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Kinetics of In Vivo Proliferation and Death of Memory and
Naive CD8 T Cells: Parameter Estimation Based on
5-Bromo-2’'-Deoxyuridine Incorporation in Spleen,

Lymph Nodes, and Bone Marrow"

Elisabetta Parretta,* Giuliana Cassese,” Angela Santoni,** John Guardiola,” Antonia Vecchio,"
and Francesca Di Rosa”™

To study naive and memory CD8 T cell turnover, we performed BrdU incorporation experiments in adult thymectomized
C57BL/6 mice and analyzed data in a mathematical framework. The following aspects were novel: 1) we examined the bone
marrow, in addition to spleen and lymph nodes, and took into account the sum of cells contained in the three organs; 2) to
describe both BrdU-labeling and -delabeling phase, we designed a general mathematical model, in which cell populations
were distinguished based on the number of divisions; 3) to find parameters, we used the experimentally determined numbers
of total and BrdU™ cells and the BrdU-labeling coefficient. We treated mice with BrdU continuously via drinking water for
up to 42 days, measured by flow cytometry BrdU incorporation at different times, and calculated the numbers of BrdU™
naive (CD44™'°*) and memory (CD44"'2") CD8 T cells. By fitting the model to data, we determined proliferation and death
rates of both subsets. Rates were confirmed using independent sets of data, including the numbers of BrdU™* cells at different
times after BrdU withdrawal. We found that both doubling time and half-life of the memory population were ~9 wk, whereas
for the naive subset the doubling time was almost 1 year and the half-life was roughly 7 wk. Our findings suggest that the
higher turnover of memory CD8 T cells as compared with naive CD8 T cells is mostly attributable to a higher proliferation

rate. Our results have implications for interpreting physiological and abnormal T cell kinetics in humans.
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he T cell peripheral compartment is in constant homeo-
static equilibrium, despite the entry of naive T cells from

the thymus, the huge T cell expansion due to antigenic
stimulation, and the death of short-lived effector T cells in the con-
traction phase following priming. In addition to the acute events in-
volving small numbers of Ag-specific T cells, both naive and memory
T cells undergo continuous cell division and death. T cell turnover
occurs slowly in the presence of physiological T cell numbers and
increases in case of T cell depletion, for example, in irradiated and/or
immunodeficient individuals. Several molecules have been implicated
in the homeostatic regulation of peripheral T cell numbers, including
cytokines (i.e., IL-15, IL-7, etc.), MHC-peptides (either self- or cross-
reactive peptides), and TNF/TNFR family members (1, 2).
We have previously demonstrated that mature CD8 T cells have
a higher turnover in the bone marrow (BM)® as compared with
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spleen and lymph nodes (LN) (3). BM CDS8 T cells do not have
a distinct differentiation stage enabling them with a greater ca-
pacity to proliferate, but rather are constantly stimulated within
the organ (4). We characterized some of the molecular events
occurring in CD8 T cells within the BM, such as increased
phosphorylation of the signal-transducing molecules STAT-5
and p38 MAPK and reduced membrane expression of CD127,
the IL-7R a-chain (5). Both naive-phenotype CD44™/1°% and
memory-phenotype CD44"&" CD8 T cells contain a higher per-
centage of proliferating cells in the BM than in spleen and LN
(5). The important role played by the BM in mature CD8 T cell
turnover becomes even more evident when the total numbers of
proliferating CD8 T cells contained in the sum of spleen, LN,
and BM are taken into account. This is especially the case for
memory CD8 T cells, but occurs also for naive CD8 T cells,
implying that the BM contribution cannot be neglected when
the quantitative aspects of mature T cell turnover are assessed
(3,5, 6).

To estimate the rate of mature T lymphocyte turnover, dividing
cells have been tracked in experimental animals by different
methods, such as BrdU incorporation and CFSE labeling (7-9).
Pivotal studies on the kinetics of BrdU labeling of T cells in
spleen and LN of BrdU-treated mice have shown that naive and
memory T cells are differently regulated, and that memory T
cells have a higher turnover rate than naive T cells (7). Because
of the potential toxicity of BrdU and CFSE, questions concern-
ing T cell kinetics have been approached differently in humans,
for example, by evaluation of telomer length and by adminis-
tration of the nontoxic isotope deuterium (*H), which is incor-
porated in the DNA of dividing cells (8). Mathematical models
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have been developed for the interpretation of T cell turnover
data, tremendously improving the understanding of T cell ki-
netics under both physiological and pathological conditions, for
instance, in HIV-infected patients (10, 11).

Because actively dividing T cells are localized in specialized
“niches,” mostly in lymphoid organs, human studies suffer from
the limitation of using blood as the only source of cells. Blood
cell samples accurately reflect lymphoid periphery as long as
cells distribute homogeneously among blood and lymphoid or-
gans (12). Both naive and memory T cells are recirculating
cells, nevertheless each of the two subsets is heterogeneous and
contains cells with different proliferation rates. Two subpopu-
lations of memory T cells have been described, central-memory
and effector-memory, with the former having a higher self-re-
newal capacity than the latter (13); it is possible that blood
contains a different proportion of the two memory subsets as
compared with other lymphoid organs. Moreover, we and others
have shown that both naive and memory CD8 T cells divide
more extensively in the BM than in spleen and LN (3, 9). For
a more comprehensive approach to T cell turnover kinetics, it is
important to consider the contribution of different lymphoid
organs to the total T cell population. In humans, it is estimated
that ~7 X 10° T cells are present in blood, whereas LN, spleen,
and BM contain, respectively, 150 X 10°, 31 X 10°, and 25 X
10° T cells. Taken together, these three organs contain >200 X
10° T cells, thus accounting for the great majority of total T
cells (6).

