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KEY PO INT S

l Itpkb deletion induced
in donor T cells
precludes acute GVHD
without eliminating
GVL.

l In vivo pharmacological
Itpkb inhibition
prevents acute and
treats chronic GVHD.

T-cell activation releases inositol 1,4,5-trisphosphate (IP3), inducing cytoplasmic calcium (Ca21)
influx. In turn, inositol 1,4,5-trisphosphate 3-kinase B (Itpkb) phosphorylates IP3 to negatively
regulate and thereby tightly control Ca21 fluxes that are essential for mature T-cell activation
and differentiation and protection from cell death. Itpkb pathway inhibition increases in-
tracellular Ca21, induces apoptosis of activated T cells, and can control T-cell–mediated au-
toimmunity. In this study, we employed genetic and pharmacological approaches to inhibit
Itpkb signaling as a means of controlling graft-versus-host disease (GVHD). Murine-induced,
Itpkb-deleted (Itpkb2/2) T cells attenuated acute GVHD in 2 models without eliminating A20-
luciferase B-cell lymphoma graft-versus-leukemia (GVL). A highly potent, selective inhibitor,
GNF362, ameliorated acute GVHD without impairing GVL against 2 acute myeloid leukemia
lines (MLL-AF9-eGFP andC1498-luciferase). Comparedwith FK506, GNF362more selectively

deleted donor alloreactive vs nominal antigen-responsive T cells. Consistent with these data and as comparedwith FK506,
GNF362 had favorable acute GVHD and GVL properties against MLL-AF9-eGFP cells. In chronic GVHD preclinical models
that have a pathophysiologydistinct from acuteGVHD, Itpkb2/2donor T cells reduced active chronicGVHD in amultiorgan
system model of bronchiolitis obliterans (BO), driven by germinal center reactions and resulting in target organ fibrosis.
GNF362 treatment reduced active chronic GVHD in both BO and scleroderma models. Thus, intact Itpkb signaling is
essential to drive acute GVHD pathogenesis and sustain active chronic GVHD, pointing toward a novel clinical application
to prevent acute or treat chronic GVHD. (Blood. 2020;135(1):28-40)

Introduction
Allogeneic hematopoietic stem cell transplantation (HSCT) is a
promising treatment option for various hematological malignan-
cies and disorders. A major HSCT complication is graft–versus-
host disease (GVHD) caused by donor T-cell alloresponses against
recipient histocompatibility antigens. Standard drug-based pro-
phylaxis relies mainly on global immunosuppressants,1-3 which
can impair antitumor and antipathogen effects. Selective thera-
pies controlling GVHD without losing advantageous immune re-
sponses are needed.

Calcium (Ca21) signaling is essential for T-cell activation, dif-
ferentiation, and effector functions.4 After T-cell receptor (TCR)

ligation, intracellular Ca21concentration is ;10- to 20-fold
higher than with resting T cells. TCR engagement with ago-
nistic peptide leads to inositol 1,4,5-trisphosphate (IP3) pro-
duction by activating phospholipase C-g (PLC-g), which binds
with IP3 receptors causing intracellular store Ca21 release.
Continuous Ca21 store depletion by the IP3 pathway activates
plasma membrane store–operated Ca21 channel opening for
extracellular Ca21 influx. Increases in intracellular Ca21 activate
Ca21-dependent protein kinases and transcription factors,
such as calcineurin and downstream phosphorylated NFAT,
which play crucial roles in T-cell development and effector
function.4 Enhanced cytoplasmic Ca21 leads to proapoptotic
gene upregulation and activation-induced cell death (AICD).5
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Strategies that modulate T-cell intracellular Ca21 may serve as
an option for halting GVHD.

The inositol 1,4,5-triphosphate 3-kinase (Itpk) family acts as
a negative regulator of intracellular Ca21 by converting IP3
to inositol 1,3,4,5 tetrakisphosphate (IP4).6,7 There are 4 iso-
forms within the Itpk family: Itpka, Itpkb, Itpkc, and inositol
polyphosphate multikinase.6 Hematopoietic cells have abun-
dant Itpkb expression.6 Itpkb genetic deletion leads to severe
peripheral T-cell deficiency caused by impaired thymic T-cell
development at the immature CD41CD81 stage, known to be
highly AICD susceptible.8,9 Itpkb deletion also impairs B-cell
development, alters B-cell phenotype and fosters tolerant B-cell
generation.10 In activated mature T cells, elevated intracellular
Ca21occurring from Itpkb deletion prevents T-cell driven, antibody-
mediated autoimmunity.5

In our study, donor T-cell Itpkb genetic deletion was efficacious in
ameliorating acute GVHD (aGVHD) without impairing graft-versus-
leukemia (GVL). Administering a potent pharmacological inhibitor
(GNF362) proved efficacious in reducing aGVHDwithout impairing
GVL. We provide evidence of more selective alloreactive T-cell
deletion and favorable aGVHD and GVL properties, compared
with FK506, and demonstrate GNF362 efficacy in treating
established chronic GVHD (cGVHD) in 2 distinct models.

