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Key Points

• IAP expression in hosts
regulates GVHD.

• IAP expression in non-
hematopoietic host tar-
gets is critical for
mitigating GVHD
damage.

Inhibitors of apoptosis proteins (IAPs) regulate apoptosis, but little is known about the role of

IAPs in the regulation of immunity. Development of IAP inhibition by second mitochondria-

derived activator of caspase (SMAC) mimetics is emerging as a novel therapeutic strategy to

treat malignancies. We explored the role of IAPs in allogeneic immunity with 2 distinct yet

complementary strategies, namely, chemical and genetic approaches, in clinically relevant

models of experimental bone marrow transplantation (BMT). The small-molecule pan-IAP

inhibitor SMACmimeticAT-406 aggravated gastrointestinal graft-versus-host disease (GVHD)

inmultiplemodels. The role of specific IAPs in various host and donor cellular compartments

was explored by utilizing X-linked IAP (XIAP)– and cellular IAP (cIAP)–deficient animals as

donors or recipients. Donor T cells from C57BL/6 cIAP12/2 or XIAP2/2 animals demonstrated

equivalent GVHD severity and allogeneic responses, both in vivo and in vitro, when

compared with B6 wild-type (B6-WT) T cells. By contrast, when used as recipient animals,

both XIAP2/2 and cIAP12/2 animals demonstrated increased mortality from GVHD when

compared with B6-WT animals. BM chimera studies revealed that cIAP and XIAP deficiency

in host nonhematopoietic target cells, but not in host hematopoietic-derived cells, is critical

for exacerbation of GVHD. Intestinal epithelial cells from IAP-deficient animals showed

reduced levels of antiapoptotic proteins as well as autophagy-related protein LC3 after

allogeneic BMT. Collectively, our data highlight a novel immune cell–independent but target

tissue–intrinsic role for IAPs in the regulation of gastrointestinal damage from GVHD.

Introduction

Inhibitors of apoptosis proteins (IAPs) regulate apoptosis, and recent data suggest that they play an
important role in both innate and adaptive immunity1-3 through diverse mechanisms beyond the inhibition of
caspases.4 Among IAPs, X-linked IAP (XIAP), cellular IAP1 (cIAP1), and cIAP2 regulate the production of
proinflammatory cytokines and the activation of T cells and antigen-presenting cells (APCs) through the
modulation of MAPK and nuclear factor kB (NF-kB) signaling pathways.1,5 In addition, genetic mutations
and IAP deficiencies are associated with congenital immunodeficiency disorders, such as X-linked
lymphoproliferative disease type 2 and familial hemophagocytic lymphohistiocytosis in humans.6,7 XIAP
deficiency has also been associated with inflammatory bowel disease (IBD).8

Because IAPs are highly expressed in solid cancers and associated with tumor progression, resistance to
chemotherapy, and poor prognosis, small-molecule IAP antagonists are under clinical development for the
treatment of solid and hematological malignancies.9-11 These are known as second mitochondria-derived
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activator of caspase (SMAC) mimetics.9-11 All IAPs contain
baculovirus IAP repeat (BIR) domains and a carboxy-terminal RING
finger domain and inhibit caspases.12-15 Cell-intrinsic SMACs bind to
IAPs at BIR3 domains. SMAC mimetics interfere with this interaction
and thus modulate IAP function and apoptosis. SMAC mimetics also
promote degradation of IAPs (especially cIAP), resulting in activation
of noncanonical NF-kB pathway.12,13,16-18 The cytotoxic killing
induced by SMACmimetics might be associated with a simultaneous
secretion of autocrine/paracrine tumor necrosis factor a (TNFa) or
TNF receptor 1 (TNFR1)–induced cell signaling.16,17,19 These
findings are consistent with the notion that SMAC mimetics may
promote inflammation because both XIAP and cIAP negatively
regulate inflammation through the inhibition of TNFR1-dependent
proinflammatory cytokine production or NLRP3 inflammasome
activation in myeloid cells.20-22 In contrast, SMAC mimetic treatment
has also been shown to attenuate inflammatory responses by
blunting leukocyte infiltration23 or by inhibiting macrophages.24 These
data indicate that SMACmimetics may have conflicting effects on the
modulation of inflammatory responses under different circumstances.

Allogeneic hematopoietic stem-cell transplantation (allo-HCT) is a
potentially curative treatment modality for a number of malignant
hematologic disorders. It is characterized by conditioning-related as
well as allogeneic reactivity–induced inflammations that cause its
major complication, acute graft-versus-host disease (GVHD).25 The
proinflammatory cytokines activate both host- and donor-derived
APCs that stimulate allogeneic reactive donor T cells, which migrate
to the gastrointestinal (GI) tract, liver, and skin and cause GVHD
that is characterized by target-cell apoptosis.26-29 Despite the
increasing appreciation of the role of targeting IAPs in immunity and
malignancies, their role in T-cell allogeneic immunity, APC res-
ponses, and response of target tissues to immune-mediated attack
in GVHD remains unknown.

In the present study we determined the role of IAPs in GVHD by
utilizing clinically relevant, well-characterized murine models of
allogeneic bone marrow transplantation (allo-BMT). To chemically
target IAPs, we used AT-406 (SM-406), an SMAC mimetic that
actively antagonizes all IAPs (XIAP and cIAPs)30 in vitro and in
vivo.31 AT-406 is an orally bioavailable SMAC mimetic and is being
currently investigated in phase I clinical trials for the treatment of
human solid cancers and hematological malignancies.32,33 In
addition, as a genetic approach, we used cIAP1/XIAP knockout
(cIAP12/2 or XIAP2/2) animals, which develop normally without any
inflammation in steady state.1,2,15 We found that global inhibition of
IAPs exacerbated experimental GVHD, and the critical cellular
component that aggravated the severity of GVHD resulted from the
absence of IAPs in target tissues and not from their effects on donor
or host immune cells. Our data thus suggest a role for target
tissue–intrinsic programs that can mitigate GVHD without directly
altering the functionality of immune cells.

