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Abstract: Bim, a BH3-only Bcl-2-family protein, is essential for T-cell negative selection in the thymus as well as for the
death of activated T cells in the periphery. The role of Bim has been extensively studied in T-cell responses to self-
antigens and viral infections. Recent findings on Bim in autoimmunity triggered our interest in investigating whether
Bim may play a role in another disease with inflammatory symptoms as graft-versus-host disease (GVHD). Here we
report that Bim is required for optimal T-cell responses to alloantigens in vivo and for the development of GVHD. Us-
ing murine models of allogeneic bone marrow transplantation (BMT), we found that donor T cells deficient for Bim are
impaired in the induction of GVHD primarily due to a significant defect in T cell activation and expansion in vivo. Upon
TCR engagement, Bim7- T cells exhibited selective defects in CD69 expression and phosphorylation of PLCyl. Our
studies uncover a novel aspect of Bim function in T-cell activation with important implications in understanding the

mechanisms of T-cell activation and tolerance under allogeneic transplantation.
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Introduction

Antigen-driven T-cell activation and expansion is
an essential player during adaptive immune
response [1, 2]. T-cell responses to antigens are
characterized by rapid expansion in numbers of
specific cells [3, 4]. After the peak response, the
majority of activated T cells die through apop-
tosis while those that remain become memory T
cells. The decision between death and survival
is crucial for avoiding autoimmunity and for pro-
moting the development of immunological
memory and protective immunity. Bim, a
proapoptotic Bcl-2 family member, plays a criti-
cal role in the apoptosis of activated T cells in
vivo [5-8]. Proapoptotic activity of Bim is deter-
mined by the level of antiapoptotic molecule Bcl
-2 before T cells undergo apoptosis in vivo [9,
10]: while Bcl-2 levels significantly decrease,
Bim initiates the apoptotic process [11-13]. Bim
signaling is also involved in various cell fate
decisions during the development of multicellu-
lar organisms, including survival, proliferation,

lineage commitment and tissue architecture [14
-18]. Bim also plays a critical role in regulating
lymphocytes’ homeostasis in the lymphoid and
myeloid compartments [19]. Moreover, defi-
ciency in Bim leads to defective negative selec-
tion for the autoreactive T and B cells followed
by the subsequent expansion of lymphocytes
and the development of autoimmunity in mice
[19]. However, it remains unclear whether the T
cells that would normally be eliminated during
an immune response can, in the absence of
apoptotic signals, result in increased T-cell
memory and protective immunity.

In this study, we investigated the role of Bim in
the control of T-cell responses under homeosta-
sis and upon alloantigen stimulation using well-
defined models of bone marrow transplantation
(BMT). Given that Bim is an essential mediator
in the elimination of activated T cells in vivo, we
hypothesized that activated T cells would accu-
mulate after being transplanted in allogeneic
recipient and induce exacerbated GVHD under
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BMT settings. However, we found that donor T
cells deficient for Bim are impaired in the induc-
tion of GVHD in allogeneic recipient, primarily
due to the significant reduction of expansion
and activation of alloreactive T cells in vivo. This
finding provides additional insight to under-
stand how Bim regulates T-cell activation.

Material and methods
Mice

C57BL/6 (B6, H-2b) and BALB/c (H-29) mice
were purchased from the National Cancer Insti-
tute, B6 mice that express congenic Ly5.1 or
Thyl.1 strains, and B6.bom12 mice were from
the Jackson Laboratory. The founders of B6 Bim
/- mice were Kkindly provided by P. Marrack
(National Jewish Medical and Research Center,
Denver, CO). All the mice were housed in a
pathogen-free condition. All experimental proce-
dures were approved by the Institutional Animal
Care and Use Committee.

T-cell purification and proliferation in vitro

Our protocol for T-cell purification and trans-
plantation has been described in detail else-
where [20, 21]. Briefly, CD4* or total T cells
were purified by negative selection with a mag-
netic cell separation system (Miltenyi Biotec,
Auburn, CA). The purity of T cells used for trans-
plantation ranged from 91-97%. Cells were cul-
tured in RPMI 1640 medium containing 10%
FBS, 2 mM glutamine, 25 mM HEPES, 1 mM
sodium pyruvate, 5 x 105 M 2-ME, 100 U/ml
penicillin, and 100 ug/ml streptomycin. In sepa-
rate experiments, purified T cells were labeled
with CFSE (Molecular Probes, Eugene, OR) and
stimulated with anti-CD3. After stimulation for 3-
5 days, T-cell proliferation was measured with
CSFE dilution as described in our previous work
[20, 21].