Materials and methods
Mice
C57Bl/6 (B6; H2b), BALB/c (H2d), and (BALB/c x B6; CB6F1) F1
mice were purchased from Charles River Laboratories. B10.D2
(H2d) and B10.BR (H2k) mice were purchased from The Jackson
Laboratory. TEa and 2C TCR transgenic (Tg) mice were bred
under in-house veterinary staff guidance. B6 OVA TCR Tg OT-I
mice were provided by Brian Fife (University of Minnesota
[UMN]). CD41 Tg TEa mice express a TCR that recognizes the
peptide ASFEAQGLANIAVDKA from the a-chain of I-E class II
molecules, expressed in all antigen-presenting cells (APCs) from
H2b/I-E1 strains, including CB6F1 (H2d/b) mice, in the context of
I-Ab. CD81 Tg 2C mice express a TCR that recognizes QL9
peptide, derived from H2d APCs, bound to Ld. CD81 Tg OT-1
mice express a TCR that recognizes ova peptide257-264 in the
context of Kb. B6 Itpkbfl/1 mice, generated in the Genomic In-
stitute of the Novartis Research Foundation,5 were used to
produce Itpkbfl/fl offspring that were crossed with B6 mice
expressing 4-hydroxytamoxifen (OHT)-inducible ERT2-Cre-
recombinase (B6 ERT2-Cre/Itpkb LoxP [Itpkb2/2]). Donor ta-
moxifen injections (1 injection each day 35 days) induced Itpkb
deletion.6 Mice were used at age 10 to 14 weeks. Animal pro-
tocols were approved by the UMN Institutional Animal Care and
Use Committee.

GVHD
For aGVHD, BALB/c and B10.BR recipients were irradiated with
total body irradiation (TBI), 7.0 Gy and 8.3 Gy (day 21), re-
spectively, followed by non–T-cell–depleted bone marrow (BM)
and purified T-cell infusion (day 0), as indicated. Survival was
monitored daily, and weights were recorded twice weekly for
30 days and then weekly.

For the multiorgan system bronchiolitis obliterans (BO) cGVHD
model, B10.BR mice were conditioned with intraperitoneal

cyclophosphamide (120 mg/kg per day, d 23 and 22; Cytoxan;
Sigma) and TBI (8.3 Gy; day 21), followed by B6 T-cell–depleted
BM (TCD-BM; 107) as non-cGVHD control, or with splenic T cells
(70 3 103) to induce cGVHD (day 0).11 In the scleroderma model,
BALB/cmice were given lethal TBI (7 Gy, day21), and 107 B10.D2
TCD-BM, only or with 1.83 106 CD41 and 0.9 3 106 CD8 T cells
(day 0).12 Skin scores were assessed twice weekly.11,13

Intestinal lamina propria lymphocytes and
cutaneous T-cell isolations
Lamina propria lymphocytes were isolated as described.14 Intes-
tines were cut into pieces, followed by washing for 10 minutes
twice (37°C) in 10% fetal bovine serum1phosphate-buffered
saline with 5 mM EDTA (GBiosciences) and 10 mM N-2-
hydroxyethylpiperazine-N9-2-ethanesulfonic acid (Sigma). Tissues
were digested at 37°C with shaking for 60 minutes in 10% fetal
bovine serum1phosphate-buffered saline with 1 mg/mL colla-
genase D (Roche), 0.15 IU/mL Dispase (Sigma), and 0.5 mg/mL
DNase I (Roche). Cutaneous T cells were isolated from cGVHD
skin, as previously described.15 In brief, inflamed skin was cut into
pieces and incubated with collagenase XI/hyaluronidase and
DNase at 37°C, with shaking for 60 minutes. Lymphocytes were
collected on a Percoll gradient (40%/80%).

