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Abstract

T cell homeostatic proliferation occurs on transfer of T cells into lymphopenic recipients; transferred
cells undergo several rounds of division in the absence of specific antigen stimulation. For a
quantitative analysis of this phenomenon, we applied a mathematical method to describe proliferating
T cells to match peak distributions from actual CFSE dilution data. For in vitro stimulation of T cells
with anti-CD3/anti-CD28, our simulation confirmed a high proportion of cells entering cell cycle
with a low proportion undergoing apoptosis. When applied to homeostatic proliferation, it described
striking differences in CD4 and CD8 T cell proliferation rates, and accurately predicted that
successive divisions were accompanied by higher rates of apoptosis, limiting the accumulation of
proliferating cells. Thus, the presence of multiple CFSE dilution peaks cannot be considered
equivalent to lymphocyte expansion. Finally, genetic effects were identified that may help explain
links between homeostatic proliferation and autoimmunity.
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Introduction

In humans and animals, there are thought to be homeostatic mechanisms that attempt to keep
T cell numbers at relatively stable levels [1]. Thus, when the T cell population is seriously
depleted, the remaining T cells undergo proliferation. This has been referred to as T cell
homeostatic proliferation, or lymphopenia induced proliferation [2]. It is generally accepted
that although T cell homeostatic proliferation does not depend on stimulation by a high affinity
target antigen, it still requires recognition of MHC plus self peptide by TCR [3,4,5,6]. In
addition, some common y chain (yc) cytokines, especially IL-7, support this process [7,8].
Despite the absence of antigen stimulation, naive T cells can acquire a memory phenotype and
function after homeostatic proliferation [6,9,10]. Furthermore, these cells may contribute to
the induction or precipitation of autoimmune diseases [11,12,13]. However, detailed molecular
mechanisms that initiate and control T cell homeostatic proliferation have not been fully
elucidated.
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In experiments studying T cell homeostatic proliferation, a widely used method is adoptive
transfer of carboxy-fluorescein-diacetate succinimidylester (CFSE)-loaded T cells into T cell-
depleted mice, and assessing division of transferred T cells by CFSE dilution [14,15]. This
method provides a convenient means to analyze cell division, so most previous studies focused
only on factors controlling the presence or absence of proliferation [15]. However, the
accumulated T cell pool remaining after homeostatic proliferation is determined not only by
proliferation itself, but also by the survival of extant cells.

Previous studies on homeostatic proliferation only described CFSE dilution qualitatively
without any quantitation of the CFSE dilution profiles. This is despite several recent studies
[16-24] using the ability of CFSE to mark dividing cell populations to develop various
mathematical analyses of cell proliferation dynamics. In these reports, mathematical methods
were applied to quantify components of T cell responses such as cell generation times and
proliferative capacity, though they were most often used only to study in vitro response to
cytokines or antibodies. They have not yet been used to characterize how varying extrinsic and
intrinsic factors might be responsible for differences T cell proliferation in situations such as
homeostatic proliferation; it is possible that the complexity of the analytical approaches used
made it difficult to apply routinely in common cellular immune systems in vivo.

Yet since CFSE dilution data is clearly amenable to mathematical analysis, we sought to
carefully quantify homeostatic T cell proliferation, but using a simpler mathematical approach
considering only a few parameters, such as cell division and survival/cell-death. We also
validated this system in controlled in vitro T cell proliferation assays. Importantly, the results
of this approach lead to interesting predictions which were experimentally confirmed. Using
this modeling system, we provide clues to the strikingly different rates of homeostatic
proliferation of CD4* versus CD8* T cells, and interestingly, we were able to identify some
genetic background effects on T cell homeostatic proliferation. Such information may provide
important insights to the major differences in the regulation of T cell subset biology, and genetic
factors that may influence T cell effector responses, including susceptibility to
immunologically mediated diseases.

CD4* and CD8* T cells proliferate with different kinetics under lymphopenic or TCR-activated

conditions

Many previous studies investigated homeostatic proliferation on CD4* or CD8* T cells
separately, using transgenic TCR expressing T cells [4,5,9,25,26]. We were interested in
investigating T cell homeostatic proliferation within both CD4* and CD8" T cell subsets. We
first purified total T cells from normal BALB/c mice, loaded them with CFSE, and adoptively
transferred into sub-lethally irradiated BALB/c mice. Seven and fourteen days after transfer,
lymph node (LN) cells and splenocytes (SP) from the transferred mice were harvested and
analyzed. The proliferation kinetics, as shown by CFSE dilution profiles, was strikingly
different between CD4" and CD8* T cells (Figure 1A). For the CD4* T cell subset, seven days
after transfer, the majority of the transferred cells remained undivided, and a small proportion
of cells divided beyond three generations. Even two weeks after transfer, only a small
percentage of CD4™ T cells divided more than three times, while most cells stopped at the first
generation of division. In contrast, the co-transferred CD8* T cells divided more extensively
than CD4™ T cells. Seven days after transfer, a significant percentage of CD8* T cells had
divided more than six times; at the day fourteen time point, some cells had divided beyond
CFSE detection limit (Figure 1A and data not shown). These data would appear to suggest that,
in lymphopenic environments, CD8* T cells proliferate more rapidly than CD4* T cells.
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To compare T cell behaviors between homeostatic proliferation and TCR/costimulation
triggered proliferation, CFSE-loaded total T cells were analyzed for proliferation in response
to anti-CD3 alone versus anti-CD3 plus anti-CD28 costimulation [27]. As expected, anti-CD3
plus anti-CD28 costimulation activated more T cells, both CD4* and CD8*, and to a larger
extent compared to anti-CD3 alone (Figure 1B). As with lymphopenia induced homeostatic
proliferation, clear differences also can be seen between CD4+ and CD8" subsets. For instance,
upon either anti-CD3 alone stimulation or anti-CD3 plus anti-CD28 costimulation, a smaller
proportion of CD4* T cells was left undivided after three days compared to CD8" T cells.
Furthermore, the CFSE dilution profiles showed striking differences in T cell proliferation
kinetics upon different induction conditions (Figure 1).

