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Key Points

• PKCa and PKCu cooperate in
T-cell alloresponses, which
contribute to GVHD.

• Pharmacologic inhibition of
PKCa and PKCu prevents
GVHD and largely preserves
GVL responses.

Allogeneic hematopoietic cell transplantation (HCT) is the most effective therapy for

hematopoietic malignancies through T-cell–mediated graft-vs-leukemia (GVL) effects but

often leads to severe graft-vs-host disease (GVHD). Given that protein kinase Cu (PKCu),

in cooperation with PKCa, is essential for T-cell signaling and function, we have evaluated

PKCu and PKCa as potential therapeutic targets in allogeneic HCT using genetic and

pharmacologic approaches. We found that the ability of PKCa2/2/u2/2 donor T cells to

induce GVHD was further reduced compared with PKCu2/2 T cells in relation with the

relevance of both isoforms to allogeneic donor T-cell proliferation, cytokine production,

andmigration to GVHD target organs. Treatment with a specific inhibitor for both PKCu

and PKCa impaired donor T-cell proliferation, migration, and chemokine/cytokine pro-

duction and significantly decreased GVHD in myeloablative preclinical murine models of allogeneic HCT. Moreover, pharmacologic

inhibition of PKCu and PKCa spared T-cell cytotoxic function and GVL effects. Our findings indicate that PKCa and u contribute to

T-cell activation with overlapping functions essential for GVHD induction while less critical to the GVL effect. Thus, targeting PKCa

and PKCu signaling with pharmacologic inhibitors presents a therapeutic option for GVHD prevention while largely preserving the

GVL activity in patients receiving HCT. (Blood. 2013;122(14):2500-2511)

Introduction

Protein kinase Cu (PKCu) is a viable target for intervention in
detrimental donor T-cell alloreactivity to host antigens, as it maintains
the immunologic synapse between T effector (Teff) cells and ligated
antigen-presenting cells (APCs) and aids in signal propagation down-
stream from T-cell receptor (TCR) and CD28 ligation.1,2 Our group
has shown that deletion of PKCu is an effective target strategy for the
prevention of graft-vs-host disease (GVHD) while preserving graft-
vs-leukemia (GVL) effects in murine models of allogeneic hemato-
poietic cell transplantation (HCT).3 Blocking or deleting formerly
proposed targets such as b2 and b7 integrins and CC chemokine
receptors (CCRs) has yielded few practical results for the abolition of
lethal GVHD.3-9 Likewise, the extent of GVHD prevention by the
current potential care regimens of calcineurin inhibitors and rapamycin
therapy is mild to moderate.10-12 Deletion of PKCu partially blocks
TCR signals leading to activation of the interleukin (IL) 2 promoter,
nuclear factor of activated T cell (NFAT), activator protein-1, and
nuclear factor kB (NF-kB)mediated cytokine storm activation through
the caspase-associated recruitment membrane–associated protein
(CARMA) complex of scaffolding proteins,13,14 which reduces

the severity of GVHD. Importantly, recent work has characterized
PKCa as a cooperative and surrogate T-cell activation signaling
partner for PKCu.15-17 Specifically, PKCa mimics or contributes to
PKCu signaling pathways by providing activation of IL-2 feedback,
NFAT, activator protein-1, and NF-kB. PKCa can propagate PKCu-
redundant activation signals to NF-kB through a CARMA complex
with B-cell leukemia/lymphoma 10, tumor necrosis factor receptor-
associated factor 6, and I kb kinase.18 Overall, little is known re-
garding the true extent of PKCa signaling contributions to T-cell
activation, alloresponse, or PKCu surrogacy.

With regard to GVHD-related donor T-cell pathogenicity, co-
operation or overlapping functions of PKCu and a in Teff cells
could be important to consider as our previous work has shown
that bone marrow transplant (BMT) recipients of PKCu2/2 T cells
still retain some capacity for alloreactivity to host antigens3 and
does not solidify PKCu alone as an ideal target for GVHD preven-
tion. Here, we have defined the effects of dual inhibition of PKCu and
PKCa on donor T-cell alloreactivity, GVHD pathology, and
GVL responses with regard to specific alterations in donor T-cell
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proliferation, homing, and chemokine/cytokine production capac-
ity. PKCa/u abrogation inhibits GVHD while preserving func-
tional GVL immune responses. Congruence between anti-GVHD
outcomes resulting from genetic PKCa/u deficiency in donor T
cells and pharmacologic inhibition in multiple preclinical models
of myeloablative allogeneic HCT verify the validity and realistic
therapeutic potential of PKCa/u small-molecule inhibition as
a new potential clinical modality.

Materials and methods

Mice

C57BL/6 (B6;H-2b), BALB/c (H-2d) (NCI), C3.SW-H2b/SnJ (Jax), and
PKCa2/2/u2/2 mice used for backcrossing (donated by Dr Amer Beg, at
H. Lee Moffitt Cancer Center [Moffitt]) were housed in specific pathogen-free
conditions in the American Association for Laboratory Animal Care–
accredited Animal Resource Center at Moffitt. To ensure background
equivalence, wild-type (WT), PKCa2/2, PKCu2/2, and PKCa2/2/u2/2mice
were littermates bred at Moffitt and were offspring of PKCa/u heterozygous
breeding pairs resultant from .8 generations of backcrossing. B6 b-actin
luciferase transgenic mice were originally provided by Dr Robert Negrin at
Stanford. All work was approved by the Institutional Animal Care and Use
Committee of University of South Florida.