GNF362 and FK506 treatment
GNF362, identified via high-throughput compound screening,5

is a highly specific inhibitor for Itpkb (50% inhibitory concentration
[IC50] 5 9 nM).5 Although GNF362 also inhibits Itpka (expressed
in the brain) and Itpkc, GNF362 has no activity against a panel of
.150 proteins or lipid kinases. Vehicle or GNF362 in 20%hydroxyl
propyl-b cyclodextrin in water was given by gavage (200mg) twice
daily for aGVHD prevention (days 0–42) or for cGVHD treatment
in BO (days 28–56) or scleroderma (days 21–55) models. FK506
(Selleckchem) was suspended in 0.5% carboxymethylcellulose
(Sigma) and administered at 12 or 36 mg/kg per dose IP daily
on days 0 to 13 or days 3 to 13, then thrice weekly from days 14 to
28, as previously reported.16

GVL
Lethally irradiated BALB/c recipients were given B6 TCD-BM,
with or without B6 littermate (Itpkb1/1), Itpkb2/2 or wild-type
(WT) mice. BALB/c A20luc (0.75 3 106 cells), or MLL-AF9 eGFP1

(104) (kindly provided by Sophie Paczesny, Indiana University), or
B6 C1498ff-luc (33 104)17 cells were used in the GVL studies. To
monitor tumor burden, bioluminescent imaging (BLI) was used
for A20luc and C1498ff-luc cells and fluorescence-activated cell
sorting for MLL-AF9 eGFP1 cells. Separate cohorts of mice were
used for imaging.

For a description of donor T-cell isolation, pulmonary function
tests, histology and immunostaining, flow cytometry, and sta-
tistical analyses, see supplemental Methods (available on the
Blood Web site).

Results
Donor T-cell Itpkb is required for maximum aGVHD
lethality
To avoid blocked T-cell development, B6 ERT2-Cre/Itpkb LoxP
(Itpkb2/2) mice were treated with tamoxifen prior to T-cell
isolation.5,8,9 Irradiated B10.BR recipients were given B6 BM
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with or without B6 Itpkb2/2 vs Itpkb1/1 T cells. Recipients of
Itpkb2/2 vs Itpkb1/1 T cells had reduced aGVHD lethality and
superior weights (Figure 1A). To exclude strain dependency,
lethally irradiated BALB/c mice were given B6 BM, with or
without donor Itpkb2/2, or littermate (Itpkb1/1) T cells (1 3 106).
Recipients of Itpkb2/2 T cells survived significantly longer, cor-
relating with weights (Figure 1B) and not overcome by the infusion
of a twofold higher T-cell dose (Figure 1C). Day 7 histopathology
scores (colon, ileum, and liver) were significantly reduced with
Itpkb2/2 vs Itpkb1/1 T cells (Figure 1D). We conclude that Itpkb2/2

T cells have reduced but not absent aGVHD capacity.

Itpkb functional deficiency attenuates aGVHD and
impairs donor T-cell survival
We next explored a relevant translational Itpkb inhibition ap-
proach using a novel, orally potent (IC50 5 9 nM), selective Itpkb
inhibitor, GNF362.5 Irradiated B10.BR recipients of B6 BM1WT
T cells were administered vehicle or GNF362 (days 0-42).
Consistent with Itpkb deletion, GNF362 significantly prolonged
survival (Figure 2A). Similar results were seen with 1 3 106

(Figure 2B) or 23 106 (Figure 2C) T-cell doses in irradiated BALB/
cmice.We conclude that GNF362 reduces but does not uniformly
eliminate aGVHD lethality or weight loss, especially evident with
higher T-cell doses.

Whereas lower proinflammatory cytokine levels are associated
with reduced aGVHD,13 stimulated Itpkb2/2 T cells from non-bone
marrow transplant (BMT) mice produce normal5 or high levels,18

the latter a result of increased activation/frequency of memory
T cells. Intracellular cytokine frequencies in Itpkb2/2 or congenic
WT donor T cells were assessed in lethally irradiated allogeneic
BALB/c recipients given B6 BM1T cells (congenic WT [B6
CD45.11]/Itpkb2/2 [B6 CD45.21]; 1:1). Compared with WT donor
T cells on day 6 after BMT, splenic CD41 andCD81 Itpkb2/2donor
T cells had significantly higher TNF-a but comparable IFN-g or
IL-17 T-cell frequencies (supplemental Figure 1A-C), whereas
CD41IL-41 Itpkb2/2 vs congenic T-cell frequencies were signifi-
cantly higher, albeit relatively low (4% vs 2%, respectively; sup-
plemental Figure 1D). Large intestine lamina propria Itpkb2/2

donor T cells (day 14) had significantly higher TNF-a and IFN-g
frequencies (supplemental Figure 1E).

