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Summary

The size of the peripheral T lymphocyte compartment is governed by complex homeostatic
mechanisms that balance T cell proliferation and death. Proliferation and survival signals are
mediated in part by recurrent self-peptide/MHC-TCR interactions and signaling by the common y
chain-containing cytokine receptors, including those for IL-7 and 1L-15. We have previously
shown that the death receptor Fas (CD95/APO-1) regulates apoptosis in response to repeated TCR
stimulation whereas the BH3-only protein Bim mediates cytokine withdrawal-induced apoptosis.
We therefore reasoned that these two molecules might cooperate in the regulation of homeostatic
proliferation. In this study, we observe that the combined loss of Fas and Bim synergistically
enhances the accumulation of T cells in lymphopenic host mice, and this is particularly
pronounced for the unusual CD4-CD8 TCRap* T cells that are characteristic of Fas-deficient
(Fas'PlPry mice. Our findings demonstrate that these CD4-CD8 TCRa* T cells arise from
homeostatic proliferation of CD8* T cells. These studies also underscore the profound rate of
baseline T cell proliferation that likely occurs in wild-type mice even in the absence of foreign
antigen, and the consequent need for its coordinated regulation by multiple death-signaling
pathways.
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1. Introduction

The peripheral T lymphocyte compartment is governed by complex homeostatic
mechanisms that maintain the size and diversity of the T cell repertoire while limiting the
accumulation and activity of self-reactive T cells. Regulation of T cell numbers must
balance the daily export of new T cells from the thymus, plus the low but significant rate of
proliferation by peripheral T cells to self-antigen, with the active removal of existing T cells
to prevent a continual increase in cell number. T cell homeostatic expansion requires the
engagement of TCR by self-peptide/MHC complexes and -yc-containing cytokine receptor-
mediated signals from the IL-7 and IL-15 receptors [1-8].
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By contrast, the factors that limit the homeostatic expansion of peripheral T cells are less
well characterized. It has been suggested that T cell expansion following transfer to
lymphopenic recipients may be restricted by competition for limiting resources, including
IL-7, and access to antigen-presenting cells bearing self-peptide/MHC complexes [1, 9-11].
However, a significant portion of donor T cells continues to proliferate, as measured by
BrdU incorporation, even after stable T cell numbers have been reached [12, 13]. This
suggests that it is not entirely limitations on proliferation, but also active cell death that
prevents further increase in T cell numbers. We have observed previously that T cells
undergoing lymphopenia-induced proliferation are sensitive to Fas-mediated cell death, and
Fas-deficient Jor (Fas’”iP) T cells accumulate to substantially greater numbers as compared
with wild-type T cells following transfer into lymphopenic hosts [12]. Thus, expansion of
the T cell pool in response to self-antigen/MHC>TCR signaling is counter-balanced in part
by Fas-mediated cell death.

Fas-deficient Jor mice (Fas’”iry manifest a profound age-dependent lymphadenopathy that
includes the accumulation of both CD4* and CD8* T cells as well as a distinctly unusual
population of polyclonal CD4"CD8 TCRap™ T cells that express the B cell isoform of
CD45, CD45R (B220), but lack NK1.1 [14]. This phenotype is not observed in mice
deficient for other death-inducing molecules, such as Bim or Bax/Bak [14-16]. Although the
Fas’PIer genotype was originally identified 18 years ago as a retroposon-mediated
disruption of the Fasgene [17], the in vivo biological process uniquely regulated by Fas has
remained an enigma for many years. Little if any defect in thymic negative selection has
been identified in Fas’?”iP" mice [18-23]. In addition, most studies observed little delay in
the deletion of mature, peripheral Fas’””P’ T cells in response to the administration of a
single dose of antigen or following acute infection [24-26]. However, Fas does contribute to
the elimination of T cells during chronic infections [25, 27]. Yet none of the studies using
either acute or chronic infection models reported increased lymphadenopathy as compared
with uninfected Fas’”/P mice or the appearance of antigen-specific

CD4 CD8 TCRap*B220* T cells. Thus, they do not provide an adequate explanation for
the lymphadenopathy observed in Fas’?//P" mice. This is consistent with earlier findings that
Fas’P”Ir mice developed lymphadenopathy even when they were raised under germ-free or
antigen-free conditions [28].

Although CD4~CD8"TCRap*B220* T cells are unique to Fas’””/ and Fas-Ligand mutant
(FasL9'91% mice [17, 29], understanding the origin and derivation of these T cells will
likely be a valuable guide to defining the true in vivo function of Fas. Despite the
progressive lymphadenopathy of Fas’?”/Pr mice, the accumulation of T cells does not occur
as rapidly as predicted based on the rate of proliferation determined by BrdU incorporation.
We have previously observed that approximately 10-15% of CD4-CD8"TCRaf*B220* T
cells incorporate BrdU in a 24 h period [12]. At this rate, the total number of

CD4~CD8 TCRaB*B220* T cells would double every 7 days in the absence of any cell
death. Thus, we considered that other death signals independent of FasL/Fas might also
regulate the survival of T cells preserved in the absence of Fas.

In addition to cell death mediated by death receptors, initiation of apoptosis is controlled by
a Bcl-2-regulated pathway that is initiated by the pro-apoptotic Bcl-2 homology domain 3
(BH3)-only proteins [30]. BH3-only proteins initiate cell death through indirect or direct
activation of the pro-apoptotic Bax/Bak subgroup of the Bcl-2 family, leading to
mitochondrial outer membrane permeablization, apoptosome formation, and activation of an
effector caspase cascade [30]. BH3-only protein Bim (also known as Bcl2I11) is essential
for T cell death during thymic negative selection and following cytokine deprivation [15,
31]. In contrast, Fas has been implicated in the deletion of T cells receiving recurrent TCR
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signals [32, 33]. We therefore reasoned that Fas and Bim might regulate non-overlapping
death pathways to control homeostatic proliferation.

