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FTY720 (2-amino-2-[2-(4-octylphenyl)ethyl]propane-1,3-diol hydrochloride) is an
orally available immunomodulatory agent that induces severe peripheral blood
lymphopenia. Most studies of these lymphopenic effects have been limited to short-term
exposure to FTY720. FTY720 alters the ability of lymphocytes to respond to
sphingosine-1-phosphate (S1P) through S1P receptors, particularly S1P;. FTY720
affects different leukocyte populations and their trafficking through major lymphoid
organs. We show the dynamics of CD4 T, CD8 T, and B lymphocyte recirculation in all
major lymphoid compartments during 21-day FTY720 treatment of normal C57BL/6
mice. Following a transient increase in peripheral lymph nodes and Peyer's patches,
lymphocyte recirculation reaches a new steady state. Other lymphoid organs show
transient changes in lymphocyte composition with various patterns. At 21 days of
FTY720 treatment, total body lymphocyte content is reduced by 20% and blood
lymphocytes by 80%. Modeling suggests that the new steady state is due to a
combination of reduced naive lymphocyte release from the thymus and a transient
reduction of lymphocyte egress from lymph nodes. Our data indicate that the commonly
held belief that FTY720 blocks lymphocyte egress from lymph nodes cannot fully
explain the lymphocyte dynamics observed with prolonged treatment.
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Introduction

Sphingosine-1-phosphate (S1P) is an important reg-
ulator of lymphocyte trafficking. This lysophospholipid
is derived from ceramide, but unlike ceramide, it
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promotes cell survival and proliferation. S1P exerts its
cellular effects through five G protein-coupled receptors
called S1P;_s (formerly EDG receptors) [1]. Signaling
through these receptors elicits a potent chemotactic
response from lymphocytes [2]. S1P also has potent
effects on vascular endothelial cells, which may
indirectly alter lymphocyte trafficking [3]. The com-
bined effects of S1P on vascular cells and lymphocytes
alter lymphocyte recirculation.

A sphingosine analog, 2-amino-2-[2-(4-octylpheny-
Dethyl]propane-1,3-diol hydrochloride (FTY720), acts
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as a strong agonist of S1P receptors following its
phosphorylation and inhibits lymphocyte egress from
primary lymphoid organs [4], accompanied by an
increase in lymphocyte numbers in peripheral lymph
nodes (PLN) in the first few days of treatment [5, 6].
FTY720 alters the ability of lymphocytes to respond to
S1P, possibly by down-regulating expression of S1P; on
the lymphocyte surface [4, 7].

Although FTY720 significantly alters B cell numbers
in the peripheral blood, the effects are far more
profound on T cells [4-6]. Myeloid cells do not appear
to be significantly affected by FTY720 [8], and NK cells
are mildly affected [9]. Most of the lymphopenic effects
of FTY720 are due to interactions between S1P; and
FTY720 [10]. The selective S1P; analog, SEW 2871,
induces peripheral blood lymphopenia [10]. This,
together with unaltered lymphopenia in S1P5;”~ mice,
suggests that the lymphopenic effects are dependent
upon interactions of FTY720 with S1P;.

The current explanation for the FTY720 effects on
lymphocyte numbers is that mature thymocytes respond
to S1P in the blood stream in order to leave the thymus
as naive T cells [4]. A similar mechanism has been
postulated to be responsible for T cells leaving PLN [11],
but this has not been verified experimentally. T cells
show increased expression of S1P; on their surface as
they mature. High blood plasma levels of S1P may signal
the maturing T cell to leave the thymus and enter the
blood stream. Conditional knockout mice lacking S1P;
receptors on T cells show an increase of CD4 and CD8
single-positive lymphocytes in the thymus, but a
profound lack of T cells in the periphery [4, 12]. In
mice reconstituted with S1P;”~ hematopoietic cells
from fetal livers, no T cells are found in the peripheral
lymphoid organs, blood, or lymph [4], consistent with
their inability to leave the thymus. B cells are found in
peripheral lymphoid organs in near-normal numbers,
but their numbers are significantly reduced in peripheral
blood and lymph [4]. The B cell defect in the absence of
S1P; may relate to their reduced ability to recirculate
from peripheral lymphoid organs back to the bone
marrow. Additionally, S1IP has been shown to retain
B cells in splenic marginal zones. Without S1P; expres-
sion, marginal zone B cells localized to the follicles [13].