Because these data did not reveal reduced intracellular proin-
flammatory cytokines, we considered the possibility that the
lower Itpkb2/2 T-cell aGVHD lethality rates were related to
inferior donor T-cell survival rates.18 Therefore, we quantified
donor Itpkb2/2 vs WT T cells in day 6 spleens (Figure 3A),
mesenteric lymph nodes (Figure 3B), and day 14 small (Figure 3C)
and large (Figure 3D) intestines, sites of aGVHD initiation and
pathogenesis. We observed significantly lower percentages
and absolute numbers (supplemental Figure 2A) despite un-
changed proliferative capacity (% Ki671) between Itpkb2/2 and
WT donor CD41 or CD81 T cells (supplemental Figure 2B).
Despite T-cell activation and Teffector (Teffs) differentiation
Ca21 dependency,4 no significant difference in percentage
of CD441CD62L2 Teffs was seen between Itpkb2/2 and WT
donor T cells (supplemental Figure 2C). Collectively, these
data pointed to lower Itpkb2/2 T-cell survival, confirmed by
demonstrating significantly higher active caspase 8 in day 6
splenic and day 14 intestinal T cells19,20 (Figure 3E; supple-
mental Figure 2D-E).

Genetic or pharmacological donor T-cell Itpkb
abrogation does not eliminate GVL
With higher day 6 splenic donor Itpkb2/2 activated caspase-8
frequencies, GVL was compromised. For these studies, GVL was
assessed using BALB/c B-cell lymphoma A20luc cells given on day
0 under B6→BALB/c acute GVHD conditions. As expected, the
majority receiving B6 BM alone1A20luc cells died within 30 days
with increasing BLI signals and weights comparable to non-
leukemia controls (Figure 4A,C). Itpkb1/1 donor T cells resulted in
nodetectable A20luc BLI signals but caused significant weight loss
and uniform day 30 lethality (Figure 4A,C). Itpkb2/2 donor T-cell
recipients had a significantly higher day 80 survival with .80%
alive, comparable to BM controls not given A20luc cells, albeit
with lower weights (Figure 4A). Cohorts treated with GNF362
survived significantly longer than vehicle controls (Figure 4B),
though to a significantly lesser extent than Itpkb2/2 T-cell re-
cipients; both groups had undetectable BLI signals (Figure 4A-C).

These results were confirmed in BALB/c→B6 recipients given
BALB/c BM, with or without B6 C1498ff-luc (supplemental
Figure 3). Cohorts were given BALB/c donor T cells and treated
with vehicle or GNF362. All mice given BM1C1498luc cells died
by day 19, with high BLI signals. As compared with vehicle con-
trols, aGVHD mice treated with GNF362 had significantly in-
creased survival (38% on day 33). In these mice, C1498-ff-luc was
not detected by BLI, indicating that GVL was maintained. Thus,
donor T-cell Itpkb deficiency or pharmacological Itpkb inhibition
(GNF362) of WT donor T-cell recipients is critical for aGVHD le-
thality without abrogating GVL under these conditions.

GNF362 compared with FK506 more selectively
deletes alloreactive T cells without eliminating GVL
TCR ligation elevates intracellular Ca21, activating the serine/
threonine phosphatase calcineurin to dephosphorylate NFAT.4

Calcineurin inhibitors such as tacrolimus (FK506) are widely used
in patients to prevent GVHD and rejection of transplanted solid
organs.16,21,22 Because Itpkb inhibition also modulates Ca21

signaling, we evaluated GNF362 vs FK506 in controlling GVHD.
Irradiated BALB/c recipients were given B6 BM, with or without
B6 T cells (1.5 3 106). Cohorts receiving T cells were adminis-
tered vehicle, FK506 at 12 or 36 mg/kg per dose,16 or GNF362
(days 3-28). Lower dose FK506- or GNF362-treated recipients
survived longer than vehicle controls (P , .05 and P 5 .05,
respectively; supplemental Figure 4). Whereas 50% of GNF362
mice survived for the long term (day 100), uniform lethality was
seen with vehicle (day 36) or FK506 at 12mg/kg per day (day 40),
albeit GNF362- vs FK506 (12 mg/kg per day)-treated recipient
survival differences did not reach statistical significance (P5 .10).
In contrast, higher dose FK506 (36 mg/kg per day) failed to
provide a survival advantage (P 5 .2 vs vehicle) and was not
further pursued in the GVL studies described below.

To extend these observations to a different acute myeloid leu-
kemia line, wemodified theGVL approach shown in supplemental
Figure 3 by replacing B6 C1498-ff-luc with BALB/cMLL-AF9 eGFP1

cells (supplemental Figure 5). Recipients of BM1MLL-AF9 eGFP1

succumbed by day 32 and had ameanMLL-AF9 eGFP1 frequency
of 19%. Cohorts receiving T cells were treated with vehicle, FK506
(12 mg/kg per day) or GNF362 on days 0-28 per “Methods.”
Vehicle-treated recipients of BM1MLL-AF9 eGFP1 T cells had
uniform lethality by day 28, which was significantly worse than BM
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alone1MLL-AF9 eGFP; all mice had,0.5%GFP1 cells on day 23.
Only GNF362-treated recipients had significantly improved sur-
vival compared with vehicle controls (63%; P, .01). In contrast to
GNF362, FK506 did not provide a survival advantage over vehicle
controls, with a statistical trend toward increased worse survival
compared with GNF362 (P 5 .07). Whereas all GNF362-treated

mice had ,0.5% GFP1 cells at each timepoint, FK506-treated
mice had 3.3% (day 23), decreasing to 1.2% (day 36) after day 28
FK506 discontinuation.