To determine whether Fas and Bim regulate complimentary processes in homeostatic
proliferation, we generated Bim™”-Fas’®”IPr mice. At 8 wk of age, as compared with wild-type
mice, there was a trend toward an increase in CD4* and CD8" T cell numbers in Bim™",
Fas'Plpr and Bim™"FasP"Pr mice which achieved significance for Bin”Fas’”Pr mice (Fig.
1A). In addition, Bim™ FasP”IPr mice already exhibited an increase in

CD4~CD8 TCRaf*B220* T cells as compared with Fas?”P mice (Fig. 1A). At 14 weeks
of age, the numbers of both CD4" as well as CD8" T cells were increased nearly 3-fold in
Fas’P”lr mice as compared with wild-type mice (Fig. 1B). Consistent with previous reports
[15], Bim-deficient mice exhibited a modest accumulation of CD4* (~1.5-fold) and CD8*
(~2.0-fold) T cells as compared with wild-type mice, but did not contain detectable
CD4~CD8 TCRaf* B220* T cells that are characteristic of Fas/”/P" mice. Remarkably,
Bint’-Fas/P”IPr mice developed massive lymphadenopathy (Fig 1B) at a dramatically
increased rate as compared with either Fas- or Bim-deficient mice. By 14 wk, Bim”-Fas/P"ler
mice had 5-6-fold more CD4* and CD8* T cells than wild-type mice. This also represented
approximately 2-fold more CD4* T cells and CD8* T cells than Fas®””/P" mice. The number
of CD4~CD8"TCRafB*B220* T cells was also dramatically increased (~8-fold) as compared
with Fas/P”IPr mice. At 14 wk, the differences in cell number between Bim™Fas/P”IP" and the
other three genotypes were significant for the CD4*, CD8*, and CD4-CD8 TCRa"B220*
T cell subsets. Thus, Fas and Bim exert non-overlapping functions in the control of basal T
cell homeostasis.

To examine if the elevated T lymphocyte numbers in Bim”-Fas/®”IPr mice resulted from
increased proliferation, BrdU incorporation was used to determine the fraction of T cells that
underwent cell cycling during a 24 h labeling period. An increased fraction of Fas®”Pr and
Bint’-FaslP”ler CD4* and CD8* T cells incorporated BrdU as compared with wild-type and
Bin”- T cells (Fig. 2A). Consistent with our previous report [12],

CD4 CD8 TCRap*B220* T cells manifested a high rate of BrdU incorporation relative to
CD4* and CD8" T cells, and this was comparable between Fas’?”Ior and Binr”-FasiPler
CD4 CD8 TCRap*B220* T cells. Because the mice were not intentionally challenged with
any foreign antigen, we considered that this reflected an increase in the proportion of T cells
that had undergone cell cycling in response to stimulation by self-antigens.

Despite exhibiting a high rate of BrdU incorporation over 24 h, when examined for DNA
content at a single time point by Hoechst staining, virtually none of the

CD4~CD8 TCRap*B220* T cells had >2N DNA indicating that they were not in S/G2/M
(Fig. 2B). We also observed that CD4-CD8 TCRap*B220* T cells from lymph nodes of
FasPler mice transgenically expressing GFP under the control of the Rag promoter (Rag-
GFP-transgenic Fas/PIPry [34] manifested very little GFP expression as compared with
lymph node CD8* T cells (Supplemental Figure 1). In these mice, transcription of GFP
protein occurs in early thymocytes at the time of Rag expression and ceases when TCR
rearrangement is completed. GFP protein persists in thymic emigrants but is progressively
lost as they proliferate. Collectively, these observations suggested that Fas’?/ir
CD4~CD8 TCRaB*B220* T cells do not arise de novo in the thymus and their immediate
precursors undergo several rounds of division just prior to becoming CD4-CD8".

To investigate differences in spontaneous cell death, freshly isolated lymph node cells were
analyzed by TUNEL staining. There were no differences in the percentage of apoptotic
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CD4* T cells among wild-type, Fas®®”Ior, Bim™-, and Bim”-Fas’”P’ mice (Fig. 2C). By
contrast, Bim”-Fas’”ir CD8* T cells had a decreased proportion of apoptotic cells as
compared with wild-type, Fas’?”iP", and Bim”~ mice. Furthermore, there was a reduction in
the proportion of apoptotic Bim™ Fas®”l’" CD4~CD8 TCRaf*B220* T cells as compared
with the same subset from Fas/?”/P" mice. As TUNEL staining measures the proportion of
apoptotic cells at a single time point, this reduction in the level of cell death summed over
time would lead to a substantial increase in T cell numbers in Bim?-Fas/P”IP" mice. Thus,
decreased cell death rather than increased cell cycling likely contributed to the abnormal
accumulation of T lymphocytes in Bim™-Fas’”l°" mice.

The synergy between Fas and Bim in T cell apoptosis might reflect the fact that they
regulate different aspects of cell death during T cell homeostasis. To determine the effects of
the combined mutations on T cell death, T cells were initially activated in vitro with plate-
bound anti-CD3 and anti-CD28 antibodies in the presence of I1L-2 for 2 days and then
removed from anti-CD3 antibody stimulation and further expanded with IL-2 for an
additional 3 days. On day 5, IL-2 expanded T cell blasts were restimulated anti-CD3
antibody to induce cell death. T cell blasts from both Fas’?”Pr and Bim™-FasP”Pr mice, but
not those from wild-type or Bim™" mice, were resistant to TCR/CD3 restimulation-induced
cell death (Fig. 3A, B). Thus, Fas, but not Bim, mediated death from TCR/CD3
restimulation.