Few long-term studies of immunologic function in
the presence of FTY720 are available. High-dose FTY720
(1 mg/kg/day) leads to both lymphopenia and immune
suppression; however, lymphocyte subsets were not
distinguished in this study [14]. During long-term
treatment (1 mg/kg/day), emigration of thymocytes
was decreased over 21 days [15]. The authors of this
work investigated immature (CD4 CD8"), double-posi-
tive (CD47CD8%), and mature single-positive thymo-
cytes (CD47CD8”, CD4 CD8™).

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Although patients need to be maintained on
immunosuppressive therapies for extended periods of
time, if not for the remainder of their life, no studies
have tried to account for total numbers of lymphocytes
from all major lymphoid organs during prolonged
FTY720 treatment. As the lymphocyte distribution in
one compartment can affect that of other compartments,
the present study analyzes the composition of all major
lymphoid compartments over an extended period of
time. Since the blood compartment accounts for less
than 5% of all lymphocytes, blood lymphocytes can
easily disperse into the large lymphoid compartments
like spleen and bone marrow without significantly
increasing the size of these compartments.

Results

Mice treated with FTY720 in their drinking water
reached steady state blood concentrations of free
FTY720 of 20-30 nM, which did not change during
the 21-day treatment course (data not shown). While
granulocyte counts were not significantly changed
before and after treatment (Fig. 1A), or over the course
of 21 days (data not shown), total lymphocyte counts in
blood were dramatically diminished after 24 h of
treatment (Fig. 1A). Total lymphocyte counts rose
slightly on day 7, but dipped again to remain at less
than 20% of control at day 14 and 21 (Fig. 1B). B cell
counts dropped to 15% of control counts (Fig. 1B). Of
the different lymphocyte subsets, all T cell subsets were
severely affected, with CD8 cells declining to about 4%
and CD4 T cells declining to 5% of normal numbers
(Fig. 1C). NK cells were the least affected by FTY720
treatment, dropping to 60% of normal counts within the
first 24 h (data not shown). These data confirm the
profound lymphopenic effects of FTY720 and the
differential effect on T and B cells, and show that a
new steady state is reached by day 14 of treatment.
During the course of FTY720 treatment, lymphocytes
that normally circulate through the peripheral blood
compartment and lymphatics are unable to leave the
PLN [11]. Indeed, our data show a transient accumula-
tion of lymphocytes in lymph nodes over the first 2 days
of treatment (Fig. 2A). While the increase in the B cell
compartment is evident by the increased percentage of
B cells in the nodes (Fig. 2B), increases in CD4 and CD8
T cells are not evident by merely studying the FACS plots
(Fig. 2C), but the increase becomes obvious when total
lymphocyte counts are calculated (shown in Fig. 2A). On
days 2.5 and 4, all lymphocyte subsets are increased
compared to the day O group (Fig. 3A). However, by
day 21, the cell counts decreased to levels slightly lower
than the day 0 group, with a significant decrease in CD4
T cells by this time. We believe that this is due to a
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Figure 1. Effect of prolonged FTY720 treatment on lymphocyte
subsets in peripheral blood. (A) Comparison of lymphocyte vs.
neutrophil counts before and 24 h after starting FTY720
treatment. (B) Lymphocyte counts from mice treated with
FTY720 over a prolonged 21-day time course. Solid circles
indicate total lymphocytes, open circles indicate B cells, and
(C) shows CD4 (closed circles) and CD8 (open circles) T cells. All
T lymphocyte decreases shown are significantly different
when compared to no treatment, with the exception of
day 7 CD4 T cells. * p <0.05 in (A) and (C), and p <0.01 in (B).
Data are representative of at least five mice per time point,
which is a collection of data from at least three different
experiments.
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reduced release of single-positive naive T cells from the
thymus (as suggested by Matloubian et al. [4]), which
balances a deficit in lymphocyte egress from PLN. This
new steady state appears to take effect in the latter part
of the treatment, as PLN lymphocyte content starts to
plateau by day 14 (Fig. 3A). Trafficking patterns of
lymphocytes in the Peyer's patches (PP) follow the same
pattern as that seen in the PLN compartment (Fig. 3B).

