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TRANSPLANTATION

Synthetic retinoid Am80 ameliorates chronic graft-versus-host disease by
down-regulating Th1 and Th17

Hisakazu Nishimori,' Yoshinobu Maeda,' Takanori Teshima,? Haruko Sugiyama, Koichiro Kobayashi,! Yoshiko Yamasuii,'
Sachiyo Kadohisa,! Hidetaka Uryu,? Kengo Takeuchi,? Takehiro Tanaka,* Tadashi Yoshino,* Yoichiro lwakura,’ and

Mitsune Tanimoto'

'Department of Hematology and Oncology, Okayama University Graduate School of Medicine, Dentistry, and Pharmaceutical Sciences, Okayama, Japan;
2Center for Cellular and Molecular Medicine, Kyushu University Graduate School of Science, Fukuoka, Japan; *Pathology Project for Molecular Targets, Cancer
Institute, Japanese Foundation for Cancer Research, Tokyo, Japan; “Department of Pathology, Okayama University Graduate School of Medicine, Dentistry,
and Pharmaceutical Sciences, Okayama, Japan; and Center for Experimental Medicine and Systems Biology, Institute of Medical Science, University of Tokyo,

Tokyo, Japan

Chronic GVHD (cGVHD) is a main cause
of late death and morbidity after alloge-
neic hematopoietic cell transplantation,
but its pathogenesis remains unclear. We
investigated the roles of Th subsets in
cGVHD with the use of a well-defined
mouse model of cGVHD. In this model,
development of cGVHD was associated
with up-regulated Th1, Th2, and Thi7
responses. Th1 and Th2 responses were
up-regulated early after BM transplanta-

tion, followed by a subsequent up-regula-
tion of Th17 cells. Significantly greater
numbers of Th17 cells were infiltrated in
the lung and liver from allogeneic recipi-
ents than those from syngeneic recipi-
ents. We then evaluated the roles of Th1
and Th17 in cGVHD with the use of IFN-y—
deficient and IL-17—-deficient mice as do-
nors. Infusion of IFN-y~/~ or IL-17-/-
T cells attenuated cGVHD in the skin and
salivary glands. Am80, a potent synthetic

retinoid, regulated both Th1 and Th17
responses as well as TGF-f3 expression in
the skin, resulting in an attenuation of
cutaneous cGVHD. These results sug-
gest that Th1 and Th17 contribute to the
development of cGVHD and that targeting
Th1 and Th17 may therefore represent a
promising therapeutic strategy for pre-
venting and treating cGVHD. (Blood. 2012;
119(1):285-295)

Introduction

GVHD is a result of immune attack of host tissues, such as the skin,
gut, liver, and lung, by donor T cells in transplants.!2 On the basis
of the differences in clinical manifestations and histopathology,
GVHD can be divided into acute and chronic types. Chronic
GVHD (cGVHD) is the main cause of late death and morbidity
after allogeneic hematopoietic stem cell transplantation.?> cGVHD
often presents with clinical manifestations that resemble those
observed in autoimmune diseases, such as systemic lupus erythe-
matosus, Sjogren syndrome, lichen planus, and scleroderma. It has
traditionally been assumed that the predominant cytokines pro-
duced during acute GVHD are Thl cytokines, whereas those
produced during cGVHD are Th2 cytokines. Although recent
studies have suggested that cGVHD could be caused by cytokines
secreted by Th1 cells,® Th17 cells,” or autoantibodies,? or both, the
immune mechanisms leading to the development of cGVHD are
not completely understood.

Th17 cells are a third subset of polarized effector T cells
characterized by their expression of proinflammatory cytokine
IL-17 and other cytokines.” IL-17 belongs to a family of 6 mem-
bers: IL-17A, IL-17B, IL-17C, IL-17D, IL-17E (also known as
IL-25), and IL-17F. Of these, IL-17A and IL-17F are the best
characterized cytokines and form heterodimers. IL-17 plays an
important role in the control and clearance of various pathogens.®
In addition, Th17 cells have been implicated in allograft rejection
of solid organs and several autoimmune diseases.'®!! Although a

number of studies have addressed how Th17 cells contribute to
GVHD!? and have reported that Th17 cells are sufficient but not
necessary to induce acute GVHD,!3!# the functional role of Th17 in
cGVHD is unclear.