T cells grown in the presence of IL-7 and IL-15 were tested for sensitivity to cytokine
withdrawal-induced apoptosis. T cells were activated for 2 days with anti-CD3 and anti-
CD28 antibodies in the presence of either IL-7 or IL-15, then removed from anti-CD3
antibody stimulation, and grown for an additional 3 days with either IL-7 or IL-15. On day
5, the T cells were washed and then returned to culture in the absence of cytokine. The
absence of Bim, but not absence of Fas, protected T cells from cytokine withdrawal-induced
death (Fig. 3C-F). Finally, as expected, IL-7- and IL-15-cultured wild-type and Bim” T
cells, but not those from Fas’®”IPr or Bim’-Fas’”IPr mice, were sensitive to Fas-induced cell
death (Fig. 3G-J). Thus, T cells from Bim”-Fas’?”iPr mice were uniquely resistant to both
TCR restimulation and cytokine withdrawal.

Fas and Bim regulate non-overlapping death pathways during lymphopenia-induced

proliferation

To examine if the combined loss of Fas and Bim would act synergistically in T cell survival
during homeostatic proliferation, we used the experimental model of lymphopenia-induced
proliferation by adoptively transferring equal numbers of donor T cells into RagI-deficient
recipients. On day 30 post-transfer, the number of CD4* T cells recovered from recipients
that received Bim”FasP”IP’ T cells was on average 7-fold higher than those found in
recipients that received wild-type cells, 4.4-fold more than in mice that received Bim” T
cells, and 3.7-fold more than in mice that received Fas’?”IPr T cells, (Fig. 4A). The increased
T cell number in recipients of Bim™Fas®”P’ T cells was even more striking for the CD8* T
cell subset (Fig. 4B). Recipients that received Bim” Fas”/Pr T cells had on average 22-fold
more CD8™ T cells than mice that received wild-type T cells, ~17-fold more than in mice
that received Bim”~ T cells, and ~8-fold more than mice that received Fas’?”Pr T cells. By
contrast, mice that received Bim™”" T cells had only a slight increase in CD4* and CD8* T
cells as compared with wild-type T cells and this difference was not statistically significant.

To determine whether the greater number of Bim” Fas’®”IPr T cells recovered following
lymphopenia-induced expansion resulted from an increased fraction of cells entering the cell
cycle, we analyzed initiation of cell cycling after adoptive transfer of CFSE-labeled wild-
type, FasPPr, Bim’-, and Bim™-Fas’”’ T cells into lymphopenic RagI-deficient
recipients. As shown in Figure 5, the fraction of cycling cells was not different among the
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four donor genotypes, although, a slight delay in the initiation of cell cycling by Bim™", and
Bint’-Fas/Pler donor T cells was occasionally observed, consistent with a previous report
[35]. In vivo BrdU incorporation was used to determine whether similar cycling rates
persisted at later time points after T cell transfer, beyond the number of cycles detectable by
CFSE. In mice that received BrdU from day 23 to 24, there was no statistically significant
difference in the fraction of cycling cells between wild-type and Fas’”" donor cells or
between Bin”-and Bim”-FasP"Pr donor cells (Fig. 6A), in agreement with the CFSE
findings. However, Bim™”-and Bin’-FasP”Ir donor cells manifested a reduction in cell
cycling as compared with their counterparts with functional Bim, similar to the CFSE
studies.

To assess any differences in cell death of T cells undergoing lymphopenia-induced
expansion, donor T cells recovered from RagI-deficient recipients 24 days post-transfer
were analyzed for apoptosis by TUNEL staining. For both CD4" as well as CD8* T cells,
Binr”-FasP”Ior T cells manifested the lowest levels of cell death of the four donor genotypes
(Fig. 6B). Thus, loss of Bim further preserves Fas®”IPr T cells that would have undergone
apoptosis during lymphopenia-induced expansion. The increased expansion of
Bint/-FasP”Ior T cells, therefore, likely results from diminished cell death and not increased
cell cycling.

CD4~CD8 TCRap*NK1.1~ T cells arise from CD8" T cells during lymphopenia-induced

proliferation

A unique feature of the lymphadenopathy of Fas®?”/Pr mice is the accumulation of polyclonal
CD4 CD8 TCRaB*B220*NK1.1™ T cells [14]. Of note was that modest numbers of these
CD4 CD8 TCRaB*NKL1.1™ T cells were recovered from RagI-deficient recipients that
received lymph node cells from young Fas/?”/r mice prior to the onset on lymphadenopathy
(Fig. 7A). Remarkably, the number of CD4~CD8 TCRaB*NK1.1~ T cells recovered from
recipients of Bim”-Fas”Pr T cells was increased ~7-fold as compared with recipients of
Fas’P”ler T cells. Since the donor T cells also came from young Bim™-Fas’”iPr mice prior to
the onset of lymphadenopathy or the accumulation of CD4~CD8 TCRaf*B220" T cells, the
CD4~CD8 TCRap™* T cells likely arose from a phenotypically different precursor. Previous
genetic studies have implied that Fas’?”P CD4~CD8 TCRap*B220" T cells are derived
from CD8*TCRa ™ precursors [28, 36, 37] but the process that might induce this transition
was never defined. To examine whether CD4"CD8 TCRap* T cells could arise from CD8*
T cells during lymphopenia-induced proliferation, we transferred purified CD8* T cells from
lymph nodes of Bim” FasP”IPr mice into RagI-deficient recipients (Fig. 7B).

