoiesis by directly infecting CD4" thymocytes
and stromal cells, inducing the decline of thymic output (42, 43,
44). Other studies indicate that global immune activation induced
by HIV-1 leads to increased cell division, causing the dilution of
S TREC concentration (17, 25).

Experimental studies suggest that the division rate of CD4* T
cells in patients with HIV-1 infection increases ~1- to 2-fold as
compared with uninfected controls, whereas the division rate for
CD8" T cellsincreases 7- to 8-fold as compared with uninfected
controls (25, 45, 46, 47). Death rates of both CD4* and CD8" T
cells increase 3- to 4-fold during HIV-1 infection (45, 46). No
quantitative data have been reported as to how RTE levels change
during HIV-1 infection, due to the lack of a phenotypic marker for
human RTE. Thisis the basic question that hinders distinguishing
the relative role of the thymus in HIV-1 infection. However, our
model provides a method to address this question.

As shown in Fig. 8, we simulate changes in § TREC concentra-
tions and T cell levels during early HIV-1 infection in a virtua
group of people age 30 years. To achieve dynamics similar to those
reported by clinical data for both T cells and §TREC concentra-
tions, our model predicts that thymic output of CD4" RTEs must
decline 10- to 15-fold, and thymic output of CD8" RTEs must decline
1- to 6-fold. Experimental data show that HIV-1 directly infects
CD4™" thymocytes and causes the SP4:SP8 ratio to invert from 2 to
0.5 (20, 42), suggesting that the decreasein CD4* RTE isgreater than
that occurring in CD8* RTE, which is consistent with our mode!
predictions.

Our analyses reveal that although § TREC concentrations within
CD4" and CD8™" T cells similarly decline during HIV-1 infection,
factors that contribute to these phenomena differ according to
changes in kinetics of thymic output predicted by our model and T
cell turnover reported from literature. Because similar level
changesin thymic output and T cell division dlicit parallel changes
in §g TREC concentration and similar level changesin T cell death
induce much less of an effect to § TREC concentration for a short
period of time, our results suggest that decreased thymic output
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mainly induces the decline of CD4" §TREC concentration,
whereas increased peripheral T cell division and decreased thymic
output both contribute to the declinein CD8* §TREC concentra-
tion. Therefore, § TREC concentration within CD4" T cellsis an
adequate representation of RTE levels; however, § TREC concen-
tration within CD8™" T cellsisnot auseful representation of thymic
output during HIV-1 infection.

Discussion

The number of RTE exported from the thymus per day is a critical
representation of thymic function. This is particularly important
for reconstitution of the immune system under conditions resulting
in temporary or permanent T cell depletion. Measuring the number
of RTE produced per day is an invaluable tool for studying estab-
lishment of the naive T cell repertoire, as well as for providing
age-dependent changes in thymic contribution to the peripheral T
cell pool under normal conditions.

Characterization of human RTE has been hampered by the lack
of amarker that distinguishes them from long-lived naive T cells.
A number of phenotypic markers have been used for the evaluation
of naive T cells, with no clear understanding of which naive phe-
notype is best enriched for by RTE, including CD45RA™
CD45RO™~, CD45RA"CD62L", CD45RO™ CD27"CD95'™™ (48).
One study using a phenotypic approach suggested that CD103-bear-
ing naive CD8" T cells are a subpopulation of human RTE (12).
Another study indicated that cord blood naive T cells are human RTE
(49). These identified RTE have rapid rates of apoptosis like thymo-
cytes, and the presence of IL-7 maintainstheir survival and expansion
in an Ag-independent manner.

Our first objective was to quantify age-dependent changes in
total numbers of human RTE produced per day, which cannot be
experimentally measured. We develop a model of human thymo-
poiesis to capture thymic involution. This is the first model for
studying human thymopoiesis and quantifying the number of RTE
exported per day, and our model is developed based mainly on
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human experimental studies. Our results indicate that thymic out-
put per day decreases exponentially by two orders of magnitude
during 80 years (Fig. 2D). These are useful data for monitoring
thymic function in healthy individuals, as well as providing a base-
line comparison of thymic output during disease states.

We quantify thymic output as arate measurement of the number of
RTE produced per day. Currently, the longevity and migration pat-
terns of human RTE are not known, rendering the calculation of total
numbers of RTE in the peripheral blood/L T difficult. However, total
RTE levels are mainly affected by thymic output per day. Thus, mon-
itoring thymic output per day isamore direct and accurate estimation
of thymic function as compared with tota RTE numbers.

