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Death by apoptosis shapes tissue homeostasis. Apoptotic mecha-
nisms are so universal that harnessing them for tailored immune
intervention would seem challenging; however, the range and
different expression levels of pro- and anti-apoptotic molecules
among tissues offer hope that targeting only a subset of such
molecules may be therapeutically useful. We examined the effects
of the drug ABT-737, a mimetic of the killer BH3 domain of the
Bcl-2 family of proteins that induces apoptosis by antagonizing
Bcl-2, Bcl-X,, and Bc-W (but not Mcl-1 and A1), on the mouse
immune system. Treatment with ABT-737 reduced the numbers
of selected lymphocyte and dendritic cell subpopulations, most
markedly in lymph nodes. It inhibited the persistence of memory
B cells, the establishment of newly arising bone marrow plasma
cells, and the induction of a cytotoxic T cell response. Preexisting
plasma cells and germinal centers were unaffected. Notably,
ABT-737 was sufficiently immunomodulatory to allow long-term
survival of pancreatic allografts, reversing established diabetes in
this model. These results provide an insight into the selective
mechanisms of immune cell survival and how this selectivity avails
a different strategy for immune modulation.
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he central tenet for understanding the development and ac-
tivation of the immune system is that it maximizes reactivity to
foreign material while minimizing reactivity to self. Immune tol-
erance, however, is not always established or maintained, nor is
immune reactivity to foreign antigens always desirable. Autoim-
mune diseases, for example, are situations where tolerance of self
has broken down, and an overactive immune response triggers
pathology by targeting particular cell types or proteins. Con-
versely, immune responses to allogeneic organ grafts, although
appropriate within the foreign-self dichotomy, are clinically del-
eterious. In both settings, autoimmune diseases and graft re-
jection, agents able to modulate the acquired immune system,
are likely to be of considerable clinical utility. Several immuno-
suppressive drugs are in use: for example, methotrexate in auto-
immune diseases like rheumatoid arthritis and calcineurin
inhibitors (cyclosporin, tacrolimus) and mycophenolate mofetil
and mTOR inhibitors (rapamycin) in transplantation. Although
very useful, many such drugs have unwanted side effects and more
selective drugs are continuously being sought (1, 2).
Programmed cell death, or apoptosis, plays a central role
during development of immune cells and for maintaining tissue
homeostasis; it shapes the immune repertoire and refines and
terminates immune responses (3). Whether a cell survives or dies
by apoptosis is determined in large part by the interaction be-
tween anti- and proapoptotic proteins (Fig. S1). The anti-apo-
ptotic proteins (e.g., Bcl-2, Bel-Xp, Bel-W, Al, and Mcl-1) share
primary sequence homology in multiple Bcl-2-homology (BH)
domains, whereas the proapoptotic proteins can be further sub-
divided into the multidomain proteins (e.g., Bax and Bak)
or ones that only bear similarity in the BH3 region. These BH3-
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only proteins (e.g., Bad, Bim, Noxa, and Puma) can be induced
to bind the prosurvival Bcl-2 family members, thereby removing
the restraints on proapoptotic Bax and Bak that, in turn, mediate
apoptosis by permeabilizing the outer mitochondrial membrane
4, 5).

ABT-737, a small molecule BH-3 mimetic compound discov-
ered and developed by Abbott Laboratories as an antitumor
agent, induces apoptosis by selectively inhibiting the anti-
apoptotic proteins Bcl-2, Bel-X, and Bel-W (6). In vitro ABT-737
is cytotoxic as a single agent for many primary clinical samples of
B lymphoid tumors and chronic lymphocytic leukemia (CLL) as
well as small cell lung cancer cell lines (6). Because ABT-737 does
not bind Mcl-1 or Al, it is not surprising that expression levels of
Mcl-1 within cells correlates with resistance to ABT-737 (7, 8)
and that Al expression also promotes resistance (8).