CD4 CD8 TCRaB*NKL1.1™ T cells were readily detected in mice that received injections of
Bim™-Fas'Plrr CD8* T cells (Fig. 7C). Only a few CD4~CD8 TCRaB*NK1.1™ T cells were
recovered on day 14 post-transfer, but their numbers increased with time and were 4-fold
more on day 22 as compared with day 14. In contrast, when purified CD4* T cells from
lymph nodes of Fas’?”iPr or Bin”’-Fas/P”IPr mice were transferred, no increase in the
numbers of CD4-CD8"TCRaB*NKL1.1™ T cells was apparent up to 23 days post-transfer
(Fig. 7C). A small number of CD4-CD8 TCRaB*NK1.1™ T cells were observed at day 23
post-transfer in one of the mice that received CD4* T cells but this particular mouse also
harbored a slight expansion of the CD8* T cell contaminants. It is possible that the
CD4~CD8 TCRap™* T cells identified following the transfer of CD8* T cells could have
arisen from the expansion of the minor contamination of CD4~CD8 TCRaf* T cells (3-6%)
in the donor CD8* T cell inocula. However, this appears unlikely given that the donor CD4*
T cell inocula contained similar levels of contaminating CD4~CD8 TCRaf* T cells as the
CD8* T cells, but no accumulation of CD4-CD8 TCRa ™ T cells was observed in the
recipients of CD4™ T cells.

Eur J Immunol. Author manuscript; available in PMC 2012 April 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 6

3. Discussion

The current observations demonstrate that the death receptor Fas and the pro-apoptotic BH3-
only Bcl-2 family member, Bim, synergize in the regulation of cell survival during T cell
homeostatic expansion. This was consistent in both a model system of lymphopenia-induced
proliferation as well as in intact mice lacking both Fas and Bim, which had greatly enhanced
lymphadenopathy and splenomegaly. In addition, lymphopenia-induced proliferation of
transferred Fas’”IPr or Bim-Fas/P//Pr CD8* T cells, but not CD4* T cells, yielded the
unique CD4"CD8 TCRap*NK1.1™ T cells that are characteristic of Fas- and Fas ligand-
deficient mice. No other antigen-driven system has reported generating CD4~CD8 TCRaf*
T cells from Fas’”Ir CD8* precursors. Thus, our findings support a model in which Fas and
Bim cooperate to regulate non-overlapping death pathways during T cell homeostasis and
also link, for the first time, homeostatic proliferation of CD8" T cells to the generation of the
unusual CD4-CD8 TCRaf*B220* T lymphoid cells of Fas’”Pr mice.

The model system that defines the function of Fas in vivo should recapitulate both the
increased T cell numbers as well as the appearance of CD4"CD8"TCRaf*B220* T cells.
Previous studies on the role of Fas have examined the accumulation of T cells after various
types of antigen exposure but have rarely if ever addressed the origin of the

CD4~CD8 TCRap™* T cells in the same in vivo system. CD4"CD8 TCRa*B220* T cells
in Fas/PIer mice are polyclonal and therefore do not arise from a limited number of TCR
specificities, as with CD4"CD8™NK T cells [14, 38]. Fas’”Pr CD4~CD8 TCRap*B220* T
cells have been postulated to be derived from CD8* T cell precursors based on studies
showing demethylation of the CD8a gene in CD4~CD8 TCRap*B220* T cells from
Fas'PIPr mice [36]. Consistent with this model, Bom-deficient Fas?”/P mice have a defect in
positive selection of CD8" T cells and are nearly devoid of CD4~CD8 TCRaf*B220* T
cells despite accumulating CD4* T cells and B cells [28, 37], whereas the loss of peripheral
CD4* T cells in MHC class I1-deficient Fas’”/" mice does not prevent the accumulation of
CD4 CD8 TCRaB*B220* T cells [39]. However, none of these studies demonstrated the
process by which CD8* T cells become CD4~CD8"TCRaf* T cells. Our findings
demonstrate for the first time that CD8* T cells give rise to CD4 CD8 TCRaf*NK1.1™ T
cells in the unique environment of chronic TCR stimulation during homeostatic
proliferation.

Basal homeostasis and apoptosis of T cells are dysregulated in mice lacking either Fas or
Bim, yet only Fas-deficient mice develop significant lymphadenopathy [14, 15]. While loss
of Bim alone results in only a ~3-fold increase in T cell numbers, it considerably augments
lymphadenopathy in conjunction with loss of Fas [25, 35, 40]. Fas has been implicated in
the elimination of T cells receiving recurrent TCR signals based on the prominent role of
Fas in mediating the death of in vitro IL-2-cultivated T cell blasts following TCR-
restimulation [32, 33]. In distinction, Bim is critical for T cell death during thymic negative
selection and following cytokine deprivation as occurs when cytokine levels decline
following pathogen clearance during acute infections [15, 31]. Notably, Bim is also critical
for calcium flux-induced T lymphocyte apoptosis [15] and the increased expression of Bim
in T cell blasts following TCR restimulation is thought to contribute to TCR restimulation-
induced death, especially in CD8* T cells [41]. As such, Bim, but not Fas, contributes to T
cell elimination during the termination of acute T cell immune responses following in vitro
or in vivo administration of a single dose of Staphylococcal enterotoxin B, or in vivo after
acute infection with herpes simplex virus-1 [24, 42]. In contrast, Fas and Bim synergized in
the contraction of the T cell response to chronic infections, such as with mouse y-herpes
virus [25]. As homeostatic proliferation is driven by both low affinity recurrent TCR
stimulation in response to self-peptide/MHC complexes and certain cytokines [5], it
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resembles chronic antigenic stimulation but the array of self-peptides likely acts upon a
much broader repertoire of T cells than occurs with a given foreign antigen.