These data, combined with the data from Fig. 1,
suggest that the decrease in lymphocyte numbers seen in
PLN is not due to the large-scale release of these cells
back into the peripheral blood. It appears that, initially,
these cells are unable to leave PLN. Over the course of
the treatment, influx of thymocytes into the periphery is
decreased, which changes the trafficking equilibrium of
affected lymphocyte populations. Since lymphocyte
counts in both peripheral blood and lymph nodes never
decline to zero, it seems that a small number of
thymocytes are still released from the thymus. Thus, the
mice are able to maintain a low level of lymphocytes in
both the peripheral blood and the lymph nodes.

In the thymus, administration of FTY720 induced a
rapid and significant accumulation of total thymocytes,
mainly comprising double-positive thymocytes, which
reached a peak at day 1.5 (Fig. 4A). A brisk decline in
these numbers by days 2 and 4 was followed by a slow
recovery that continued through day 14. In particular,
there was a significant increase in the number of single-
positive (SP) populations above untreated levels.
Developing thymocytes (CD257CD44%) followed the
pattern of the total lymphocyte population of the thymus
(Fig. 4B).

We utilized differential equation modeling to char-
acterize the rates of change of cells in each of the three
compartments, thymus, blood, and PLN. The rate of
change of cells in the thymus compartment [0T(t)/dt] is
characterized by two rate constants: +kTj,, the zero-
order rate of cells maturing in the thymus compartment;
and —kTg, the first-order rate of cell transfer from the
thymus compartment to that of the blood. The number
of cells in the thymus compartment, T(t), is calculated
based on the model-estimated value T, at time zero. The
rate of change of cells in the blood compartment [0B(t)/
ot] is characterized by four rate constants: +kTg,
representing transfer from the thymus compartment
to blood; —kgp, transfer from blood to PLN; +kpg,
transfer from PLN to blood; and —kgoy, the first-order
rate of cell elimination from the blood compartment.
The numbers of cells in the thymus, blood, and PLN are
computed based on the model-estimated value T, at
time zero and these rates. The rate of change of cells in
the PLN compartment [0P(t)/0t] depends on three rate
constants: +kgp, transfer from blood to PLN; —kpg,
transfer from PLN to blood; and —kpy., cell elimination
from the PLN compartment.
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Figure 2. PLN composition on days 0, 2.5, and 21 by lymphocyte counts and flow cytometry. (A) Comparison of lymphocyte subsets
on days 0, 2.5, and 21 in the PLN. (B) Histogram of CD19 expression on day 0 (solid) and 2.5 (open) showing an increase in the
percentage of B cells in peripheral nodes. (C) Dot plots of day 0 and day 2.5 CD4 and CD8 lymph node T cells. Data shown are
representative of at least five mice from three separate experiments.

According to this model, the dynamics of cell transfer
into and out of the thymus compartment are indepen-
dent of the blood and PLN compartments, because
peripheral T cells do not enter the thymus. Therefore,
parameter values for +kT;,, —kTp, and T, were
optimized independently of those of the remaining
model parameters. The optimal derived values for
+kT;,, —kTg, and T, were subsequently fixed during
simultaneous (i.e. global) estimation of the remaining
model parameters to the data in (C) and (D) of Fig. 5.

Initial modeling efforts with K, o = O successfully
modeled the increase in mature CD4™ T cells retained in
the thymus, but were unable to realistically match our
experimental data in the blood or PLN (data not shown).
When we allowed Kj, . to take on a finite value, the
model consistently converged on a set of curves that
were reasonable fits of the measured data (Fig. 5A).
Using the measured starting numbers of
2.42 x 10° CD4" Tcells in the thymus, 9.8 x 10° in
the blood, and 27.8 x 10° in the PLN, the model
converged on 1.43 x 10° CD4" T cells being produced
in the thymus per day. The rate of egress from thymus to

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

blood was 10.4% of the number of CD4* thymocytes per
day, from blood to PLN 2.67 times the number of CD4*
Tcells in blood, and the number of CD4% T cells
disappearing from the lymphoid compartment without
reappearing in blood was 12% of the number of CD4™"
T cells in PLN (see Fig. 5A). The rate of cells leaving PLN
and entering blood was approximately zero
(1.19 x 107°9), and almost no CD4 ™ T cells were leaving
the blood to compartments other than PLN
(9.72 x 107" times the number of blood CD4™T cells).
The fit of the model to the data is shown in Fig. 5B-D.
These data show that CD4™" T cells must disappear from
PLN, most likely by apoptosis. We looked for apoptotic
cells, but could not detect any (data not shown), perhaps
because they are rapidly cleared by phagocytosis.