Retinoic acid, the active metabolite of vitamin A, has
multiple effects on cell differentiation and survival by ligating
the receptors from 2 families, retinoic acid receptors (RARs)
and retinoid X receptors, each of which exists in multiple
isoforms.!S All-frans-retinoic acid (ATRA) has been reported to
inhibit IFN-y synthesis by Thl cells and to suppress the
differentiation of Th17 cells by down-regulating the orphan
nuclear receptor RORvt, a key regulator of Th17 differentia-
tion.'!? Am80 is a novel RAR«a/B-specific synthetic retinoid
that shows ~ 10-fold more potent biologic activity than ATRA
by binding to RARa and RARR but not to RARY.2° Am80 also
inhibits IL-6 signaling?®?! and reduces the severity and progres-
sion of inflammatory disease models.20-23

In the present study, we used the B10.D2 (H-29) into BALB/c
(H-29) MHC-compatible, multiple minor histocompatibility Ag
(miHA)—incompatible model of cGVHD to address the contribu-
tion of Th1/Th17 cells and the effects of retinoids on cGVHD with
the use of IFN-y~/~ mice and IL-17~/~ mice as donors. We also
tested the hypothesis that the administration of Am80 ameliorates
c¢GVHD by reducing the levels of Thl and Th17 inflammatory
cytokines and the fibrosis factor TGF-f3.

Submitted January 26, 2011; accepted October 29, 2011. Prepublished online
as Blood First Edition paper, November 10, 2011; DOI 10.1182/blood-2011-01-
332478.
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Methods
Mice

Female B10.D2 (H-29) mice were purchased from Japan SLC. BALB/c
(H-29) recipient mice were purchased from Charles River Japan. IL-17A—
deficient (IL-177/7) mice with the BALB/c background were generated
previously.?* IFN-y—deficient (IFN-y~/~) mice were purchased from The
‘Jackson Laboratory. IL-17~/~ and IFN-y~/~ mice with the B10.D2 back-
ground were backcrossed for 8-10 generations from the original knockout
mice. All experiments involving animals were performed according to the
regulations of the Institutional Animal Care and Research Advisory
Committee, Okayama University Advanced Science Research Center.

BM transplantation

Mice received transplants according to the standard protocols described
previously.? Briefly, BALB/c mice received a single dose of 6.75 Gy x-ray
total body irradiation. Recipient mice were injected with 2 X 10° spleen
T cells and 8 X 10° T cell-depleted BM (TCD-BM) cells from B10.D2 do-
nors. T-cell depletion and purification were performed with anti-
CD90.2 Microbeads, pan T-cell isolation kit, and CD25 isolation kit and an
AutoMACS system (Miltenyi Biotec) according to the manufacturer’s instruc-
tions. Donor cells were injected intravenously into the recipients on day 0.

Evaluation of cGVHD

After BM transplantation (BMT), animals were weighed every 3 days and
scored for skin manifestations of GVHD. The following scoring system was
used?: healthy appearance, 0; skin lesions with alopecia < 1 cm?in area, 1;
skin lesions with alopecia 1-2 cm? in area, 2; skin lesions with alope-
cia > 2 cm? in area, 3. In addition, animals were assigned 0.3 points each
for skin disease (lesions or scaling) on the ears, tails, and paws. The
minimum score was 0, and the maximum score was 3.9.