Recently, TREC concentration has been widely used to measure
thymic output. Data suggest that TREC levels change during aging
and disease (9, 10, 13, 14, 15, 17, 24, 41). However, it is still an
open question as to whether TREC concentrations are mainly af-
fected by thymic output or peripheral T cell events. Different tech-
niques have been used to measure TREC levels, and the unit for
measuring TREC levels varies from study to study, which can
affect interpretation of TREC data (9, 10, 17, 18).

Our second aim was to verify whether TREC concentration is an
accurate predictor of thymic function, represented by the number
of RTE produced per day during aging and HIV-1 infection. We
first simulate S TREC concentrations as they change with age and
validate our model with two experiment data sets. Using uncer-
tainty and sensitivity analyses, we next quantify how key processes
potentially control the dynamics of §TREC concentration. Our
results strongly suggest that thymic output and peripheral T cell
division could equally affect §TREC concentration at any age. T
cell death contributes less to changes in §TREC concentration
than do thymic output and T cell division. We further demonstrate
that § TREC concentration is a good measurement for both CD4™
and CD8" RTE in healthy people and for CD4" RTE during
HIV-1 infection. Our findings have implications for interpreting
TREC data during other T cell depletion situations, such as hemo-
poietic stem cell transplantation, thymectomy, and chemotherapy.
We propose that peripheral T cell division and death should be
examined before considering TREC concentration as a represen-
tation of thymic function.

A previous modeling study (17) suggested that only T cell di-
vision determines changes in TREC concentrations during aging
and HIV-1 infection. This result is based on the assumption that
neither division of naive T cells nor intracellular degradation of
TREC occurs. Although division rates of naive cells are relatively
low, they are unlikely to be zero. Their results later show that naive
T cell division does occur. Similarly, although TREC are stably
maintained within T cells, they have afinite half-life, likely shorter
than or close to the half-life of T cells; TREC in chickens have
been shown to have a half-life of ~2 wk (50). Our model predicts
that §TREC degradation rate is 0.002/day, similar to the T cell
death rate, for example. The previous study (17) further assumes
that naive T cell numbers are proportional to thymic output, and
thus TREC concentration is not a measurement of thymic output
but of T cell divison. However, data suggest that naive T cell
numbers and thymic output are not proportional, given that a sub-
set of naive T cells have a very long lifespan and a subset of
memory T cells can revert back to naive phenotype (22).

Recent clinical data support the thymus as a key contributor to
TREC concentration decline during aging and HIV-1 infection (38,
41). One study suggests that changes in peripheral T cell division
do not adequately explain many observations of TREC concentra-
tions, including similar ratios of CD4" TREC to CD8" TREC in
HIV-1-infected patients and hedthy controls, similar TREC re-
sponses for discordant responders and good responders to antiret-
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rovira therapy, and increased TREC concentration despite in-
creased proliferation of T cells immediately after antiretroviral
therapy (41). Another study indicates that the TREC concentration
indeed reflects thymic output during aging (38). This study further
suggests that thymic output most likely affects TREC concentra-
tion within CD4" T cells and that a combination of increased T
cell division and decreased thymic output reduces TREC concen-
tration within CD8" T cells after HIV-1 infection (38). These re-
sults are consistent with our model predications for TREC con-
centrations during both aging and HIV-1 infection scenarios.

Almost al TREC studies in humans are performed using pe-
ripheral blood. However, the mgjority of T cells (~98%) exist in
the peripheral lymphoid system (35-37). Thus, quantification of
TREC levels in different LT compartments would contribute
greatly to our understanding of TREC dynamics. One study using
a primate animal model observed that CD4" and CD8" T cells
present in the lymph nodes contain more § TREC than do periph-
eral blood T cells, suggesting that RTE can home into lymphoid
tissues (11). Another study using a rat model observed that the
percentages of RTE among T cell population were comparable in
blood and all other LT compartments, indicating that rat RTE con-
tinuously migrate through blood and lymphoid organs as naive T
cells (51). Our TREC model presents average § TREC concentra-
tionsin peripheral blood/LT assuming that the § TREC concentra-
tionin T cells within LT is similar to those in peripheral blood T
cells. If the results from the primate animal model is applicable to
humans, then our model simulations of the § TREC concentration
represent a lower boundary approximation.