Flow cytometry, intracellular cytokine staining, and serum

cytokine detection

Mononuclear cell isolation from recipient spleen, liver, and lung was carried
out as previously noted.5,19-21 Standard flow cytometric surface staining pro-
tocols were used. Intracellular cytokines were detected from APC-stimulated
T cells or BMT recipient spleen, lung, and liver lymphocytes at specified times
following in vitro phorbol-myristate-acetate/ionomycin stimulation and pro-
cessed as previously described.3 Cells were analyzed usingDiva software, LSR
II (BD Biosciences), and FlowJo (TreeStar). Blood was collected from BMT
recipients 14 days posttransplantation, and cytokine quantification from serum
samples was performed using a cytometric bead assay,22 according to manu-
facturer’s instructions (BD Biosciences).

GVHD models

Magnetic bead negative depletion of non–T cells from whole spleen and
lymph nodewas previously described.20 Purity of T cells ranged from 95% to
98%. T-cell–depleted bone marrow (TCD-BM) was prepared as previously
described.20 Donor TCD-BM genotype was matched to that of the donor
T-cell genotype. B6→BALB/cMHC-mismatched20 andC3.SW-H2b/SnJ→B6
minor histocompatibility antigen (MiHA)-mismatched23 recipient mice 8 to
10 weeks of age were conditioned with irradiation based on weight at 750 to
800 cGy (single dose) for BALB/c and 1200 cGy (split 3 hours apart) for B6.
Twenty-four hours postconditioning, irradiated recipients received intrave-
nous TCD-BM alone or with purified T cells (1 3 106 B6 total T cells or
3 3 106 CD41/CD81/CD44–/CD25– C3.SW T cells, respectively). In vivo
pharmacologic experiments, a small molecular inhibitor to PKCu/a (R524;
Rigel Pharmaceuticals) was used. R524 was solubilized in 25 mM glacial
acetic acid (pH 6) and administered by twice-daily oral gavage at 40 mg/kg
body weight in a volume of 200 mL per dose per mouse. Vehicle and
R524 dosing began on the day of BMT (day 0) and continued daily until
experiment termination or 6 weeks. Mice losing 35% of their original body
weight were deemed moribund and counted removed from study due to
GVHD lethality. Representative samples of GVHD target organs were
excised from recipients 14 days post-BMT and subjected to pathology
scoring as previously described.5

Leukemia/lymphoma models

B6→BALB/c recipients received 2 3 103 luc/neo plasmid-transduced A20
B-cell lymphoma cells (A20-luc), whereas C3.SW-H2b/SnJ→B6 recipients
received 5 3 104 C1498 luciferase-transduced atypical myeloid leukemia

cells generated in B6 mice at the time of BMT.24 Tumor mortality and
GVHD mortality were distinguished by bioluminescent imaging (BLI) for
tumor load and weight loss indicative of GVHD. Ex vivo BLI was performed
as previously described.25 BLI data were analyzed and quantified using
Living Image Software (Xenogen) as previously described.9,26

Statistics

BMT recipient weight changes, absolute numbers, and percentages of cell
types in GVHD target organs, T-cell cytokine production in GVHD target
organs, and BLI, as well as in vivo and in vitro T-cell proliferation, were
subject to 2-tailed Student t test. Pathology scores were compared using
a nonparametric Mann-Whitney test. Log-rank test was used to compare
survival curves in GVHD experiments.

Results

Combined PKCu and PKCa deficiency further impairs T-cell

function and ameliorates GVHD severity beyond PKCu

deficiency alone

PKCa and PKCu combine forces to contribute to T-cell allo-
responses.15 In the current study, we directly compared the
abilities of PKCa2/2, PKCu2/2, and PKCa2/2/u2/2 T cells to
induce GVHD. Gruber et al have previously reported normal
CD4 and CD8 T-cell ratios in PKCa2/2/u2/2 mice.15 We also
observed that the T-cell percentages and ratios are comparable
across different PKC genotypes (data not shown). CD4 and CD8
T cells purified from WT and PKC2/2 littermates on a B6 back-
ground (H2b) were transplanted with TCD-BM into lethally irradiated
MHC-mismatched BALB/c recipients (H2d). Given that more
regulatory T cells (Tregs) are present in PKCa2/2/u2/2mice,26 CD251

cells were depleted from all grafts prior to BMT to prevent any
immune skew that may affect GVHD development. All PKCa 2/2

T-cell recipients and 82%ofWTT-cell recipients succumbed toGVHD
within 60 days post-BMT. In contrast, PKCu2/2 and PKCa2/2/u2/2

T-cell recipients developed little to mild GVHD, and all survived
more than 100 days (Figure 1A-B). These results indicate that
PKCu2/2 and PKCa2/2/u2/2 T cells have similar impaired abilities
to induce GVHD. BothWT and PKCa2/2T-cell recipients displayed
severe injuries to GVHD target organs, whereas PKCu2/2 and
PKCa2/2/u2/2 recipient tissues appeared normal (Figure 1C). In
contrast, histologic evidence in PKCu2/2 and PKCa2/2/u2/2 T-cell
recipients showed maintenance of normal cellular architecture in
GVHD target organs and a lack of characteristic severe lymphocyte
infiltration (Figure 1C). The recipients of PKCa2/2/u2/2 T cells had
the fewest pathological injuries compared with those of WT T cells
(P , .01 in liver, lung, small intestine, and colon) (Figure 1D).
PKCa2/2/u2/2 recipients displayed significantly improved GVHD
pathological scores compared with PKCu2/2 recipients (Figure 1D).
BALB/c mice receiving PKCa2/2/u2/2 T cells displayed the greatest
splenic reconstitution of CD41 and CD81 T cells and B2201 B cells
120 days posttransplantation (Figure 1E-F), numbers significantly
greater than those of PKCu2/2 recipients. As few WT recipients
remained, it was only conclusive that a positive trend existed among
the recipients transplanted with PKCu2/2 and PKCa2/2/u2/2T cells.
Likewise, the response of reconstituted B cells to lipopolysaccharide
(LPS) mitogen in the recipients of PKCa2/2/u2/2 T cells was com-
parable to that in the recipients of TCD-BM alone, and significantly
better than those from recipients of WT or PKCu2/2 T cells
(Figure 1G). Because B- and T-cell reconstitution is impaired by
GVHD, these results reflect that the recipients of PKCa2/2/u2/2
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Figure 1. Absence of PKCa and u in donor T cells more comprehensively abrogates GVHD lethality and pathology than deficiency of PKCu alone. Recipient BALB/c