GNF362 can control autoimmunity by selectively deleting
autoreactive T cells.5 In contrast to highly proliferative alloreactive
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Figure 1. Induced Itpkb loss in donor T cells prevents their
capacity for aGVHD lethality. (A) Survival and weight curves
are shown for irradiated B10.BR recipients that were given B6
BM (107), with or without B6 purified T cells (3 M is 3 3 106

cells) from Itpkb1/1 donors or tamoxifen-treated donors to
delete Itpkb (Itpkb2/2), as described in “Methods.” (B-C)
BALB/c recipients were lethally irradiated on day 21 and
infused with B6 BM (107), with or without B6 Itpkb1/1 or
Itpkb2/2purified T cells on day 0 (panel B, 1M is 13 106; panel
C, 2 M is 2 3 106 cells). Survival and weight curves are shown
(n 5 5 mice/BM group; n 5 8 mice/BM1T group). (D) His-
topathology scores of tissues (liver, ileum, and colon), from
BALB/c recipients of transplanted B6 BM (107), with or
without B6 Itpkb1/1 or Itpkb2/2 purified T cells (1.5 3 106).
Tissues were harvested on day 7 after transplantation, stained
with hematoxylin and eosin, and scored for GVHD severity
according to a semiquantitative scoring system (0-4, with
4 denoting more severe disease). Mean 6 standard error of
the mean (SEM); n 5 5 to 6 mice per group. One experiment
was performed. *P , .05, **P , .01, ***P , .001, and
****P , .0001.
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T cells that elicit strong Ca21 responses and are prone to GNF362-
mediated AICD, bystander T cells have weaker or absent TCR
signals and thus may be less affected by GNF362. Calcineurin
inhibitors are broadly immunosuppressive, perhaps because of
efficacy at lower TCR, and hence Ca21, signaling. We tested the
selectivity of GNF362 on donor anti–host-alloreactive vs bystander
T cells. Lethally irradiated CB6 F1 mice were given B6 BM plus
alloantigen-specific B6-TCRTgT cells (CD41TgTEa, CD81Tg 2C)
and bystander CD81 Tg OT-1 T cells. On day 4 after BMT,
compared with vehicle controls, FK506 (12 mg/kg per day) or
GNF362 treatment significantly reduced splenic donor anti–host-
alloantigen–specific TCR-Tg T cells (TEa, 2C) and for 2C TCR-Tg
T cells, GNF362 was significantly more effective (supplemen-
tal Figure 6A-B). Whereas FK506 significantly reduced bystander
OT-1 TCR Tg T-cell absolute numbers, as compared with vehicle
control (supplemental Figure 6C), GNF362 did not; a statistical
trend (P 5 .06) toward higher OT-1 absolute numbers was seen
with GNF362 vs FK506. OT-1 proliferation was significantly re-
duced by FK506 compared with vehicle or GNF362, which itself
reduced proliferation, albeit to a lesser extent than FK506. These

data indicate that GNF362 more selectively deletes highly pro-
liferative alloreactive but not bystander T cells. Collectively, the
data suggest that GNF362 has favorable properties for controlling
GVHD by deleting highly proliferative alloreactive T cells while
retaining GVL.

Donor T cells, but not BM Itpkb, are critical for
cGVHD in the BO model
cGVHD is pathologically and mechanistically distinct from
aGVHD, with the former dominantly characterized by auto-
immunelike manifestations and the latter by T-cell–mediated
acute proinflammatory and tissue-destructive features.3,23 Hav-
ing demonstrated that donor T-cell Itpkb is essential for maxi-
mum aGVHD lethality, we tested whether BM or T-cell Itpkb
would support cGVHD generation and maintenance. Previous
studies showed that Itpkb deletion impairs T- and B-cell de-
velopment, alters B-cell phenotype, and fosters tolerant B-cell
generation.10,24 In a multiorgan system cGVHD/BO model,
donor splenocyte-derived T cells (Tfollicular helper; Tfh) and BM-
derived germinal center (GC) B cells cooperated to form GCs, a
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Figure 2. In vivo administration of an Itpkb inhibitor (GNF362)
attenuated aGVHD lethality. (A) Survival and weight curves are
shown for irradiated B10.BR recipients that were given B6BM,with or
without B6 purified T cells (3 M is 33 106 cells) and given vehicle
or GNF632 twice daily by gavage from days 0 to 42 (n 5 5 mice/
BM group; n 5 8 mice/BM1T group). (B-C) Lethally irradiated
BALB/c recipients were infused with B6 BM, with or without B6
purified T cells (panel B, 1 M is 1 3 106; panel C, 2M is 2 3 106