The loss of Bim in addition to the loss of Fas greatly enhanced the appearance of

CD4 CD8 TCRap*B220* T cells and resulted in an increased ratio of

CD4 CD8 TCRap*B220* T cells to CD8" T cells as compared with mice lacking only Fas.
Since Bim-deficient mice do not accumulate CD4-CD8 TCRaf*B220* T cells [15], this
suggests that the absence of Bim could either cause the generation of more

CD4 CD8 TCRap*B220* T cell precursors (naive CD8* T cells) and/or preferentially
increase the survival of CD4"CD8 TCRaf*B220* T cells in Fas’?”iP" mice. Bim-deficient
mice have impaired deletion of self-reactive T cells during thymic negative selection [31].
Thus, the loss of Bim may indeed result in an increased number of self-reactive CD8* T
cells in the periphery that could subsequently proliferate in response to self-peptide/MHC
and become CD4~CD8 TCRa"B220* T cells. Alternatively, since Bim is required for
growth factor deprivation-induced apoptosis [15], loss of Bim can also enhance the
persistence of CD4"CD8"TCRaB* B220" T cells that arise as a consequence of the absence
of Fas but are present in an environment containing insufficient cytokines. Indirect evidence
suggests that CD4~CD8 TCRap*B220* T cells are not long-lived in Fas’?”/P mice. Based
on their rate of BrdU incorporation over 24 h (10-15%), the number of

CD4~CD8 TCRaf*B220* T cells in Fas’”P" mice would be predicted to double every 7
days, but their actual number clearly does not increase this rapidly. In addition,

CD4 CD8 TCRap*B220* T cells express relatively low levels of Bcl-2 as compared with
CD4" and CD8™ T cells (data not shown), and therefore may be particularly vulnerable to
limiting cytokines and thus Bim-mediated cell death.

Since homeostatic proliferation is driven by self-antigens and likely occurs at a much higher
rate than previously appreciated, the potential for autoimmune consequences clearly exists if
the expansion of T cells is not tightly controlled. In humans, lymphopenia resulting from
infection or following cancer therapy is strongly linked to autoimmunity [43-45]. Moreover,
an increased basal rate of peripheral T cell proliferation has been suggested to contribute to
the pathogenesis of rheumatoid arthritis [46, 47]. Similarly, nonobese diabetic (NOD) mice
are lymphopenic and the compensatory lymphocyte proliferation is thought to contribute to
the development of their autoimmune diabetes [48]. Even in the absence of lymphopenia,
alterations in T cell homeostasis may contribute to autoimmune disease. Humans bearing
Fas mutations in the autoimmune lymphoproliferative syndrome (ALPS) manifest
autoimmune phenomena such as hemolytic anemia [49, 50]. Similarly, Fas’”/°" mice on
certain genetic backgrounds manifest a severe autoimmune disease characterized by
autoantibody-mediated glomerulonephritis [14]. The additional loss of one or both alleles of
Bim synergized with the absence of Fas to greatly enhance autoimmune pathology [25, 35,
40]. Furthermore, some patients with systemic lupus erythematosus harbor an increased
proportion of CD4~CD8"TCRap*B220* T cells [51] which may reflect augmented
homeostatic proliferation in these patients. Thus, dysregulation of T cell homeostatic
proliferation may be a prime underlying mechanism of several autoimmune syndromes.

4. Materials and Methods

Mice

Mice were bred and housed in the AAALAC-approved animal facilities of The University of
Vermont College of Medicine. Original breeding pairs of C57BL/6J, B6.MRL-Fas'/J
(FasPlery B6.129S7- Rag1tMIMomyy (Rag177), and B6.PL- Thy13/Cy (CD90.1) mice were
obtained from Jackson Laboratory (Bar Harbor, ME). B6.129S1-Bc/2/11tM1-1Ast mice
(Bim™") were generated as previously described and backcrossed onto C57BL/6 for greater
than 20 generations [15]. Bim-deficient mice homozygous for the Fas’?7/Pr mutation were
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generated by crossing Bin”- mice to Fas’”/P mice. Breeding of CD90.1 mice with
Fas’Pler Bim~, Bim™-Fas’”IP" mice generated mice homozygous for CD90.1. Mice
transgenically expressing GFP under the control of the Rag promoter (Rag-GFP-transgenic)
were the kind gift of Michel Nussenzweig (The Rockefeller University, NY, NY) [34]. Rag-
GFP-transgenic mice were bred to Fas’?7IP" mice to generate Rag-GFP-transgenic FasPlPr
mice. All animal studies were conducted in accordance with the policies of The University
of Vermont’s Animal Care and Use Committee.

Adoptive transfer of lymphocytes

5 x 10% lymph node cells from 5 wk old C57BL/6J (CD90.1) mice or the equivalent number
of total T cells from age and sex-matched Fas’”Pr, Bim™-, Bim™"Fas'”P’ mice (all CD90.1)
were transferred intravenously via the tail vein into RagZ”- (CD90.2) mice. CD4* or CD8*
T cells for adoptive transfer were purified by negative selection using Miltenyi T cell
isolation kits (Auburn, CA) according to the manufacture’s protocol.

To assess entry into cell cycle following adoptive transfer, donor cells were labeled with
5(6)-carboxyfluorescein diacetate succinimidyl ester (CFSE) (Invitrogen/Molecular Probes,
Carlsbad, CA) prior to transfer. Lymph node cells were washed with phosphate buffered
saline containing 0.1% bovine serum albumin (PBS/0.1 % BSA), resuspended at 107 cells/
ml, and incubated with 4 uM CFSE for 10 min at 37°C. Labeling was stopped by addition of
ice cold PBS/0.1 % BSA. After washing, the cells were resuspended in PBS for adoptive
transfer.