In this manuscript, we examined the kinetics of naive and mem-
ory CD8 T cell turnover, taking into account the proliferating and
total cells contained not only in spleen and LN, but also in the BM
of thymectomized C57BL/6 (B6) mice. Although we cannot rule
out that newly formed cells either immigrate from other organs or
emigrate from the organs studied, we focused our analysis on
spleen, LN, and BM based on the major contribution of these three
organs to both CD8 T cell turnover and total CD8 T cell counts (3,
5, 6). We determined BrdU up-labeling and down-labeling curves
by naive and memory CD8 T cells and interpreted the results in a
mathematical framework.

Materials and Methods
Mice

C57BL6/J (B6) female mice which had been thymectomized at 4 wk, nor-
mal euthymic B6, and CD45.1-B6 female mice were all purchased from
Charles River Laboratories. Mice were housed at our Institute Animal Fa-
cility, according to institutional guidelines. Sentinel mice were screened for
seropositivity to Sendai virus, rodent coronavirus, and Mycoplasma pul-
monis by the Murine Immunocomb test (Charles River Laboratories) and
were found negative.

BrdU treatment and staining

B6 mice were treated with 0.8 mg/ml BrdU (Sigma-Aldrich) in their
drinking water (3). BrdU solution was prepared in sterile water, pro-
tected from light exposure, and changed daily. During the continuous
labeling phase, thymectomized B6 mice received BrdU up to 42 days.
As a control, euthymic B6 mice were treated with BrdU for 3 days in
parallel. For the chase phase, thymectomized B6 mice received contin-
uous treatment with BrdU for 14 days as above, then BrdU was replaced
with normal water, and mice were analyzed at different times after
treatment interruption. The night before the assay of chase experiments,
control B6 mice were injected i.p. with 0.8 mg of BrdU in PBS. On the
day of the assay, BM cells from these mice were used as positive BrdU
staining control. BrdU staining was performed as previously described
(3). In each staining experiment, the CD44 marker used to discriminate
between naive and memory CD8 T cells was set based on CD44 ex-
pression of spleen, LN, and BM CDS8 T cells from a young (2- to 3-mo
old) normal B6 mouse.
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CFSE labeling and adoptive transfer

Pooled cells from spleen and LN of B6 mice were either labeled with
CFSE as previously described (14) or mock treated. Recipient
CD45.1-B6 mice were injected i.v. with 40 X 10° donor cells, either
CFSE labeled or not. Adoptively transferred mice were injected i.p.
with 150 ug of poly:IC and treated with BrdU in their drinking water.
After 3 days, mice were sacrificed and cells from spleen, LN, and BM
analyzed by flow cytometry.

Calculation of cell numbers

At different times after thymectomy, spleen, LN, and BM cells were
counted by Trypan blue exclusion, after lysis of RBC, and the average
value was calculated from three to five mice. For each time point, nucleated
cell numbers contained in each organ were estimated based on recovered
cell counts, as described (3). Memory and naive CD8 T cell numbers con-
tained in each organ were calculated based on the corresponding percent-
ages of CD44"e" and CD44™/°¥ TCR™ CD8™" cells measured by flow
cytometry and average values of nucleated cells in that organ. Similarly,
for either memory or naive CD8 T cells, BrdU™ cell numbers contained in
each organ were calculated based on the corresponding percentages of
BrdU™ cells measured by flow cytometry and average numbers of cells for
that organ.

Mathematical analysis

To estimate the proliferation rate p and the death rate d, we fitted the
functions (Equations 6—8) to our experimental data. Such functions were
curves of the type x(1) = ¢;e“ + c3e“¥, in which either parameter c; or c5,
¢, were unknown. We solved the corresponding nonlinear least squares
problems with the help of the software Wolfram Mathematica and its rou-
tine nonlinear regress (Wolfram Research). The coefficient of determina-
tion (R?) values were calculated according to Ref. 15.

Statistical analysis

Statistical analysis was performed by Students’ ¢ test. Differences were
considered significant when p = 0.05 and highly significant when
p = 0.01.

Results

BrdU incorporation experiments with thymectomized B6 mice

To study the kinetics of CD8 T cells in vivo, we treated adult
thymectomized B6 mice with BrdU and analyzed cells from
spleen, LN, and BM. By using thymectomized mice, we were
able to prolong BrdU exposure up to 42 days without including
CDS8 T cells labeled in the thymus, which normally come out
after day 3 (7).