Quantification of TREC concentration in two distinct pools of
memory and naive T cells is an important next step. TREC con-
centration has been measured in the naive T cell pool (17). The
differences in turnover rates of these T cell subclasses can further
elucidate TREC dynamics. Currently, most experiments on TREC
concentration are measured using CD4* and CD8" T cells (9,
11-13, 18, 38, 41, 48). Therefore, we can accurately build a model
for TREC dynamicsin these two compartments. Our model can be
further adapted to explore TREC dynamics in memory and naive
T cell pools when more data are available.

Overall, this study characterizes the relative roles of thymic out-
put and periphery T cell turnover in regulating TREC concentra-
tions. We propose that peripheral T cell division and death should
be examined together with TREC concentration. Our model can be
used as an integrated system for testing whether TREC concen-
tration is an accurate marker for RTE levels in al situations by
incorporating both T cell dynamics and TREC concentrations that
are experimentally measured.

Appendix
Human thymopoiesis model

Defining mathematical notation for the terms shown in Fig. 1, T(t) repre-
sents TN cells at timet, I(t) represents ITTP cells, D(t) represents DP cells,
S,(t) represents SP4 cells and Sy(t) represents SP8 cells. The mathematical
representation describing the interaction of these five thymocyte subsets is
based on a previous model of mouse thymocyte subsets (52). However, the
thymopoiesis process is different in humans and mice (compare Refs. 19
and 23), and our model reflects these differences. We suppress the time
dependence, (1), in the variables for ease of readability, except where
needed for emphasis:

daT B z(t)

E = S(t) + |'1<l — m)T — flT — le, (l)
dl z(t)
a=f1T+ r2<1—m>| —fol —dJl, (2)

dD,f Z(t) ¢ ; d
ot ol + 13 1*@ D —f,D—1f,D —dsD, 3)
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d t
dist4 - fSD * r4<1 - %)S‘ - e154 N dASt’ (4)
d t
d—?=f4D+r5<l—%>Ss—ezss—d553- ®)

Equations 1-5 describe a model of human thymopoiesis. The prolifer-
ation of thymocyte subsets, namely TN, ITTP, DP, SP4, and SP§, is lo-
gisticaly limited by the maxima number of thymocytes in TES region
T(t) for the sum of five thymocyte subsets z(t). Each subset has a gain
term from the previous cell stage, a differentiation term to the next stage of
maturation, and a death term. In Equations 4 and 5, e;S, and e,S; represent
the number of RTE that joins the peripheral T cell pool per day. By cal-
culating the value of these two terms, our model provides away to quantify
RTE levels, which are not experimentally measurable in humans.

Human TREC model

TREC concentrations are determined by total TREC dynamics and total T
cell dynamics. Define T, and Tg to represent total CD4" and CD8™ T cells
in both blood/LT, respectively, and 7, and 74 to represent total §TREC
levelswithin CD4* and CD8* T cellsin both blood/L T, respectively. Then
amodel for gTREC and T cell dynamics based on Fig. 3 is given by

dT. KO, T
o est YT, 4 s Slmﬂ , (6)
dTg ke(t)Ts Ts
o eSSt YT i s 82@"’8 , ]
dr, T,
e CerS — 51% Ty — €14, 8
drg Tg
e CorSs — 52@ Tg — €Tg. 9)

The thymus provides newly generated T cells to the periphery (e;S,,
e,S;), and the level of thymic output gradually declines during aging. Re-
generative division of T cells (v, [Ky(Y) T/ (T4 + S)I, v2 [Ke(D) Te/(Tg + SH)1)
helps to maintain peripheral T cell homeostasis during human growth, as a
compensation to the involution of thymic function (27, 32). Death of T
cells (8, [Tu/ka(t)] T4, 8, [Telkg(t)] Tg) occursin adensity-dependent fashion.
In division and death terms, k,(t) and kg(t) represent the average numbers
of total CD4" and total CD8" T cells in the peripheral blood/L T, respec-
tively. Here we model T cell dynamics for healthy individuals during ag-
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ing; thus T cell growth and death are not further induced by Ag and in-
flammatory signals.

Total §TREC levels are mainly affected by three processes: input from
the thymus (c,e,S,, ¢,€,S;), loss due to death of T cells (8, [Tu/ka(t)] 74,
8, Ta/kg(t)] 75), @and loss due to degradation of §TREC within T cells (e,7,,
€,7g). Theloss of TREC dueto T cell death is proportional to T cell death.
We do not include T cell division and differentiation terms, because these
two processes do not affect total §TREC levels. With dynamics of both
total §TREC and total T cells, TREC concentrations can be simulated by
dividing §TREC by T cells.