of CFSE profiles and mathematical simulation: selection of parameters

Tracking CFSE dilution in adoptive transfer experiments has been a widely used method in
studying T cell homeostatic proliferation [14,15]. However, there are no studies on homeostatic
proliferation of T cell subsets in vivo that have used CFSE data to identify factors accounting
for cell accumulation or relative proliferation rates. Therefore, we decided to apply a simple
analysis on the CFSE profiles to establish quantitative characteristics of proliferation that
would enable comparisons among cell types and experimental conditions. To this end, we first
calculated the percentage of each CFSE peak amongst the whole CFSE positive population,
as shown in Figure 1.

With CFSE peak data, what would be the best parameters to consider for our mathematical
analysis? Several recent studies have been presented [16—24] using mathematical modeling
approaches to analyze CFSE-labeled T cell proliferation; while there was considerable
variation in experimental and analytical approach, they can provide some guidance four our
study. In studies focusing on the regulation of cell cycle [19-24], the main factors included in
the mathematical analysis include the proportion of cells entering cell cycle, and the time
occupied in cell cycle, including transition periods prior to entry into cell cycle. In the most
detailed analyses, the focus has been on identifying the discrete events regulating cell division,
and interestingly, in some cases the time within the cell cycle appeared to be relatively constant
[17,19,22,23], though not always [24]. One aspect that remains resistant to analysis is the
apparent variation in time between initial stimulation of the culture and entry of individual
cells into cell cycle. That is, the population was not synchronized in its response to stimulation,
consistent with stochastic aspects of commitment to proliferate [19-24]. Therefore, from the
point of view of identifying quantitative characters for comparing cells and conditions, we
prefer the simplification of assuming a constant time per cell cycle, and collapsing the random
time of entry to cell cycle by establishing a factor defining the proportion of cells entering cell
cycle during any discrete period (defined as an arbitrary “cycle” in our method).

More general parameters have also been included in some modeling studies, such as mean cell
division number for the whole population [19,23], the total number of mitotic events [16], and
proliferative capacity of cells committed to proliferation after initial stimulation [16,17]. Such
calculated parameters may help characterize the population, but may be too many steps
removed from cell intrinsic or environmental factors to provide useful direct comparisons
among experiments.

Another important parameter would be the loss of cells over time or at each cell division due
to apoptosis or other mode of exit, but curiously, in some of the studies this was not taken into
account [16,17]. While dead CFSE positive cells may persist in vitro for a few days [16],
apoptosis of cells and their subsequent disposal would be an important factor in cell division
and accumulation [18,19] especially in vivo. Physiological changes (e.g., differentiation) in T
cells in response to stimulation should have an influence on the proportion of cells lost to
apoptosis or other mechanism at each cell division. This was briefly considered in one
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discussion in a “heterogeneous model” [23], and incremental increases in apoptosis rates at
each cell division were found to be a critical characteristic in the response to superantigen
stimulation [18]. Unfortunately, all other approaches kept the rate of cell loss as a constant
factor at each cell division; this might be an inappropriate simplification of T cell responses.

This notion of physiological changes or differentiation in response to stimulation should apply
to both the proportion of cells entering cell cycle at each cell division, and the proportion of
cells lost to apoptosis. Since our interest is in the effects of homeostatic proliferation on both
differentiation and cell loss, we have chosen to include the possibility for incrementally
changing proportions at each cell division. Thus, while some other approaches have gone to
greater lengths to incorporate factors such as time in cell cycle, we have instead attended to
the potential for changes at each successive cell division; the distribution of cells among CFSE
peaks may be a direct clue to such effects.

A technical consideration for in vivo homeostatically proliferating T cells is that migration
from lymphoid organs to peripheral non-lymphoid organs could also affect detection of labeled
cells. However, when we analyzed the lung as an example of non-lymphoid organs, we did not
find differences in the percentages of T cells and T cell subsets in the lungs from normal,
irradiated but not transferred (Irr-N), and irradiated and transferred (Irr) mice (not shown). This
suggests that migration to non-lymphoid organs would not be a major outcome for
homeostatically proliferating T cells in hosts that are not infected with specific pathogens. In
any case, cells lost from the recirculating lymphoid tissue pool to nonlymphoid tissues would
not contribute to lymphocyte homeostasis and therefore would not likely affect our results. In
addition, in studies using Thy1.1/1.2 congenic mice, we found that during the one week period
of the studies described, all of the adoptively transferred cells could be found within the
population with detectable CFSE fluorescence (not shown). That is, we also did not appear to
miss cells due to any loss of CFSE label during the brief period of the study. Therefore, in the
rest of this report, we combine “cell death” and “migration” together, and refer to it as “cell
death”.