mice were lethally irradiated (800 cGy) and transplanted with 5 3 106 genotype-matched TCD-BM cells alone (n 5 2 for each genotype) or in addition to 1 3 106 T cells (CD41,

CD81, and CD25–) from littermate WT C57BL/6 or PKCa2/2, PKCu2/2, or PKCa2/2/u2/2 mice (n 5 11, 10, 15, and 15 recipients, respectively). Recipient mice were

monitored throughout the experimental period for survival (A) and weight change (B), and pooled data from 3 separate experiments are represented. In separate experiments,

recipients (n 5 4 recipients per group per experiment) were euthanized 2 weeks posttransplant, and samples of skin, liver, lung, small intestine, and large intestine were

collected in formalin for routine hematoxylin and eosin and scored for microscopic GVHD severity by a pathologist blinded to the treatment groups. Photomicrographs

depicting the average disease score morphology from 1 representative experiment out of 3 separate experiments (C) and average scores for GVHD target organs across

3 separate experiments (D) are depicted. Recipients surviving to 120 days post-BMT in experiments depicted in panels A-B were euthanized, and their spleens were

subjected to total splenocyte count (E) and flow cytometric staining and analysis for H2kb, CD4, CD8, and B220 surface expression (F) and plated with 1 ug/mL anti-CD3 or

5 ug/mL LPS for 72 hours followed by overnight tritium thymidine incorporation to observe activation of T cells or B cells, respectively (G). T- and B-cell activities are depicted

as per cell activity normalized to the original spleen count. *P , .05; **P , .01; ***P , .001 (compared with WT [brackets indicate statistical significance for comparisons

between PKCa2/2/u2/2 and PKCu2/2 treatment groups]). All error bars indicate standard error of the mean (SEM).
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T cells suffered only mild GVHD. Anti-CD3–induced proliferation
of reconstituted PKCa2/2/u2/2 T cells was impaired significantly
more so than PKCu2/2 T cells (Figure 1G), which presumably was
due to lack of endogenous PKCa/u per se rather than GVHD-
induced immunosuppression. These data indicate the additive roles
of PKCa and PKCu to the impairment of T-cell reconstitution and
function during the development of acute GVHD.

Dual PKCa/u deficiency is superior to PKCu deficiency in

suppressing inflammatory cytokine production

To determine the mechanisms by which PKCa/u regulate T-
cell–mediated GVHD, we measured T-cell activation, effector phe-
notypes, expansion, and migration. At an early time point (4 days
post-BMT), the proliferative and effector responses of PKCu2/2 and
PKCa2/2/u2/2 donor T cells were examined in allogeneic and
syngeneic mouse models of BMT. We found that PKCu2/2 donor T
cells proliferated at lower levels thanWTT cells, and PKCa2/2/u2/2

T cells proliferated even less than PKCu2/2 T cells in allogeneic
recipients (supplemental Figure 1A,D; see the Blood Web site).
However, PKCu2/2 or PKCa2/2/u2/2 T cells exhibited preserved
homeostatic proliferation in syngeneic recipients (supplemental
Figure 1B,E,F). Increased apoptosis of PKCu2/2 and PKCa2/2/u2/2

donor CD8 T cells in syngeneic recipients suggests that these donor
cells underwent a higher rate of apoptosis while proliferating at an
elevated level (supplemental Figure 1C). The levels of interferon
g (IFN-g) production by donor PKCu2/2 CD4 and CD8 T cells were
significantly reduced compared with those by WT counterparts, and
PKCa2/2/u2/2 T cells produced even lower levels of IFN-g than
PKCu2/2 T cells (supplemental Figure 2). Among the IFN-g1

population, the majority of these cells were CD251CD62Llow Teff
cells, whereas a substantial proportion of T cells were CD25–

CD62Llow, nonactivated cells among the IFN-g– population
(supplemental Figure 2). Interestingly, percentages of CD251

CD62Lhigh T cells were increased among PKCu2/2 T cells and
even more so among PKCa2/2/u2/2 T cells, suggesting that higher
percentages of Tregswere generated from resting T cells in the absence
of PKCu or PKCa/u within those IFN-g– populations (supplemental
Figure 2).