During the continuous labeling period, BrdU was adminis-
trated in the drinking water every day to a large group of
thymectomized mice and a few of them were analyzed at dif-
ferent times of treatment (days 3, 14, 28, and 42). In agreement
with our previous results in normal euthymic B6 mice (3), at
day 3 the percentage of BrdU" CDS8 T cells was higher in the
BM than in the spleen and LN (Fig. 14). We also analyzed some
euthymic B6 mice in parallel with the thymectomized mice, and
found no significant statistical difference at day 3 between the
two groups (data not shown). Fig. 1B shows representative ex-
amples of cytometric analysis of spleen, LN, and BM CD8 T
cells from mice treated with BrdU for 14 or 42 days. At any
time tested, the BM contained the highest percentage of BrdU™
CD8 T cells, either within naive (CD44™/'°™) or memory
(CD44Megh) cell subset.

We also performed delabeling (chase) experiments. Mice were
treated with BrdU for 14 days as above and then the treatment was
stopped. Spleen, LN, and BM CDS8 T cells were analyzed at dif-
ferent times of the die-away phase, i.e., at day 0 (corresponding to
day 14 of BrdU labeling) and 4, 8, 17, and 36 days after interrup-
tion of BrdU treatment. Fig. 1C represents typical cytometric pro-
files of spleen, LN, and BM CDS8 T cells at day 36, showing a slow
decay of BrdU labeling in both naive and memory subset. As a
control, for each mouse we analyzed total BM cells, showing a
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FIGURE 1. BrdU labeling of CD8 T cells from B6
thymectomized mice. Single-cell suspensions were
obtained from spleen, LN, and BM. After staining
with anti-TCR-PECyS5.5, anti-CD8 3-biotin-streptavidin-
allophycocyanin, and anti-CD44-PE plus either control-
FITC or anti-BrdU-FITC, cells were analyzed by flow
cytometry. A, BrdU" CD8 T cells in spleen, LN, and
BM at day 3 of BrdU continuous labeling. In each organ
the percentage of BrdU™ cells in the TCR" CD8* pop-
ulation was determined after subtraction of background
staining with control Ab. The panel summarizes the re-
sults obtained from three independent experiments. B,
BrdU incorporation within naive and memory CD8 T
cells during continuous labeling. The panels represent
the cytometric analysis of spleen, LN, and BM at the
indicated day of BrdU continuous labeling. In the rop
panels, the numbers represent the percentage of TCR™
CD8" cells in the gated region. After gating on TCR™"
CD8™ cells, naive and memory cells were discriminated
based on CD44 expression. The marker was set based
on CD44 expression of spleen, LN, and BM CD8 T cells
from a young (2- to 3-mo old) normal B6 mouse, which
was analyzed in parallel with samples from thymecto-
mized mice. The numbers on the right of each panel
indicate the percentage of cells in the corresponding
quadrant. Bold numbers within quadrants represent the
percentage of BrdU™ cells within either CD44"" (top)
or CD44™1°% (pottom) subset. C, BrdU incorporation
within naive and memory CD8 T cells during the dela-
beling phase (chase). Top panels, The cytometric anal-
ysis of spleen, LN, and BM CD8 T cells at 36 days after
interruption of a 14-day BrdU continuous treatment.
Bottom panels, BrdU incorporation by BM total nucle-

% BrdU* cells

B

CcDBT
cell gate

CD8 bio-

—= CD44 PE —= AvAPC

staining
controls

day 14
BrdU
treatment

day 42
BrdU
treatment

ated cells after the following BrdU treatments: 14 days day 36

of continuous labeling (left), 36 days of chase after a BrdU

14-day continuous labeling (middle), and overnight af- chase

ter a single BrdU i.p. injection (right). Numbers repre-

sent the percentages of BrdU" cells in the indicated total

region. BM
controls

much faster BrdU decay. To control for BrdU staining on the day
of the test, total BM cells from a B6 mouse pulsed overnight with
BrdU were analyzed in parallel with samples from thymectomized
B6 mice (Fig. 10).

Analysis of the efficiency of the BrdU-labeling protocol

To evaluate the efficiency of our BrdU-based experimental ap-
proach in the detection of proliferating CD8 T cells, we compared
the BrdU protocol with the CFSE method (3, 9, 14). Because BrdU
protocol is based on the DNA incorporation of a nucleotide analog
by the salvage pathway in vivo, it is likely to have a lower sensi-
tivity than the CFSE method, in which cells are labeled in vitro
with a cytoplasmic dye. Moreover, in contrast with the CFSE
method, the BrdU protocol requires cell permeabilization and in-
tranuclear staining (3, 16).

Equal numbers of either CFSE-labeled or unlabeled donor cells
from spleen and LN of B6 mice were transferred into two groups
of congenic B6-CD45.1 recipient mice. Mice were injected with
poly:IC and treated every day with BrdU. After 3 days, spleen, LN,
and BM cells were analyzed by flow cytometry and CD45.1~ do-
nor CD8 T cells were gated (9). As regards the CFSE method,
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proliferation was measured based on CFSE fluorescence intensity.
For the BrdU method, proliferation was determined by staining
with anti-BrdU mAb FITC, after subtraction of background stain-
ing with control mAb. Representative cytometric profiles of LN
and BM samples are shown in Fig. 2A and results are summarized
in Fig. 2B.