To further explore the effects FTY720 has on the total
body lymphocyte populations, we continued our
analysis by studying spleen, mesenteric lymph nodes
(MLN), liver, and lungs. Total lymphocytes in the spleen
are significantly decreased over the course of the 21-day
treatment, starting at day 2.5 (Fig. 6A). A significant
increase in CD8 T cell numbers was seen at 12 h in the
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spleen. This was followed by a significant decrease in
CD8T cells by day 21. FTY720 initially did not affect the
spleen as much as the PLN, which was suggested in
previous studies [11, 16]. This could be due to
differences in the lymphocyte composition of the spleen,
which typically has many more mature cells, rather than
the naive cells in the lymph nodes. However, the data
trend seen in the latter portion of the treatment course
closely mimics that seen in the PLN. The trafficking
patterns seen in the MLN did not follow the same pattern
as seen in the PLN (Fig. 6B). The MLN consists of many
gut-associated lymphocytes that are not found in other
lymphoid organs. In this organ, we saw only minor
changes in all lymphocyte subsets studied. Overall
lymphocyte numbers and subset distribution were
unchanged after the 21-day FTY720 treatment. While
there was some initial fluctuation of lymphocytes in the
liver, the overall number of lymphocytes was not
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Figure 3. Kinetics of lymphocyte subsets in PLN and PP. (A) A
closer look at T and B cell numbers at key time points in PLN.
* p <0.05, significant increase in all lymphocyte subset com-
partments as compared today 0. * p <0.05, significant decrease
in CD4 T lymphocytes as compared to day 0. Data shown are
the average of at least five mice per time point from at least
three separate experiments. (B) Similar trends seen in total
lymphocyte kinetics of the PP compartment. Data shown are
the average of at least two mice per time point from two
separate experiments.
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significantly altered in this organ (data not shown).
Similarly, total lung lymphocytes showed small fluctua-
tions over the course of FTY720 treatment, with no
overall change in total lymphocyte number (data not
shown).

To verify that these changes were due to altered
trafficking, we injected C57BL/6scid mice (CD45.2%/
CD45.17) with CD45.1" congenic splenocytes (Fig. 7).
We indeed found alterations in lymphocyte trafficking
that mimicked results seen in our other studies. CD45.1%
lymphocyte numbers were decreased in blood and
spleen, yet increased in PLN and MLN of mice treated
with FTY720 when compared to untreated littermate
controls.

To analyze the full effect of FTY720 on lymphocytes,
we looked at the distribution of total pooled lympho-
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Figure 4. Changes in thymocyte numbers over 21-day FTY720
treatment. (A) Kinetics of thymocyte populations over 21 days
of FTY720 treatment, including total lymphocytes (solid
circles), as well as double- (solid triangles) and single-positive
(open triangles) thymocytes. Data shown are an average of at
least five mice from three separate experiments. * p <0.05
indicates a significant increase in either total lymphocytes at
day 1.5 or in single-positive lymphocytes at days 7, 14, and 21.
(B) Kinetics of developing thymocytes (CD25'CD44") upon
FTY720 treatment. Data shown in (B) are the average from
three mice per time point from two separate experiments.
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cytes in lymphoid organs, and organs with large
lymphocyte components over time (Fig. 8). Fig. 8A
compares total numbers of lymphocytes in each of the
organs on days 0, 1.5, and 21. As mentioned before, cell
counts in many organs return to normal or reduced
levels by day 21, despite a significant increase initially.
Total lymphocyte levels in blood and spleen remained
low at day 21. The whole body subset composition is
shown in Fig. 8B. Fig. 8C shows a comparison of
lymphocyte distribution in all organs studied, as well as
the different lymphocyte subsets within each organ, on
days 0, 1.5, and 21. These graphs illustrate lymphocyte
trafficking during the course of FTY720 treatment, and
show the profound effects on the T cell subset compared
to other subsets. Although T cells are most affected, we
also noted initial B cell accumulation in the bone
marrow compartment. However, this increase, like that
seen in PLN, was transient. It is important to note that
blood, the compartment in which FTY720 has the most
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Figure 6. Kinetics of lymphocyte trafficking in spleen (A) and
MLN (B). * p <0.05, significant decrease from day O group in
total lymphocytes and CD8 T cell compartments. * p <0.05,
representing a significant increase in CD8 T cells on day 0.5.
Data shown are pooled from at least five mice from three
separate experiments.
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Table 1. Total body lymphocytes (x 10°)