Tissue histopathology

Shaved skin from the interscapular region (~ 2 cm?), the left lung, liver,
and colon specimens of recipients were fixed in 10% formalin, embedded in
paraffin, sectioned, mounted on slides, and stained with H&E. Slides were
scored by a pathologist blind to experimental group (K.T.) on the basis of
dermal fibrosis, fat loss, inflammation, epidermal interface changes, and
follicular drop-out (0-2 for each category; the maximum score was 10).?
Lung, liver, and colon slides were scored by a pathologist blind to the
experimental group (T.T.). Lung slides were scored according to perilumi-
nal infiltrates, pneumonitis, and the extent of injury (0-3 for each category),
and the maximum score was 9.2° Liver slides were scored according to bile
duct injury and inflammation (0-4 for each category), and the maximum
score was 8.27 Colon slides were scored according to crypt apoptosis and
inflammation (0-4 for each category), and the maximum score was 8.2

Intracellular cytokine staining and cytokine analysis

Organs from mice were removed, processed into single-cell suspensions,
and stimulated in vitro with 50 ng/mL phorbol 12-myristate 13-acetate
(PMA; Sigma-Aldrich) and 100 ng/mL ionomycin (Sigma-Aldrich) at 37°C
for 3 hours. Cells were then incubated with GolgiStop (BD PharMingen)
for an additional 2 hours. mAbs conjugated to fluorescein isothiocyanate,
phycoerythrin, peridinin-chlorophyll protein complexes, allophycocyanin,
or Alexa Fluor 488 were used to assess the cell populations and were
purchased from BD PharMingen or eBioscience. Cells were analyzed on a
FACSCalibur flow cytometer with CellQuest software (both from Becton
Dickinson) or MACS Quant flow cytometer (Miltenyi Biotec) with FlowJo
software (TreeStar); both were housed in the Central Research Laboratory,
Okayama University Medical School. Total peripheral lymph node (PLN)
cells were adjusted to 1 X 109mL in cultures. Supernatants were removed,
and cytokine levels were measured with a BD Cytometric Bead Array
(CBA) or by ELISA (R&D Systems) according to the respective manufac-
turer’s protocol.
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IFN-vy neutralization

Anti-mouse IFN-y mAbs for in vivo experiments were prepared from
mouse ascites from clones R4-6A2. Mice were treated intraperitoneally
with anti-IFN-y mAbs or rat IgG (160 wg/mouse; Sigma-Aldrich) on days
0, 5, 10, and 15 after BMT.

Administration of ATRA and Am80

Recipients were orally administered ATRA (200 pg/mouse; Wako), Am80
(1.0 mg/kg body weight; Nippon Shinyaku), or vehicle solutions daily
from day 0.

Real-time RT-PCR

Total RNA was isolated from homogenized ear tissue with the use of an
RNeasy mini kit (QIAGEN). cDNA synthesis was initiated by application
of oligo dT primers and TagMan Reverse Transcription Reagents (Applied
Biosystems). Target cDNA levels were quantified by real-time PCR. The
TagMan Universal PCR Master Mix and the following Assay-on-Demand
mouse gene-specific fluorescently labeled TagMan MGB probes were used
in an ABI Prism 5300 sequence detection system (Applied Biosystems):
MmO1178820_m1 (TGF-B1). The mRNA expression of individual genes
was normalized relative to GAPDH with the use of the equation
dCt =Cliarget — Ctgappn. The samples were obtained at room temperature
using light microscopy (BX51; Olympus) with an objective lens (10X/0.40
NA, or 20X/0.70 NA; Olympus) and a camera (DP-70; Olympus). The
images were acquired with image processing software (DP2-BSW Version
1.2; Olympus).

Statistical analyses

Group comparisons of skin ¢cGVHD scores and pathology scores were
performed using the Mann-Whitney U test or Kruskal-Wallis test. Cell
populations, cytokine levels, mean weights, and gene expression data were
analyzed with the unpaired 2-tailed Student 7 test. In all analyses,
P < .05 was taken to indicate statistical significance.