For the in vivo proliferation studies, mice received four intraperitoneal injections of 1 mg 5-
bromo-2’-deoxyuridine (BrdU) in sterile PBS (Sigma, St. Louis, MO) during the 24 h prior
to tissue harvest. Three injections were given on the day prior to tissue harvest and one
injection on the day of sacrifice one hour prior to tissue harvest.

Reagents and antibodies

The following monoclonal antibodies to murine cell surface molecules were purchased from
Invitrogen/Caltag Laboratories (Carlsbad, CA): FITC-conjugated CD44, PE-conjugated
CD45R (B220), PE-Cy5.5-conjugated CD4, PE-Cy5.5-conjugated CD8, PE-Texas-Red-
conjugated CD8a., PE-Texas-Red-conjugated CD4, Alexa 647-conjugated CD45R (B220),
and Alexa 647-conjugated CD3. The following antibodies were purchased from BD
Biosciences (San Jose, CA): FITC-conjugated TCRp, PE-conjugated TCRp,
allophycocyanin-conjugated TCRp, FITC-conjugated CD90.1, PE-conjugated CD90.1,
allophycocyanin-Cy7-conjugated CD11b, FITC-conjugated NK1.1, and FITC-conjugated
anti-BrdU. Lyophilized rat 1gG and hamster 1IgG (MP Biochemicals, Solon, OH) were
resuspended in PBS and stored at -80°C.

Lymphocyte preparation

Single cell suspensions of spleen and lymph nodes were prepared in RPMI 1640
(Mediatech, Inc., Herndon, VA) containing 25 mM Hepes, 5% (v/v) bovine calf serum, 5 x
107> M B-mercaptoethanol, 100 U/ml penicillin, and 100 U/ml streptomycin (RPMI/5%
BCS). Erythrocytes in splenic suspensions were lysed with Geys solution.

Cell recovery was calculated from the absolute number of cells obtained and the percentage
of CD4*, CD8", and CD4~8"TCRp™ T cells obtained by flow cytometry. For each
Rag1”recipient, the spleen and eight lymph nodes (inguinal, brachial, axillary, and
popliteal) were harvested. For intact mice, the spleen and all visible inguinal, brachial,
axillary, cervical, and popliteal were harvested.
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Single cell suspensions from lymph nodes were cultured in RPMI 1640 supplemented with
25 mM Hepes, 2500 wg/ml glucose, 10 pg/ml folate, 110.04 pg/ml pyruvate, 5 x 10> M 2-
ME, 292.3 pg/ml glutamine, 100 U/ml penicillin, 100 U/ml streptomycin, and 5% (v/v)
FBS. T cells were stimulated with 10 pg/ml plastic-bound anti-CD3 antibody (145-2C11)
plus soluble anti-CD28 antibody (1:1000 dilution of ascites) and either 50 U/ml human rIL-2
(Cetus), 10 ng/ml murine rIL-7 (Peprotech, Rocky Hill, NJ), or 20 ng/ml human rIL-15
(Peprotech). On day 2, T cells were removed from anti-CD3 antibody stimulation and
expanded for an additional 3 days in the presence of rIL-2, rIL-7, or rIL-15. To test for TCR/
CDa3 restimulation-induced apoptosis, IL-2 expanded T cell blasts were cultured either with
or without plate-bound anti-CD3 antibody for 6 h. To test for cytokine withdrawal induced
apoptosis, IL-7 and IL-15 grown T cells were washed and returned to culture in the absence
of cytokine. To test for sensitivity to Fas-mediated death, day 5 T cell blasts were cultured
with 250 ng/ml FLAG tagged recombinant FasL (Alexis Biochemicals, Farmingdale, NY)
plus anti-FLAG antibody (Sigma, St Louis, MO) for 2 h.

Flow cytometry

For direct staining, single cell suspensions (1 x 10%) were washed with cold (4°C) PBS and
then incubated with Live Dead Fixable Blue Stain (Invitrogen, Carlsbad, CA) in PBS for 30
min at 4°C. The cells were washed with cold PBS containing 1% (w/v) BSA fraction V
(Sigma, St. Louis, MO) (PBS/1% BSA) and then incubated with a mixture of unconjugated
rat 1gG and hamster IgG for 30 min at 4°C. After washing with PBS/1% BSA, the cells were
incubated with the appropriate antibodies in PBS/1% BSA, washed, and fixed with freshly
made 1% (v/v) methanol-free formaldehyde (Ted Pella Inc., Redding, CA) in PBS/1% BSA.
Flow cytometry was performed on an LSRII (BD Biosciences, San Jose, CA) calibrated with
DNA check beads. Analysis was performed using FlowJo software (Tree Star, Inc, Ashland,
OR).

Staining for DNA-incorporated BrdU was performed as previously described [12]. In brief,
cells from BrdU-pulsed mice were incubated with Live Dead stain (Invitrogen) followed by
unconjugated rat and hamster 1gG as described above. The cells were stained for TCRp,
CD4, and CD8 expression, and then fixed with 70% ethanol (-20°C) followed by 1%
methanol-free formaldehyde. The cells were permeablized in PBS containing 1% methanol-
free formaldehyde and 0.01% Tween20 overnight at 4°C. After washing, the cells were
incubated with 50 Kunitz units of DNase | (Sigma, St. Louis, MO) in 0.15 M NaCl (pH=5)
containing 4.2 mM MgCl, for 15 min at 37°C. After washing, the cells were incubated with
anti-BrdU FITC (BD Biosciences, San Diego, CA), washed, and fixed in 1% methanol-free
formaldehyde in PBS/1% BSA.