To sum, among the many potential factors influencing the fates of cells, we have attempted a
fairly simplified approach that considers only proliferation potential and cell death as the most
important ones to include in our analysis. That is, at any given time point (or within a “cycle”)
there are only a few fates for a cell at each division: it could survive without further dividing,
it could die, or it could divide into the next generation of cells. One complication we consider
is possible change in parameters at each successive division to account for progressive
differentiation or loss in viability.

We thus assigned the parameters “x” (proportion of dividing cells) and “y” (proportion of dying
cells) to represent the “proliferation potential” and “cell death”, respectively, for cells in each
peak of the CFSE profile. We assume that after each cell division, a peak in the CFSE profile
is the result of the summation of existing cells, cells that have entered by cell division from the
previous peak, cells lost by death, and cells lost from cell division and entry into the next peak.
This can be expressed by an equation: Pyp = Pmn-1) = XmPm(n-1) = YmPm(-1) +
2X(m-1)Pm-1)(n-1)- In this equation, “m” represents the number of peaks that can be seen in
CFSE profile, and “n” represents the hypothetical cell division number. Although these cell
populations have not been synchronized in vivo or in vitro, and there may also be variations in
the cell cycling time, we found empirically that using an arbitrary eight cycles during the three-
day in vitro stimulation or the first seven-day in vivo homeostatic proliferation provided for
the best fit to the experimental data. For the first peak (m=1), the equation should be expressed
as P = P—1 — XPp—1 — YPh-1. As the x and/or y values may not remain the same throughout
the proliferation process, “increments” in x and y were considered in the progression from peak
to peak. We then generated a matrix of simulated CFSE data given all possible x and y values,
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with limited incremental changes at successive cycles for each parameter. This “look up table”
was then compared to actual CFSE data to find the parameters most closely fitting the actual
peak data. The fit between each of our matrix simulations and the experimental data was
estimated using a modified Chi-Square (x2) test calcuating the sum of the squared differences
in each peak (x2=2[Pmn model — Pmn datal?)- A smaller ¥ value indicates a better fit to the
experimental data. We then chose the best fit model among all possible x and y values (with
the restriction that the sum of x and y is less than 1) and potential increments in each, against
all of our specific sets of experimental CFSE data.

Quantitation of CFSE profiles and mathematical simulation: testing against experimental

data

We first tested this system under the more precisely controlled in vitro stimulation conditions
using anti-CD3 or anti-CD3/CD28. We found that the our mathematical simulation
recapitulated the patterns of CFSE dilution profile very closely (Figure 2A). Interestingly, we
saw dramatic difference among anti-CD3 alone stimulated, anti-CD3 plus anti-CD28
costimulated proliferation. For instance, for CD4" T cells, upon anti-CD3 alone stimulation,
the initial x was 0.03 with increment of 0.11 and the y was 0.08 with no increment. In contrast,
upon anti-CD3 plus anti-CD28 costimulation, the initial x was 0.26, much higher than from
anti-CD3 alone stimulation, but with no increment; the y was 0.06, smaller than from anti-CD3
alone stimulation, but with an increment of 0.005. These results indicate that upon anti-CD3
plus anti-CD28 costimulation, a much larger percentage of T cells were to enter cell cycle for
the first division, with a similarly high fraction of each subsequent population induced to divide
in each successive cycle; in contrast, upon anti-CD3 alone stimulation, only a minor proportion
of T cells managed even to make the first division. This would appear to be consistent with
our current understanding of the function of CD28 costimulation [16, 17, 19, 28]; interestingly,
it also emphasizes the point that not all cells will enter division together even in the presence
of a robust anti-CD3 plus anti-CD28 combination. Thus, while a high proportion of cells is
ultimately able to divide during the three days, it is not coordinated or else we would only see
asingle CFSE positive peak move through each cell division, and indeed we recognize a pattern
with several peaks as indicative of continuing active cell division among all peak populations.

The results showed a rapid increase in the x parameter for anti-CD3 alone stimulated T cells.
This appears to reflect that the very small number of cells able to initiate the first division were
more inclined to continue to divide persistently through several cycles. However, considering
a higher estimated starting y value (proportion of dying cells) for the anti-CD3 alone stimulated
cells, the combination of x and y parameters would still predict a much higher accumulation
of proliferating CD4* T cells induced by anti-CD3/CD28 than by anti-CD3 alone stimulation,
consistent with the expected biological consequences of CD28 costimulation.

All calculated parameters were summarized in Figure 2B. From the results, we can see dramatic
differences in T cell proliferation behavior between the CD4* and CD8* subsets. Furthermore,
the results show clear difference in T cell proliferation behavior under different conditions,
namely, CD3 stimulation and CD3 plus CD28 costimulation. Therefore, this system is able to
simulate the behavior of proliferating T cells.

Differential behaviors of CD4* and CD8* T cells in homeostatic proliferation

The CFSE profiles from homeostatically proliferating CD4* and CD8" T cells would suggest
a faster accumulation of CD8" T cells in the periphery (Figure 1A). Interestingly, however,

seven and fourteen days after transfer, the CD4* vs CD8* ratios of recovered donor cells were
not dramatically changed (Figure 3A). These data suggest that factors regulating homeostatic
proliferation may also influence the ratio of the two major T cell sub-populations, even under
lymphopenic conditions where the proliferation rates are not equal. It is also possible (though
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less likely) that since cross-inhibition of homeostatic proliferation has been reported [4]
between lymphocyte subsets, the maintenance of the CD4* vs CD8" ratio is a secondary
consequence of cross-inhibition.