T-cell signaling

Immunoprecipitation and Western blotting were
performed as previously described [22, 23].
Briefly, primed T cells were stimulated with or
without anti-CD3e mAb for different time periods
at 37°C on a Thermomixer. Cells were washed
in cold PBS containing 0.4mM NasVOs and
0.4mM EDTA and lysed on ice for 30 min. Cell
lysates were obtained after removal of cell de-
bris by centrifugation at 13,500 rpm for 10 min
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at 4°C. Proteins in cell lysate were separated in
10% SDS-PAGE gels, transferred to polyvi-
nylidene difluoride membranes, and im-
munoblotted with mAb specific for phosphotyro-
sine (Upstate Biotech, Lake Placid, NY), total
PLCy, p-PLCy (Cell Signaling, Beverly, MA), total
ERK, JNK, p-ERK or p-JNK (Santa Cruz, CA). Sig-
nal detection was performed by chemilumines-
cence (Roche Diagnostics, Indianapolis, IN)

BMT

In myeloablative model, B6 mice were exposed
to 1200 cGy (split doses) and BALB/c mice to
800 cGy of TBI. T cell depleted-bone marrow
(TCD-BM) cells alone or in combination with pu-
rified T cells from indicated donors were in-
jected via the tail vein into recipients within 24
hrs after irradiation. Recipient mice were moni-
tored every other day for clinical signs of GVHD,
such as ruffled fur, hunched back, lethargy, di-
arrhea, and mortality. Animals judged to be
moribund were sacrificed and counted as GVHD
lethality as described in our previous work [21,
24].

Statistical analysis

The log-rank test was used to detect statistical
differences in recipient survival in GVHD experi-
ments. Student’s t test was used to compare
percentages or numbers of donor T cells.

Results

T cells deficient for Bim have reduced ability to
induce GVHD

We originally hypothesized that Bim7- T cells
would induce more severe and sustained GVHD
considering Bim as a predominant pro-apoptotic
molecule. Initial experiments were conducted to
compare the ability of Bim*/+ and Bim7- CD4* T
cells to induce GVHD in non-myeloablative
transplantation model: B6 — B6.bm12. Under
this condition, donor T cells damage the recipi-
ent hemopoietic system, resulting in marrow
failure. CD4* T cells from Bcl-XL Tg mice were
also tested as additional controls, because Bcl-
XL promotes T-cell survival [16, 24]. While Bcl-X.
Tg T cells were as capable as WT T cells to in-
duce GVHD, most recipients of Bim7- T cells sur-
vived long-term with little or no weight loss, indi-
cating that their ability to induce GVHD was im-
paired (Figure 1A and 1B).

Am J Blood Res 2012;2(1):77-85



Bim in T-cell allogeneic responses and graft-versus-host disease

100 © 130
o] E 120
t;s 804 =) - No Tx
'S 60 g 1104 - WT
5 %‘ 1001 = gim™
o 401 B
° 2 4o - Bcl-X Tg
°7 201 =2

ST 804
G L L 7C 1 L) LJ LJ v L)

0 15 30 45 60 75 90
Day after BMT Day after BMT

o
N
o
w
S
N
&
2}
o
~
o
©
=}

Figure 1. Role of Bcl-XLor Bim in the development of GVHD. B6 bm12 mice were sublethally irradiated (600 cGy) and
transferred with 1 x 106CD4+T cells from WT, Bcl-XL Tg or Bim7- B6 donors. Five recipients were used in each group,
and the data show recipient survival (A) and weight loss (B) over time.

Cell division and expansion of Bim~- T cells is CD8* Bim7- T cells were significantly lower than

compromised in response to alloantigens in vivo those of Bim*/* T cells (p < 0.01) (Figure 2B),
indicating that Bim increases T-cell expansion in

To investigate the mechanism by which Bim7- T vivo.