Apoptotic cell death was examined by terminal deoxynucleotidy! transferase dUTP nick end
labeling (TUNEL) [12]. Briefly, cells were incubated with unconjugated rat and hamster
IgG, stained for expression of cell surface molecules, and then fixed with 1% methanol-free
formaldehyde followed by 70% ethanol. After washing, the TUNEL reaction was performed
by incubating cells in 50 .l of reaction mix containing 10 U of terminal deoxribosyl
transferase (TdT), 2.5 mM cobalt chloride in 1x TdT buffer (Roche, Indianapolis, IN), and
0.2 pmol/ul of FITC-dUTP (Roche, Indianapolis, IN,) in sterile distilled water for 1 hour at
37°C. The cells were washed twice and fixed in 1% methanol free formaldehyde. Murine
thymocytes were included as a positive control for apoptotic cells.

DNA content was examined by Hoechst staining. Cells were incubated with Live Dead stain
(Invitrogen) followed by unconjugated rat and hamster 1gG as described above. The cells
were then stained for TCRB, CD45R, NK1.1, CD4, and CD8 expression using antibodies in
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PBS/1% BSA, fixed with 70% ethanol (-20°C) followed by 1% methanol-free
formaldehyde. The cells were then incubated in 5 tg/ml Hoechst 33342 (Invitrogen/
Molecular Probes, Eugene, OR) for 20 min. After washing, the cells were resuspended in
PBS/1% BSA and stored at 4°C until analysis.
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Figure 1. Accelerated lymphadenopathy in Bim™ FasP/IP" mice

The absolute numbers of CD8*, CD4*, and CD4~CD8 TCRap*B220" lymph node T cells
recovered from wild-type (WT), Bim™", Fas’P”P", and Bim”-Fas’”P" mice at (A) 8 wk and
(B) 14 wk of age. Lymph node cells were stained for CD4, CD8, TCRp, and CD45R (B220)
and analyzed by flow cytometry. Cell numbers were calculated based on the percent positive
cells. Each symbol represents an individual mouse analyzed (n=4-6 per group). Horizontal
lines indicate the median number for each T cell subset. At 8 wk, differences in cell number
were significant between Bin”-Fas/P”IPr and wild-type T cells for both CD4* and CD8* T
cells (ANOVA, Tukey post-test, *p< 0.05). At 14 wk, differences in cell number between
Bint’-Fas/PIPr and the parental genotype T cells were significant for both CD4* and CD8*
T cells (ANOVA, Tukey post-test, *p< 0.05). Differences in the number of

CD4~CD8 TCRap*B220* T cells between Bim”Fas’P”IPr and Fas/P”Ier were significant at
both 8 and 14 wk (t test, *p<0.05).
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Figure 2. Bim”"FasP/IP" T cells manifest reduced apoptosis but equivalent rates of BrdU
incorporation as compared with FasP/IP" T cells

(A) Age and sex-matched wild-type (WT), Bin”-, Fas’®”Pr, and Bim™Fas’®”IP" mice
received four intraperitoneal injections of BrdU (1 mg each) over 24 h. Lymph node cells
were stained for surface expression of CD4, CD8, CD45R (B220), and analyzed for BrdU
incorporation by flow cytometry. Shown are the mean and standard deviation for the
percentage of BrdU™ cells in each T cell subset from 14 wk old mice (n=4 per strain). The
percentages of BrdU™ cells between Bim™Fas’?”IPr and FasP”IPr T cells were statistically
different for the CD4~CD8 TCRaf*B220*, but not for the CD4* and CD8* T cell subsets
(ANOVA, Tukey post-test, *p<0.05). These data are representative of two experiments.

(B) Lymph node cells from age and sex-matched Fas’?”iPr and Bin”-Fas’®”IPr mice were
stained for surface expression of CD4, CD8, CD45R (B220), and TCRf and analyzed for
DNA content by Hoechst staining. Shown are representative Hoechst profiles for
CD4~CD8 TCRaf*B220* T cells from Fas?”IPr (n=3) and Bim™Fas®”IP" mice (n=3) and
for wild-type CD8* T cells on day 3 after in vitro stimulation with plate-bound anti-CD3 and
anti-CD28 antibodies. Number inserts are the percentage of cells in S/G2/M.

(C) Single cell suspensions of lymph node cells from age and sex-matched wild-type (WT),
Bim™, Fas’Pr, and Bim-Fas’"”" mice were cultured at 37°C for 4 h. The cells were then
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stained for surface expression of CD4, CD8, CD45R (B220), and TCR and analyzed for
the presence of nicked DNA by TUNEL assay. The fraction of cells containing nicked DNA
was calculated for each T cell subset. Shown are the mean and standard deviation of the
percentage of apoptotic cells in each T cell subset from 14 wk old mice (n=3-4 per strain).
The percentages of apoptotic cells between Bim™”Fas’”IP and FasP”Pr T cells were
statistically different for the CD4*, CD8*, and CD4~CD8 TCRap*B220* T cell subsets
(ANOVA, Tukey post-test, *p<0.05). These data are representative of two experiments.
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Figure 3. Fas-deficient T cells are protected from CD3-restimulation-induced cell death whereas
Bim-deficient T cells are protected from cytokine withdrawal

Single cell suspensions of lymph node cells from age and sex-matched wild-type (WT),
Bint”, Fas’P”lPr, and Bim™-Fas’P”IPr mice were stimulated with plate-bound anti-CD3 and
anti-CD28 antibodies in the presence of (A, B) IL-2, (C, D, G, H) IL-7, or (E, F, I, J) IL-15.
On day 2 of culture, the cells were removed from the anti-CD3/anti-CD28 antibody
stimulation, washed, and cultured in the presence of IL-2, IL-7, or IL-15 consistent with the
initial culture conditions. (A, B) On day 5, IL-2-cultured T cell blasts were restimulated with
plate-bound anti-CD3 antibody for 6 h or left unstimulated. (C, D, E, F) T cells grown in
either IL-7 or IL-15 for 5 days were washed three times to remove cytokines and then
cultured in medium containing IL-7 orlL-15, respectively, or medium alone for an additional
16 h. (G, H, I, J) T cells grown in either IL-7 or IL-15 for 5 days were cultured for 2 h either
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with or without FLAG-tagged FasL cross-linked by anti-FLAG antibody. (A-J) The cells
were then stained for surface expression of CD4, CD8, CD45R (B220), and TCRp and
analyzed for the presence of nicked DNA by TUNEL staining. The fraction of cells
containing nicked DNA was calculated for the CD4" and CD8" T cell subsets. These data
are representative of two independent experiments (n=1 per strain).
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Figure 4. Bim”"FasP/IP" T cells accumulate to significantly higher levels following transfer to
lymphopenic recipients