In agreement with our previous observations (5), we found that
poly:IC treatment-induced proliferation was higher in the BM than
in either spleen or LN. Assuming that 100% of divided cells were
detected by CFSE, for each organ we calculated the ratio between
the percentage of divided cells measured by BrdU and the corre-
sponding percentage measured by CFSE. We obtained the follow-
ing ratios: spleen 0.8, LN 0.7, BM 0.8, suggesting that our BrdU
protocol detected roughly 80% of those divided cells detected by
CFSE (BrdU-labeling coefficient = 0.8).

In the above comparison between CFSE and BrdU protocol,
both groups of mice were treated with BrdU, to avoid the pos-
sible confounding effect of BrdU treatment of only one group.
We also performed additional experiments to check for the
toxic effect of BrdU on CD8 T cell proliferation. Donor CFSE-
labeled cells were transferred into CD45-congenic recipient,
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FIGURE 2. BrdU-labeling protocol efficiency. After

either CFSE labeling or mock treatment, pooled B6
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spleen and LN cells were transferred into B6-CD45.1
recipient mice (40 X 10°/mouse). Mice received a sin-

gle injection of poly:IC and were treated continuously
with BrdU in drinking water. After 3 days, spleen,
LN, and BM cells were stained with anti-TCR-Alexa
647, anti-CD8p-biotin-streptavidin-PerCpCy5.5, anti-
CD45.1-PE and analyzed for either CFSE content or
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staining examples. Left histograms show typical CFSE
staining profiles of LN and BM CD45.1~ donor CD8 T
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0.30, BM 0.89). Considering that, during the 3 days of BrdU %(0) = y(0)

administration, CD8 T cells divided extensively due to poly:IC %(0) =0

treatment, our results suggest that BrdU does not affect CD8 T \ %,(0)=0

cell proliferation in vivo in our system. We also checked spleen
cellularity after continuous BrdU treatment of thymectomized
B6 mice for either 28 or 42 days and found no statistically
significant difference between BrdU-treated and untreated mice
(p value: 28 days 0.51, 42 days 0.64).

The general mathematical model

To study the kinetics of CD8 T cells and determine the prolifer-
ation and death rates of naive and memory cell subsets, we de-
signed a general mathematical model to be separately applied to
either naive or memory cell populations during the labeling and the
delabeling periods.

The key point of our model is that at any time ¢ we separate
the CD8 T cell population (either naive or memory) y(f) into
subpopulations depending on the number of divisions they per-
form until 7. In our model, x,(#) is the number of cells belonging
to the considered population y(7) which have never divided dur-
ing the time interval [0, 7], where r = 0 is the initial time of our
experiment; x,(¢) is the number of cells which divided once
during the same interval and x,(7) is the subpopulation which
divided two or more times. The dynamics of these subpopula-
tions is described by the following simple system of ordinary
differential equations

in which y(0) is the number of cells at the beginning of the ex-
periment, p and d are the per cell proliferation and death rate,
respectively, and tfinal is the final time of the experiment (in days).

The system (Equation 1) can be solved analytically and we
obtain:

Xo(1) = y(0)e =P T (@)
x,(1) = 2py(0)e =P " 1t 3)
x(1) = y(0)e =P T D[ — (1 + 2pn)] @

The sum of (Equations 2—4) x,(f) + x,(¢) + x,(¢) = y() obeys
to the classical exponential function

y(t) = y(0)e'” ~ D 1 € [0, tfinal) 5)
Of course this reasoning can be further extended by separating
y(#) into the sum of n subpopulations x,(), i = 0,...,n — 1 each

of which divided i times in the time interval [0, 7].

Memory CDS8 T cells kinetics: parameter estimation

To estimate the proliferation and death rates of memory CD8 T
cells, we used the data of BrdU continuous labeling experiments,
taking into account the sum of BrdU™ cells contained in spleen,
LN, and BM.
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FIGURE 3. Analysis of BrdU labeling of CD44"€"CD8 T cells. A, Analysis of total CD44"£"CD8 T cell numbers after thymectomy. Experiments were
performed in two independent series. For each series, female B6 mice were thymectomized at 4 wk and analyzed at different days after thymectomy. For
each assay, three to five mice were killed and total memory CDS8 T cell numbers from spleen, LN, and BM were calculated. Mean values of individual assays
are shown, as well as the average values of the two series of experiments. B, BrdU" CD44"£"CD8 T cell numbers during BrdU continuous labeling. Mice
were treated with BrdU in drinking water and analyzed at different times of BrdU labeling. Spleen, LN, and BM cells were stained as in Fig. 1. For each
organ, the number of BrdU"* memory CD8 T cells was calculated and the sum of spleen, LN, and BM values is shown for each mouse. Three independent
experiments were performed (first series: experiments A and B; second series: experiment C), each starting at the indicated day after thymectomy. In the
three experiments, for each day of analysis the SD was =15% of the average value. C, BrdU* CD44"#"CDS8 T cell numbers in spleen, LN, and BM. The
contribution of spleen, LN, and BM to the sum of BrdU" memory CD8 T cells is shown for each mouse in a typical experiment (experiment B). D, Plot
of the fitting curve for CD44"€" CD8 T cells. The panel shows the sum of BrdU" memory CD8 T cells from spleen, LN, and BM of individual mice in
a typical experiment (experiment B) and an example of the fitting curve M, (f). The corresponding value of the coefficient of determination (R?) is indicated.
The calculated death rate value was d = 0.0104 days ™~ '. The calculated death rate values without the BM were the following: spleen d = 0.0110 days ™ ';
spleen and LN d = 0.0087 days™ .