Parameter estimation

The variables and parameters used in the human thymopoiesis model Equa-
tions 1-5 are defined in Table 1. The parameters are the rate coefficients for
each process described. Vaues for variables and rates were estimated from
the literature. We give weight to human data, followed by data generated
by murine and in vitro systems. For rates for which poor or no data exist,
we perform uncertainty and sensitivity analyses to explore the change in
outcomes over a full range of possible values. We outline below how we
estimated the parameters.

Although the thymus undergoes involution during aging, the distribution
of thymocyte subsets that is seen in adults is similar to the distribution
observed in fetuses (3). TREC levels per thymocyte in adults also appear
to be the same in fetuses and newborns (3). Thymic stromal cells, which
are associated with thymocyte development, remain present and active
throughout life (53). These data suggest that the effect of aging on the
thymus appears to be quantitative rather than qualitative. To describe thy-
mic involution dynamics, we represent the maximal number of thymocytes
in TES region, T(t), and the bone marrow cell source, s(t), as time-de-
pendent functions:

Tes(t)

{ 4.20 X 10" X (0.002825¢ %0481 + 0,001358) X w(t) for 0=t = 1lyear

t—365
Te(1yr) X 094335 for lyear <t
(10
5x 10°
st) = WTSS(U (11)

where w(t) = 3.911 + 4.082(t/365) — 0.060(1/365)? is the function for
body weight. The body weight function is obtained by fitting data (28)
using nonlinear least squares.

The lymphatic thymic tissue is composed of TES and perivascular
space (2). The TES region, where thymopoiesis occurs, contains all of

Table Il. Variables and parameters defined in the thymopoiesis model
Variable Definition Value? Unit References
T TN cells 1.80 X 10° /thymus 3,19, 58
| ITTP cells 1.29 x 10° /thymus 3,19, 58
D DP cells 3.76 X 10'° [thymus 3,19, 58
S, SP4 cells 7.21 x 10° fthymus 3, 19,58
S SP8 cells 3.61 x 10° /thymus 3,19, 58
Parameter
ry Growth rate of TN cells 15 /day 23
r, Growth rate of ITTP cells 1.0 /day 23
rs Growth rate of DP cells 15 /day 23
s Growth rate of SP4 cells 05 /day 23
rs Growth rate of SP8 cells 0.5 /day 23
i Differentiation rate of TN cells into ITTP cells 0.3 /day 19
f, Differentiation rate of ITTP cells into DP cells 05 /day 19
fg Differentiation rate of DP cells into SP4 cells 0.04 /day 3, 59
fa Differentiation rate of DP cells into SP8 cells 0.02 /day 3,59
e Emigration rate of SP4 cells 0.07 /day 7
e, Emigration rate of SP8 cells 0.07 /day 7
d, Death rate of TN cells 0.27 /day 23, estimated
d, Death rate of ITTP cells 0.17 /day 23, estimated
d; Death rate of DP cells 0.33 /day 23, estimated
d, Death rate of SP4 cells 0.26 /day 23, estimated
ds Death rate of SP8 cells 0.26 /day 23, estimated

2Values for variables are initial vaues.
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the thymocytes. A precise correlation has been shown between the num-
ber of RTE and functional thymic tissue in chickens (5). Here we as-
sume that the volume of the TES region represents the maximum al-
lowable number of thymocytes, i.e., the carrying capacity of the thymus
for total thymocytes. The TES region reaches its highest level of 21.8
cm® by the age of one (2), containing maximally 10** thymocytes (54).
We use the ratio 10 thymocytes/21.8 cm® TES volume to calcul ate the
maximal number of thymocytes from the TES volume (Fig. 2A). The
values for the TES volume are obtained by subtracting the mean volume
of perivascular space from the mean volume of lymphatic thymic tissue
by corresponding age groups from a stereological evaluation of 136
human thymuses (2). The maximal number of thymocytes, T.(t), can be
obtained by a best fit function using nonlinear least squares (Equation
10 for 1 year < t). The thymic involution rate is 5.66% per year after
the first year of life. During the first year of life, the function defining
the maximal number of thymocytes is derived from the calculation of
thymus weight (Equation 10 for 0 = t = 1 year) (55).