At 2 weeks post-BMT, absolute numbers of total splenocytes
were significantly increased in the recipients of PKCu2/2 and
PKCa2/2/u2/2 donor T cells compared with those of WT or
PKCa2/2 (Figure 2A, left). Donor CD41 and CD81 T-cell numbers
were increased in spleens (Figure 2A, left) but decreased in livers
(Figure 2B, left) of recipients transplanted with PKCu2/2 or
PKCa2/2/u2/2 T cells compared with WT, indicating that PKCu2/2

or PKCa2/2/u2/2 donor T cells have impaired abilities tomigrate into
the liver. We also observed significantly increased Treg populations
in the spleens and livers of recipients of PKCa2/2/u2/2 T cells
(supplemental Figure 3). As T helper (Th) 1 responses including
IFN-g and tumor necrosis factor (TNF) a are known to contribute
primarily to GVHD progression,27 we examined donor CD41 and
CD81 intracellular expression of these cytokines in recipient
spleens and livers (Figure 2B; supplemental Figure 4). Only
PKCa2/2/u2/2 CD41 donor T cells displayed significantly re-
duced production of IFN-g and TNF-a in recipient spleens compared
withWT (P, .05;P, .001, respectively). Likewise, PKCa2/2/u2/2

CD81 splenic donor T cells produced significantly less IFN-g and
TNF-a compared with WT donor cells (P , .001; P , .05, re-
spectively), whereas PKCu2/2CD81 donor T cells only significantly
downregulated production of IFN-g (P , .001). In recipient livers,
PKCa2/2/u2/2 T cells were significantly more impaired than

PKCu2/2 T cells in the production of Th1 cytokines (Figure 2B,
middle and right; supplemental Figure 4). Decreases in intracellular
cytokines were parallel in recipient sera, indicating that production
of IFN-g, TNF-a, and IL-6 was significantly decreased in the
recipients of PKCa2/2/u2/2 T cells as compared with WT T cells,
and IFN-g and IL-6 significantly decreased compared with PKCu2/2

T cells (Figure 2C). These data demonstrate that PKCa2/2/u2/2

donor T cells vs WT or PKCu2/2 T cells had decreased abilities to
produce proinflammatory Th1 cytokines and to migrate to GVHD
target organs, thus preventing substantial allogeneic responses.

T cells deficient for both PKCa and u are more impaired in their

GVL activity than those deficient for PKCu

To further ask how PKCa/u contributes to donor T-cell–mediated
GVL effects, the GVL activity of WT, PKCu2/2, and PKCa2/2/u2/2

T cells was directly compared by using various numbers of donor
T cells. In the range of cell doses tested, we observed that the GVL
activity was reduced in PKCu2/2 T cells and further impaired in
PKCa2/2/u2/2 T cells as compared with WT counterparts.
However, the recipients with either PKCu2/2 or PKCa2/2/u2/2

T cells displayed significantly prolonged tumor relapse compared
with those of BM alone (supplemental Figure 5), indicating that
these deficient T cells had residual GVL activity.

Pharmacologic PKCa/u inhibition by R524 hinders T-cell

proliferation in vivo and in vitro

Genetic evidence that PKCa2/2/u2/2 impairs allogeneic Teff func-
tion to a greater extent than PKCu2/2 indicates likelihood of greater
therapeutic potential by cotargeting PKCa/u when considering
pharmacologics for clinical application. As such, we tested the
ability of a novel PKCa/u small-molecule inhibitor (R524) to alter
the proliferative kinetics and Th1 cytokines in allogeneic major
histocompatibility complex (MHC)–mismatched T-cell responses in
vitro and in vivo. R524 is specific for PKCu (50% inhibition con-
centration 5 1.6 nM) and PKCa (50% inhibition concentration 5
8.5 nM) with lower activity against other PKC isoforms. With
regard to off-target kinases, in a panel of 123 kinase targets, only 3
kinases (fms-like tyrosine kinase 3, glycogen synthase kinase 3,
and vascular endothelial growth factor receptor 2) were inhibited
more than 50% by 250 nM R524 (supplemental Table 1).

To mimic MHC-mismatched alloresponses in vitro, T cells from
C57BL/6 mice were mixed with irradiated BALB/c APCs or LPS-
activated bone marrow–derived dendritic cells in the presence or
absence of R524. R524 was able to inhibit IL-2 and IFN-g pro-
duction and proliferation in response to alloantigen in vitro in a dose-
dependent manner (supplemental Figure 6A-B). Annexin-V staining
for viability revealed that R524 did not increase apoptosis at doses
ranging from 0.125 to 5 mM (data not shown). Additionally, R524
yielded similar IL-2 and T-cell activation inhibitory effects on
primary human cells in vitro (supplemental Table 1).

We next evaluated the effect of R524 on T-cell alloresponses
and GVHD development in vivo. R524 was first titrated and tested
for toxicity in irradiated TCD-BM recipients. Pharmacokinetics
indicated that R524 completely clears the blood at 24 hours,
dictating that twice-daily doses would be required (data not
shown). Thirty days of continual R524 dosing revealed that twice-
daily 40 mg/kg R524 dosed by gavage, the highest dose tested, was
safe for irradiated recipients (supplemental Figure 7A-B). Impor-
tantly, twice-daily gavages with 40 mg/kg R524 did not adversely
affect engraftment of donor lymphocytes (supplemental Figure 7C).
Observation of the recovery of donor nonlymphocyte H2kb1
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hematopoietic cells from recipients treated with 40 mg/kg twice-
daily R524 gavage indicated no significant effects of R524 on
hematopoietic cell recovery (data not shown).