days of BrdU treatment

We first calculated the total numbers of memory CD8 T cells
contained in spleen, LN, and BM of the thymectomized B6 mice,
at different times after thymectomy. Fig. 3A shows that the total
number of memory CD8 T cells was pretty stable over time, in two
independent series of experiments (average value: first series 4.8 X
10° cells, second series 5.2 X 10° cells). This is expected, con-
sidering that the numbers of either memory or naive CD8 T cells
are independently regulated (17) and thymectomy affects only the
naive cells (18).

We then calculated the number of BrdU™ memory CD8 T cells
from three independent experiments of continuous labeling (ex-
periments A, B, C), each started at a different time after thymec-
tomy (days 28, 35, and 56, respectively). We analyzed BrdU in-
corporation at day 3, 14, 28, and 42 of continuous BrdU treatment
(Fig. 3B). A similar increase of the number of BrdU" memory
CDS8 T cells was observed in the three experiments, suggesting that
memory CDS8 T cell proliferation was not influenced by the num-
ber of days after thymectomy, in the time frame analyzed. We
observed a remarkable contribution of the BM to the number of
BrdU" memory CD8 T cells (Fig. 3C).

We used the data of the above experiments to estimate the pro-
liferation and death rates of memory CD8 T cells. We denote by
M(t) the number of total memory CD8 T cells contained at time ¢
in the sum of spleen, LN, and BM, where + = 0 is the day of
thymectomy. The population M(7) plays the role of y(¢) given in
(Equation 5). Considering that p = d, because the memory cell
population is at a steady state, we have

M(t) = M(0)

in which # = 0 is the day of thymectomy.

In our continuous labeling experiment, we denote by M, (7) the
number of BrdU" memory CDS8 T cells contained at time ¢ in the
sum of spleen, LN, and BM, where ¢ = 0 is the initial time of BrdU
labeling. The population M, (7) is composed by subpopulations of
cells which have divided once or more times during the interval [0,
t]. By using our general model (Equation 1), we have

M, (1) = bM(0)(1 — e~ >*) (6)
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FIGURE 4. Analysis of BrdU labeling of CD44™/°*CD8 T cells. A, Analysis of total CD44™'°* CD8 T cell numbers after thymectomy. Experiments
were performed as in Fig. 3 and total naive CD8 T cell numbers from spleen, LN, and BM were calculated. Mean values of individual assays are shown,
as well as the fitting curve and the coefficient of determination (R?) for each series. B, BrdU" CD44™°% CD8 T cell numbers during BrdU continuous
labeling. Experiments were performed as in Fig. 3 and the sum of BrdU" naive CDS8 T cells from spleen, LN, and BM is shown for each mouse. In the
three experiments, for each day of analysis the SD was =20% of the average value. C, BrdU* CD44™'°*CD8 T cell numbers in spleen, LN, and BM.
The contribution of spleen, LN, and BM to the sum of BrdU™ naive CD8 T cells is shown for each mouse in a typical experiment (experiment B). D, Plot
of the fitting curve for CD44™°% CD8 T cells. The panel shows the sum of BrdU™ naive CD8 T cells from spleen, LN, and BM of individual mice in
a typical experiment (experiment B) and an example of the fitting curve N, (#). The corresponding value of the coefficient of determination (R?) is indicated.

The calculated rate values were p = 0.0024 days '

and d = 0.0150 days™~'. The calculated rate values without the BM were the following: spleen p =

0.0025 days™'; d = 0.0218 days™'; spleen and LN p = 0.0025 days'; d = 0.0121 days™".

in which ¢ = 0 represents the initial time of the continuous labeling
experiment, b is the efficiency of our BrdU labeling method, and
M(0) is the total number of memory cells contained in the three
organs, which is constant. As we got an estimation of such a num-
ber (Fig. 3A), and also of the BrdU-labeling coefficient (Fig. 2B),
the function (Equation 6) depends only on one free parameter, the
death rate or d, which is equal to the proliferation rate or p. Fitting
the function (Equation 6) to the data obtained from the three in-
dependent experiments, we estimated d for each experiment, ob-
taining the following values (corresponding confidence interval in
parentheses): experiment A d = 0.0101 days ™' (0.0075; 0.0126);
experiment B d = 0.0104 days ' (0.0082; 0.0125); experiment C
d = 0.0128 days™ ' (0.0100; 0.0156). The mean death rate of the
three experiments is d = 0.0111 days™'. One example of the plot
of the fitting curve M, () is shown in Fig. 3D.

To confirm our estimations, we used the data from two novel in-
dependent experiments (respectively, day 14 and 28 continuous la-
beling). We plotted the curve given in (Equation 6), by using M(0)
from each one of the two novel experiments, and by taking d as the
mean value of experiments A—C (0.0111 days™'). We found that the
curves provided a good approximation of our day 14 as well as day 28
experimental data (data not shown). Moreover, the coefficient of de-
termination (R?) values (15) were in both cases =0.9, very close to the
ones obtained during the fitting procedure of experiments A—C.