Herein we report effects of ABT-737 treatment on leukocyte
populations in the mouse immune system in both steady-state
and model systems of activation. Treatment with ABT-737 in vivo
selectively reduced peripheral leukocyte populations, inhibited
humoral immunity, and dampened a CTL response. Interestingly,
ABT-737 was sufficiently immunomodulatory to protect islet
allografts from immune-mediated rejection, allowing reversal of
established diabetes in this model. These results provide insight
into the survival mechanisms of immune cells and herald the use of
BH3 mimetics as a unique class of immunomodulatory drugs based
on selective apoptosis for B and T cell-targeted therapeutics.

Results

The BH3 Mimetic Compound ABT-737 Reduces the Numbers in Selected
Subsets of Peripheral Immune Cells. An initial examination of the in
vivo response of leukocytes to extended exposure (14 d) to ABT-
737 revealed significant reduction of T cells (both CD4 and
CD8) and B cells in all tissues examined and DC, but only in LN
(Fig. S2). NK cells and granulocytes were resistant to drug
treatment (Fig. S2), consistent with their dependence on Mcl-1
and/or Al for survival (9, 10). The sensitivity of immune cells
to ABT-737 was assessed by titrating the drug by dose from 10 to
75 mg/kg per day for 14 d, which revealed that if a cell type was
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sensitive to ABT-737, then such sensitivity was apparent even at
the lowest dose used (Fig. 1). The drug effects were less pro-
nounced in the spleen, where CD8* T cells, CD4* T cells, and B
cells were reduced to 30%, 60%, and 60%, respectively, of
original cell numbers with the highest dosage used compared with
a reduction of all cell types in lymph nodes to <10% (Fig. 1). The
time-course of responsiveness to ABT-737 revealed the maxi-
mum effect in all sensitive subsets to be after 5 d of daily dosing
at 75 mg/kg per day. This response was maintained throughout
the course of treatment, 14 d in this instance (Fig. S2). After
cessation of drug treatment, T and B lymphocyte cellularity
rapidly recovered, albeit slower in LN than spleen (Fig. S2).
Collectively, these results suggest substantial dependence of B,
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Fig. 1. Selective reduction in immune cell subsets induced by in vivo ABT-
737 treatment is proportional to drug dosage. B6 mice were treated daily
with ABT-737 (10, 19, 38, or 75 mg/kg) or vehicle (0 mg/kg) for 14 consecutive
d (n = 6). After treatment, LN, spleen, and BM were recovered and the
proportion of T cells (CD4*,CD8"), B cells, and DC remaining in the organs
was determined by flow cytometry. All data are shown as a proportion (%)
of the average number of cell subsets isolated from vehicle-treated mice,
with means + SE from individual drug-treated mice.
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T, and DC cell types on “Bcl-2-like” (Bcl-2, Bel-X;, Bcl-W)
prosurvival proteins, with some variation depending on tissue
localization.

To discount the possibility that the effects on the immune
system by ABT-737 could be due to off-target effects, we enu-
merated immune cells that were Bax- and Bak-deficient. Because
doubly deficient mice die prenatally, we reconstituted irradiation
chimeras with doubly deficient fetal liver. Leukocytes from such
chimeric mice whose hemopoietic cells lacked Bax and Bak were
insensitive to ABT-737 (Fig. S3), consistent with the premise that
ABT-737 acts directly on wild-type cells through the Bax/Bak-
induced apoptotic pathway (7, 8).

ABT-737 Differentially Affects T Cell Subsets in LN and Spleen. To
determine whether T cell sensitivity to ABT-737 treatment was
predicated on the maturation or differentiation state of a T cell,
C57BL/6 mice were treated for 14 consecutive d with either
ABT-737 (75 mg/kg) or vehicle control. Spleen and LN were
recovered, and the numbers of naive (CD62L™ CD44'°), central
memory (CD62L" CD44"™), and effector memory (CD62L'
CD44") cells were determined by flow cytometry. All naive and
memory T cells (CD4* and CD8") in LN were significantly re-
duced by ABT-737 treatment (Fig. 24). In contrast, whereas all
naive cells and CD8* central memory T cells were effectively
reduced by ABT-737 in spleen, central and effector memory
CD47, and effector memory CD8* T cell remained refractory to
ABT-737 treatment (Fig. 2B).