To test R524 effects on allogeneic T-cell proliferation in vivo,
carboxyfluorescein diacetate succinimidyl ester–labeled WT or
PKCa2/2/u2/2 B6 splenocytes were transplanted into MHC-
mismatched, lethally irradiated BALB/c recipients. Following 5
days of vehicle or 40 mg/kg R524 twice-daily gavage, R524
significantly reducedWT donor T-cell proliferation when compared
with vehicle controls (P , .001 for all comparisons) (supplemental
Figure 8A-B). The magnitude of R524 inhibition of T-cell pro-
liferation above and beyond that of PKCa2/2/u2/2 T-cell pro-
liferation was substantially reduced as compared with that on WT
T-cell proliferation, suggesting both PKCa and u target-specific and
nontarget-specific effects. R524 treatment significantly suppressed the
production of IFN-g and TNF-a by WT but not by PKCa2/2/u2/2

T cells in vivo (supplemental Figure 8C-D). Collectively, these data
indicate that pharmacologic inhibition of PKCa and PKCu with a
single pharmacologic agent effectively inhibits allogeneic T-cell cyto-
kine and proliferative responses.

R524 inhibition of PKCa and PKCu abrogates GVHD

We next tested R524 efficacy in the prevention of GVHD using
a MHC-mismatched murine model of myeloablative HCT
(B6 → BALB/c), in which recipient mice received vehicle or R524
twice daily beginning on the day of transplantation and continually
thereafter for 6 weeks. Eighty days posttransplant, R524-treated
mice exhibited significantly reduced symptoms of GVHD in-
cluding reduced weight loss (P , .01) and 75% survival (P , .01)
compared with vehicle-treated controls (Figure 3A-B). Histologic

analysis 14 days post-BMT revealed that R524 prophylaxis resulted
in reduced GVHD pathology scores in recipient livers, lungs, and
small intestines (P , .01; P , .01; P , .05, respectively) when
compared with vehicle-treated controls (Figure 3C). These data
demonstrate that a safe and effective regimen of R524 was iden-
tified in the recipients after allogeneic BMT. Thus, pharmacologic
inhibition of PKCa/u achieves significant GVHD amelioration
and organ sparing in the context of MHC-mismatched myeloa-
blative BMT.

R524 decreases T-cell proliferation and increases splenic

retention in BMT recipients

To delineate allogeneic donor T-cell expansion and migration capa-
city under R524 prophylaxis, we used B6 donor T cells transgenic for
luciferase under b-actin promoter control. Two weeks posttransplant,
BALB/c recipients were subjected to BLI and euthanized, andGVHD
target organs imaged by ex vivo BLI for determination of donor T-cell
expansion and migration. Recipients treated with R524 had limited
T-cell expansion and reduced T-cell migration to the lungs and gut
while retaining these cells in the spleen (Figure 4A). Quantification
of BLI intensity from whole body, lung, small intestine, and colon
from the individual organs of R524-treated recipients indicated
significant reductions from vehicle-treated controls (P , .05;
P , .01; P , .001; P , .001, respectively) (Figure 4B-C).

R524 prophylaxis significantly reduces expression of

chemokine receptors and cytokine production

Together with inflammatory cytokine signals, the chemokine recep-
tors CXCR3 and CCR6 are known to support Th1 T-cell migration to
the liver, gut, and skin, as well as Th17 T-cell migration to the lungs

Figure 2. Donor T cells deficient for PKCa and u

produce reduced inflammatory cytokines in vivo.

Lethally irradiated (800 cGy) BALB/c mice were trans-

planted with 5 3 106 genotype-matched TCD-BM cells

alone (n5 2 for each genotype) or in addition to 13 106

T cells (CD41, CD81, and CD25–) from littermate WT

C57BL/6 or PKCa2/2, PKCu2/2, or PKCa2/2/u2/2mice

(n 5 4 recipients per group per experiment). Two

weeks posttransplant, recipient spleens (A) and livers

(B) were harvested, and organ cell counts determined

and stained for H2Kb, CD4, CD8, IFNg, TNFa, and

IL-4/5 analysis by flow cytometry. Absolute cell numbers

depicted were calculated from whole spleen and liver

counts at necropsy with flow cytometric percentages.

Serum collected at necropsy was subjected to cytokine

bead analysis (C) to quantify serum cytokine con-

centrations of IFN, TNF, IL-2, IL-6, IL-10, and IL-17.

Cytokines that are not graphically represented were

undetectable in serum. Averages for all values are

represented with error bars indicating SEM from 1

representative experiment out of 3 separate experi-

ments. *P , .05; **P , .01; ***P , .001 (compared

with WT [brackets indicate statistical significance for

comparisons between PKCa2/2/u2/2 and PKCu2/2

treatment groups]).
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and skin, respectively.8,28-30 Supportive of BLI results, flow cyto-
metric analysis of recipient lymphocytes isolated from spleens, livers,
and lungs of R524-treated mice indicate a similar retention of donor
T cells in spleens, but significant reductions of donor T cells in the
lungs and livers of these mice (CD41 lung and CD81 livers/lungs,
P , .001) (Figure 5A). The trend of effects on spleen cellularity
observed with R524 treatment or PKCa/u deficiency is similar but of
different magnitude (Figures 2 and 5), which was likely because
pharmacologic inhibition was not as potent or target specific as
genetic deletion. Mononuclear cells were isolated from recipient
spleen and liver and stained for the Th1 effector chemotactic factor
CXCR3 and the Th1 and Th17 chemotactic factor CCR6. Th1
responses are primarily involved in the development of GVHD, but
Th17 cells can contribute to GVHD pathogenesis.20,25 R524 pro-
phylaxis significantly reduced CXCR3 donor CD81 T-cell ex-
pression from spleens and CD41 and CD81 CXCR3 in livers
comparedwith vehicle controls (P, .05 for spleen T cells;P, .01 for
liver T cells). Only CD41 spleen and liver T cells from R524-treated
recipients displayed reduced expression of the Th17 and Th1