cells) and treated with either vehicle or Itpkb inhibitor, GNF362 as
in panel A. Survival and weight curves are shown (n5 5 mice/BM
group; n 5 8-16 mice/BM1T group). Data are presented as the
mean6 SEM. *P, .05, **P, .01, ***P, .001, and ****P, .0001.
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process inhibited by Tfollicular regulatory cells (Tfrs). Therefore,
we next sought to determine whether donor Tfh or GC B-cell
Itpkb expression is required for cGVHD/BO. Recipients of
Itpkb2/2 vsWT donor T cells1WTBMhad significantly improved
pulmonary resistance, elastance, and compliance (Figure 5A).
GC B-cell and Tfh frequencies, Tfh/Tfr ratios (Figure 5B), and GC
size (but not number) were significantly reduced in Itpkb2/2 vs
WT T-cell recipients (supplemental Figure 7). Consistent with
these data, lung (Figure 5D) and liver collagen (supplemental
Figure 8A-B) and pathology scores (lungs, liver, colon, and liver;

supplemental Figure 8C) also were significantly decreased in
donor Itpkb2/2 vs WT T-cell recipients. In contrast, recipients
of Itpkb2/2 BM1WT T cells did not have improved pulmonary
function (Figure 5A). Nonetheless, the recipients had a signifi-
cantly reduced percentage of GC B cells and donor BM-derived
Tfrs (Figure 5B), resulting in significantly higher Tfh/Tfr ratios
(Figure 5B), a cGVHD/BOmechanistic hallmark in this model; no
reduction in immunoglobulin (Figure 5C) or collagen (Figure 5D)
deposition or pathology scores was observed (supplemental
Figure 8C).
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Figure 3. Itpkb-deficient donor T cells have impaired survival in aGVHD recipients. BALB/c recipients were lethally irradiated and infused with B6 BM1B6 CD45.1 WT and
CD45.2 Itpkb2/2 purified T cells (0.753 106 each). (A-B) Spleens (SPLs) andmesenteric lymph nodes (MLNs) were harvested on day 6 after transplantation to quantify donor T-cell
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performed. Data are shown as the mean 6 SEM. ***P , .001 and ****P , .0001.
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Treatment of mice with a pharmacologic Itpkb
inhibitor decreases active cGVHD in both BO and
scleroderma models
Based upon the above donor Itpkb2/2 T-cell results, we asked
whether pharmacological Itpkb inhibition could reverse active
cGVHD/BO. cGVHD was established by day 28, as measured
by pulmonary function tests.25 From days 28 to 56, recipients
were gavaged twice daily with vehicle or GNF362. GNF362, but
not vehicle, was therapeutically active in treating established
cGVHD/BO, resulting in significantly improved pulmonary re-
sistance, compliance, and elastance (Figure 6A). cGVHD/BO
mice typically have high GC responses.25 Although splenic GC
B-cell frequency was significantly higher in cGVHD vs BM
controls, as compared with vehicle controls, GNF362 did not
significantly decrease the percentage of GC B cells (Figure 6B),
Tfhs, and Tfrs; the Tfh/Tfr ratio (not shown); or histopathology
(other than lower colon scores; supplemental Figure 8D). Pre-
viously we showed that lung macrophage infiltration is obligatory
for cGVHD/BOand scleroderma generation andmaintenance.11,26

Intriguingly, GNF362 significantly reduced lung macrophage
infiltration (Figure 6C-D), providing a tenable mechanistic
explanation for improved GNF362-mediated improvement in
pulmonary function.

The cGVHD/BO model does not result in scleroderma, a
common cGVHD manifestation in patients. Hence, we evaluated
GNF362 in a scleroderma cGVHD model using minor histocom-
patibility antigen-mismatched, irradiated BALB/c recipients of
B10.D2 BM, with or without purified T cells. GNF362 treatment
(days 21-55), initiated at the time of established skin cGVHD,
significantly improved clinical and skin scores (Figure 7A-C),
lowered skin and liver pathology scores (supplemental Figure 8E),
and reduced M2 macrophage infiltration (Figure 7D-E), also as-
sociated with scleroderma cGVHD.11 Donor T-cell–derived IFN-g,
IL-17, and IL-22 are required for cGVHD to develop in this
scleroderma model.27,28 GNF362 significantly reduced the fre-
quency (Figure 7F) and absolute number (Figure 7G) of IFN-
g-producing CD41 T cells, whereas IL-17 frequency and number
were unchanged (not shown). Despite an overall low frequency of
skin IL-22–producing CD41 T cells, the mean fluorescence in-
tensity of IL-22 was significantly lower in GNF362-treated vs
control groups (supplemental Figure 8F), consistent with known
mechanistic scleroderma underpinnings.