ABT-737 Inhibits CTL and B Cell Responses in Vivo. Having estab-
lished the impact of ABT-737 on the steady-state immune sys-
tem, we next examined its effects on the development of specific
immune responses. C57BL/6 mice were treated daily for a week
with either ABT-737 (75 mg/kg) or vehicle control, and on
treatment day 6, mice were primed with ovalbumin (OVA) an-
tigen in the form of irradiated OVA-coated H-2Kb~'~ spleno-
cytes (OCS), a protocol known to induce CTL. Seven days after
T cell priming, in vivo CTL responses were assayed by measuring
the persistence in spleen and LN of OVA peptide-pulsed target
cells, CFSE labeled, and injected intravenously. Mice treated
with ABT-737 showed significantly less OVA-specific CTL ac-
tivity, with an approximately 4-fold reduction in specific target
lysis when compared with vehicle treated controls (Fig. 34).
We next assessed the ability of ABT-737 treatment to alter
B cell immune responses by using the T cell dependent antigen
(4-hydroxy-3-nitrophenyl acetyl coupled to carrier protein key-
hole limpet hemocyanin; NP-KLH). Mice were immunized with
alum-adjuvanted NP-KLH i.p. and then treated with ABT-737
(75 mg/kg) or vehicle control for 14 consecutive d, starting 5 d
after immunization. On day 19 after immunization, the numbers
of NP-specific B cell subsets [germinal center (GC), memory,
and plasma cells] were quantified. Antigen-specific B cells were
detected and partitioned into GC and memory compartments by
flow cytometry on the basis of surface staining for B220, NP,
1gGy, and CD38 (Fig. S4). This analysis revealed memory B cells
to be susceptible to ABT-737, whereas GC B cells were re-
fractory (Fig. 3B). To determine whether the memory cells were
sensitive during formation or maintenance, mice were immu-
nized and memory was allowed to develop before ABT-737
treatment was started at day 40 after immunization. The mice
were analyzed after 14 d of treatment with ABT-737 or vehicle,
i.e., day 54 after immunization. The memory B cell compartment
was still affected by ABT-737, indicating that these B cells, once
produced, depend on the “Bcl-2-like” survival proteins (Fig. 3B).
Antigen-specific antibody secreting cells (ASC) are also gen-
erated during the B cell response to antigen. In the later stages of
T cell-dependent immune responses, ASC originate in the GC,
then migrate to the bone marrow (BM), where they compete for
access to survival niches to become long-lived plasma cells (11).
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In vivo ABT-737 treatment affects all naive and memory T cells in LN, while sparing central memory and effector memory CD4*, and effector memory

CD8" T cell subsets in spleen. B6 mice were treated daily for 14 consecutive d with either ABT-737 (75 mg/kg) or vehicle control (n = 5-6). After treatment, LN
(A) and spleen (B) were recovered and the number of naive (CD62L" CD44'°), central memory (CD62L" CD44"M), and effector memory (CD62L'° CD44M) CD4*
and CD8"* T cell subsets determined by flow cytometry. All data are expressed as the means + SE from individual mice.