chemokine receptor CCR6 (P , .001; P , .01, respectively)
(Figure 5B; supplemental Figure 9). CCR6 was not detected in sig-
nificant amounts in recipient lungs (data not shown). Also, intracellular
IL-17 was not detected in significant amounts in spleen, liver, or
lung samples at any time point tested across multiple experiments,
regardless of the presence or absence of PKC genetic or pharmacol-
ogic inhibition (data not shown). In addition, R524 prophylaxis
resulted in significant (P , .01) reductions in IFN-g production by
CD41 and CD81 donor T cells isolated from recipient spleens, livers,
and lungs compared with vehicle treatment. Significant decreases
were seen in TNF-a production by donor T cells fromR524-treated
recipients (Figure 5C; supplemental Figure 9). Serum cytokine
analysis also revealed that R524-treated recipients had significantly
(P, .001) reduced concentrations of TNF-a and a trend of reduced
IFN-g (Figure 5D). Together, these results indicate that R524
inhibition of PKCa/u in vivo significantly reduced Th1 cytokine
production, T-cell migration, and expression of Th1 and Th17 che-
motactic CXCR3 and CCR6, respectively. This could explain reduced
Teff cell migration and GVHD pathology in GVHD target organs.

R524 allows for maintained GVL effects despite significant

T-cell impairment

We next tested for GVL maintenance under the treatment of
R524 utilizing the B6→BALB/c allogeneic BMT model supple-
mented with A20 murine B-cell lymphoma cells transduced with
luciferase/neo plasmid (A20-luc) for tumor tracking by BLI.
Under twice-daily vehicle or R524 gavage for 6 weeks, GVHD vs
tumor mortality was separated by BLI signal (indicative of tumor
load) and weight loss (indicative of GVHD onset). Recipients
were euthanized and checked for tumor at necropsy when
moribund. As expected, all recipients of A20-luc and TCD-BM
succumbed to tumor within 3 weeks. Vehicle-treated recipients
of allogeneic T cells all succumbed to GVHD by day 60 posttrans-
plant as evidenced by lack of tumor signal, lack of visible tumor
when moribund, and notable weight loss. In contrast, R524-treated
recipients maintained original body weights, indicative of abrogated
GVHD, and only 20% succumbed to tumor. Weight maintenance
and survival were significantly improved (P , .001; P , .05,
respectively) in R524-treated recipients above vehicle controls
(Figure 6A-C). Given that GVL effects are primarily mediated by
CD8 T cells, we measured the cytolytic function of T cells from BMT
recipients against P815 (H2Kd) tumor target cells and found that
cytolytic function was largely preserved in T cells from R524-treated
recipients (Figure 6D).

It is possible that the treatment with R524 inhibits tumor growth
independent of T-cell–mediated GVL effect. To test this alternative
hypothesis, we cultured A20 cells with R524 at a wide range of
concentrations in vitro for 2 to 3 days and found that the growth or
death of A20 cells was unaffected by R524 up to 10 mM (data not
shown). Furthermore, we observed that R524 at the dose and schedule
effectively preventing GVHD had no effect on A20 growth in the
recipients with TCD-BM alone (supplemental Figure 10). Taken to-
gether, these experiments make it clear that R524 impairs donor T-cell
responses, which contribute to GVHD while sparing GVL effects
mediated by cytotoxic lymphocytes.

R524 abrogates GVHD in an MiHA-antigen mismatched model

while preserving GVL effects

MiHA-antigen mismatches play an important role in clinical GVHD
development in HLA-identical BMT conditions.31 Accordingly,

Figure 3. Inhibition of PKCa and u significantly ameliorates acute GVHD after

myeloablative allogeneic BMT. Recipient BALB/c mice were lethally irradiated (800

cGy) and transplanted with 5 3 106 C57BL/6 TCD-BM cells alone (n 5 6) or in

addition to 1 3 106 total T cells from WT C57BL/6 donors and treated twice daily by

gavage with vehicle (n 5 15) or 40 mg/kg R524 (n 5 12) beginning on day 0 (the day

of BMT) and continuing daily for 6 weeks. Recipient mice were monitored throughout

the experimental period for survival (A) and weight change (B), and pooled data from

3 separate experiments are represented. In separate experiments, recipients (n 5 4

recipients per group per experiment) were euthanized 2 weeks posttransplant, and

samples of skin, liver, lung, small intestine, and large intestine were collected in

formalin for routine hematoxylin and eosin and scored for microscopic GVHD severity

by a pathologist blinded to the treatment groups. Average scores for GVHD target

organs across 3 separate experiments (C) are depicted. *P , .05; **P , .01;

***P , .001 (compared with vehicle-treated recipients). All error bars indicate SEM.
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R524 was examined in a C3.SW→B6 MiHA-mismatched myeloa-
blative preclinical model of BMT including twice-daily vehicle or
R524 gavage for 6 weeks. GVHD lethality of vehicle-treated re-
cipients was 100%. R524 was again able to significantly reduce
GVHD-mediated weight loss (P , .01) and maintain 50% survival
(P , .01) (Figure 7A-B).

To observe GVL effects, murine C1498 leukemia cells trans-
duced with luciferase allowed BLI imaging of tumor expansion
(Figure 7C-E). All the recipients with TCD-BM plus tumor died
with extensive tumor load (Figure 7E), and all vehicle-treated
recipients with T cells plus tumor died without relapse following
significant weight loss and associated GVHD clinical features.
In contrast, 70% of R524-treated recipients survived (P , .001
compared with vehicle) without weight loss (P , .001 compared
with vehicle) (Figure 7C-D). The 30% of R524-treated recipients
that did not survive had no detectable tumor by BLI signal or necropsy
but incurred weight loss indicative of GVHD. During in vitro culture,
the growth or death of C1498 cells was not affected by R524 up to
10 mM (data not shown). In conclusion, as in the MHC-mismatched
model, R524 significantly ameliorates GVHD while leaving GVL
mechanisms intact in an MiHA-mismatched BMT model.