Immunomodulation

Day 0 Day 21 Day 21/Day 0, %%
CD4 CD8 B/DPY Other/ CD4 CDS8 B/DPY Other/ CD4 CD8 B/DPY Other
DN? DNY

Blood 19+04 23+06 102+23 36+16 0.1+002 008+00317+02 15+03 53 35 167 417
Liver 89+35 18+10 61+28 427+11 0.01+0.0060.2+0.05 06+02 662+84 01 111 93 1550
Lung 13+02 14+03 37409 75+10 024005 02+008 37+17 92435 154 143 100 1227
PP 08+01 04+006 45+06 19+04 08+02 06+002 43+06 1.7+07 100 150 956 89.5
MLN 49+09 51+1.0 29405 0.04+00235+04 41+008 6+006 1.2+005 714 80.4 206.9 3000
PLN 204+27 17.7+25 147+30 1.7+10 83+13 12+16 128421 5+21 407 678 87.1 2941
Thymus 4403  1.7+02 525432 1.1+01 115+1.8 4+05 367+51 2.7+0.8 2875 2353 69.9 2454
BMCY 82+06 64+1.1 686+05 351+27 1.2+03 04403 70.7+20237+6 146 6.2 103.1 105.4
Spleen 33.8+7.4 21.8+25 629+97 224436 135+23 8409  373+07 62+57 399 367 593 277
Body  84.2+26 58.6+69 2261425 116+19 39.1+3.7 29.6+0.3 173.8+9.5130.7+£29 464 50.5 769 1126

3 Last four columns indicate cells at day 21 expressed as percent of day 0.
Y Indicates either CD19* B cells or other lymphocytes, except for the thymus compartment, where this population refers to
double-positive (DP) and double-negative (DN) thymocytes, respectively.

9 Bone marrow compartment.

dramatic effects, is the smallest of the lymphoid
compartments.

Table 1 summarizes the data presented in this study,
showing absolute total body content of lymphocytes at
day 0 and day 21, as well as the number of cells at
day 21 as a fraction of the initial number. Table 1
emphasizes the retention of developing T cells in the
thymus, as well as the reduction in total body
lymphocytes. We also saw a sharp increase in other
lymphocytes in the MLN by day 21, perhaps due to
availability of space in the MLN after the decrease in the
T lymphocyte population. A similar but smaller increase
was seen in the PLN compartment. It is likely that these
increases are due to homeostatic proliferation of other
lymphocytes, such as NK and NKT cells, in a setting
where the niche is being emptied of other cells [17, 18].

Discussion

Lymphocytes in FTY720-treated mice are thought to be
unable to leave the peripheral lymphoid organs and the
thymus [11, 15]. This may be due to the inability to
respond to S1P in the bloodstream because FTY720
desensitizes S1P; receptors. Our data show that a new
steady state of lymphocyte trafficking is established
following initial lymphocyte sequestration. This new
steady state involves fewer lymphocytes, but the cells are
still able to traffic to PLN, although only minimal
numbers of blood lymphocytes populate the peripheral
blood.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

At the dose used (1.8 mg/L in drinking water,
resulting in blood concentrations of 20-30 nM), FTY720
appears to be unable to block S1P; completely, as
indicated by the incomplete lymphopenia compared to
the results seen by Matloubian et al. in mice with S1P;-
deficient leukocytes [4]. S1P;-deficient T cells are not
able to migrate into the periphery, even in small
numbers [4, 12]. Incomplete blockade has been shown
in previous studies of short-term FTY720 exposure [6],
but our data demonstrate for the first time that the
FTY720 block continues to be incomplete for up to
21 days of treatment, which is probably important in
supporting immune system functions in FTY720-treated
animals and patients.