When immunized mice were treated with ABT-737 or vehicle
control starting on day 5 of the response, the frequency of
antigen-specific IgG; ASC in the spleen was significantly re-
duced, although interestingly not for the high affinity IgGy-
secreting cells (Fig. S4). In the BM however, there was a marked
reduction in the frequency of both total and high affinity NP-
specific ASC (Fig. 3C). These data indicate that ABT-737 blocks
formation of an antigen-specific plasma cell compartment in the
BM but not the spleen. Interestingly, when the mice were treated
starting day 40 after immunization, by which time a BM plasma
cell compartment had formed, there was no reduction in the
frequency of ASC in the BM (Fig. 3C) or the spleen (Fig. S4),
suggesting that established plasma cells were resistant to ABT-
737. Surprisingly, the frequency of antigen-specific IgG; ASC in
the spleens of day 40-treated mice increased (Fig. S4), a phe-
nomenon that is underinvestigated.

Treatment with ABT-737 Protects Pancreatic Islet Allografts from
Immune-Mediated Rejection. We opined that the reduction in
immune cell numbers triggered by ABT-737 might ameliorate
graft rejection. To test this possibility, spontaneously diabetic (50-1/
CBA; H-25) mice were treated daily for 5 consecutive d with
either ABT-737 (50 mg/kg) or vehicle control before receiving a
fully allogenic pancreatic islet graft [(C57BL/6 x SJL)F,; H-2"].
Treatment was continued daily for 9 d after transplantation. Islet
graft function was monitored by diabetes reversal, determined by
measuring blood glucose levels. Whereas transplant recipients
receiving vehicle treatment consistently rejected their islet grafts
by 21 d after transplantation, remarkably all recipients treated
with ABT-737 had superior control of their blood glucose levels
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than their untreated counterparts, indicating prolonged graft
survival (Fig. 4).

Discussion
Mimetics of proapoptotic proteins have generated great clinical
interest for treating certain cancers (12, 13); ABT-737 is pro-
totypic of such drugs. There are several anti-apoptotic molecules,
and different tissues express varying levels of each of these. Thus,
the great potential of the BH3 mimetics to specifically antagonize
only certain anti-apoptotic Bcl-2 proteins means that they have
selective effects on differing tissues. In our case, ABT-737 appears
to have selective effects not only on the immune system but also
within various compartments of the immune system, presumably
reflecting differential usage of anti-apoptotic proteins in these
cells and locations (8, 9). As such, ABT-737 leads to a reduction of
lymphocytes and DCs, especially in LN, and affects newly arising
immune responses (e.g., affecting the formation of new antibody-
producing cells without affecting long-term plasma cell memory
in BM; affecting CTL induction in the spleen but sparing effector
memory CD8 T cells in the spleen). We considered these features
as auspicious for ABT-737 modulating transplantation rejection
where transplantation antigens are assumed to prime immune
responses in draining LN. Indeed islet allograft survival was
prolonged by ABT-737 treatment. These immunological and
transplantation findings indicate that BH3 mimetics with speci-
ficity against certain anti-apoptotic proteins (in this case, the Bcl-2
family members: Bcl-2, Bel-Xy, and Bel-W) form a unique class of
immunomodulatory compounds.

Whereas some immunomodulatory agents such as cortico-
steroids are pleiotropic in their effects, ABT-737 appears to have
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Fig. 3. In vivo CTL and B cell responses against exogenous antigen are
inhibited by ABT-737 treatment. (A) B6 mice were treated daily for 14 con-
secutive d with either ABT-737 (75 mg/kg) (n = 8) or vehicle control (n = 8).
On treatment day 6, mice were primed in vivo with irradiated, ovalbumin-
coated splenocytes (OCS) and endogenous in vivo CTL responses measured in
spleen and lymph node after 7 d. Means + SE are shown. (B) B6 mice were
immunized with NP-KLH in alum and then treated with ABT-737 (75 mg/kg)
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Fig. 4. Allogenic islet graft rejection is ameliorated by in vivo ABT-737
treatment. 50-1/CBA nonautoimmune diabetic mice were treated daily for
14 consecutive d with either ABT-737 (50 mg/kg) or vehicle control. On
treatment day 6, mice received an allogenic graft of F; (B6 x SIL) islets
transplanted under the kidney capsule. Blood glucose was measured at
various times after transplantation. Grafts were deemed successful if normal
blood glucose (<15 mmol/L) levels were achieved within 4 d after trans-
plantation. Islets grafts transplanted into ABT-737-treated recipients func-
tioned significantly longer than grafts transplanted into vehicle control-
treated recipients (no icon) (P < 0.002 as determined by a log-rank test).