Discussion
Here, we demonstrated that genetic deletion or pharmacological
inhibition of Itpkb substantially reduced aGVHD lethality without
eliminating GVL. Mechanistically, Itpkb deletion reduced donor
T-cell survival in aGVHD recipients evidenced by high frequencies
of activated caspase-8–expressing donor T cells. In a cGVHD/BO
model, Itpkb-deleted donor T cells, but not BM-derived B cells,
abrogated disease, a finding associated with reduced Tfhs and a
low Tfh/Tfr ratio. A small-molecule pharmacological Itpkb inhibitor
ameliorated aGVHD lethality and reversed established cGVHD
in BO and scleroderma models, respectively associated with re-
duced lungM2macrophage accumulation and lowerCD41IFN-g1

frequency and number, as well as intracellular IL-22 level. Thus,
targeting Itpkb may be employed as a novel approach to
preventing aGVHD or cGVHD or for treating ongoing cGVHD
with BO or scleroderma manifestations.

Itpkb is necessary for mature T-cell function.5 aGVHD was ame-
liorated when recipients were given Itpkb2/2 donor T cells or
GNF362, as compared with WT T-cell or vehicle controls, re-
spectively.When Itpkb is transiently expressed only in thymocytes,
not in peripheral T cells, in vitro–activated mature Itpkb2/2 T cells
have a lower proliferative capacity and increase the percentage of
Teffs via an unknown mechanism.18 By using an in vivo T-cell
competition assay in the context of aGVHD, we observed that the
overall donor Itpkb2/2 vs congenic T-cell frequency was reduced
compared with congenic WT T cells without accompanying dif-
ferences in T-cell in vivo proliferation or percentage of Teffs.

Repeated TCR stimulation by alloantigen or cognate antigen can
cause activated T-cell apoptosis. AICD of T cells through the
CD95/CD95L pathway controls clonal expansion, critical for
regulating peripheral T-cell tolerance.29,30 In aGVHD, CD95/
CD95L-mediated AICD of alloreactive donor T cells has been
employed to prevent GVHD,31 while maintaining tumor and viral
reactive T cells.32 Reduction of the number of both donor CD41

and CD81 Itpkb2/2 vs congenic WT T cells in aGVHD mice is
consistent with a CD95/CD9L AICD mechanism, as supported
by the high levels of active caspase-8 and increased Ca21 and
proapoptotic gene expression reported for CD41 T cells.5

A major challenge in allogeneic HSCT is to find approaches that
result in relative sparing of GVL while eliminating GVHD.33

Despite their reduced survival capacity and impaired ability to
induce aGVHD lethality, Itpkb2/2 donor T cells retained GVL
responses against A20 lymphoma cells and 2 distinct acute
myeloid leukemia cell lines. This finding supports the concept
that fewer donor alloreactive T cells may be needed to eliminate
tumor cells that cause severe aGVHD in HSCT recipients.34,35

Donor T cells mediate GVL through different cytolytic pathways,
including CD95/CD95L, perforin/granzyme, and cytokines
(mainly IFN-g, TNF-a).33,36-38 In aGVHD mice, TNF-a–producing
donor Itpkb2/2 were higher than in control T cells which may be
associated with intact GVL responses.

FK506, a commonly used immunosuppressant, reduces aGVHD16,39

by inhibiting donor T cells; however, GVL responses may also be
compromised.39 Because FK506 GVHD prophylaxis does not
prevent aGVHD in ;30% of patients40 and renal and neural
toxicities are not uncommon side effects,41 new preventive drug-
based approaches continue to be explored. In the current study,
GNF362 was more potent than FK506 in controlling aGVHD,
while preserving a GVL response.

Early in the post-HSCT period, aGVHD is themost life-threatening
complication that cannot be ignored. GNF362 preferentially
eliminated highly proliferative, pathogenic, alloreactive T cells,
but not GVL. The current dogma is that many GVL responses
are related to allorecognition of host leukemia cells, rather than
to leukemia-specific donor T cells. If that is the case in these
models, then most likely, a lower T-cell threshold is needed for
GVL vs aGVHD lethality. Alternatively, either lower affinity T cells
that may escape GNF362-mediated depletion and are mimicked
by bystander T cells are recruited for responses, or the observed
lower frequencies of proinflammatory T cells are sufficient to
eradicate leukemia, but cannot cause recipient aGVHD lethality.
Although these results are encouraging, it is important to note
that under more limiting donor T-cell conditions or higher tumor
cell doses, GNF362may lessenGVL; such experiments will should
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be pursued in future studies. Nonetheless, these data differ from
panT-cell–depleteddonor graft cells or in vivo panT-cell–depleting
antibody administration by virtue of sparing T cells that are not
highly alloreactive.