Using the modeling system, we then calculated x and y parameters for adoptively transferred
CD4* as well as CD8* T cells in homeostatic proliferation experiments. Figure 3B shows the
result of comparisons of simulation results and a set of experimental data. We found again that
the simulated peaks recapitulated the patterns of the CFSE dilution profile very closely (Figure
3B). The starting x value from homeostatic proliferation was always smaller than that from
anti-CD3/CD28 stimulated proliferation, while the starting y value was always higher than that
from anti-CD3/CD28 stimulated proliferation. This was true for both CD4* and CD8* T cells
(Figure 2B and 3C). The combination of these parameters predicted a much slower
accumulation of homeostatically proliferating T cells than CD3/CD28 stimulated T cells, even
when the different time periods (three days in vitro versus seven days in vivo) are taken into
consideration.

Interestingly, there is a striking difference between the parameters identified for CD4* and
CD8™* T cells (Figure 3C). The parameter x for CD4* T cells was 0.056 with no increment for
any peak; the parameter y for CD4* T cells was 0.164 with an increment of 0.001 for each
peak. In other words, in each cell cycle, 5.6% of transferred BALB/c CD4* T cells proliferated,
while 16.4% of the cells died or left lymphoid organs with the death rate increased by 0.001
for each successive cell cycle. In contrast, the parameter x for CD8" T cells was 0.056 with an
increment of 0.078 for each cycle; the parameter y for CD8* T cells was 0.212 with an
increment of 0.012 for each cycle (Figure 2B and Table 1). Thus, while CD8" T cells would
begin with a similar rate of entry into cycle as CD4* T cells, the proportion of cells entering
cycle would increase after each division. Moreover, though CD8* cells would be proliferating
at a higher rate than CD4™ cells, they also would be entering apoptosis at a higher rate, with
increasing apoptosis with each cell division.

These quantitative estimates (x and y factors) confirm the conclusion from direct observation
of CFSE data that, compared to CD4™" T cells, the CD8* T cells proliferated at more rapid rates.
In addition, both the proliferation rate and the cell death rate for CD8" T cells were expected
to increase after each successive cell division. For CD4* T cells, the model predicted that the
proliferation rate remains the same, while the cell death rate increases slightly on each
successive cell division. Thus, the CD8* T cells proliferate more rapidly than the CD4* T cells,
but they also die more rapidly than the CD4* T cells. This may be an important explanation
for why CD8" T cells appeared to proliferate faster based on visual inspection of CFSE data
without actually affecting their accumulation and the actual CD4* vs CD8" ratio. That is, the
increasing probabilities of both proliferation and cell death in combination appear to actually
prevent the accumulation of dividing cells. The latter conclusion is consistent with previous
published data showing that homeostatic proliferation can not fill a lymphopenic environment
with a normal number of T cells [29].

Increasing potentials of proliferation and cell death as cells divide

As mentioned earlier, the modeling system predicts that the proportion of cells undergoing
apoptosis increases with each successive division, and that, at least for CD8* T cells, the
proportion of cells entering cell cycle also increases with each division. To test these, we
performed brief bromodeoxiuridine (BrdU) labeling to detect cells that enter cell cycle and
AnnexinV staining to detect apoptotic cells. As shown in Figure 4A, the incorporation of BrdU
in non-divided transferred CD8* T cells (Peak 1) was barely detectable by flow cytometry.
Interestingly, percentages of BrdU positive cells increased as transferred cells divided further
(Peak2 through Peak6, Figure 4A). These data demonstrate that the proportion of CD8* T cells
entering cell cycle did indeed increase with each successive cell division. Similarly, for
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AnnexinV staining on CD8" T cells, the percentage of AnnexinV positive cells increased as
transferred cells divided further (Peak 1 through Peak 6, Figure 4B). These data demonstrate
that the proportion of CD8* T cells undergoing apoptosis increases with each successive cell
division. When analyzing transferred CD4* T cells, we found similar trends on AnnexinV
staining positive cells, consistent with the model prediction (data not shown), though the trends
were not as striking as reported for superantigen-induced proliferation and apoptosis [18]. We
also found that BrdU incorporation of transferred CD4* T cells displayed a similar trend with
that of transferred CD8™ T cells (data not shown). However, for the CD4 T cells, this mismatch
between predicted x (with no increment) and BrdU staining (with increasing percentages of
BrdU positive cells) may result from the relatively small number of peaks from CD4* CFSE
profiles that hampered an accurate calculation. Additionally, it should be noted that both the
short-term BrdU labeling served only as a “snapshot” of the status of the transferred T cells
during the period of labeling. Similarly, the percentage of AnnexinV positive cells will be an
underestimate due to rapid phagocytosis of apoptotic cells in vivo. Therefore, the percentages
of BrdU positive and AnnexinV positive cells should not be expected to exactly match model
x and y values, as they can only confirm the trends.

Genetic influence on T cell homeostatic proliferation

Using the modeling system, we then compared T cell homeostatic proliferation on different
genetic backgrounds. In these experiments, we transferred CFSE labeled total T cells into sub-
lethally irradiated syngeneic mice. The mouse strains we analyzed included BALB/c, C57BL/
6 (B6), CB6F1 and NOD. At day seven and day fourteen, we analyzed cells recovered from
lymph nodes and spleens. As summarized in Table 1, for all the strains examined, the total T
cell recovery (labeled and non-labeled) from irradiated and transferred (Irr) mice was not
significantly different than that from irradiated but not transferred (Irr-N) mice. This was true
for all strains under evaluation, at both day seven and day fourteen time points (Table 2). These
data suggest that even two weeks after transfer, adoptively transferred T cells had not
appreciably accumulated via homeostatic proliferation. Consistent with data from BALB/c
presented above, the striking differential behavior between CD4* and CD8* subsets exists in
all tested strains. Moreover, the CD4* vs CD8™ ratios were not significantly changed in
proliferating cells from all the strains at all time points.