a selective action on the immune system that is directed pri-
marily at cells of the adaptive immune response (T and B lym-
phocytes), leaving innate cell populations (granulocytes and
NK cells) intact. Although all T cells are targeted by ABT-737 in
the LN, CD4* central and effector memory T cells and CD8*
central memory T cell populations within the spleen remain
unaffected, allowing some acquired immunity to persist. A sim-
ilar dichotomy in the B cell compartment was observed where
memory B cells in the spleen were affected, as were short-lived
plasma cells in transit, but long-lived plasma cells once in the BM
were spared.

Modulating the immune response is advantageous in treating
autoimmune disease and ameliorating transplant rejection. The
advent of cyclosporin, a calcineurin inhibitor that can suppress
T cell function without myelosuppression, revolutionized the
field of transplantation (14, 15). Cyclosporin and other modern
immunosuppressive drugs such as FK506 (another calcineurin
inhibitor), mycophenolate mofetil (affecting the purine salvage
pathway), and rapamycin (mTor inhibitor) nevertheless increase
the risk of life-threatening or lifestyle-restricting infections and
malignancy (16). Some like rapamycin can be myelosuppressive
(1). Moreover, many of these drugs are toxic to tissues being
transplanted (e.g., pancreatic islets, kidneys), making organ
toxicity one of the key limitations for long-term graft survival
(beyond 5y) (2, 17). As such, these drugs are almost always used
in combination and the optimal combinatorial regimens are still
being tailored (18). Therefore, efficacious drugs with improved
target specificity continue to be sought.

Our data lead us to conclude that BH3 mimetics like ABT-
737, with selective effects on lymphocyte and dendritic cell po-
pulations, are a unique class of immunomodulatory drugs. They
will add to the list of potentially useful transplant drugs or, in-
deed, may replace some of them, either as a single agent or
when used in combination. Both this report and another (6) in-
volving in vivo usage of ABT-737 show it to be well tolerated. In
terms of using these compounds in organ transplantation, it is in-

or vehicle control for 14 consecutive d starting either day 5 or day 40 after
immunization. Spleens were analyzed for NP-specific GC or memory B cells
on day 19 (Upper) or 54 (Lower). (C) Frequencies of total (NPy,) and high
affinity (NP,) NP-specific IgG; ASCs in BM on day 19 (Upper) or 54 (Lower)
after immunization. Data are the average means + SE of between six to
eight mice for each group at each time point.
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teresting to note that human pancreatic islets express high amounts
of Mcl-1 and may be thus protected from BH3-mimetic-induced
apoptosis (19).

In conclusion, we aver that ABT-737 is a unique class of im-
munomodulatory drug whose mechanism of action is antago-
nizing the Bcl-2 proteins and which shows selectivity to newly
arising immune responses, thus cogently warranting its further
clinical evaluation. ABT-737 may represent the next stage in
developing efficacious and safe immunomodulatory therapy that
not only prevents allograft rejection, but may also mollify auto-
immune disease or immunopathology.