Materials and methods

Mice

C57BL/6 (B6, H-2b, CD45.21), B6D2F1 (H-2b/d), and C3H.sw (H-2b)
mice were purchased from the Jackson Laboratory (Bar Harbor, ME).
BALB/c (H-2d) mice were purchased from Charles River Laboratories
(Wilmington, MA). B6Ly5.2 (H-2b, CD45.11) mice were purchased
from National Cancer Institute Frederick (Frederick, MD). B6-
background cIAP12/2 and XIAP2/2 animals were provided by C.S.D.

and have been described previously.15 All animals were cared for
according to regulations reviewed and approved by the University
Committee on Use and Care of Animals of the University of Michigan,
based on University Laboratory Animal Medicine guidelines.

Reagents

The SMAC mimetic SM-164 (AT-406)30 was a kind gift from
Shaomeng Wang (University of Michigan).

Generation of BM chimeras

BM chimeras (B6→B6 Ly5.2, cIAP12/2 →B6 Ly5.2, XIAP2/2→B6
Ly5.2) were generated as described previously.34-37 Briefly, B6 Ly5.2
animals received 11-Gy total-body irradiation (TBI; caesium-137
source) on day 21 and received transplants IV of 5 3 106 BM and
5 3 106 whole spleen cells from B6 wild-type (B6-WT) or cIAP12/2

or XIAP2/2 donor animals on day 0. To generate B6 Ly5.2→B6,
B6 Ly5.2→cIAP12/2, and B6 Ly5.2→XIAP2/2 chimeras, B6-WT or
cIAP12/2 or XIAP2/2 animals received 10-Gy TBI on day 21 and
received transplants of 5 3 106 BM and 5 3 106 whole spleen cells
fromWT B6 Ly5.2 donor animals on day 0. Donor hematopoietic cell
engraftment was confirmed using the CD45.2 or CD45.1 monoclo-
nal antibody 3 to 4 months after BMT (donor type .95.0%).

BMT and treatment of AT-406

BMTs were performed as previously described.34,35,38 Briefly,
splenic T cells from donors were purified, and the BM was depleted
of T cells by autoMACS (Miltenyi Biotec, Bergisch Gladbach,
Germany) utilizing CD90.2 microbeads (Miltenyi Biotec). We used
well-established multiple BMT models. B6, BALB/c, B6D2F1, and
C3H.sw animals were used as recipients and received either
8.5 (BALB/c), 10 (B6), 10.5 (C3H.sw), or 11 Gy (B6D2F1; caesium-
137 source) on day 21 and 0.5 to 1.0 3 106 (B6→BALB/c),
2 3 106 (C3H.sw→B6), and 3 3 106 (B6→B6D2F1) CD90.21

T cells along with 5 3 106 T cell–depleted BM (TCD-BM) cells from
either syngeneic or allogeneic donors on day 0. For the treatment
of AT-406, AT-406 (10 mg/kg) and its diluent control phosphate-
buffered saline (PBS) were administered by subcutaneous injection
at days 21, 11, 13, 15, and 17.

Systemic and histopathological analysis of GVHD

We monitored survival after allo-HCT daily and assessed the
degree of clinical GVHD weekly, as described previously.39 Histo-
pathological analysis of the liver, GI tract, and lung, which are the
primary GVHD target organs, was performed as described40

utilizing a semiquantitative scoring system implemented by a single
pathologist (C.L.).40 After scoring, the codes were broken, and the
data were compiled.

DC cultures

To obtain dendritic cells (DCs), BM cells from B6-WT or BALB/c
animals were cultured with murine recombinant granulocyte-
macrophage colony-stimulating factor (20 ng/mL; PeproTech,
Rocky Mill, NJ) for 7 days and harvested as described previously.37

DCs were isolated by using CD11c (N418) MicroBeads (Miltenyi
Biotec) and the autoMACS (Miltenyi Biotec) and used as a
stimulator for mixed lymphocyte reaction (MLR).

FACS analysis

Fluorescence-activated cell sorting (FACS) analyses were performed
as previously described.37,41 Briefly, to analyze donor T-cell expansion
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and activation markers, splenocytes, hepatic lymphocytes,42 and
intraepithelial lymphocytes43 from transplant-recipient mice were
resuspended in FACS wash buffer (2% bovine serum albumin in
PBS) and stained with conjugated monoclonal antibodies (mAbs):
fluorescein isothiocyanate (FITC)–conjugated mAbs to mouse H2Kd

(clone SF1-1.1) and H2Kb (clone AF6-88.5); PerCP-Cy5.5–
conjugated mAbs to mouse CD4 (clone GK1.5) and CD8 (clone
53-6.7); phycoerythrin (PE)-conjugated mAbs to mouse CD69 (clone
H1.2F3), CD183 (CXCR3; clone CXCR3-173), LPAM-1 (integrin
a4b7; clone DATK32), and CD62L (clone MEL-14); and APC-
conjugated mAbs to mouse CD44 (clone IM7; BioLegend, San
Diego, CA). After staining, the cells were washed twice and fixed with
2% formaldehyde. The procedure was performed as described
previously.37 Cells were analyzed using a BD Accuri C6 flow
cytometer (BD Bioscience, San Diego, CA). For intracellular staining
to detect cytokines, cells were permeabilized after fixation and stained
with PE-conjugated interferon g (IFN-g; clone XMG1.2), interleukin-2
(IL-2; clone JES6-5H4), and Foxp3 (clone MF-14) and APC-
conjugated mAbs to mouse TNF-a (clone MP6-XT22) and IL-17A
(clone TC11-18H10.1; BioLegend) according to manufacturer
protocol. For intracellular staining to detect cIAP1, XIAP, BCL-2,
BIM, BAX, and LC3, cells were fixed with 2% formaldehyde and
permeabilized with BDPhosFlow (BD Bioscience) and then stained
with FITC-conjugated polyclonal Abs to mouse BIM (orb15184) and
BAX (orb7603) fromBiorbyt (Berkeley, CA) and PE-conjugatedmAbs
to mouse BCL-2 (clone BCL/10C4; BioLegend). In the case of
nonconjugated Abs, firstly, gout polyclonal Ab, anti-cIAP1(D-19, sc-
1869), and rabbit polyclonal anti-XIAP (H-202, sc-11426; Santa
Cruz Biotechnology, Dallas, TX) and anti-LC3B/MAP1LC3B
(NB100-2220; Novus Biotechnology, Littleton, CO) were stained,
and appropriate secondary antibodies were used to detect these
expressions.