Interestingly, the CFSE dilution profiles showed different patterns among the strains tested
(Figure 5A). For CD4* T cells, more cells stopped after one division from B6 and CB6F1 mice
than from BALB/c mice. In addition, much fewer CD4* T cells from B6 and CB6F1 mice had
gone through second round of division than cells from BALB/c mice. CD4* T cells from NOD
mice displayed a phenotype somewhere in between BALB/c and B6. Similarly, for CD8* T
cells, more cells stopped after one division from B6 and CB6F1 mice; fewer cells from B6,
CB6F1 and NOD mice had gone through fifth division than cells from BALB/c mice. These
results suggest that the genetic background influences the kinetics of T cell homeostatic
proliferation.

Next, we calculated x and y parameters and their increments with the modeling program. Within
each strain, the parameters for CD4* T cells are consistently different from those of CD8* T
cells, with higher x and y values for CD8 T cells (Figure 5B and Table 2). Importantly, the

parameters calculated for each strain are all distinct from each other (Figure 4B and Table 1).
In the case of CD4* T cells, cells from BALB/c mice had the highest x values from all the

strains tested (5.6%), while CD4* T cells from B6 mice had the lowest (4%) x values, indicating
that CD4* T cells from BALB/c mice had highest proliferation potential among all the strains
under study. However, the differences among x values for CD4* T cells were not dramatic in
general (ranging from 4% to 5.6%). There was no increment with each division for any of the
CD4™* T cell x values. When analyzing y values, we observed that CD4* T cells from B6 mice
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had the highest (26%) and cells from NOD mice had the lowest (11%) among all the strains
studied. Except for CD4* T cells from BALB/c mice, which had a minimal y increment (0.001),
there was no detectable y increment in CD4* T cells from any of the other strains. In the case
of CD8" T cells, BALB/c cells had the highest x increment (7.8%) and B6 cells had the lowest
x increment (2.3%), similar to NOD CD8* T cells (3%). Finally, CD8" T cells from NOD mice
had the highest y increment (6.2%) and BALB/c cells had the lowest (1.2%). Interestingly,
while CD4* T cells from CB6F1 mice had an x value (4.3%) very similar to B6, their CD8* T
cells proliferated more like BALB/c CD8* T cells (Figure 5B and Table 2). Taken together,
the combination of x and y values and their respective increments can be viewed as a
guantitative characteristic for homeostatic proliferation of certain T cell subsets (i.e. CD4* or
CD8*) from certain genetic backgrounds.

To further compare T cell behavior under lymphopenic conditions, we simulated “model
peaks” for CD4* and CD8™" T cells of all the strains using calculated x, y and their increment
values (not shown). Then the model peak values were compared pairwise among the strains
using 2 calculation: y 2=2[Pp strainA — Pm straing]%- Here, a smaller x2 value indicates a higher
similarity among the behaviors of T cells from the two strains. The comparison results are
summarized in Table 3. For the CD4* subset, cells from B6, CB6F1 and NOD mice behaved
similarly, while cells from B6 and BALB/c behaved the most differently. For the CD8* subset,
cells from BALB/c mice behaved similarly to cells from CB6F1 mice, which were very
different from B6 CD8* T cells (Table 3).

It should be noted that all the results described above were based on day seven data. If day
fourteen data are used to calculate the parameters, all x values, except for those of BALB/c
CD4™* T cells, decreased compared to those from day seven data. However, the y values
obtained from day fourteen data remain similar to those from day seven data in general. The
patterns among all the strains remained very similar. These results suggest that homeostatic
proliferation does not proceed linearly, but that it slows down as time passes. Possible factors
that could slow down the proliferation of transferred cells may include intrinsic limitations to
homeostatic proliferation potential, or the accumulation of thymic emigrants, which may
compete with transferred cells for survival factors. It seems likely that the slowed proliferation
rate also contributed to the fact that homeostatic proliferation of transferred T cells could not
fully repopulate the T cell compartment in lymphopenic individuals.