Bone marrow shows no loss of function with age (54); however, the
recovery of normal T cell subsets after bone marrow transplantation de-
pends on thymic function (56, 57). On the basis of this evidence, we as-
sume that the number of source cells from bone marrow utilized by th-
ethymus is determined by the number of available thymocytes. Thus, we
track this change in cell source, s(t) (Equation 11), as a function of T(t).
The seeding rate of progenitor cells into TN cells is 5 X 10* per day in
young mice (23). Because the human thymusiis 3 to 4 orders of magnitude
larger than the mouse thymus, 5 X 10° per day is used as the cell source
for TN cells at age 1 year.

The initial value of total thymocytes is 75% of maxima number of
thymocytes, implying that one-third of total thymocytes are produced each
day. Thisis derived from a calculation of growth rates, which is consistent
with experimental reports (23, 58). The percentages of TN, ITTP, DP, SP4,
and SP8 cells are 3.5, 2.5, 73, 14, and 7%, respectively, from studies of
human thymic specimens (3, 19). Thus, the initial values for the five thy-
mocyte subsets are calculated by multiplying 75% of maximal number of
thymocytes at birth by the corresponding subset percentage. Thisallowsfor
up to a 25% increase in thymocyte number.

Growth rates of thymocytes have been measured experimentaly in the
range of 0.5-1.5/day in mice (23). Generally, immature thymocytes have
greater potential for expansion, whereas mature SP cells grow relatively
slowly (23). We estimate growth rates of TN, ITTP, DP, SP4, and SP8 cells
to be 1.5/day, 1.0/day, 1.5/day, 0.5/day, and 0.5/day, respectively.

It takes 3 days on average for TN cells to differentiate into ITTP cells
(19); thus, the differentiation rate for TN cells is 0.3/day. Similarly, the
differentiation rate for ITTP cells is calculated as 0.5/day (19). Approxi-
mately 5% of DP cells survive positive and negative selection to become
SP cells (59), and the ratio of SP4/SP8 equals 2 (3); therefore, we estimate
the differentiation rates of SP4 and SP8 cells to be 0.04/day and 0.02/day,
respectively. Newly formed SP cells spend an average of 14 days in the
thymus before emigration into the periphery as observed in a murine thy-
mus system (7). Hence emigration rates of SP4 and SP8 cells are estimated
as 0.07/day.

Although no available data exist for death rates of subsets of human
thymocytes, the average lifespan of mouse thymocytes has been estimated
to be 3 days (23). If we assume that the thymus is in steady state over a

Table IIl. Variables and parameters defined in the TREC model
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short time, then the maximal number of thymocytes and cell source are
constant and Equations 1-5 can be set to O (i.e., no changein the cell rates).
Based on that assumption, the death rates for the five subsets of thymocytes
can be calculated to be 0.27/day, 0.17/day, 0.33/day, 0.26/day, and 0.26/
day, for TN, ITTP, DP, SP4, and SP8 cells, respectively.

The variables and parameters used in the human TREC model Equations
6-9 are defined in Table I11. The average numbers of CD4* and CD8" T
cellsin the blood linearly increase during the first 30 years of life and then
reach a relative steady state, considering age-dependent changes in cell
number per mm?® blood, blood volume, and body weight (26, 28—31). We
assume that the number of T cellsin the LT have a pattern similar to that
in the blood during human growth. Thus, the functions for the average
numbers of total CD4" and total CD8" T cells in the peripheral blood/LT
are as follows:

t
Ke(t) = { 6.5X 10° X == + 433 x 10° forO=t=30years

365
k4(30 yr) for 30 years<'t

(12)

=t
365 for0=t= 30years

3.7 X 10° X t + 1.80 x 10
ke(t) =
ke(30 years)

for30yr <t
(13)

Conflicting data exist regarding the lifespan of T cells. The half-life of
T cell subgroups are likely different as well. For example, naive T cells
may live longer than memory T cells (45, 46). Literature suggests that the
T cell death rate ranges from 0.00014/day to 0.014/day (45, 46, 60). Be-
cause the death rate in this model is the average death rate for the total
CD4" T cell population or for the total CD8"* T cell population, and the
half-life for CD4* and CD8"* T cells is similar (45, 46), we choose the
value 0.002/day for both death rates of CD4" and CD8" T cell popula-
tions, respectively. Similarly, the division rate of T cells has been estimated
within the range of 0.00078/day to 0.01/day (45, 60). We choose the value
0.002/day for both CD4* and CD8" T cell division rates. Half-saturation
constants s, and s, are estimated from the model simulation as 10°.