MLR

Splenic T cells from B6-WT, cIAP12/2, or XIAP2/2 animals
(magnetically separated by MACS using CD90.2 microbeads) were
used as responders and BALB/c- versus B6-WT–derived BM-derived
DCs (BMDCs) were used as stimulators in an MLR. 1 3 105 T cells
and irradiated (20 Gy) 2.53 103 BMDCs were cocultured on 96-well
U-bottom plates for 96 hours. The incorporation of 3H-thymidine
(1 mCi per well) by proliferating T cells during the final 16 hours of
coculture was measured by a Betaplate reader (Wallad, Turku,
Finland). In some experiments, BMDCs were pretreated with AT-406
(1 mM) for 6 hours and then used as a stimulator, or AT-406 (1 mM)
and its diluent control were added in culture wells during reaction.

Nonspecific T-cell receptor stimulation

Isolated T cells (1 3 105 per well) from B6-WT, cIAP12/2, or
XIAP2/2 animals (magnetically separated by MACS using CD90.2
microbeads) were stimulated with anti-CD3 (2 mg/mL) and CD28
(1 mg/mL) antibodies in the presence or absence of AT-406 (1 mM)
on 96-well U-bottom plates for 24 or 48 hours. The incorporation of
3H-thymidine (1 mCi per well) by proliferating T cells during the final
6 hours of culture was measured by a Betaplate reader (Wallad).

DC stimulation by pathogen- and damage-associated

molecular patterns

BMDCs were stimulated with lipopolysaccharide (500 ng/mL),
proteoglycan (5 mg/mL), Pam3CSK4 (300 ng/mL), and HMGB1

(10 mg/mL) for 16 hours, and then supernatants were collected and
DCs harvested and stained with conjugated mAbs to test the
expression of costimulatory molecules: FITC-conjugated mAbs to
mouse CD11c (clone N418) and PE-conjugated mAbs to mouse
CD80 (clone 16-10A1), CD86 (clone GL-1), CD40 (clone 3/23),
B7H1 (PDL-1, clone 10F.9G2), and I-Ab (AF6-120.1; BioLegend).
Cells were analyzed using a BD Accuri C6 flow cytometer (BD
Bioscience).

Cytokine ELISA

Concentrations of IFN-g, TNF-a, IL-17A, and IL-6 were measured in
the serum or culture supernatants by enzyme-linked immunosorbent
assay (ELISA) with specific anti-mouse mAbs for capture and
detection utilizing BD OptEIA (IFN-g, IL-6; BD Bioscience), ELISA
MAX (IL-17A; BioLegend), or Mouse TNF-a Quantikine ELISA Kit
(R&D Systems, Minneapolis, MN). Assays were performed accord-
ing to manufacturer protocol and read at 450 nm using a microplate
reader (Model 3550; Bio-Rad Labs, Hercules, CA). All samples and
standards were run in duplicate.

Apoptosis analysis

Non–T-cell receptor–stimulated T cells were washed twice with
PBS and stained with a PE-conjugated anti–annexin V mAb
(BioLegend) and PerCP-Cy5.5–conjugated anti-90.2 mAb
(BioLegend) in the dark for 15 minutes at room temperature in
labeling buffer and analyzed using an Accuri C6 cytometer (Accuri,
Ann Arbor, MI).

Regarding epithelial cell isolation, small intestines and colons were
digested once with 0.1-mM EDTA at 37°C for 45 minutes.

Western blot analysis

Epithelial cells of the small intestine were isolated as described
above, and whole cells were lysed in RIPA lysis extraction buffer
(Thermo Scientific, Rockford, IL). Equal amounts of protein lysates
quantified with the BCA Protein Assay Kit (Thermo Scientific) were
separated with 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis. Rabbit LC3 antibody (Novus Biologicals, Littelton,
CO) was used according to manufacturer instructions. Secondary
antibody conjugated to horseradish peroxidase (Jackson Immuno-
research) was used to detect the primary antibody. Densitometric
analysis was performed using ImageJ software.

TUNEL staining

Histopathological samples of the small and large intestines were
harvested at day 7 after BMT and fixed with paraffin. Terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining was performed with the In Situ Cell Death Detection Kit, AP
(Roche, Basel, Switzerland) according to manufacturer instructions.
Briefly, tissues were dewaxed and rehydrated with 2 washes in
xylene 100% followed by serial washes in decreasing concentra-
tions of ethanol in water (100% to 95%-75% to 50%-10% to 0%).
Proteinase K at a concentration of 20 mg/mL was incubated for
30 minutes at 37°C. After washes, the TUNEL reaction mix was
incubated for 60 minutes at 37°C, followed by the AP converter for
30 minutes at 37°C. A negative control was incubated with the label
solution of the reaction mix only. A positive control was pretreated
with a DNase recombinant. A nucleus counterstain was then used.
At the end of the procedure, the tissues were mounted on a
9:1 ratio of glycerol toPBS, and representative pictures were taken.
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Statistical analysis

The Mann-Whitney U test was used for the statistical analysis of in
vitro data, and the Wilcoxon rank test was used to analyze survival
data. A P value , .05 was considered to be statistically significant.

Results

IAP inhibitor exacerbates GVHD responses

IAPs are broadly expressed in immune cells, such as T cells and APCs
as well as parenchymal cells, and play an important role in regulating
innate and adaptive immune responses.2,44 IAPs regulate TNF-a and
NF-kB activation.45,46 Because the pan-IAP inhibitor AT-406, an
SMACmimetic, regulates TNFa,47 one of themost important cytokines
mediating GVHD,48 and shows good bioavailability in vivo,30,49,50 we
tested the hypothesis that administration of AT-406 would mitigate
GVHD. On the basis of its half-life, we first tested various dosing
regimens of AT-406 to determine the optimal dose for targeting IAPs
after allo-BMT. In the lethally irradiatedmajor histocompatibility complex
(MHC)–mismatched B6-into-BALB/c model, the dose of 10 mg/kg
from day21 to day 7, every other day of AT-406 consistently targeted
XIAP in donor T cells and host nonhematopoietic target cells (CD3261

intestinal epithelial cells [IECs]; Figure 1A-B). Similar results were also
observed for cIAP (supplemental Figure 1).