The beneficial effect of Itpkb inhibition was extended to 2
pathologically distinct cGVHD models. Donor T-cell but not
BM Itpkb was necessary to induce cGVHD in the BO model. In
this model, donor-derived pathogenic Tfh cells cooperate with
donor BM-derived B cells to produce pathogenic alloantibodies
deposited in cGVHD organs.42 Tfrs can restrain GC formation
and in vitro and in vivo immunoglobulin production facilitated
by Tfh support of GC B-cell isotype switching.43,44 In fact, Itpkb

deletion in donor T cells skewed the balance toward reduced
Tfhs and an increased Tfr/Tfh ratio, favoring a regulatory mi-
croenvironment in cGVHD recipients. In contrast, BM Itpkb
deficiency supplemented with donor WT T cells developed
cGVHD with BO. Previous studies reported that Itpkb defi-
ciency negatively regulates B-cell survival and induces B-cell
anergy.10,45,46 Despite reduced GC B-cell frequency, Itpkb2/2

BM recipients did not have lower cGVHD in the BO model.
However, the observed increased donor T-cell graft–derived
Tfhs were associated with significantly reduced Tfrs that were
almost exclusively of donor BM origin by 7 to 8 weeks in the
cGVHD/BOmodel. Because GNF362 but not Itpkb2/2 BM plus
WT T cells had significantly improved pulmonary function, we
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Figure 6. GNF362 treatment reversed established cGVHD BO and inhibited lung macrophage infiltration, but did not alter GC reactions. B10.BR mice conditioned per
Figure 5 were given B6 BM (107), with or without purified B6 T cells (703 103). A cohort was treated with GNF362 or vehicle from days 28 to 56 after transplantation. (A) Pulmonary
function tests were performed at week 8. (B) Frequency of GC B cells (CD191Fas1GL71) in spleen. (C-D) Macrophages in the lung were stained with CD68-FITC and quantified
by Fiji software by measuring the percentage of positively stained areas. Confocal images were acquired on an Olympus FluoView500 Confocal Laser Scanning Micro-
scope at original magnification 3200. Four to 5 mice were analyzed for each group in each assay. Results shown are representative of 3 independent experiments with similar
results. *P , .05, **P , .01, and ***P , .001. ns, not significant.
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favor the explanation that GNF362 has its major effect on
donor alloreactive T cells, but not on B cells.

Itpkb deletion in HSCs also has been shown to expand
granulocyte-monocyte progenitor cells, without altering periph-
eral monocyte numbers.47 In a competitive in vivo setting,
Itpkb2/2 BM-derived macrophages showed significantly reduced
ability to repopulate the periphery compared with control mac-
rophages.24 Ca21 signals, required for macrophage effector
functions, act as a second messenger in Fc-, chemokine- and toll-
like receptor ligation. In the current study, therapeutic adminis-
tration of GNF362 ameliorated cGVHD, restored pulmonary
function, and decreased lung immunoglobulin deposition in
cGVHD/BO recipients. In GNF362-treated cGVHD/BO mice,
the percentage of Tfhs was approximately twofold higher, and
GC B cells were reduced by ;40%, albeit neither change was

statistically significant. Instead of or in addition to these find-
ings, GNF362 significantly decreased lung macrophage content,
known to be critical for cGVHD pulmonary fibrosis.11,26 In the
scleroderma model, GNF362 significantly decreased the skin
macrophage infiltration that promotes cGVHD pathogenesis.26

Whereas donor Itpkb deletion did not prevent cGVHD genera-
tion, likely as a result of other immunological perturbations, as
discussed above, reduced macrophage number and function,
decreased recruitment to cGVHD sites via alterations in che-
motactic factor gradients, lowered macrophage proliferation, or
reduced macrophage survival in situ may have contributed to the
beneficial effects of GNF362 in the cGVHD/BO and scleroderma
models. Further, it is tempting to speculate that the reduced
frequency of macrophage infiltration of cGVHD target organs
may have blunted support of IFN-g production. Because Th1 cells
are critical for the development of skin cGVHD,27 the observed
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reduction in IFN-g–expressing T cells in GNF362-treated mice
with sclerodermatous cGVHD also may have contributed to the
attenuation of skin cGVHD.

In summary, this study divulges the novel role of the Itpkb
pathway in acute and chronic GVHD and highlights Itpkb as a
potential therapeutic target for controlling GVHD in the clinic.
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