cells cause significantly less GVHD than WT T

cells, we compared T-cell division and expan- Bim plays a distinct role in homeostasis-driven

sion of Bim*/+, Bim*/- and Bim~- T cells in alloge- or alloantigen-induced T cell response
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Figure 2. Bim7- T cells have impaired expansion in response to alloantigen in vivo. Purified T cells from Bim*/+, Bim*/-
or Bim7- B6 mice were labeled with CFSE and then injected into lethally irradiated BALB/c mice at 2 x 106 cells/
mouse. T-cell division and expansion in recipient spleen was determined 4 days after cell transfer. (A) Expression of
H2K® (y-axis) and CD8 (x-axis) is shown in recipient spleen cells (top panel); CFSE profiles are shown on gated donor
CD4 (H2Kb+CD8) or CD8 (H2Kr+CD8*) T cells (bottom panel). (B) Absolute numbers of donor CD4 or CD8 T cells
(average + 1 SD, n = 3 - 4 recipients in each group) are shown in recipient spleen. The data represent 1 of 4 replicate
experiments.
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Figure 3. Bim affects cytokine secretion differentially through homeostasis-driven or alloantigen-induced proliferation.
Lethally irradiated Thyl.1 (Ly5.1) (syngeneic) or BALB/c (allogeneic) recipients were infused with B6 purified WT
(Ly5.1*) or Bim7- (Ly5.1") T cells. Four days after cell transfer, recipient splenocytes were analyzed for expression of
surface markers and intracellular cytokines that were measured in splenocytes from allogeneic (A) or syngenic (C)
recipients. The absolute number of IFN-y and TNF-a producing cells were shown in the spleen of allogeneic (B) or
syngenic (D) recipients. Results shown are representative of three replicate experiments with 3 mice per group.

expressing the Thyl.1 congenic marker. Four
days after cell transfer, the presence of WT and
Bim7- T cells was measured in recipient spleens
(Figure 3A and 3C). In syngeneic B6 recipients,
there were 31.22 + 6.25 % WT cells (Thyl.1-
Ly5.1+%) and 49.58 + 4.99 % Bim7- cells (Thyl.1-
Ly5.1) (p = 0.03). In allogeneic BALB/c recipi-
ents, there were 63.6 + 1.18 % WT cells
(H2b*Ly5.1) and 30.9 + 5.15 % Bim7- cells
(H2b*Ly5.1") (p = 0.0009). These data indicated
that Bim promotes alloantigen-driven T cell pro-
liferation, and not homeostatic proliferation.

To explore the mechanisms involved with the
distinct effects of Bim on T-cell allogenic and
homeostatic proliferation, we measured intra-
cellular cytokines of WT and Bim7- CD4 T cells
after transfer to recipient mice. In allogeneic
recipients, CD4 and CD8 Bim7- T cells produced
less IFNy than their WT counterparts (Figure
3A). Furthermore, there were significantly lower
numbers of IFNy* and TNFa* Bim7- than WT T
cells (Figure 3B). After transfer into syngenic
recipients, WT or Bim7- donor T cells produced a
comparably low amount of IFNy and TNFx on
both CD4* and CD8* T cells (Figure 3D), and the
percentage of IFNy* and TNFa* T cells detected
by intra-cytoplasmic staining were comparable
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(Figure 3C). These data indicate that Bim prefer-
entially promoted alloantigen-driven prolifera-
tion.

Bim~- T cells had reduced ability to induce
GVHD but partially retained the graft-versus-
leukemia (GVL) effect

In the clinical hematopoietic cell transplantation
(HCT) setting, GVHD typically refers to the
epithelial damage induced by donor T cells in
major and/or minor histocompatibility complex-
mismatched recipients that are lethally irradi-
ated and reconstituted with hemopoietic cells
plus peripheral T cells from the donor. Thus, the
role of Bim was evaluated in a myeloablated
BMT model, where GVHD lethality is induced
through epithelial damage. BALB/c mice were
lethally irradiated and infused with BM plus
CD4+ and CD8* T cells from either WT or Bim7-
B6 mice. While 90% BALB/c recipients of WT T
cells died from GVHD, only 27% recipients of
Bim7- T cells died (Figure 4A and 4B, p < 0.01).
The recipients of BM plus Bim7- T cells had simi-
lar T-cell reconstitution but compromised B-cell
reconstitution as compared to those of BM
alone (Figure 4C). These results indicated that
Bim7- T cells are severely impaired in their

Am J Blood Res 2012;2(1):77-85
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Figure 4. Bim deficiency does not induce GVHD but promotes GVT. Lethally irradiated BALB/c recipients were trans-
planted with C57BL/6 TCD-BM alone or plus 1 x 106 total T cells from WT or Bim7- mice. Recipient survival (A) and
weight change (B) are shown with 12 mice from WT or Bim7- group and 8 mice from TCD-BM alone group. (C) Expres-
sion of B220 and CD4 on donor T and B cells was shown in the spleen of recipients of BM alone and BM plus Bim7- T
cells after completion of the experiment on day 100. Lethally irradiated BALB/c mice received TCD-BM cells alone or
plus 1 x 106 naive T cells from WT or Bim7- donors. Recipients were given 2 x 103 A20 tumor cells with luciferase
transgene at the same time of transplantation. Recipient survival (D) and tumor growth (E) were monitored with in

vivo BLI.