Next, we used the above dose and schedule regimen to evaluate
the impact of AT-406 on the regulation of allogeneic immune

responses and the severity of GVHD in the same MHC-mismatched
B6-into-BALB/c BMT model. Recipient BALB/c animals were
irradiated with 8.5 Gy on day 21 and received transplants of 0.5 3
106 T cells along with 53 106 TCD-BM cells from either syngeneic
BALB/c or allogeneic MHC-mismatched B6 donors. Both groups
received either AT-406 or its diluent. As shown in Figure 2A, all the
syngeneic mice that received AT-406 or diluent survived, thus ruling
out nonspecific toxicity from AT-406. However, contrary to our
hypothesis, allogeneic animals that received AT-406 showed
significantly worse GVHD and died more rapidly than control
B6-WT animals (P 5 .0012; Figure 2A).

To eliminate strain-dependent factors, we used another well-
established MHC-mismatched haploidentical B6-into-B6D2F1
model of BMT. Recipient B6D2F1 animals received 11 Gy on day
21 and received transplants of 3 3 106 T cells along with 5 3 106

TCD-BM cells from either syngeneic B6D2F1 or allogeneic MHC-
mismatched B6 donors. Both groups received the same treatment
as above. Allogeneic B6D2F1 recipients treated with AT-406
showed significantly greater GVHD severity and mortality
(P 5 .012; Figure 2B).

We next explored whether the enhanced GVHD in the allogeneic
animals that were treated with AT-406 was associated enhanced
donor T-cell expansion and cytokine secretion when compared with
control-treated allogeneic animals on day 7 after BMT. There was
no significantly greater expansion of total donor T cells or donor
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22 AUGUST 2017 x VOLUME 1, NUMBER 19 IAPS MITIGATE GVHD 1521



CD441CD62L2 effector T cells or proinflammatory cytokine
secretion from splenic donor T cells (Figure 2C-E; supplemental
Figure 2A-C). However, the GVHD-specific histopathological
damage of the GI tract was substantially worse in AT-406–treated
animals (Figure 2F-H). To clarify whether AT-406 exacerbates
irradiation toxicity in the gut, we also tested the histopathological
damage in the gut in syngeneic animals with AT-406 treatment and
found that histopathological damage in these animals was
comparable to that in WT syngeneic animals (Figure 2H). These
data suggest that AT-406 exacerbated GI damage from GVHD in
multiple BMT models.

IAPs in T cells are not required for enhancing

GVHD severity

Donor T cells are indispensable to GVHD.51 Therefore, we next
explored whether the augmentation of GVHD severity by the
systemically administered AT-406 resulted from inhibition of IAPs
on donor T cells. To dissect the cellular components, we took a
genetic approach. To this end, we used 2 genetically deficient IAP
animals, namely, XIAP and cIAP1 knockout animals. The role of IAPs
in T-cell responses seems to be context dependent.52,53 We first
examined the absolute numbers of CD41 and CD81 T cells and then
determined detailed phenotypes of various T-cell subsets and the
expression of the activation marker in naı̈ve B6-WT, B6-cIAP12/2,
and B6-XIAP2/2 animals. We found similar numbers of CD41

and CD81 T cells (supplemental Figure 3A) and an equivalent
distribution of naı̈ve (CD442CD62L1), central memory (CD441

CD62L1), effector memory (CD441CD62L2), and regulatory
(CD41CD251Foxp31) T cells in all 3 mouse strains (supplemental
Figure 3B-D).

We next explored whether IAPs in donor T cells have a critical role in
the aggravation of GVHD responses in vivo. We used the MHC
completely mismatched B6-into-BALB/c model. B6-WT, XIAP2/2,
or cIAP12/2 splenic T cells were used as sources of donor T cells,
but the TCD-BM was obtained from B6-WT animals such that only
the differences in the infused mature naı̈ve T cells could be
evaluated for their effect on GVHD. Recipient BALB/c animals were
irradiated with 8 Gy on day 21 and received transplants of 0.5 3
106 T cells as above along with 5 3 106 TCD-BM cells from either
syngeneic BALB/c or allogeneic MHC-mismatched B6 donors. We
found that all of the allogeneic recipients showed similar GVHD
severity and mortality regardless of whether they received T cells
fromWT or XIAP2/2 or cIAP12/2 animals (Figure 3A-B). The role of
XIAP and cIAP1 in donor T cells was next determined in a second,
lethally irradiated MHC-mismatched haploidentical B6-into-
B6D2F1 model. Recipient B6D2F1 animals received 11 Gy on
day 21 and received transplants of 3 3 106 T cells along with 5 3
106 TCD-BM cells from either syngeneic B6D2F1 or allogeneic
MHC-mismatched B6 donors. Donor WT, XIAP2/2, and cIAP12/2

T cells induced equivalent GVHD severity and mortality (Figure 3C).
The similar GVH responses were confirmed by equivalent donor
T-cell expansion (Figure 3D), activation (Figure 3E), and IFN-g
secretion (Figure 3F) in the spleen 14 days after BMT. The
GVHD-specific histopathological damage of the GI tract and liver
on day 14 was also equivalent among these groups (Figure 3G-H).

To further determine whether there were any T cell–intrinsic
differences in response to allogeneic stimulus, we also determined
in vitro whether XIAP2/2 and cIAP12/2 T cells showed any
differences when compared with WT T cells in the presence or

absence of the SMAC mimetic AT-406. Stimulation of WT T cells
with allogeneic BALB/c-derived BMDCs in an MLR showed no signifi-
cant differences in T-cell proliferation regardless of presence of AT-406
(Figure 3I). Furthermore, the WT, XIAP2/2, and cIAP12/2 T cells
showed a similar proliferation and secretion of IFN-g and IL-2
after stimulation with allogeneic MLR in both the presence and
absence of AT-406 (Figure 3J; supplemental Figure 4A-B).
However, we found that AT-406 augmented nonspecific T-cell
receptor responses when stimulated with anti-CD3/28 in vitro, as
shown in a previous report (supplemental Figure 4C).53 Collectively,
these results demonstrate that the inhibition of IAPs or the
expression of XIAP1 or cIAP1 in donor T cells plays a dispensable
role in allogeneic T-cell responses, especially GVHD.