Results

Th17 cells are increased in lymphoid organs during
cGVHD development

We first assessed the kinetics of Th1/Th2/Th17 cytokine production
of donor T cells generated during cGVHD. We used the most
common cGVHD model: the MHC-compatible, multiple miHA-
incompatible allogeneic BMT model (B10.D2 into BALB/c).
Sublethally irradiated (6.75 Gy) BALB/c mice were transplanted
with 2 X 10 B10.D2 spleen T cells and 8 X 10° B10.D2 TCD-BM
cells. Ly9.1 was used as a marker to distinguish donors from
recipients; B10.D2 and BALB/c are negative and positive for
Ly9.1, respectively. Flow cytometric analysis of the spleens and
PLNs on days 14 and 28 indicated that donor chimerism as
determined by the negativity for Ly9.1 was > 95%. The allogeneic
recipients showed pathologic damage to the skin, salivary glands,
lung, and liver, as reported previously (Figure 1A).2>?7 Cells
isolated from PLNs were harvested on days 14 and 28 after BMT
and analyzed for cytokine expression. In the early phase (day 14),
IL-17* T cells were detected more frequently in the PLNs of
recipients of syngeneic BMT, whereas in the late phase (day 28),
IL-17* T cells in allogeneic recipients increased and were detected
significantly more frequently than in syngeneic recipients (Figure
1B). We detected consistently higher percentages of donor T cells
expressing IFN-y and IL-13 in PLNs from allogeneic recipients
than from syngeneic recipients (Figure 1B). Intracellular staining
showed that most of the IL-17—producing cells were CD4* T cells
(Figure 1C) and that IFN-y/IL-17 double-positive cells (Th1/Th17
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Figure 1. Th17 cells are increased in lymphoid organs during the late phase of cGVHD. Sublethally irradiated (6.75 Gy) BALB/c mice were transplanted with
2 x 108 spleen T cells plus 8 x 106 TCD-BM from WT B10.D2 mice (allogeneic group; black bars). The syngeneic group (white bars) received a transplant of the same
dose of splenocytes and TCD-BM from BALB/c mice. (A) Histopathology of skin, salivary glands, lung, and liver of syngeneic and allogeneic recipients 35 days after
BMT. (B) The percentages of donor-derived CD3* T cells expressing IL-17, IFN-y, IL-13, and IFN-y/IL-17 on days 14 and 28 are shown. (C) Representative staining for
intracellular IFN-y and IL-17 on CD4* and CD8* Tcells on day 28 for syngeneic and allogeneic mice. (D-E) Absolute numbers of IL-17—, IFN-y—, and
IFN-y/IL-17—producing CD4* and CD8* T cells in recipient lung (D) and liver (E). (F) PLN cells from syngeneic and allogeneic recipients on days 14 and 28 were
stimulated with PMA and ionomycin in vitro. Five hours later, the supernatants were collected to determine cytokine levels by ELISA or CBA. Graphs indicate the levels
of cytokines secreted per 1 x 106 total stimulated PLN cells. Three to 6 mice per group were used. The means (+ SE) of each group are shown. Data are from
1 representative of = 2 independent experiments. *P < .05, **P < .01, and ***P < .005.
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cells) were exclusively detected in allogeneic recipients (Figure
1B-C). As allogeneic recipients developed GVHD-induced lym-
phopenia on day 28; absolute numbers of IFN-y* T and IL-17"
T cells in PLNs from allogeneic recipients were not greater than
those from syngeneic recipients (IFN-y* T, 51.8 = 17.5 X 10* vs
494 =42 X104 P=.92; IL-17* T, 59 =22 X 10* vs
6.9 = 0.59 X 104 P = .16). Numbers of Thl and Th17 cells from
allogeneic recipients were significantly greater than those from
syngeneic recipients in the lung (Figure 1D) and liver (Figure 1E).
Cells isolated from PLNs of allogeneic recipients secreted signifi-
cantly greater amounts of IL-17, IFN-vy, and IL-13 after stimulation
with PMA and ionomycin (Figure 1F) or without stimulation
(supplemental Figure 1, available on the Blood Web site; see the
Supplemental Materials link at the top of the online article). These
cytokine levels were also elevated in serum from allogeneic
recipients 28 days after BMT (supplemental Figure 2). To confirm
that our observations were not strain dependent or model depen-
dent, we performed similar experiments in the DBA/2 into BALB/c
model of cGVHD. We confirmed the up-regulated Th1 and Th17
responses in this model (supplemental Figure 3).