It was previously determined that FTY720 does not
affect all lymphocytes equally [5, 6, 9]. We found that
T cells react much more dramatically to FTY720
treatment than do B cells, and NK cells are only
minimally affected. It is surprising that NK cells are
not affected by FTY720, although NK cells express S1P,
as determined by RT-PCR [19]. In addition, lymphocyte
reaction to chemokines may be altered in the presence of
FTY720, as it appears that S1P normally prevents
lymphocyte over-reaction to chemokines [6, 20].
Perhaps T and B cells are more dependent on chemo-
kines in their trafficking patterns than NK cells. By
eliminating the influence of S1P, T and B cells may
respond more vigorously to the available chemokines,
leading to extravasation of more of these cells from the
blood stream. Evidence supporting this idea resulted
from the co-transfer of S1P;*/* and S1P;”~ thymocytes,
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in which all S1P;”~ thymocytes were found in
peripheral lymphoid organs, but not in the blood [4].

Unlike the elimination of S1P; [4], FTY720 treat-
ment does not cause complete blood lymphopenia. It has
been suggested that the remaining cells are more mature
peripheral effector/memory cells [21]. These cells
generally lack homing receptors like CCR7 and
CD62L, which are typically responsible for lymphocyte
homing to secondary lymphoid organs, such as the
lymph nodes and PP (reviewed in [22]).

Our data suggest that in FTY720-treated mice, there
is an alteration in B cell trafficking from the bone
marrow. It was previously shown that B cell recircula-
tion was altered in the absence of S1P; [4], but the effect
of FTY720 on B cells does not mimic this recirculation
defect. Since FTY720 acts not only through S1P; but also
through S1P,*7, it is possible that FTY720 also inhibits
S1P-mediated suppression of proliferation through
S1P,, as has been recently shown for T cells [23].

We have also shown that naive cells cannot leave the
thymus effectively. It is clear from our data that the
immune system is able to achieve and maintain a new
balance of production and circulation of lymphocytes
over the course of prolonged FTY720 treatment. Based
on other studies, the remaining circulating T cells
appear to be sufficient to mount systemic [24] but
not localized immune responses [25]. Although these
studies did not look at prolonged FTY720 treatment
systems, it is possible that the ability of cells to mount an
immune response is not altered further after additional
days of FTY720 treatment.

In conclusion, the lymphocyte response in lymphoid
organs is biphasic, leading to a sustained decrease in
total lymphocyte numbers. All lymphatic organs show a
decline in lymphocyte numbers as the treatment time is
extended. Our data support the idea that FTY720
initially prevents lymphocyte egress from thymus, PLN,
PP, and to a lesser degree MLN. The cumulative effect on
PLN and PP is transient, because the decreased
lymphocyte supply from the thymus prevents further
accumulation. A new steady state is achieved in all
lymphoid (both secondary and tertiary) organs within
21 days, as the lymphocyte counts reach a plateau.

Materials and methods
Mice

C57BL/6J mice (B6, Jackson Laboratories, Bar Harbor, ME)
were maintained in a specific pathogen-free environment
under a microisolator containment system. Both adult male
and female age-matched mice were used for all experiments,
which were reviewed and approved by the Animal Care and
Use Committee at the University of Virginia.
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Administration of FTY720

FTY720 dissolved in water (1.85 mg/L) was supplied ad
libitum to C57BL/6 mice. Mice received an estimated dosage of
1.25 mg/kg/day for 0-21 days until tissues were harvested.
Water was changed at least once a week. FTY720 is stable in
water at room temperature for several months (unpublished
observations).

Lymphocyte trafficking

C57BL/6scid mice were injected via the lateral tail vein with
20 x 10° splenocytes from B6.CD45.1 congenic mice. Host
mice were allowed to rest for 7 days, at which point one group
of mice was treated with FTY270 in the drinking water
(described above) for 7 additional days. Tissues were
harvested as described below.

Harvesting tissues

Mice were anesthetized via intraperitoneal injections of
ketamine hydrochloride (125 mg/kg; Sanofi Winthrop Phar-
maceuticals, New York, NY), xylazine (12.5 mg/kg Tran-
quiVed; Phoenix Scientific, St. Joseph, MO), and atropine
sulfate (0.025 mg/kg; Fujisawa USA, Deerfield, IL).