IAPs in host animals mitigate GVHD

We next reasoned that the inhibition of IAPs in host tissues might be
driving the exacerbation of GVHD after treatment with SMAC
mimetics. To test this, we first examined whether the IAP levels in
the IECs (CD3261) were altered after irradiation to eliminate
radiation-dependent confounding factors. We found that IAP levels
in CD3261 cells were transiently decreased at 24 hours after
irradiation but spontaneously recovered in 48 hours (supplemental
Figure 5A-B). We next explored whether IAP deficiency had an
impact on the radiation toxicity in an intensity-dependent manner;
B6-WT, XIAP2/2, cIAP12/2 animals received 9, 13, and 15 Gy on
day 21 and received transplants of 5 3 106 BM cells and 3 3 106

splenic T cells from syngeneic B6 animals. We found that the
overall survival of IAP-deficient animals was comparable to that of
WT animals even with increased radiation dose (supplemental
Figure 5C-E). In addition, histopathological damage in IAP-deficient
animals was comparable to that in B6-WT animals after irradiation
(supplemental Figure 5F). These data suggest that change in IAP
expression in the CD3261 cells because of radiation toxicity
may have had a negligible role in our BMT models. Next, we used
XIAP2/2 animals as recipients of allo-BMT. Recipient B6-WT and
B6-XIAP2/2 animals were lethally irradiated and received trans-
plants on day 0 of 5 3 106 TCD-BM cells and 3 3 106 splenic
CD90.21 T cells from either syngeneic B6-WT or allogeneic MHC-
mismatched BALB/c donors. As shown in Figure 4A, all the
syngeneic B6-WT and B6 XIAP2/2 animals survived the period of
observation, ruling out any significant effect of conditioning-related
damage on survival after BMT. By contrast, allogeneic B6-XIAP2/2

animals showed significantly worse survival and clinical GVHD
severity than B6-WT animals (P 5 .0003; Figure 4A; supplemental
Figure 6A). However, the increased mortality was associated
neither with an increased donor T-cell expansion in target organs on
day 7 or 14 (Figure 4B; supplemental Figure 6B) nor with an
elevation in serum levels of inflammatory cytokines, such as IFN-g,
TNF-a, IL-6, and IL-17A on day 7 (Figure 4C-D; supplemental
Figure 6C-F). Nonetheless, consistent with survival data, the
GVHD-specific histopathological score was higher only in the GI
tract of allogeneic XIAP2/2 animals on day 7 when compared with
allogenic B6-WT animals (Figure 4E), but the scores of the other
organs were similar (data not shown).

Similarly, enhanced GVHD mortality and clinical severity were
observed in allogeneic cIAP12/2 animals when compared with WT
animals after BALB/c-into-B6 BMT (P 5 .02; Figure 4F; supple-
mental Figure 6G). These data indicate that the absence of IAPs in
hosts exacerbates GVHD and that use of the SMAC mimetic
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tract (small and large intestines) (G) and liver (H) on day 14 after allo-BMT (n 5 3-4 per group, pooled from 2 experiments). The bar shows the mean 6 SEM. (I) In vitro MLR.

Isolated splenic CD90.21 T cells from either BALB/c or B6-WT animals were cultured with BMDCs derived from animals in the presence or absence of AT-406 (1 mM) for 96

hours and analyzed for proliferation after 3H-thymidine incorporation during the last 16 hours of incubation. A representative figure from 3 independent experiments is
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AT-406 may have similar adverse effects that are intrinsic to the
host. They further suggest that XIAP and cIAP1 do not
compensate for the absence of each other and that they have
distinct effects on GVHD mortality.

IAPs in host hematopoietic-derived APCs are

dispensable for exacerbation of GVHD

Host hematopoietic-derived APCs are central for initiating allogeneic
reactive T-cell responses,28,29 and because expression of IAPs in the
host is important for increasing GVHD severity, we next reasoned that
IAP expression in host hematopoietic cells might be the critical
cellular compartment mediating IAP-dependent severity in the
recipients. Therefore, to evaluate the impact of IAP expression in
hematopoietic APCs, we next explored in vitro the role of IAPs in DCs,
the most potent APCs. We determined the expression of costimu-
latory molecules on splenic DCs from naı̈ve B6-WT, cIAP12/2, and
XIAP2/2 animals to determine their phenotypes at homeostasis.
Although the numbers of CD861CD11c1 and class II1CD11c1 cells
in cIAP12/2 animals were significantly higher than those in B6-WT
animals, the absolute numbers of CD11c1, CD801CD11c1, PDL-11

CD11c1, and CD401CD11c1 cells were equivalent among these
animals (supplemental Figure 7A-F). BMDCs from cIAP12/2 or
XIAP2/2 animals showed a similar allogeneic T-cell stimulation
capacity in an MLR when compared with B6-WT (Figure 5A). To
further confirmwhether AT-406 alters the allogeneic T-cell stimulation
capacity of DCs, we pretreated B6-WT DCs with AT-406 before
using them as stimulators in an MLR. We found that allogeneic T-cell
stimulation was equivalent in both groups (Figure 5B). We next
examined whether AT-406 altered the innate immune responses of
DCs, such as TLR4-mediated responses after stimulation with
lipopolysaccharide, but found similar responses in untreated and
AT-406–treated DCs, as determined by their expression of
costimulatory molecules as wells as secretion of TNF-a and IL-6
(Figure 5C-E). Because cIAP1 and XIAP are recognized as regulators
of nucleotide-binding oligomerization domain-containing protein
(NOD)-1– and NOD-2–mediated innate immune responses,44,47

we also tested the responses to other pathogen-associated
molecular patterns utilizing peptidoglycan and Pam3CSK4 as well
as damage-associated molecular patterns utilizing high-mobility
group protein 1 (HMGB-1) in DCs in vitro. Again, AT-406–treated
DCs showed no alteration in their response to these various stimuli
(supplemental Figure 7G-I).