IL-17-/~ donor T cells ameliorate cGVHD

We next used IL-177/~ mice with the B10.D2 background as
donors to evaluate whether Th17 contributes to cGVHD. On
transfer of IL-17~/~ B10.D2 donor T cells into allogeneic BMT
models, weight loss was mild and fur loss was clearly ameliorated
in comparison to that seen in recipients of wild-type (WT) T cells
(Figure 2A-B). Clinical cGVHD severity was assessed with a
standard scoring system (see “Methods”). Allogeneic IL-177/~
BMT recipients showed significantly less skin cGVHD than WT
controls (P < .05; Figure 2C). Histopathologic examination of the
skin showed significantly reduced cGVHD pathology in recipients
of IL-177/~ donors (3.17 = 1.09 vs 8.50 = 0.84; P < .01; Figure
2D). A dry mouth is one of the distinctive features of cGVHD, and
lymphocytic inflammation, fibrosis, and atrophy of acinar tissue
were observed in the salivary glands of WT BMT recipients.
Histopathologic examination of the salivary glands showed re-
duced ¢cGVHD pathology in the recipients of IL-177/~ donors
(Figure 2E). Atrophy of the salivary glands as determined by their
size was significantly reduced in recipients of IL-17~/~ donors
(4.21 = 0.13 vs 3.54 = 0.11; P < .01; Figure 2E). No significant
differences were observed in pathology scores of the lung, liver, or
colon between recipients of IL-177/~ and WT donors (lung,
2.6 =1.04vs0.8 = 0.44, P = .19;liver, 1.5 = 0.87 vs 1.83 = 0.37,
P =.75; colon, 1.6 = 0.36 vs 2.8 * 0.33, P =.06). Thus, IL-
17/~ BMT recipients showed less cGVHD in the skin and salivary
glands than did the WT controls. Flow cytometric analysis of the
PLNs in the early phase (day 14) showed no differences in
frequency of IFN-g* cells between IL-177/~ and WT recipients,
whereas recipients of IL-177/~ showed fewer IFN-y* cells in the
late phase (day 35, 4.3% = 0.8% vs 18.9% * 3.5%; P = .01;
Figure 2F). As allogeneic WT recipients developed more severe
GVHD-induced lymphopenia on day 35 than IL-17/~ recipients,
absolute numbers of IFN-g* cells in PLNs from allogeneic WT
recipients were not greater than those from IL-177/~ recipients
(IFN-y* T cells, 6.08 = 0.87 X 10*vs 4.83 = 1.23 X 10% P = 48).
As expected, IFN-y/IL-17 double-positive cells were not detected
in recipients of IL-177/~ donors on days 14 and 35 (Figure 2G-H).
No differences were observed in the IL-13* cells or Foxp3™* cells
between the groups (data not shown). These data suggest that donor
IL-17 contributes to the pathogenesis of cGVHD.
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Donor Th1 differentiation is responsible for the development
of cGVHD