Naive CD8 T cells kinetics: parameter estimation

To study the kinetics of naive CD8 T cells, we calculated total and
BrdU™ cell numbers as described for the memory compartment. As
expected in thymectomized mice, we found that the number of naive
CDS8 T cells declined exponentially after thymectomy in two inde-
pendent series of experiments (Fig. 4A). Let N(7) be the number of
naive cells playing the role of the population y(#) given in (Equation
5)

N(t) = N(0)e? — Dt (7)

in which r = 0 is the day of thymectomy.
Fitting (Equation 7) to the data obtained in two series of exper-
iments, we get the following estimations of N(0) and p — d

N(@O) = 1.6543-10" p —d = —0.0126 (first series)

R> =092
N@) = 1.7739-10" p —d = —0.0125 (second series)
R*> = 0.81

allowing us to approximate N(f) at any time ¢. By these means, we
can estimate the number of total naive CD8 T cells at different
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times after the thymectomy, corresponding to the initial times of
our BrdU incorporation experiments.

We then calculated the numbers of BrdU™ naive CD8 T cells
from three independent experiments of continuous labeling, as de-
scribed for the memory cells. The numbers of BrdU™ naive CD8
T cells showed a gradual increase over time (Fig. 4B), less pro-
nounced than for the memory population. Results were similar in
the three experiments, suggesting that naive CD8 T cell prolifer-
ation was not influenced by the number of days after thymectomy,
in the time frame analyzed. At each time point, BrdU™ naive CD8
T cells were found not only in spleen and LN, but also in the BM
(Fig. 40).

According to our general model, Equation 1 provides

N, (1) = bNO)[e? ~ i _ g (p ) @)

in which N, () represents the number of BrdU™ naive CD8 T cells
contained at time 7 in the sum of spleen, LN, and BM and t = 0
represents the initial time of the continuous labeling experiment.

Observe that when p = d, Equation 8 coincides with Equation
6, as we have used a general mathematical model for both naive
and memory CD8 T cells.

Once again, as we computed an estimation for N(0) and p — d,
the above function (Equation 8) has only one free parameter, the
death rate or d. Fitting our data from the three independent exper-
iments, we calculate p and d as follows (d confidence interval are
indicated in parentheses): experiment A p = 0.0024 days™ ', d =
0.0150 days—' (0.0146; 0.0153); experiment B p = 0.0024
days™', d = 0.0150 days™ '(0.0147; 0.0154); experiment C p =
0.0018 days ™', d = 0.0143 days™ '(0.0141; 0.0145). An example
of the plot of the fitting curve N,(¢) is shown in Fig. 4D.

We confirmed our estimates using novel data from day 14 and
28 continuous labeling experiments, as in the case of memory CD8
T cells, and again we obtained good agreement between the esti-
mated curves and the novel data (data not shown) and R* = 0.9.
Taken together, our results suggest that our mathematical model is
correct for both memory and naive CD8 T cells.

Delabeling curves of memory and naive CD8 T cells:
comparison of models with different division numbers

To further confirm the proliferation and death rates based on the
BrdU continuous labeling experiments, we performed BrdU chase
experiments (experiments D and E). In the chase experiments,
mice were analyzed at different times after interruption of a 14-day
BrdU treatment, i.e., at days 0, 4, 8, 17, and 36.

Fig. 5, A and B, show the numbers of BrdU" memory and naive
CD8 T cells during the delabeling period. As a control for BrdU
decay, total BM cells from each mouse were analyzed, showing a
sharp decline of BrdU™ cell numbers as soon as BrdU adminis-
tration was stopped (Fig. 5C).

Along the same line of our previous mathematical analysis,
starting from our general model (Equation 1), we get two different
solutions for the delabeling curves of each CD8 T cell subset. If we
assume that, in absence of BrdU, each divided labeled cell results
in two unlabeled cells, we get

M, (1) = M(0)e > (9a, for memory cells)

N, (t) = N(O)e™? * " (9b, for naive cells)

in which r = 0 represents the initial time of the delabeling
experiment.

In the case that only after the first division—but not after the
subsequent divisions—a labeled cell still yields two labeled daugh-
ter cells, we obtain
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FIGURE 5. Analysis of BrdU delabeling of CD44"&" and CD44invlow
CDS8 T cells. After continuous treatment with BrdU in drinking water for
14 days, BrdU was replaced with normal water and mice were analyzed at
different days of chase. A and B, BrdU™ CD44"e" and CD44"°% CD§ T
cell numbers during BrdU chase. Spleen, LN, and BM cells were stained
and analyzed as in Fig. 1. For each organ, the number of BrdU™ cells
within memory (A) and naive (B) CD8 T cells was calculated and the sum
of spleen, LN, and BM values is shown for each mouse. Two independent
delabeling experiments were performed (second series: experiment D and
E), each starting at the indicated day after thymectomy. C, BrdU™ total BM
cell numbers during BrdU chase. For each mouse, the percentage of BrdU™
cells within total BM cells was measured and the corresponding number of
BrdU™ cells was calculated. BrdU-labeling controls were performed with
normal B6 mice pulsed overnight with BrdU and examined in parallel with
thymectomized B6 mice.