To determine if the lack of in vitro differences was also observed in
vivo in the context of GVHD, we next explored whether XIAP or cIAP1
expression in host hematopoietic-derived cells was critical for GVHD;
we generated BM chimeras such that only the radiosensitive host
hematopoietic cells either expressed or lacked IAPs. B6Ly5.2 animals
were lethally irradiated with 11 Gy and infused with 53 106 BM cells
and 5 3 106 splenocytes from syngeneic B6-WT, B6-cIAP12/2, or
B6-XIAP2/2 donors. Chimerism analyses of the donor hematopoietic-
derived cells showed complete donor types (.95%) 3 months after
the first transplantation. The B6→B6Ly5.2, cIAP12/2→B6Ly5.2,
and XIAP12/2→B6Ly5.2 animals were then used as recipients in
a second allo-BMT 3 to 4 months after the primary BMT. In the

second transplantation, all chimera animals received 9 Gy and
received transplants of 3.0 3 106 CD901 T cells along with 5 3
106 BM cells from either syngeneic B6 or MHC-mismatched
allogeneic BALB/c donors. All chimeras that received syngeneic
T cells and BM cells survived the duration of the observation period,
with no signs of GVHD. In contrast, the allogeneic B6→B6Ly5.2,
cIAP12/2→B6Ly5.2, and XIAP12/2→B6Ly5.2 animals showed
similar GVHD mortality and severity (Figure 5F-G). These results
suggest that the exacerbation of GVHD in the absence of IAPs in the
host or after AT-406 treatment is independent of IAPs in host
hematopoietic-derived APCs.

IAP expression in host nonhematopoietic cells plays

an important role in GVHD

Because host hematopoietic cell expression of IAPs was not
essential to GVHD severity, we next determined whether their
expression by nonhematopoietic cells in the host was critical for
modulation of GVHD severity.41,54 Therefore, we hypothesized that
IAP deficiency in nonhematopoietic GVHD target tissues exacer-
bates GVHD. To this end, we made the reverse chimeras, namely,
B6Ly5.2→B6, B6Ly5.2→XIAP2/2, and B6Ly5.2→cIAP12/2, where
IAPs were absent only in the nonhematopoietic host cells. These
chimeras received 9 Gy and received transplants of 3.0 3 106

CD901 T cells along with 53 106 BM cells from either syngeneic B6
or MHC-mismatched allogeneic BALB/c donors. The allogeneic
B6Ly5.2→XIAP2/2 animals lacking IAPs in nonhematopoietic tissues
developed more severe GVHD and demonstrated significantly
worse survival compared with B6Ly5.2→B6 recipients (P , .0006;
Figure 6A). Similarly, the allogeneic B6Ly5.2→cIAP12/2 animals also
showed significantly worse survival compared with B6Ly5.2→B6
recipients (P , .01; Figure 6B). These data demonstrate mutually
exclusive roles of XIAP and cIAP1 expression in contributing toward
GVHD. Collectively, they demonstrate that IAP expression in host
nonhematopoietic target tissues plays an important role in regulating
GVHD severity.

IAP expression alters apoptosis of GI epithelial cells

and mitigates GVHD

GVHD is characterized by target-cell apoptosis.25 Because IAPs
regulate apoptosis1-3 and their role in nonhematopoietic target cells
is critical for GI GVHD severity,25 we next tested the effect of IAPs
on expression of anti- or proapoptotic proteins in CD3261 IECs,
which are critical for maintaining mucosal integrity in the gut after
allo-BMT.55,56 We first confirmed whether allogeneic XIAP2/2

animals showed increased apoptosis in the GI tract. We performed
TUNEL staining in the intestine on day 7 after allo-BMT. Consistent
with GVHD severity, allogeneic XIAP2/2 animals showed increased
numbers of IECs stained with TUNEL compared with allogeneicWT
animals (Figure 7A). To determine the potential mechanisms for
enhanced apoptosis in target tissue, we next tested the expression
of antiapoptotic (B-cell lymphoma-2 [BCL-2]) and proapoptotic
(BCL-2–like protein 11 [BIM] and BCL-2–associated X protein
[BAX]) protein expression in the CD3261 IECs from B6-WT and
XIAP2/2 animals harvested on day 7 after allo-BMT. Both allogeneic

Figure 3. (continued) shown. The bar shows the mean 6 SEM. (J) In vitro MLR. Isolated splenic CD90.21 T cells from either B6-WT, B6-cIAP12/2, or B6-XIAP2/2 animals

were cultured with BMDCs derived from syngeneic B6 or allogeneic BALB/c animals for 72 hours and analyzed for proliferation after 3H-thymidine incorporation during the last

16 hours of incubation. The bar shows the mean 6 SEM. CPM, counts per minute.
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Figure 4. Absence of IAPs in host exacerbates GVHD in allo-BMT. B6-WT and B6-XIAP2/2 animals received 10 Gy on day 21 and received transplants of 3 3 106

CD90.21 splenic T cells along with 5 3 106 TCD-BM cells from either syngeneic B6 or allogeneic MHC-mismatched BALB/c donors. (A) Survival (n 5 5-13 per group).

Pooled data from 3 independent experiments are shown. ***P, .001, when allogeneic WT control and allogeneic XIAP2/2 animals are compared. (B) Donor T-cell (H-2kd1

CD41 or H-2kd1CD81) expansion in spleen, liver, and intraepithelial cells (IECs) on day 7 after allo-BMT (n 5 4-6 per group, pooled from 2 experiments). The bar

shows the mean 6 SEM. (C-D) Serum levels of IFN-g (C) and TNF-a (D) on day 7 after allo-BMT (n 5 4-6 per group, pooled from 2 experiments). *P , .05. The bar shows

the mean 6 SEM. (E) The histopathological GVHD score in GI tract (small and large intestines) on day 7 after allo-BMT (n 5 4-6 per group, pooled from 2 experiments).

**P , .01. The bar shows the mean 6 SEM. (F) Survival. B6-WT and B6-cIAP12/2 animals received 10 Gy on day 21 and received transplants of 3 3 106 CD90.21

splenic T cells along with 5 3 106 TCD-BM cells from either syngeneic B6 or allogeneic MHC-mismatched BALB/c donors (n 5 3-16 per group). Pooled data from

3 independent experiments are shown. *P , .05, when allogeneic WT control and allogeneic cIAP12/2 animals are compared.
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XIAP2/2 and cIAP12/2 animals showed significantly reduced
expression of antiapoptotic protein BCL-2 but equivalent expres-
sion of proapoptotic proteins (Figure 7B-D). In addition, the
expression ratio of BIM or BAX to BCL-2 in allogeneic XIAP2/2

animals was significantly increased (Figure 7E-F). These data
suggest that enhanced apoptosis in the target tissues in the
absence of IAPs contributes to greater GVHD severity.