To test whether donor Thl differentiation is responsible for cGVHD, we
used IFN-y~/~ mice with the B10.D2 background as donors. BMT from
IFN-y~/~ donors compared with WT donors significantly improved the
clinical cGVHD score (P < .05; Figure 3A). Histopathologic examina-
tion of the skin showed significantly reduced ¢cGVHD pathology in
recipients of IFN-y~~ donors (4.75 = 0.54 vs 7.80 +0.52; P = .02;
Figure 3B). Salivary gland atrophy was also reduced in recipients of
IFN-y~/~ donors (3.81 * 0.05 vs 2.87 = 0.19; P < .05; Figure 3C). No
significant differences were observed in pathology scores of the lung,
liver, or colon between recipients of IFN-y~/~ and WT donors (lung,
24 £0.61vs3.2 £ 0.52, P = 4;Figure 3B; liver, 1.0 = 04 vs 1.6 = 0.32,
P = 21;colon, 0.75 = 0.21 vs 1.6 = 0.67, P = .36). Intracellular staining
of PLNs showed no differences in IL-13— or IL-17—producing cells
between IFN-y ™/~ and WT recipients (data not shown), although signifi-
cantly greater numbers of Foxp3™ cells were detected in the IFN-y~/~
recipients (day 35; P < .05; Figure 3D). To examine whether an increase
in numbers of Treg cells was responsible for the reduced cGVHD in the
absence of donor IFN-y~'~, mice were injected with whole T cells or
CD25-depleted T cells from donors. As shown in Figure 3E, depletion of
CD25* cells from the donor inoculum exacerbated skin scores (P < .05).
However, CD25-depleted T cells from IFN-y~~ mice caused less severe
skin GVHD than those from WT mice (P < .05). These findings suggest
that IFN-y contributes to the pathogenesis of cGVHD by both Treg-
independent and -dependent pathways. Next, we evaluated the role of
IFN-vy in the development of skin cGVHD by administering anti—IFN-y
mAbs to recipients of WT or IL-177/~ donors. Anti-IFN-y mAb
treatment significantly reduced skin scores and pathology scores in
recipients of WT donors (Figure 3F-G). Recipients of 1L-17~/~ donors
again showed reduced skin scores, and treatment with anti-IFN-y mAbs
further reduced skin scores (Figure 3H). These findings suggest that
IFN-y contributes to cGVHD pathogenesis.

Am80 inhibits donor Th1 and Th17 cells both in vitro and
in vivo

ATRA has been reported to suppress the differentiation of Th17 cells
with a reciprocal induction of Treg cells.”® Am80, a novel RAR/B-
specific synthetic retinoid, has a biologic activity ~ 10 times more
potent than that of ATRA and directly inhibits Th1 cytokine produc-
tion.20222% Therefore, we hypothesized that ATRA or Am80 down-
regulates both Th1 and Th17 differentiation in donor T cells, resulting in
attenuation of cGVHD. To clarify whether retinoids directly inhibit the
production of cytokines, PLNs were isolated from mice 14 days after
allogeneic BMT and cultured with Am80 for 24 hours to determine
cytokine production. Am80 inhibited IFN-y (Figure 4A) and IL-17
(Figure 4B) production in a dose-dependent manner. Next, BMT
recipients were orally administered Am80 at a dose of 1.0 mg/kg of
body weight or vehicle daily from day O of BMT, and cytokine
expression was assessed in PLNs harvested on day 35. We detected
significantly fewer IFN-y* T cells in Am80-administered recipients
(Figure 4C). In addition, PLNs from Am80-treated recipients produced
significantly less IFN-y after stimulation with PMA and ionomycin
(P < .01; Figure 4D). No difference was observed in the percentage of
IL-17—producing donor cells, although PLN cells from Am80-treated
recipients produced significantly less IL-17 (P < .05) and IL-21 (P < .01)
after stimulation with PMA and ionomycin (Figure 4D). Taken together,
these data suggest that Am80 down-regulates both Th1 and Th17 cells
in vitro and in vivo.
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Figure 2. IL-17-~ donor T cells ameliorate cGVHD. Sublethally irradiated BALB/c recipients were transplanted from WT, IL-17-/~ B10.D2, or syngeneic BALB/c donors. (A) Gross
observation of the skin lesions from recipients of syngeneic, WT, and IL-17-/~ donors 28 days after BMT. The recipients were analyzed for body weight (B) and cGVHD skin scores (C); data
from 2 independent experiments were combined (n = 14 per group). Pathology score of skin (D) and the longest diameter of the salivary gland (E) on day 35 of BMT are shown. Four to
6 recipients were examined in each group. (F-G) PLN cells of the recipients of syngeneic (white bar), WT (black bar), or IL-17/~ (striped bar) donors were stained for intracellular IFN-y and
IL-17 on days 14 and 35 after BMT. The percentages and absolute numbers of IFN-y* cells (F) and IFN-y*/IL-17* cells (G) are shown. Data from 2 replicated experiments were combined
(n = 6-11 per group). (H) Representative staining for intracellular IFN-y and IL-17 on CD4* T cells of WT or IL-17/~ mice on day 35 is shown. Data represent the means + SEs. *P < .05,