Discussion

In these studies, we have shown that homeostatic proliferation of T cells can be mathematically
quantified for purposes of making comparisons among cell subsets, experimental conditions,
and genetic backgrounds. This system was based on assumptions predicting possible fates of
transferred T cells, namely the combination of proliferating/non-proliferating, surviving/dying,
and migrating/non-migrating. It has been shown that naive T cells are able to migrate into
peripheral non-lymphoid organs [30]. However, we found no appreciable difference in the
migration of transferred T cells, compared to those in non-irradiated mice. Thus, we reasoned
that the major factors affecting the accumulation of transferred cells would be proliferation
potential and survival. By determining X, y and their respective increments, this modeling
system provides measurable parameters to T cell homeostatic proliferation. Therefore,
studying the effects of certain factor(s) on T cell homeostatic proliferation could be approached
as the investigation of how these factors influence the parameters x and y. Moreover, this
system assigns quantitative characteristics to certain T cell subsets from certain genetic
background. Furthermore, the modeling results revealed measurable differences in the
behavior of CD4* vs CD8" T cell subsets, regardless of conditions and genetic backgrounds.
This seems to accurately reflect the differential biology of the two T cell subsets.
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There are, however, limitations to this (or any) modeling system. One is that it depends on the
detection and resolution of CFSE dilution in proliferating cells. Thus this system would
potentially lose track of the rapid “spontaneous proliferation” of a small proportion of T cells
transferred into Rag deficient or Cd3e deficient mice [29,31-34]. In addition, homeostatic
proliferation of T cells does not appear to be consistent over time, as results using the day
fourteen data showed slower kinetics than using data from day seven (data not shown). This
slowing-down may reflect intrinsic limits to the homeostatic proliferation potential of T
lymphocytes [35], changes in the lymphoid stroma that supports the proliferation, or increased
competition among lymphocyte populations over time. However, calculations using data from
afixed early time point, such as day seven, did provide a reasonably good basis for comparisons.

When T cells are activated by antigen stimulation, CD8* T cells proliferate more extensively
than CD4* T cells [36]. Interestingly, in a lymphopenic environment, the antigen independent
proliferation of adoptively transferred T cells also shows a similar pattern. When T cells
undergo homeostatic proliferation, the CD4* subset undergo fewer rounds of division than the
CD8* counterpart, a phenomenon that was also previously reported [25,37]. The CD4* vs
CD8* difference in antigen driven proliferation has been attributed to cell intrinsic differences
between the two T cell subsets [36]. This may also be true for the antigen independent
homeostatic proliferation of CD4* vs CD8* T cells. For instance, we previously reported
evidence that the homeostatic proliferation of CD4" T cells requires signaling by CCR7 ligands
whereas proliferation of CD8* T cells does not [37]. It is intriguing then that the relatively
more rapidly expanding CD8* T cells do not accumulate at a rate that dramatically changes
the CD4* vs CD8™ ratio. It was striking that proliferating CD8" T cells appeared to be dying
more rapidly than their CD4* counterparts. Our results confirmed this for all mouse strains
examined; both parameters x (the proportion of dividing cells entering) and y (the proportion
of dying cells) were much higher for CD8* T cells than for CD4* T cells. This contradicts the
results from a previously published report in which the authors concluded that CD8* T cells
survived better than CD4* T cells [26]. These differences might be explained by the different
experimental systems utilized in the two sets of studies. In the studies reported by Ferreira et
al, CD4* or CD8* TCR transgenic T cells were transferred into Rag deficient mice [26]. Thus,
their study was essentially focused on comparing different TCR clones. In the studies we
reported here, polyclonal T cells from normal wild type mice were transferred with unmodified
natural CD4* vs CD8" ratios, avoiding the introduction of non-physiological competition
between the two T cell subpopulations and/or competition among clones in the repertoire [4,
38-41]. Thus, study of T cell homeostatic proliferation of populations instead of clones may
represent a more physiological situation. Indeed, it has been shown that polyclonal CD4* T
cells survive longer than CD8* T cells in the absence of the interaction with MHC class Il or
MHC class | molecules, respectively [42—44]. Clearly, more work needs to be done to dissect
the mechanisms by which the CD4* vs CD8* ratio is maintained.

In addition to the differential behavior between CD4* and CD8* T cells, our analysis system
also identified some differences in homeostatic proliferation of T cells from different strains.
This suggests that genetic factors also influence T cell homeostatic proliferation, though it is
not clear whether these observations point to significant physiological effects on immunity in
vivo. Yet it is interesting that many aspects of T cell biology are influenced by genetic
backgrounds. For instance, the CD4* vs CD8" ratio has been demonstrated to vary depending
on different mouse strains and has been mapped to several distinct loci including the Tcra locus
[45-48]. This may also be true for human [49]. We do not know which loci regulate T cell
homeostatic proliferation, but it is likely that multiple loci may be involved, because while
CD4* T cells from CB6F1 mice behaved similarly to those from B6 mice, CD8* T cells from
CB6F1 mice instead behaved similarly to those from BALB/c mice (Figure 4B). Moreover,
these studies cannot unequivocally establish whether the genetic differences are cell
autonomous or due to effects on stromal cell or dendritic cell contributions to homeostatic

Cell Immunol. Author manuscript; available in PMC 2008 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal.

Page 10

proliferation. Since lymphopenia and T cell homeostatic proliferation are involved in induction
and/or precipitation of autoimmune diseases, mapping the loci that influence T cell homeostatic
proliferation could provide important insights in the etiology and/or therapies of these diseases.
Since our modeling system makes quantitation of this phenomenon possible, it could help the
mapping process by defining an inheritable quantitative trait.

Our model shows that, at least for CD8* T cells, both the proportion of cells that are dividing
(x) and the proportion of cells that are dying (y) increase with each cell division, which has
been confirmed by short-term BrdU incorporation experiment and by AnnexinV staining of
apoptotic cells. Even for the CD4* T cells that did not have increments in their x and y values,
the y values are still relative higher than x values (Figure 4B). These results would lead to an
unexpected but important prediction that with the proceeding of cell divisions the combination
of the two factors and their increments would not allow the accumulation of proliferating cells.
Indeed, the numbers of transferred cells have not increased in two weeks after transfer (Table
2). It has been reported that even months after transfer, the proliferation of transferred T cells
could not restore the T cell compartment of T cell depleted recipients [35, 50]. Furthermore,
the accumulation of transferred cells in other reports was largely the result of transferred
hematopoietic stem cells that contaminated the T cell preparations [35, 51]. Taken together,
our results provide a compelling explanation for the observations that homeostatic proliferation
of (transferred) T cells are not able to restore the full complement of T lymphocytes in T cell
depleted animals. In other words, re-establishing a full T cell population would be a “mission
impossible” for transferred T cells.