Because apoptosis and autophagy coordinate to regulate cell
survival and maintain homeostasis of the gut mucosa,57,58 we also
examined whether IAP deficiency affected autophagy. We did not
find any differences in the LC3 I to II conversion rate in the epithelial
cells of the small intestine between B6-WT and XIAP2/2 animals on
day 7 or 14 after allo-BMT. However, there was a significant
decrease in the expression of LC3 in both small and large intestines
of allogeneic XIAP2/2 animals at day 7, indicating decreased
autophagy (Figure 7G; supplemental Figure 8A). These data

suggest that the enhanced apoptosis in both XIAP2/2 and
cIAP12/2 animals and the reduced autophagy in the target tissues
in the absence of XIAP may be potential mechanisms of enhanced
GI GVHD. By contrast, allogeneic cIAP12/2 but not XIAP2/2

animals showed reduced level of Ras homolog gene family member
A (r-A) expression, which is known to control many cellular
functions,59-61 cellular development,62 and gut homeostasis63 and
is regulated by IAPs, in the small intestine at day 7 after allo-BMT
(Figure 7H). These data indicate that the absence of IAPs
likely exacerbates GVHD damage by multiple, distinct cellular
mechanisms.

Discussion

Our study demonstrates a novel role of IAPs in the regulation of
GVHD and suggests that the effects of XIAP and cIAP1 expression
and SMAC mimetic treatment after BMT are independent of effects
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on donor T cells and host hematopoietic cells. Our data suggest
that IAP expression in host nonhematopoietic target cells is
important for regulation of GI GVHD damage.

The current understanding of the role of IAP regulation of innate
immune responses seems to be dependent on the context. For
example, IAPs have been suggested to regulate innate responses
through the pattern recognition receptors24,44,47,64 by inhibiting
cell-death signaling,16,17,44 controlling MAPK and NF-kB signaling
pathways,45,65 and modifying inflammasomes or in the context of
candida infections.20,66 In contrast, loss of cIAP or XIAP in the
myeloid lineage caused overproduction of many inflammatory
cytokines and severe sterile inflammation.21 We, however, found
that the absence of IAPs in hematopoietic-derived APCs was not
associated with increased GVHD severity or mortality. Rather, the
absence of IAPs in host nonhematopoietic target tissues exacer-
bated GVHD in second BMT animals utilizing BM chimeras. Our data
are consistent with and extend those in a recent report showing that
cIAP1 protects TNF-a–mediated destruction of IECs in a colitis
model in part.67 We found that both XIAP and cIAP1 reduced GI
GVHD. A remarkable observation of this study is that neither the
absence of IAPs nor treatment with the SMAC mimetic AT-406
exacerbated conditioning-related GI damage, as demonstrated
by the absence of increased damage in syngeneic recipients
(Figure 1H; supplemental Figure 5C-F). Interestingly, IAP expression
in IECs was temporally reduced at 24 hours after irradiation but
spontaneously recovered at 48 hours (supplemental Figure 5A). This
quick alteration may have an indispensable role in the cell-intrinsic
self-tissue repair mechanism to maintain gut homeostasis after injury
such as radiation toxicity. Therefore, our observations suggest that
IAPs protect tissue damage in IECs only in the allogeneic immunity
context. The reasons for this remain unknown.Whether IAPs mitigate
damage mediated by donor T cells and are dispensable for
nonspecific sterile inflammation or whether they also protect tissue

damage from non-TBI conditioning will need to be further studied. In
addition, whether IAPs regulate the gut microbiome, which is linked
with gut GVHD,68 will need to further investigated.

Consistent with our observations, SMAC mimetics induce in-
creased enterocyte shedding and loss of barrier function in piglet
ileal mucosa after oral infection with Cryptosporidium parvum.69

Furthermore, a clinical study demonstrated that some patients with
advanced solid tumors who received LCL16, which induces the
degradation of cIAP1, experienced grade 3 to 4 cytokine release
syndrome.9 Altogether, these data suggest that inflammatory
responses after the inhibition of IAPs may differ and depend on
the context of inflammation and the target tissues.

Our data demonstrate that XIAP, cIAP1, or SMAC inhibition do not
significantly alter T-cell responses to an allogeneic stimulus, either in
vitro or in vivo. The differential effect on nonspecific antibody-
mediated in vitro stimulation from an allogeneic stimulus may be a
consequence of the strength of stimulation and the absence of
physiological engagement of the full panoply of costimulatory and
coinhibitory receptors on an APC in the former context. IAPs are
closely linked to inflammasome activation, as shown by studies
utilizing XIAP2/2 or XIAP2/2cIAP22/2cIAP1LysMcre/LysMcre animals as
well as SMAC mimetics.22,64 Inflammasome activation, such as
NLRP3 in APCs or myeloid-derived suppressor cells, are involved in
the development and aggravation of GVHD.70-72 However, we found
that the serum levels of IL-1b and IL-18 in XIAP2/2 or cIAP12/2

animals were equivalent to those in WT animals after allo-BMT (data
not shown). Thus, the contribution of IAPs to inflammasome
activation is unlikely to be a critical component for its role in mitigating
GVHD severity, but this would need to be formally tested.

Our observations suggest that the role of IAPs in gut GVHD is
limited to nonhematopoietic target tissues, such as IECs. With
regard to the function of IAPs in tissue homeostasis, increased IAP
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expression in IECs after IL-11 treatment seems to promote wound
healing and regeneration in IBD, and the disruption of IAP signaling
impairs regenerative process in the intestine and worsens IBD.73 In

addition, inhibition of IAPs with SMAC mimetics increased enter-
ocyte shedding and loss of barrier function in piglet ileal mucosa
after oral infection with Cryptosporidium parvum, a significant
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diarrhea-inducing pathogen.69 These data are in part consistent
with our results and indicate that a delicate balance may exist in the
function of IAPs. Our data might also explain clinical observations in
XIAP patients. For example, these data are consistent with the
clinical observation that patients with X-linked lymphoproliferative
disease 2 who have an XIAP-inactivating mutation develop severe
intestinal inflammation.74 Furthermore, a recent clinical study
demonstrated that the outcome of XIAP-deficient recipients who
underwent allo-HCT after myeloablative conditioning was poor.75