Discussion

Here, we show that an optimal T-cell alloresponse requires both
PKCu and a in the development of acute GVHD after allogeneic
BMT. The novel dual PKCa/u inhibitor, R524, was able to support

anti-GVHD efficacy pharmacologically with specificity and safety
in recipients while largely preserving GVL effects in MHC-
mismatched and MiHA-mismatched BMT models, although rela-
tively less potency and some off-target effects were observed compared
with genetic deletion of PKCa and u. Together, the 2 complemen-
tary approaches, genetic and pharmacologic, underscore the critical
role of PKCa and PKCu in GVHD-related alloresponses.

To date, no form of clinical intervention proposed has effectively
cleared the way for safe and efficacious application of BMT as
a hematopoietic therapy. Evidence presented here clearly illustrates
the superior suppression of donor T-cell TCR-induced activation,
proliferation, Th1 cytokine production, and subsequent GVHD
pathology in the lungs, livers, and colons of PKCa2/2/u2/2 recipients
compared with PKCu2/2 recipients. The current study also provided
compelling evidence that accumulation of PKCu2/2 or PKCa2/2/u2/2

donor T cells in recipient spleens at later time points likely resulted from
intact or even elevated homeostatic proliferation and impairment of
migration into GVHD target organs. We confirm that PKCa is
employed in complementary and redundant functions with PKCu in
T cells. Lack of both PKCa and u would block the primary
TCR→PKCu-mediated→CARMA1→NF-kB signals as well as the
potential alternative PKCa→CARMA3 route and thus lower the
ability of deficient T cells to activate and exert effector functions
vital to optimal Th1 immune responses.32,33 Likewise, only dis-
pensing of both PKCa and u would abrogate both NFAT and
NF-kB–mediated IL-2 production in T cells.13,15

Our data depict significantly reduced percentages of CD41 donor
T cells in livers of PKCa2/2/u2/2 but not PKCu2/2 recipients, sup-
porting the redundancy of PKCa in these mechanisms. We examined

Figure 4. Inhibition of PKCa and u restricts

alloreactive donor T-cell expansion and migra-

tion to GVHD target organs. BALB/c mice were

irradiated at 800 cGy and transplanted with 53 106

WT C57CL/6 TCD-BM cells alone (n 5 2 per

experiment) or in addition to 1 3 106 total T cells

from b-actin luciferase transduced C57BL/6 mice

and treated twice daily by gavage with vehicle or 40

mg/kg R524 (n 5 4 per group per experiment)

beginning on day 0 and continuing daily for 2

weeks. Fourteen days posttransplant, recipients

were subjected to intraperitoneal luciferin injection

and whole body BLI followed by a second luciferin

injection, euthanization, organ removal, and BLI of

GVHD target organs (A). Bioluminescence was

quantified using whole body (B) or whole organ (C)

region of interest gating and signal normalization

with Living Image software. Average representative

whole body images, ex vivo organ images, and

average bioluminescence intensities6 SEM depicted

are from 1 representative experiment of 2 separate

experiments. *P , .05; **P , .01; ***P , .001 (com-

pared with vehicle-treated controls).
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R524 in vivo for anti-GVHD efficacy as PKCa and PKCu work
collaboratively to promote production of inflammatory mediators
known to contribute significantly to T-cell alloreactivity inGVHDand
are themselves frequent therapeutic targets for T-cell alloreactivity.34-38

Supportive of PKCa therapeutic redundancy in T cells for PKCu
activation of IL-2 production and NF-kB, initial in vitro tests using
R524 revealed relevant and dose-dependent biological activity against
IL-2 production, IFN-g production, and TCR-activation induced
proliferation in allogeneic T cells in a dose-dependent manner.
Related to known PKCa and u participation in T-cell migration and
invasion signaling,39,40 we have shown here that R524 treatment is
associated with reduced expression of Th1 and Th17 chemokine
receptors for GVHD target organ homing. This effect is likely linked

to blocking NF-kB activation of gene transcription for Th1 cytokines
through PKCu inhibition and inhibition of redundant PKCa sig-
naling as well. Further, R524 likely blocks NFAT signaling through
PKCa and u inhibition.13,15,16,18,41 More work will also be required
to establish the precise toxicity profile of PKC inhibitors, such as
R524, but this type of inhibitor has the potential to be well tolerated
as suggested by our genetic and pharmacologic in vivo data.
Although our work indicates greater potential for Treg conversion
in recipients of PKCa2/2/u2/2 compared with PKCu2/2 or donor
T cells, we found no positive or negative impact of R524 on Treg
conversion or function. This result seems to be different from the
observation by Zanin-Zhorov et al.21 We suspect that different
inhibitors (irreversible PKCu vs reversible PKCa/u inhibitor) and cell

Figure 5. Inhibition of PKCa and u reduces

alloreactive chemokine receptor expression

and inflammatory cytokine production in vivo.