ability to induce acute GVHD.
To assess whether the adoptive transfer of Bim”

- T cells could mediate graft-versus-tumor (GVT)
activity, we challenged the allogeneic BMT re-
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cipients with A20-Luc mouse lymphoma cells on
day O after transplantation and measured the
development of tumor by in vivo biolumines-
cence imaging (BLI). Notably, we found GVT ac-
tivity in recipients of Bim7- T cells, which re-

Am J Blood Res 2012;2(1):77-85
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sulted in a significant delay in tumor growth
compared with the bone marrow-only group and
a subsequent significant survival benefit (Figure
4D, 4E; P < 0.001). All mice that received WT T
cells rejected the tumor at the expense of se-
vere GVHD, whereas fewer animals in Bim7- T
cell group suffered from GVHD (Figure 4E; P <
0.05). The GVL activity in recipients of Bim7- T
cells was associated with secretion of Thl-type
cytokines (including IFN-y and TNF-a) by Bim7- T
cells, compared with bone marrow-derived do-
nor T cells. Increased concentrations of IFN-y,
which has been shown to be a critical cytokine
for GVT effects after allogeneic HCT, were also
detected in Bim7- T cells (data not shown).

Bim~- T cells have a selective defect in CD69
expression and PLCy phosphorylation

Because Bim7- T cells were impaired in alloanti-
gen-driven expansion, we hypothesized that Bim
may be required for optimal TCR-signaling.
Splenocytes from WT and Bim7- mice were la-
beled with CFSE and stimulated with anti-CD3 in
vitro. Bim7- T cells divided slower than WT T
cells (Figure 5A). Subsequently, we measured
CD69 expression, an early T-cell activation
marker. Twenty hours after anti-CD3 stimula-
tion, 60% WT T cells expressed CD69 whereas
only 30% Bim7- T cells expressed CD69 (Figure
5B, left histogram). As a positive control, PMA
plus ionomycin induced the same levels of
CD69 expression on WT as well as Bim7- T cells
(Figure 5B, right histogram). These data demon-
strated that Bim7- T cells were defective in TCR-
signaling.

To further explore whether TCR-signaling was
affected by Bim, we measured overall tyrosine
phosphorylation upon TCR-engagement and
found that WT vs. Bim7- T cells had similar levels
of tyrosine phosphorylation after anti-CD3
stimulation (Figure 5C, p-PLCy). Phosphorylation
of ERK and JNK was not different between
these two types of T cells, indicating that the
MAPK signaling pathways are normal in Bim-/- T
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Figure 5. Bim deficiency down-regulates TCR-induced CD69 expression. (A) T cell proliferation after anti-CD3 stimula-
tion. Splenocytes from WT or Bim7- B6 mice were labeled with CFSE and stimulated with anti-CD3 Ab for 3 days. CFSE
dilution was measured by FACS analysis on CD4+ (top panel) and CD8* cells (bottom panel). (B) CD69 expression. T
cells from WT or Bim7- B6 mice were cultured with medium alone (Ctrl), or stimulated by anti-CD3 mAb (left) or PMA +
ionomycin (right) for 20 hrs. Cells were harvested and stained for CD69 expression, and the data represent 1 of 3
replicate experiments. (C) Total protein tyrosine phosphorylation was measured on the T cells from WT and Bim7-
mice stimulated with or without anti-CD3 mAb at 10ug/ml for 5, 15 and 30 min. (D) Tyrosine phosphorylation of PLCy,
ERK and JNK were analyzed by western-blot. Representative data from more than 3 similar experiments are shown.
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cells. In contrast, PLCy phosphorylation was
markedly reduced at 5 or 10 minutes and not
sustained in Bim~/- T cells at 30 minutes after
TCR engagement (Figure 5D). Because recruit-
ment and activation of PLCyl is a key step in
the T-cell activation process triggered by the
TCR, defect in activation of PLCyl may account
for the compromised ability of Bim~/- T cells to
respond to alloantigen and induce GVHD.