CD90.2* Ragi-deficient mice received a single inoculum of 3.5x106 lymph node T cells
from CD90.1* wild-type, Bim™”", Fas’”Pr, or Bim”-FasP"//P" mice. The donor mice were 5
wk of age and had equivalent proportions of CD4* and CD8" T cells. On day 31 post-
transfer, lymph node and spleen cells from recipient mice were surfaced stained for CD4,
CD8, and TCRp and analyzed by flow cytometry. Absolute CD4* and CD8" T cell numbers
were calculated based on the percent positive cells. Each symbol represents an individual
mouse analyzed (n=5 per group). Differences in cell number between Bin”-FasP”IPr and the
parental genotype T cells were significant for both the CD4* and CD8" T cell subsets
(ANOVA, Tukey post-test, *p< 0.05). These data are representative of two independent
experiments.
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Figure 5. Similar cell cycle entry of wild-type, Bim”", FasP"/IP" and Bim”"FasP"/IP" T cells
following transfer into lymphopenic recipients

Lymph node cells from 5 wk-old wild-type (WT), Bin”-, Fas’P”Pr, and Bim™"Fas’”IP" mice
(n=1 per strain) were labeled with CFSE and transferred into RagZ-deficient recipients. On
day 3 post-transfer, lymph node and spleen cells were stained for CD4, CD8, and TCRp and
analyzed for CFSE levels by flow cytometry. Shown are representative CFSE profiles for
(A) wild-type (WT), (B) Bim™-, (C) FasP/Pr, and (D) Bim™-Fas’”Pr T cells. The numbers
in the graphs represent the percentage of cells that have undergone 1 or more cell divisions.
Data are representative of two independent experiments.
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Figure 6. Bim”"FasP/IP" T cells undergoing lymphopenia-induced proliferation manifest
decreased BrdU incorporation and a reduced proportion of apoptotic cells as compared with
FasP/IPr T cells

(A) RagI-deficient recipients received four intraperitoneal injections of BrdU (1 mg each)
over the 24 h period from day 23 to 24 post adoptive transfer of equivalent numbers of wild-
type (WT), Bim™~, FaslP”ler, or Bim™-Fas’”°r lymph node T cells. On day 24, lymph node
and spleen cells were isolated from the RagI-deficient recipient mice, surfaced stained for
CD4, CD8, and TCR, and analyzed for BrdU incorporation by flow cytometry. Shown are
the means and standard deviations for the fraction of BrdU™ cells in the CD4* and CD8* T
cell subsets (n=5 per donor strain). Differences between Bim”FasP/I°r and Fas’”iPr donor
T cells were statistically significant for both the CD4* and CD8* T cell subsets (ANOVA,
Tukey post-test, *p< 0.05). Differences between Bim™-Fas’P”Pr and Bim™- donor T cells
were not statistically significant. Data are representative of two independent experiments
(B) Lymph node and spleen cells were isolated from Ragi-deficient mice that received wild-
type (WT), Bim™~, FaslP”Ier, or Bim™-Fas’”lPr lymph node cells 24 days previously. The
cells were cultured in vitro at 37°C for 3 h, surfaced stained for CD4, CD8, and TCRp, and
analyzed for the presence of nicked DNA by TUNEL staining. The fraction of cells
containing nicked DNA was calculated for each T cell subset. Shown is the mean and
standard deviation (n=5 per donor strain). Differences between Bim”Fas’?”IPr and Fas'Pr/lpr
donor T cells were statistically significant for both the CD4* and CD8" T cell subsets
(ANOVA, Tukey post-test, *p< 0.05). Differences between Bim™Fas’?”°r and Bim™- donor
T cells were not statistically significant. Data are representative of two independent
experiments
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Figure 7. CD4~CD8 TCRaB*NK1.1™ T cells were generated during homeostatic expansion of
FasP/IP cDg*, but not CD4*, T cells
(A) RagI-deficient mice received a single inoculum containing 3.5x108 lymph node T cells
from 5 wk old Fas’”IPr or Bim™-Fas/PIPr mice. On day 30 post-transfer, lymph node and
spleen cells from recipient mice were surfaced stained for CD4, CD8, NK1.1, and TCRp
and analyzed by flow cytometry. Absolute cell numbers of CD4"CD8 TCRaf*NK1.1™ T
cells were calculated based on the percent positive cells. (B, C) CD8* or CD4™ T cells were
purified from lymph nodes of Bin”Fas’”P" mice by negative selection and a single equal
inoculum of 3x108 cells was transferred to RagZ-deficient mice (day 0). On the days
indicated post-transfer, lymph node and spleen cells from recipient mice were surfaced
stained for CD4, CD8, NK1.1, and TCRp and analyzed by flow cytometry. Cell numbers
were calculated based on the percent positive cells. Shown are the numbers of (B) CD8* and
CD4* T cells and (C) CD4~CD8 TCRaB*NK1.1™ T cells recovered following the transfer
of CD8* and CD4* T cells. These data are representative of two independent experiments
for each donor population.
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