Total-body irradiation (800 cGy) was dosed

to BALB/c mice, which were then trans-

planted with 5 3 106 WT C57BL/6 TCD-BM

cells alone (n 5 2 per experiment) or in

addition to 1 3 106 total T cells and treated

twice daily by gavage with vehicle or 40 mg/

kg R524 (n 5 4 per group per experiment)

beginning on day 0 and continuing daily for

2 weeks. Fourteen days posttransplant, recipient

spleens, livers, and lungs were harvested; organ

cell counts determined; and samples stained

for H2Kb, CD4, CD8, CXCR3, CCR6, IFN-g,

and TNF-a. Average percentages 6 SEM are

based on live H2Kb1 (donor) cell gate (A), T-cell

chemokine receptor expression (B), and in-

tracellular T-cell cytokine expression (C). Serum

collected at necropsy was subjected to cytokine

bead analysis (D) to quantify serum cytokine con-

centrations of IFN, TNF, IL-2, IL-6, IL-10, and

IL-17. Cytokines that are not graphically repre-

sented were undetectable in serum. Data are

representative of 1 experiment out of 3 separate

repeat experiments. *P , .05; **P , .01;

***P , .001 (compared with vehicle-treated

controls).
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types (human vs mouse) used in these studies might contribute to
the discrepancy. Additionally, although PKCu is rather exclu-
sively expressed on T cells, PKCa is shown to be present in
professional and nonprofessional APCs,42 and we thus cannot
exclude the possibility that observed outcomes with R524 treat-
ment were partially due to its effect on other types of cells besides
T cells.

Of clinical importance, we show here that R524 yields signi-
ficant anti-GVHD efficacy and preserves GVL responses in 2 pre-
clinical BMT models. Unlike inhibition of PKCa/u, we observed
that the GVL activity of PKCu2/2 T cells was significantly reduced
and that of PKCa2/2/u2/2 T cells was further impaired. However,
the median survival of recipients with BM1 PKCa2/2/u2/2 T cells
was significantly longer than that in the recipients of TCD-BM alone
(supplemental Figure 5), indicating that the GVL activity of
PKCa2/2/u2/2 T cells was not absent. Taken together, we in-
terpret that inhibition but not absence of PKCa/u permits the
preservation of GVL effects.

Interestingly, we observed in the BMT models tested that
discontinuation of R524 treatment lead to moderate GVHD

recurrence in the absence of tumor, whereas in the presence of
A20 or C1498 tumor cells, no such GVHD development occurred
following withdraw of R524 after 6 weeks of treatment. This
could indicate that tumor cells rendered donor T cells more
susceptible to PKC inhibition through either cell contact with
APCs or cytokine mediation. The precise mechanisms of this
phenomenon remain to be further investigated. Because donor
CTL machinery is critically important for GVL responses, we
demonstrated that cytolytic activity was largely intact for T cells
in R524-treated recipients. Our data suggest that PKCa and
PKCu signaling is not required for all the GVL responses. Precise
mechanisms accounting for the difference remain for further
study.

In conclusion, our work provides novel evidence of the require-
ment of both a and u isoforms for severe GVHD induction and
maintenance, but not for GVL immunologic effects. Given that
similar PKC inhibitors, such as AEB071, have proved efficacious
in clinical trials in patients suffering with plaque psoriasis as well
as in renal-transplant recipients,43,44 the current study provides a
strong rationale to evaluate the efficacy of PKCa/u inhibitors for

Figure 6. GVL is preserved in myeloablated allogeneic BMT recipients treated with R524. BALB/c mice were lethally irradiated (800 cGy) and transplanted with 5 3 106

C57BL/6 TCD-BM cells alone (n 5 4) or in addition to 1 3 106 total T cells from WT C57BL/6 and treated twice daily by gavage with vehicle (n 5 10) or 40 mg/kg R524 (n 5 10)

beginning on day 0 (the day of BMT) and continuing daily for 6 weeks. Additionally, recipients were intravenously injected with 2 3 103 A20 luciferase-transduced lymphoma

cells at the time as BMT. Recipients were monitored throughout the experimental period for survival (A), weight change (B), and tumor expansion by luciferin intraperitoneal

injection and whole body BLI (C). Average survival and weight changes across 2 separate repeat experiments and recipient BLI images from 1 of the 2 replicated experiments

are shown. *P , .05; **P , .01; ***P , .001 (compared with vehicle-treated recipients). In a separate experiment in which recipient mice were treated with vehicle or R524

twice daily for 14 days post-BMT, splenocytes were assayed for preserved cytotoxic T lymphocyte (CTL) activity against control EL4 or mismatched P815 tumor target cells ex

vivo (D). CTL assay was run in triplicate and normalized to % CD81 cells in recipient spleens.
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Figure 7. GVHD induction is impaired, whereas GVL effects are preserved in R524-treated recipients in an MiHA-mismatch BMT model. C57BL/6 recipients received

total-body irradiation (1200 cGy) and were transplanted with donor C3SW.H TCD-BM alone (n 5 6) or in combination with 3 3 106 T cells (CD41, CD81, CD25–, and CD44–)

and treated with vehicle (n 5 6) or 40 mg/kg R524 (n 5 6) twice daily for 6 weeks beginning on day 0. Additional recipients were intravenously injected with 5 3 104 C1498

luciferase-transduced leukemia cells at the time as BMT (n 5 10 vehicle treated and n 5 10 R524 treated). Recipients without tumor (A-B) and with tumor (C-E) were

monitored throughout the experimental period for survival (A,C) and weight change (B,D). In leukemia recipients, tumor expansion was tracked by luciferin intraperitoneal

injection and whole body BLI (E). Leukemia growth was confirmed in recipients at necropsy. Average survival and weight changes across 3 separate repeat experiments and

recipient BLI images from 1 of 2 repeating experiments are shown. *P , .05; **P , .01; ***P , .001 (compared with vehicle-treated recipients).
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the prevention of GVHD while preserving GVL activity after
clinical allogeneic HCT.
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