**P=.01,and **P = .001.

Administration of Am80 ameliorates cGVHD

Next, we examined whether ATRA or Am80 can down-regulate
cGVHD. BALB/c recipients were orally administered ATRA
(200 pg/mouse) or Am80 from day O of BMT. We found that
ATRA tended to decrease the clinical cGVHD score (Figure 5A),
whereas Am80 significantly ameliorated the clinical score com-

pared with controls (P = .01; Figure 5B). Histopathologic examina-
tion of the skin on day 16 showed significantly reduced cGVHD
damage in Am80-treated animals (day 16, 4.8 = 0.4 vs 7.4 + 0.4;
P < .01; Figure 5C), No differences were observed in pathology
scores of the lung, liver, or colon between the 2 groups (Figure 5C).
Because it has been reported that Am80 can induce Treg cells,?® we
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Figure 4. Am80 inhibits donor Th1 and Th17 cells in vitro and in vivo. Sublethally irradiated BALB/c recipients were transplanted from WT B10.D2 donors. (A-B) PLN cells
from recipients (n = 3-6 per group) on day 14 were treated with Am80 or vehicle solution for 24 hours, the supernatants were collected, and ELISA was performed to determine
the cytokine levels. Graphs represent the levels of cytokines secreted per 1 X 10% whole stimulated PLN cells. The data are from 1 representative of = 3 independent
experiments. (C-D) After BMT, recipients (n = 4-6 per group) were administered oral Am80 (1.0 mg/kg of body weight) or vehicle solution daily from day 0. PLNs of the
recipients were stained for intracellular IFN-y and IL-17. (C) The percentage and absolute number of IFN-y* and IL-17*—producing CD4* T cells. Data are from
1 representative of = 2 repeated experiments. (D) PLN cells from recipients (n = 3-6 per group) treated with Am80 or vehicle on day 16 were stimulated with PMA and
ionomycin. Five hours later, the supernatants were collected to determine cytokine levels by CBA. Graphs represent the levels of cytokines secreted per 1 X 108 whole
stimulated PLN cells. The data are from 1 representative of = 3 independent experiments. The means (+ SEs) of each group are shown; *P < .05 and **P < .01.

quantified the frequency of Foxp3-expressing CD4* T cells in the
PLNs after BMT. Recipients administered Am80 showed a de-
creased frequency of Foxp3* cells (day 17, 12.3% * 2.5% vs
23.5% * 2.6%; P = .02; Figure 5D). Foxp3 mRNA expression of
the target organ (the ear) was also decreased in the Am80 recipients
(data not shown). To confirm that the effects of Am80 are