M, (1) = M(O)e >*(1 + 2df) (10a, for memory cells)

N, (t) = NO)e~? * Di(1 4+ 2pt) (10b, for naive cells)

in which + = 0 represents the initial time of the delabeling
experiment.

To choose between the two models (Equations 9 and 10, re-
spectively), we compared the corresponding curves for each cell
subset. These curves were obtained using p and d given by the
mean values from continuous labeling experiments (A-C),
whereas the average numbers of total and labeled cells were
taken from chase experiments (either D or E).

As shown in Fig. 6 for memory CDS8 T cells, the second for-
mulation, i.e., the assumption that after the first division a labeled
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cell yields labeled daughter cells and after the second division
labeling is lost, is more appropriate. In addition to the curves cor-
responding to the two models (Equations 9 and 10, respectively),
we also report in Fig. 6 the curves representing either the case of
cells which lose the labeling only after the second division or the
case of cells which remain labeled during the whole experiment.
Similar results were found also in one of two chase experiments
with naive CD8 T cells (data not shown).

Thus, our analysis of chase experiments confirms the estimation
of p and d values obtained with continuous labeling experiments
and suggests that in our system BrdU labeling is mostly lost by
CD8 T cells upon the second division.

Discussion

In contrast with previous studies on mature CD8 T cell turnover in
mice (7, 19), we based our analysis of CD8 T cell kinetics on total
BrdU-labeled naive and memory CD8 T cells contained in spleen,
LN, and BM rather than only on percentages of BrdU-labeled cells
in spleen and LN. We took this approach because: 1) the percent-
age of proliferating cells within either naive or memory CD8 T
cells is higher in the BM than in spleen and LN (Fig. 1 and Refs.
3 and 5); 2) spleen, LN, and BM together contain the great ma-
jority of mature CD8 T cells in the body, making the sum of their
CD8 T cells highly representative of the mature CD8 T cell pool
(3,5, 6).

We found that for naive CD8 T cells, on average, the prolifer-
ation rate was 0.0022 days ™ 'and the death rate was 0.0148 days™';
for memory CD8 T cells, both average rates were 0.0111 days™"'.
Thus, every day ~1% of memory CD8 T cells and 0.2% of naive
CDS8 T cells proliferate, and ~1-1.5% of either memory or naive
cells die. Within each subset, we considered that appearance and
disappearance of BrdU-labeled cells were dependent only on cell
proliferation and death. This accounts for the behavior of the ma-
jority of the cells in the time frame analyzed; nevertheless, it is
possible that some cells shifted phenotype and others migrated out
of the three lymphoid organs examined. Because CD44"e"CD8 T
cell numbers were stable over time (Fig. 34) and BrdU-labeling
curves were very similar in independent experiments started at
different days after thymectomy (Figs. 3B and 4B), we believe that
phenotype shift did not greatly affect our results. The intermitotic
or doubling time (7,), was ~315 days for naive CD8 T cells and 63
days for memory CD8 T cells. Both subsets had a survival time or

days of BrdU chase

half-life (¢,,,) of more than a month (roughly 47 days for naive cells
and 63 days for memory cells). Our results suggest that the higher
turnover of memory CDS8 T cells as compared with naive CD8 T cells
is mostly attributable to a higher proliferation rate.

To investigate whether results would be different in the absence
of BM contribution, we repeated our mathematical analysis taking
into account either spleen cells alone or spleen and LN cells to-
gether. When the BM was not included and the analysis was per-
formed on spleen and LN cells, we found slightly lower prolifer-
ation rates for memory cells and similar proliferation rates but
lower death rates for naive cells. Nevertheless, for both cell subsets
the fittings were still good and the difference between correspond-
ing values with and without BM was not statistically significant
(data not shown). This suggests that there was enough naive and
memory CD8 T cell recirculation among the three lymphoid or-
gans analyzed, so that cells which had incorporated BrdU in the
BM contributed to BrdU-labeled cell numbers found in spleen
and LN.

Mathematical models have been used for interpretation of ma-
ture CD8 T cell kinetics in different systems, including studies in
humans with deuterium-labeled compounds and in monkeys with
either deuterium-labeled compounds or BrdU, but there is still a
big controversy on physiological turnover rates of naive and mem-
ory CD8 T cells (reviewed in Ref. 11). In rodents, in most cases,
results have been interpreted intuitively rather than in a mathemat-
ical framework, making comparison with our results difficult (19—
21). In contrast with our study, those lacking mathematical anal-
ysis do not analyze separately the contribution of proliferation
and death rates to either BrdU up-labeling or down-labeling
curves (7, 19). In one case, T cell turnover was examined in
thymectomized rats using a mathematical formula, but only
CD3™ cells from secondary lymphoid organs were analyzed and
the formula was applied to diabetes-prone BB rats and not to
control healthy WF rats (22).