There were approximately 200,000 ¢jTREC per 150,000 CD4* and
CD8™" T cells (100% naive type) observed in cord blood (9). Three to four
cell divisions occur between rearrangements that produce §TREC and
GJTREC (9). Thus, on average 200,000/23° = 17677.67 §TREC exist
within 150,000 CD4* and CD8" T cellsin cord blood. The concentration
of §gTREC within cord blood T cells is calculated to be 17677.67/
150,000 = 0.118/cell. The §TREC concentration in cord blood CD4" T
cellsis similar to that in CD8™ T cells (9). Another study observed that
cord blood T cells have high levels of TREC compared with adult naive T
cells, indicating that cord blood T cells do represent RTE (49). Thus, we
use 0.118 §TREC/cell for concentrations of §TREC within CD4* and
CD8" RTE.

The degradation rate of TREC in chickens is 0.05/day, calculated from
a hdf-life of 2 wk (50). It is not known how long it takes for §TREC to
degrade in human T cells. We hypothesize that degradation of §TREC in
humans is slower than that in chickens, and the lifespan of §TREC is less
than or equal to that of T cells. Thus, we implement an uncertainty analysis

Variable Definition Value? Unit References
T4 Total CD4" T cells 4.33 X 10%° /blood and LT 28, 29, 30
Tg Total CD8" T cells 1.80 x 10*° /blood and LT 28, 29, 30
A Total §TREC within CD4" T cells 5.11 x 10° /blood and LT 9, 28, 29, 30
Ty Total §TREC within CD8" T cells 2.12 x 10° /blood and LT 9, 28, 29, 30
Parameter
Y1 Growth rate of CD4" T cells 0.002 /day 45, 60
Y Growth rate of CD8" T cells 0.002 /day 45, 60
8, Death rate of CD4" cells 0.002 /day 45, 46, 60
5, Death rate of CD8" cells 0.002 /day 45, 46, 60
S, Half-saturation constant for CD4" T cells on growth rate 10%° cell Estimated
S, Half-saturation constant for CD8" T cells on growth rate 10'° cell Estimated
€ Degradation rate of §TREC within CD4" T cells 0.002 /day 50, estimated
€ Degradation rate of §TREC within CD8" T cells 0.002 /day 50, estimated
c, S TREC concentration within CD4" RTE 0.118 §TREC/cell 9
c, §TREC concentration within CD8" RTE 0.118 §TREC/cell 9

2Values for variables are initial vaues.
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by varying the §TREC degradation rates for CD4" and CD8" T cells.
Finaly, we use the value of 0.002/day as the §TREC degradation rate.

The initial conditions (at birth) for total CD4" and CD8" T cells are
4.33 X 10 and 1.80 X 10'°, respectively (28-30). The initial condition
for total §TREC levels within CD4" T cellsis 5.109 X 10°, calculated by
multiplying total CD4" T cell number at birth by 0.118 §TREC/cell
(TREC concentration in RTE). Similarly, 2.124 X 10° has been calculated
as the initial condition for total §TREC level within CD8" T cells.

Once the model equations are derived and the parameter values are
estimated, we then solve the system of nonlinear ordinary differential equa-
tions using an appropriate numerical method. We solve the system in two
separate computational programs to ensure accuracy.

Uncertainty and sensitivity analysis

We use a Latin Hypercube Sampling scheme and PRCC (cf Ref. 39) for
uncertainty and sensitivity analyses, respectively. Briefly, for the uncer-
tainty analysis, a random sample of each of the parameters to be tested is
generated from alist of parameter ranges and distributions. In our case, this
sampling is done 90 times. The values in each column of the matrix gen-
erated from the sampling are randomly chosen values for a given parameter
from a widely defined, evenly partitioned range of values. The sets of
values in each row of the matrix are then used in 90 independent simula-
tions. These values provide a range of results for each solution curve gen-
erated from the origina parameter set. The sensitivity analysis predicts
which parameter(s) have the greatest influence on the outcomes resulting
from the uncertainty analysis. In our case, by comparing the vaues of
PRCC, the relative importance of thymic and peripheral T cell events to
TREC concentrations can be quantitatively evaluated.
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