Methods

Mice, Reagents, and Immunization. C57BL/6 (B6), BALB/c, SJL, B6.CD45.1, Rag.
CD45.1, H-2KP~~, and RIP-H-2K" (50-1/CBA) have been described (20, 21). Eight-
to 10-wk C57BL/6 (B6) mice were used for all drug treatment experiments.
Bax~"Bak™~ mice were generated by reconstitution of irradiated recipients
with embryonic day (E)14.5 fetal liver cells as described (22-24). All mice were
housed under specific pathogen free (SPF) conditions at The Walter and Eliza
Hall Institute of Medical Research and were handled according to guidelines
approved by the institutional Animal Ethics Committee. ABT-737 (Abbott
Laboratories) or vehicle control was prepared and administered at 75 mg/kg
(unless specified) as a daily i.p. injection for up to 14 consecutive d as described
(25). Immunization for B cell assays comprised a single i.p. injection of 100 pg of
NP coupled to KLH at a ratio of 27:1 and precipitated onto alum (26).

Cell Subset Analysis, Antibodies, and Flow Cytometry. Single-cell suspensions
were prepared from spleen, inguinal lymph node, and femur. Spleen and
lymph node suspensions were prepared by digestion in Collagenase/Dnase-1
as described (27). Blood was collected by cardiac puncture. Red cells in blood,
spleen, and BM were lysed in 0.156 M NH,Cl. Anti-CD4, CD8, CD11¢, Thy1.2,
CD19, CD23, CD21, CD38, B220, CD45.2, IgM, IgD, 19G,, FcyR, Mac-1, NK1.1,
CD62L, CD44, Streptavidin (BD Biosciences), Gr-1 (in house), and a conjugate
of NP to phycoerythrein, made as described (28), were used to identify
leukocyte subsets by flow cytometry, with absolute cell numbers determined
by live cell count in 0.2% Trypan blue (Sigma) or addition of fluorchrome-
conjugated beads (BD Biosciences) directly to samples. NP binding was
detected as described (28).

Enzyme-Linked Immunospot (ELISPOT) Assay. The frequency of ASC was deter-
mined as described (26, 29). Cells were incubated O/N at 37 °C on precoated
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96-well MultiScreen-HA filter plates (Millipore). Spots were visualized with
IgG1-specific goat anti-mouse antibodies conjugated to horseradish peroxi-
dase (Southern Biotechnology Associates), and color was developed with 3-
amino-9-ethyl carbazole (Sigma). Plates were washed extensively, and spots
were counted with an AID ELIspot reader system (Autoimmun Diagnostika).

In Vivo CTL Assay. The induction of CTL was determined essentially as de-
scribed (30). Mice were primed with 2 x 107 irradiated, OVA-coated sple-
nocytes isolated from MHC H-2K®~'~ mice, with 1 pg of lipopolysaccharide,
IV. Seven days after T cell priming, mice were injected with 2 x 107 1:1 mix of
SIINFEKL (Mimotopes) peptide-pulsed B6 splenocytes labeled CFSE high, and
unpulsed control splenocytes labeled CFSE low, IV. After 18 h, spleen and
inguinal lymph node were recovered and specific lysis of target cells de-
termined by flow cytometry.

Pancreatic Islet Isolation and Transplantation. Pancreatic islets were isolated
by collagenase digestion and purified on a Histopaque-1077 (Sigma) density
gradient as described (31). Viable islets were handpicked and cultured
overnight in DME supplemented with 10% FCS at 37 °C; 10% CO,. Allogenic
islet grafts were performed between donor and recipient mice mismatched
for both class | and class Il major histocompatibility complex (MHC) antigens.
Four hundred donor islets (SJL x B6) (F;) were grafted under the kidney
capsule of 7- to 12-wk-old nonimmune diabetic 50-1/CBA recipients. Blood
glucose was measured via tail vein bleed at 1, 3, and 5 d after trans-
plantation, and then weekly intervals to monitor initial diabetes reversal
and then graft rejection. Grafts were deemed successful if normal blood
glucose (<15 mM) was achieved within 4 d after transplantation.

Statistical Analysis. Statistical analysis was performed by using GraphPad
Prism software (GraphPad Software). A Student’s t test was used to compare
two sets of data. Graft survival was measured by a log-rank test. Data are
shown as means + SE where applicable, with a P < 0.05 considered statisti-
cally significant.
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