Homeostatic proliferation has been shown to be able to drive cohorts of transferred T cells to
differentiate into memory-like cells [6,9,10,50,52]. These phenotypically converted cells may
have survival advantages over others, and would be better able to accumulate in the body.
These cells could also be selected by this process for higher affinity against self antigens
[53-55]. Thus, lymphopenia and homeostatic proliferation would provide strong predisposing
conditions for the induction or precipitation of autoimmune diseases [11,12,13]. In addition to
autoimmune diseases, T cell homeostatic proliferation has recently been implicated in more
clinical situations, including tolerance induction for organ transplantation, tumor
immunotherapy using adoptive transfer of effector T cells [56-60]. All these highlight the
importance in elucidating the mechanisms regulating T cell homeostatic proliferation. The
studies we reported herein provide a new tool in this field as well as insights to the genetic
influence on the phenomenon.

Materials and Methods

Mice

BALB/c, C57BL/6 (B6), F1 of BALB/c x B6 cross (CB6F1), and non-obese diabetic (NOD)
mouse strains were purchased from the Jackson Laboratory (Bar Harbor, ME). All mice were
housed in a specific pathogen free (SPF) facility at the La Jolla Institute for Allergy and
Immunology (LIAI), and the University of California Riverside, and were used at ages ranging
6-10 weeks. Usage of mice was in accordance with institutional IACUC regulations.

T cell purification and labeling

Single cell suspensions were prepared from lymph nodes (LN). Total T cells were purified by
depleting cells from other lineages with magnetic micro-beads and Auto-MACS in accordance
with manufacturer’s instruction (Miltenyi Biotec Inc, Auburn, CA). This purification method
typically yields >97% CD3* cells. Purified T cells were then labeled with carboxy-

fluoresceindiacetate succinimidylester (CFSE) (Invitrogen, Carlsbad, CA). Briefly, purified T
cells were resuspended in PBS containing 0.1% BSA; CFSE was then added to cell suspension
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to afinal concentration of 7.5uM. After incubation at 37° for 15 min, the cells were then washed
extensively with RPMI medium.

Irradiation and adoptive transfer

One day before transfer, mice were irradiated at a dose of 500rad. Ten million CFSE labeled
T cells were injected i.v. into the irradiated mice, with cells injected into recipients of the same
strain. Injected mice were then kept in the SPF facility for seven or fourteen days before the
analysis. For bromodeoxyuridine (BrdU) incorporation experiments, one day before analysis,
mice were injected i.p. with BrdU at a dose of 2mg/mouse.

In vitro stimulation of T cells

Stimulation of T cells with anti-CD3 plus anti-CD28-coated beads has been described
elsewhere [27]. Briefly, surfactant-free 4.9-um white polystyrene latex beads (Interfacial
Dynamics) were coated with 0.3pg/ml anti-CD3 (145-2C11; BD Pharmingen) with or without
2.7ug/mlanti-CD28 (37.51; eBioscience) in PBS. A hamster 1gG isotype control (eBioscience)
was used to make the total protein concentration of 5ug/ml. Purified and CFSE loaded total T
cells were cultured with equal number of antibody-coated beads for three days.

Flow cytometry

Modeling

Total LN cells and spleen cells were recovered from adoptively transferred mice and stained
with fluorochrome-labeled antibodies. FACS data were collected on a FACScalibur with
CellQuest Pro software (BD Bioscience, San Jose, CA). Data analysis was performed with
FlowJo software (Tree Star, Ashland, OR). Staining antibodies were purchased from BD
Biosciences including PE-Cy5 anti-CD8, PE anti-CD4, APC anti-CD4, PE AnnexinV. To
detect BrdU incorporation, a BrdU Flow Kit was used according to manufacturer’s instructions
(BD Biosciences, San Diego, CA).

To describe T cell homeostatic proliferation in a quantitative way, a mathematical simulation
was created. The assumption of this method was that the possible fates of adoptively transferred
T cells should include surviving but not dying, entry or exit into each peak by dividing, dying,
or migrating to peripheral tissues. Thus, after each cell cycle, a peak in CFSE profile should
be the result of the combination of cells that have divided from the previous peak, cells that
have died, cells that have divided into the next peak, and cells that have migrated to peripheral
non-lymphoid organs. This can be expressed by an equation: Pmn = Pm(n-1) = XmPmn-1) —
YmPm(n-1) + 2X(m-1)P(m-1)(n-1)- I this equation, for each peak, x was assigned as the parameter
for proportion of cells that divide, y was assigned as the parameter for proportion of cells that
die or migrate to peripheral tissues, m is the number of peaks that can be found in the CFSE
profile, and n in the hypothetical cell cycle number. For the first peak (m=1), the equation
should be expressed as P, = Py—1 — XPn—1 — YPr—1. To compare our model with the experimental
data, a modified Chi-Square (x2) test was used, by taking the sum of the squared differences
in each peak (x*=2[Pmn model — Pmn datal?)- A smaller 2 value indicates a better fit of the model
to the experimental data. The experimental data were then run in a Java based program written
in house, which subsequently creates a matrix of y2 values for all possible x, y combinations
and possible x and y increments with each cycle. The values of x and y were set ranging from
0.00 to 1.00, with a step of 0.01 and following the rule that the sum of x and y values in a given
equation should not be greater than 1.00. Considering that x and y may change from one peak
to the next, increments in x and/or y values were allowed ranging from 0.00 to 1.00 with a step
of 0.005. This program selects the lowest x2 value and its associated parameters to find the best
fit to the experimental data. In cases where multiple parameter conditions yield the same 2
value, parameters were selected based on the best fit to other replicates in the same experiment.
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Averages of x, y and their increments on x and y were calculated from five replicates for each
mouse strain.
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Figure 1. Differential behavior of CD4" and CD8" T cells undergoing homeostatic proliferation
Total T cells were purified from lymph nodes (LN) of BALB/c mice by MACS; purified T
cells were then labeled with CFSE.