Among the few studies in humans in which separate analysis of
naive and memory CD8 T cells was performed, those by McCune
et al. (23) and Wallace et al. (24) are the most similar to ours in
terms of doubling time estimation, with 112-204 days for naive
CD8 T cells and 18—-40 days for memory CDS8 T cells. Recently,
it has been suggested that the doubling times of both naive and
memory CD8 T cells in humans have been underestimated so far—
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due to short labeling times and insufficient time points of analy-
sis—and they are much longer than previously thought
(N. Vrisekoop, I. Den Braber, A. B. De Boer, A. F. C. Ruiter,
M. T. Ackermans, S. N. Van der Crabben, E. H. R. Schrijver, G.
Spierenburg, H. P. Sauerwein, M. D. Hazenberg, et al., submitted
for publication, cited after Ref. 11). It is possible that in our system
naive CD8 T cell proliferation rate was increased because we an-
alyzed T cell turnover in thymectomized mice. However, we ob-
served similar proliferation rates in experiments performed at dif-
ferent times after thymectomy, suggesting that naive CD8 T cell
kinetics did not change in the time frame analyzed (BrdU labeling
within the third month after thymectomy). It is expected that, at
later times after thymectomy, a higher level of lymphopenia oc-
curs, and the proliferation rate of naive CD8 T cells increases due
to additional compensatory mechanisms.

Our results are very different from other mathematical analyses
of CD8 T cell kinetics as concerns the estimation of death rate and
survival time. In contrast with studies in humans and monkeys (25,
26), reporting a rapid loss of labeled CD8 T cells in the chase
phase and high death rates (either using BrdU- or deuterium-la-
beled compounds), we found that after interruption of BrdU treat-
ment, BrdU-labeled CD8 T cell numbers slowly declined, whereas
the number of BrdU-labeled total BM cells steeply decreased. We
obtained good fittings of the data with the mathematical equation
used to describe the BrdU continuous labeling phase, provided that
we applied the equation which takes into account a loss of BrdU
labeling upon the second cell division. By such equation, we con-
firmed both the proliferation and the death rates obtained in the
BrdU up-labeling studies.

With respect to experimental results, our data are similar to stud-
ies of BrdU die-away curves in rodents (7, 19) in which spleen and
LN CDS8 T cells were examined. The discrepant results in humans
and monkeys vs rodents might be explained by the different organs
analyzed (blood in primates vs lymphoid organs in rodents); it
is possible that the rapid disappearance of blood-labeled CD8 T
cells during the chase phase is mostly due to migration from blood-
stream into tissues rather than to cell death (27). The rapid disap-
pearance of BrdU-labeled cells from blood after BrdU withdrawal
was found also when B cells were studied in sheep (28), suggesting
that this phenomenon is related to the blood compartment and is
consistent across species. Moreover, individual differences in CD§
T cell kinetics exist among both humans and monkeys (25, 26),
due to genetic background and/or environmental factors, and in
some individuals results are similar to ours, which have been ob-
tained in inbred mice.

As regards mathematical analysis of the BrdU die-away curve,
our study is different from the majority of the others, in which the
progeny of BrdU-labeled cells was considered stably labeled (11).
The few studies which took into account the possibility that BrdU
dilution upon cell divisions leads to BrdU-labeled cell disappear-
ance used different approaches than ours (16, 22). The advantages
of our mathematical model are the following: 1) the number of cell
divisions is considered in both continuous labeling and chase equa-
tions, so that a unique framework is used for analysis of results; 2)
in the chase equation, it is possible to compare different curves,
each based on a different number of cell divisions required for the
loss of BrdU positivity, including the possibility that BrdU posi-
tivity is not lost in the time frame of the experiment. Thus, we do
not assume a priori neither a fixed number of cell divisions nec-
essary for BrdU loss (22), nor a constant fraction of labeled cells
lost due to BrdU dilution (16).

A major concern in cell kinetics studies is cell heterogeneity,
which may lead to the estimation of a lower proliferation rate as
compared with death rate (29). Indeed, several studies have re-
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ported a discrepancy between the two estimated rates and ex-
plained it either by the existence of an external source of cells or
more convincingly by cellular heterogeneity (16, 25, 29); to have
a more reliable estimate, it was proposed to calculate the “average
turnover rate,” defined as the death rate averaged over all cell
subpopulations (30, 31). We did not confirm in our system the
common observation of a much higher rate of disappearance of
labeled cells in the chase phase as compared with their accumu-
lation in the labeling phase. Still, heterogeneity exists within the
two cell subsets we analyzed, especially within memory CD8 T
cells. We believe that, for each subset, we included similar pro-
portions of cells with different turnover rates in either up-labeling
and down-labeling experiments, because we took into account the
sum of spleen, LN, and BM cells and administered BrdU for a
sufficiently long time before chase. Moreover, we considered the
possibility that during the chase phase labeled cells disappeared
not only because they died but also because their label was lost
upon cell division, making it unlikely that the death rate was over-
estimated in our model.

By our comprehensive approach, we were able to measure with
good approximation the average proliferation and death rates
within mouse naive and memory CD8 T cell subsets. Our results
have implications for human studies, especially for the interpreta-
tion of abnormal T cell kinetics found in HIV-infected patients and
other diseased individuals (23).
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