Blood, PLN, MLN, thymus, and liver were harvested from at
least six mice for each time point following 0, 0.5, 1.5, 2.5, 4, 7,
14, and 21 days of FTY720 treatment. Spleen, bone marrow
(data not shown), lungs, and PP were harvested from at least
two mice following treatment for 0, 0.5, 1.5, 4, 7, 14, and
21 days. With the exception of blood, liver, and lungs, single-
cell suspensions of all tissues were made in 5 mL phosphate-
buffered saline (PBS). Cell counts were determined from these
suspensions, yielding cell counts in thousands of cells per
microliter (K/uL). For total cell counts from organs that were
not harvested in full (i.e. bone marrow and liver), total
numbers were extrapolated based upon the percentage of cells
removed. For example, we flushed both femurs and tibias from
all mice. We estimated this portion of the bone marrow to be
20% of the total bone marrow based upon previously published
data [26]. The bone marrow counts from cells harvested were
then multiplied by 5 to yield the total number of bone marrow
cells expected in each mouse. The liver cells harvested were
approximately half of the total liver cells. The total blood
volume was estimated to be 2.5 mL per mouse. We estimated
that the cells from PLN harvested (inguinal, axillary, brachial,
and cervical nodes) were half of the total PLN cellularity for
each mouse based on available data [27]. The total number of
lymphocytes harvested from each mouse was determined to be
the “total pooled lymphocytes”.

Liver and lung fragments were suspended in 5 mL PBS
containing collagenase type XI (125 U/mL), deoxyribonu-
clease (60 U/mL), and hyaluronidase (60 U/mL) (all from
Sigma, St. Louis, MO). The suspension was placed in a 37°C
water bath for 30 min to allow for enzymatic digestion.

Cell counts

Aliquots (40 pL) were obtained from each thoroughly mixed
cell suspension. With the exception of liver samples, cell counts
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of the aliquots were recorded via a Hemavet (Drew Scientific,
Oxford, CT). The Hemavet quantified total white blood cells,
neutrophils, monocytes, lymphocytes, eosinophils, and baso-
phils in each sample. The accuracy of the Hemavet was verified
by manually counting Kimura-stained cells in a hemocyt-
ometer (data not shown).

Aliquots (10 pL) from mixed liver cell suspensions were
mixed with 90 uL Kimura stain [11 mL toluidine blue, 0.8 mL
0.03% light green SF yellowish (Sigma), 0.5 mL saturated
saponin (Sigma) in 50% ethanol, and 5 mL 1/15 M phosphate
buffer, pH 6.4]. Cell counts of lymphocytes, granulocytes, and
total leukocytes were obtained by analyzing the solution in a
hemocytometer.

Total cell numbers for each compartment were determined
either by estimation for larger organs (i.e. liver, bone marrow,
blood, and PLN, as described above), or by multiplying total
suspension volume by cell concentration (i.e. spleen, thymus,
MLN, and lungs).

Flow cytometry preparation and analysis

To identify and quantify lymphocyte subsets, cell suspensions
were analyzed by flow cytometry. Following red blood cell
lysis, cells were stained with anti-mouse monoclonal anti-
bodies against CD3, CD4, CD8, CD19, and NKI1.1 (BD
Biosciences, San Jose, CA). Cells were analyzed via four-color
flow cytometry on a FACSCalibur (BD Biosciences) in the
University of Virginia Cancer Center Core Facility. Lymphocyte
subsets, including B cells, total T cells, CD4 T cells, CD8 T cells,
double-positive thymocytes, double-negative thymocytes, NK
cells, and NK/T cells, were analyzed. The size of each cell
population was calculated as the product of the total
lymphocyte count recorded by the Hemavet or hemocytometer
and the percentage of positive lymphocytes recorded by the
flow cytometer. All data were analyzed with BD Biosciences
Cell Quest analysis software. This protocol allowed for
quantification of the various types of cells in various organs
throughout a 21-day period.

Modeling

In this analysis, the numbers listed resulted from an aggressive
session of nonlinear least squares (NLLS) optimization [28, 29]
of one parameter at a time to only six of the nine parameters.
To, kTin, and krp were constrained to their optima, obtained
from analysis of only the T-pool of data [i.e., note that the first
differential equation exhibits dependence only on T(t), and not
on B(t) nor on P(t)]. The model differential equations were
numerically integrated during the NLLS parameter optimiza-
tion process. All parameter optimizations were performed on a
data set comprising the total ensemble of individual data
points, not to the averaged data with SEM (as depicted in
Fig. 5).

Measurement of FTY720 blood levels
FTY720 blood levels were measured as described [30]. Levels

were stable over the course of the 21-day treatment (data not
shown).

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Statistical analysis

Statistical significance was determined using Student's t-test to
compare all time points to the day 0 group.
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