A. Labeled T cells were transferred into sub-lethally irradiated BALB/c mice. Seven and
fourteen days later, transferred cells were analyzed by flow cytometry. Histograms show the
CFSE profiles of transferred T cells in the CD4* and CD8* subsets at day seven and day
fourteen time points. Data shown are recovered cells from one representative recipient animal
at each time point.

B. Labeled T cells were cultured with anti-CD3 or anti-CD3 plus anti-CD28 coated beads for
three days. Cultured cells were then stained for CD4 and CD8, and subjected to FACS analysis.
Histograms show CFSE profiles of gated CD4* or CD8* cells under different stimulation
conditions. Data shown are representatives of three independent experiments.
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Figure 2. Testing modeling system in in vitro T cell activation experiment

T cell purification, labeling and stimulation were performed as in Figure 1B. The percentage
of each peak in CFSE profiles was calculated. These numbers were used to calculate the x and
y parameters for CD4* and CD8* T cells as described in Materials and Methods and in the
text.

A. The calculated parameters, X (the proportion of dividing cells) and y (the proportion of dying
cells), were used to build models simulating the peaks in CFSE dilution profiles. Graph shows
the comparison between experimental data (at left) and model results (at right) from anti-CD3
plus anti-CD28 costimulation experiment.

B. Calculated x (the proportion of dividing cells) and y (the proportion of dying cells) values
were graphed, showing dramatic difference anti-CD3 alone stimulation- and anti-CD3 plus
anti-CD28 costimulation-induced T cell proliferation within the CD4* or CD8* subsets.
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Figure 3. Differential T cell behavior of CD4* and CD8* subsets in homeostatic proliferation

T cell purification, CFSE labeling, and adoptive transfer were performed as in Figure 1A.

A. CD4* vs CD8" ratios were calculated for purified total T cells from BALB/c lymph nodes
(Input), recovered CFSE positive T cells at day seven and day fourteen after adoptive transfer,
respectively.

B. The percentage of each peak in CFSE profiles was calculated. These numbers were used to
calculate the x and y parameters for CD4* and CD8" T cells as described in Materials and
Methods and in the text. The calculated parameters, x (the proportion of dividing cells) and y
(the proportion of dying cells), were used to build models simulating the peaks in CFSE dilution
profiles. Graph shows the comparison between experimental data (at left) and model results
(at right).

C. The x (the proportion of dividing cells) and y (the proportion of dying cells) parameters
were calculated as described in Materials and Methods and in the text. Graphs show the
comparisons of x and y parameters for CD4* and CD8* T cell subsets under homeostatic
proliferation.
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Figure 4. With each successive division, both the proportion of cells entering cell cycle and the
proportion of cells undergoing apoptosis increase

T cell purification, labeling and adoptive transfer were performed as in Figure 1A. One day
before organ harvest, mice were injected i.p. with BrdU (2mg/mouse). BrdU staining (A) and
AnnexinV staining (B) were performed as described in Materials and Methods.

A. Dot plot showing BrdU vs CFSE profiles from transferred CD8* T cells. Histograms show
BrdU staining for each CFSE peak.

B. Dot plot showing AnnexinV vs CFSE profiles from transferred CD8* T cells. Histograms
show AnnexinV staining for each CFSE peak. Data shown are representative of five mice from
two experiments.
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Figure 5. Quantitative modeling analysis reveals differential T cell homeostatic proliferation
behavior on different genetic backgrounds
T cell purification, labeling and adoptive transfer were performed as in Figure 1A, but on

different mouse strains including BALB/c, B6, CB6F1, and NOD. Seven and fourteen days
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later, transferred cells were analyzed by flow cytometry. The x (the proportion of dividing
cells) and y (the proportion of dying cells) parameters were calculated for CD4* and CD8" T
cells from each strain, as described in Methods and text.

A. Histograms show CFSE profiles of transferred T cells in the CD4* and CD8" subsets from
each strain at day seven time point.

B. Graphs show the comparisons of x (the proportion of dividing cells) and y (the proportion
of dying cells) parameters for CD4* and CD8* T cell subsets from all strains, respectively.
(Insets in the CD4* panels show same data but on smaller scales.)
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Table 3

Comparison of models among different strains (Chi-square values)

Page 24

cD4* cDg*
BALBI/c vs B6 80.63 397.57
BALB/c vs NOD 54.36 198.32
B6 vs NOD 26 383.47
BALBI/c vs CB6F1 137.01 52.73
B6 vs CB6F1 75 324.97
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