Discussion

The current study provides evidence that Bim is
required for optimal alloantigen-induced T-cell
activation in vivo. Using murine models of al-
logeneic BMT, we observed that Bim7/- T cells
are severely impaired in the induction of GVHD
(Figure 1 and 4). Ludwinski et al. recently found
that Bim7- mice are resistant to autoimmune
encephalomyelitis and diabetes, and concluded
that Bim is paradoxically required for the activa-
tion of autoreactive T cells [25]. Our study
showed that Bim is required for the activation
and expansion of alloreactive T cells. Our data
demonstrate that Bim plays a critical role in T-
cell activation and expansion.

We were interested in understanding how Bim
affects T-cell signaling that is initiated on the
cell surface and required for the T-cell response.
Bim7- T cells divided slower than Bim*/+ T cells
in vivo (Figure 2). Bim7- B cells also have re-
duced division and entry into the cell cycle upon
stimulation with anti-IgM or LPS [26]. Delayed B-
cell cycle entry in Bim-deficiency was shown to
be associated with increased expression and
delayed degradation of the Cip/Kip subfamily
CdK inhibitor, p27kir1 [26]. It is likely that Bim
also plays a role in TCR-mediated degradation
of p27k«el in T cells, because Bim7- T cells also
express elevated levels of p27krl pefore and
after anti-CD3 stimulation [25]. Ludwinski et al
recently reported that Bim7- T cells have a selec-
tive defect in the Ca2*/NFAT signaling pathway
[25]. We extended their study and found that
Bim7- T cells are impaired in the upregulation of
CD69 expression and phosphorylation of PLCy
upon TCR engagement (Figure 5B). PLCy activa-
tion leads to CaZ*-influx, which in turn facilitates
CD69 up-regulation [27]. Both studies agree
that Bim has no effect on MAPK signaling path-
way, including ERK and JNK (Figure 5D). In addi-
tion, reduced CDG9 expression and PLCy activa-
tion could be the reason for decreased Bim7- T
cells proliferation in response to TCR engage-
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ment (Figure 5D).

Strong evidence indicates that multiple apop-
tosis pathways are operative in transplantation
settings. While massive apoptosis of alloreac-
tive T cells occurs during the development of
GVHD [28], neither the loss of Fas nor the gain
of Bcl-XL impairs T cell death and thus acceler-
ates the disease [29-31]. Likewise, Bim-
deficiency or Bcl-2 transgene does not affect T-
cell mediated rejection of allogeneic islet graft,
nor does it interfere with tolerance induction by
costimulatory blockade [32]. In agreement with
these published findings, our data show that
Bim-deficiency did not significantly promote
survival of alloreactive T cells in vivo, instead it
reduced T-cell expansion by limiting cell division.
Since the liver is a major organ for the apop-
tosis of activated T cells, we observed 2-3 fold
fewer Bim7- than WT T cells in the liver (Figure
3B). We also found that WT and Bim7- T cells
underwent a similar rate of apoptosis in alloge-
neic recipients in vivo (data not shown). Thus,
the reduction of dividing Bim7- T cells was nei-
ther due to accelerated apoptosis nor trafficking
to the liver. Consistently, Bim and Puma have
overlapping functions with Bim in vivo [33], and
Fas, Bak or Bax also compensates the loss of
Bim for downsizing T-cell responses in vivo as
well [34-37].

In contrast to allogeneic recipient, Bim-
deficiency enhanced T-cell expansion in syn-
genic recipients (Figure 3), consistent with the
notion that Bim is required for hematopoietic
homeostasis [38, 39]. Furthermore, we found
that Bim7- T cells started to accumulate in al-
logeneic recipient over time, and in fact the
number of Bim7/- and WT T cells were compara-
ble after 2 weeks post BMT (data not shown).
We interpreted that, in the absence of Bim, the
strong homeostatic proliferation of non-
alloreactive T cells would eventually offset the
weak alloantigen-driven proliferation of alloreac-
tive T cells. However, GVHD development was
still diminished because those non-alloreactive
T cells were not pathogenic to the host. More-
over, we also found that Bim7- T cells not only
rescues hosts from GVHD but also preserve the
GVT activity. We proved this finding by using the
BLI to serially monitor the clearance of alloge-
neic tumors in GVHD model system.

The current study demonstrated that T cells
deficient for Bim are impaired in the induction

Am J Blood Res 2012;2(1):77-85
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of GVHD, primarily because Bim-deficiency lim-
its division and expansion of alloreactive T cells
in vivo. Together with the recent observation by
others that deletion of Bim in hematopoietic
cells renders mice resistant to autoimmune dis-
eases [25], our studies uncover a novel aspect
of Bim function in T-cell activation and provide
an important implication for our understanding
of the mechanisms of T-cell activation and toler-
ance under allogeneic transplantation.
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