XIAP-deficient patients show increased apoptosis of their lympho-
cytes after various stimulations and a decreased number of NK
T cells.6 Up to 20% of patients with XIAP mutations develop IBD
and systemic inflammation.74,76,77 Our data show how IAPs
contribute to GI GVHD and, when taken in light of earlier
observations in IBD and XIAP patients, point to the contribution
of tissue tolerance in the maintenance of gut homeostasis in the
context of allogeneic immunity. Interestingly, recent clinical obser-
vations suggests that XIAP or cIAP1 polymorphisms are pre-
sumably associated with hereditary periodic fever syndromes78 and
asthma susceptibility.79 Whether specific human polymorphisms of
IAPs are involved in the severity of human host susceptibility to GI
GVHD would certainly be of great interest, but would represent a
risk factor rather than a biomarker. We found that antiapoptotic
protein BCL-2 was decreased in the IECs of cIAP12/2 and XIAP2/2

animals and was associated with a significant increase in the ratio of
proapoptotic to antiapoptotic proteins. XIAP inhibits the mitochon-
drial apoptosis pathway by activating caspases 3, 7, and 9.80

Therefore, inhibiting XIAP may increase this signaling and promote
apoptosis of epithelial cells. We also found that IECs in XIAP2/2

animals showed low LC3 expression after allo-BMT. Because
autophagy plays an important role in maintaining GI homeostasis
and its absence has a negative impact on gut inflammation,57,58,81,82

it may be a potential mechanism of increased gut damage in XIAP2/2

animals. How XIAP regulates autophagy in IECs will be great interest,
and additional detailed studies will be required. To explore potential
mechanisms of increased gut GVHD in IAP-deficient animals, we
also tested IL-22, which is a critical regulator of gut homeostasis,83

and lgr5 expression, which is an intestinal stem-cell marker, deletion
of which is involved in the severity of gut GVHD83,84; however, both
IL-22 and lgr5 expression in IAP-deficient animals were comparable
to those in WT animals (supplemental Figure 8B-C). Interestingly,
cIAP12/2 animals showed reduced levels of r-A expression. IAPs
directly regulate r GTPases, which are known to control many
cellular functions,59-61 cellular development,62 and gut homeosta-
sis.63 Recent studies have suggested that r-A inactivation63 and
Ras-related C3 botulium toxin substrate (Rac1) activation85 are
associated with IBD63,86 and that IAPs moderate these signaling
pathways.87 Therefore, the r-A signaling pathway, in addition to
increasing apoptosis, may be a potential mechanism of enhancing
GVHD in cIAP12/2 animals. Because both autophagy and r-A
signaling play important roles in maintaining GI homeostasis and
their absence has a negative impact on gut inflammation,63,88,89

enhancing autophagy or r-A signaling might protect against GI
damage and ameliorate GVHD after allo-BMT. Although these will be
explored in future studies, whether they are uniquely relevant for
cIAP- or also important for XIAP-induced mechanisms remains
unknown. A notable aspect of our data is that the significant impact of
IAP expression was observed only with regard to the severity of GI
GVHD, but not with skin or liver GVHD. The mechanisms for
GI-specific reduction of GVHD will be explored in future studies.
However, these data point to the possibility that tissue-intrinsic
mechanisms that protect them from immune-mediated damage
might be distinct among various GVHD target organs. Collectively,
these results suggest that the expression of IAPs in host target
tissues might regulate a complex signaling network that protects the
GI tract from severe damage in settings of intense inflammatory
injury, such as GVHD.

In conclusion, our data demonstrate a novel role for IAPs in the
regulation of GVHD within target organs and independent of their
role in donor T cells or host hematopoietic cells. Our data
suggest that altering IAP-dependent target tissue sensitivity to
apoptosis may represent a novel strategy to reduce GVHD
severity.
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44. Bertrand MJ, Doiron K, Labbé K, Korneluk RG, Barker PA, Saleh M. Cellular inhibitors of apoptosis cIAP1 and cIAP2 are required for innate immunity
signaling by the pattern recognition receptors NOD1 and NOD2. Immunity. 2009;30(6):789-801.

45. Mahoney DJ, Cheung HH, Mrad RL, et al. Both cIAP1 and cIAP2 regulate TNFalpha-mediated NF-kappaB activation. Proc Natl Acad Sci USA. 2008;
105(33):11778-11783.

46. Varfolomeev E, Goncharov T, Maecker H, et al. Cellular inhibitors of apoptosis are global regulators of NF-kB and MAPK activation by members of the
TNF family of receptors. Sci Signal. 2012;5(216):ra22.

47. Krieg A, Correa RG, Garrison JB, et al. XIAP mediates NOD signaling via interaction with RIP2. Proc Natl Acad Sci USA. 2009;106(34):14524-14529.

48. Piguet PF, Grau GE, Allet B, Vassalli P. Tumor necrosis factor/cachectin is an effector of skin and gut lesions of the acute phase of graft-vs.-host disease.
J Exp Med. 1987;166(5):1280-1289.

49. Zhang T, Li Y, Zou P, et al. Physiologically based pharmacokinetic and pharmacodynamic modeling of an antagonist (SM-406/AT-406) of multiple
inhibitor of apoptosis proteins (IAPs) in a mouse xenograft model of human breast cancer. Biopharm Drug Dispos. 2013;34(6):348-359.

50. Brunckhorst MK, Lerner D, Wang S, Yu Q. AT-406, an orally active antagonist of multiple inhibitor of apoptosis proteins, inhibits progression of human
ovarian cancer. Cancer Biol Ther. 2012;13(9):804-811.

51. Korngold R, Sprent J. Lethal graft-versus-host disease after bone marrow transplantation across minor histocompatibility barriers in mice. Prevention by
removing mature T cells from marrow. J Exp Med. 1978;148(6):1687-1698.

52. Gentle IE, Moelter I, Lechler N, et al. Inhibitors of apoptosis proteins (IAPs) are required for effective T-cell expansion/survival during antiviral immunity in
mice. Blood. 2014;123(5):659-668.

53. Dougan M, Dougan S, Slisz J, et al. IAP inhibitors enhance co-stimulation to promote tumor immunity. J Exp Med. 2010;207(10):2195-2206.

54. Koyama M, Kuns RD, Olver SD, Raffelt NC, Wilson YA, Don AL, et al. Recipient nonhematopoietic antigen-presenting cells are sufficient to induce lethal
acute graft-versus-host disease. Nat Med. 2012;18(1):135-142.
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