independent of Treg cells, mice were injected with whole T cells or
CD25-depleted T cells from donors. As shown in Figure SE,
depletion of CD25" cells from the donor inoculum did not
exacerbate skin cGVHD in Am80-treated mice, thus suggesting
that the effects of Am80 treatment are not associated with
Treg cells.
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Figure 5. Administration of Am80 ameliorates cGVHD. (A-D) Sublethally irradiated BALB/c recipients were transplanted from WT B10.D2 donors. The recipients received
daily administration of ATRA (200 pg/mouse; A), Am80 (1.0 mg/kg of body weight; B), or vehicle solution orally after BMT and were assessed for clinical signs of cGVHD every
3 days. The skin cGVHD scores are shown. (C) Representative histopathology of skin and pathology score of skin, lung, liver, and colon in each group (n = 5-6 per group) on
day 16 after BMT are shown. (D) PLN cells of the recipients on day 16 were stained for intracellular Foxp3. The percentages and absolute numbers of CD4 *Foxp3* Treg cells
are shown. Data are from 1 representative of = 2 independent experiments. (E) Sublethally irradiated BALB/c recipients were transplanted with 8 < 108 TCD-BM cells plus
2 X 108 total spleen T cells or CD25-depleted T cells from WT or IFN-y~/~ B10.D2 donors. After BMT, recipients were given Am80 or vehicle solution. The skin cGVHD scores
are shown. There were 6 recipients in each group; the data are from 1 representative of = 2 independent experiments. (F-K) Sublethally irradiated BALB/c recipients were
transplanted from WT (F), IL-17~/~ (G), and IFN-y~/~ (H) donors. After BMT, recipients were given Am80 or vehicle solution. TGF-B mRNA expression in the ears on day 35
after BMT (F-H) and skin cGVHD scores (I-J) are shown. Data are from 1 representative of = 2 independent experiments (n = 5 per group). (K) The skin cGVHD scores of BMT
recipients treated with Am80 or vehicle solution orally daily after day 21 of BMT; data from 3 independent experiments were combined (n = 12-14 per group). *P < .05,
**P < .01, and ***P < .005.

TGF-B is a critical mediator of fibrosis in ¢cGVHD skin Am80 recipients (day 17, P = .02; Figure 5F). We then assessed
lesions.’® TGF-B mRNA expression was decreased in the ear of the TGF-8 mRNA expression in recipients of IL-17"/~ or IFN-y~/~
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donors treated with Am80. Am80 further reduced skin scores and
TGF-B expression in recipients of IL-17~/~ donors (Figure 5G-I)
but not in recipients of IFN-y~~ donors (Figure 5H,J). These
results suggest that the effects of Am80 are more dependent on
IFN-vy than on IL-17.

Finally, we examined whether Am80 could be used for the
treatment of cGVHD. Am80 was orally administered to mice from
day 21 of BMT, when mice had developed clinical signs of
c¢GVHD. Am80 significantly improved clinical scores (P = .016;
Figure 5K).

Discussion

The results of the present study showed that Thl and Th17 cells
contribute to cGVHD with the use of a MHC-compatible, miHA-
incompatible model of cGVHD. In addition, we demonstrated that
Am80 down-regulates both Th1 and Th17 cells in vitro and in vivo,
resulting in attenuation of cGVHD.

For many years, the best defined subsets of effector T cells of
the CD4" Th lineage were the Th1 and Th2 cells. A third subset of
CD4* effector cells was identified and named Th17 cells, because
the signature cytokine that they produce is IL-17.3! Although the
role of Th17 in acute GVHD has been evaluated by several groups
with inconsistent results,3?3 few studies have addressed the role of
Th17 in ¢cGVHD. Initially, cGVHD was hypothesized to be a
Th2-mediated disease on the basis of the results in a nonirradiated
P—F1 model of cGVHD. cGVHD in this model is mediated by
host B-cell autoantibody production stimulated by donor Th2 cells.
Th1 polarization of donor T cells activates donor CD8* CTLs to
kill host B cells, resulting in amelioration of cGVHD.?* However,
the relevance of this model is unclear in clinical BMT in which host
B cells are eliminated by conditioning. Such different effector
mechanisms between the models may be associated with distinct
requirement of Th subsets for cGVHD between the studies. In the
present study, we assessed the kinetics of Th1, Th2, and Th17 cells
during the development of ¢cGVHD in the B10.D2—BALB/c
model. Thl and Th2 responses were up-regulated early after BMT,
followed by a subsequent up-regulation of Th17 cells. Significantly
greater numbers of Th17 cells were detected in the lung and liver
from allogeneic recipients than in those from syngeneic recipients.
We then evaluated the role of Th17 in cGVHD with the use of
IL-177/~ mice as several groups had used,323*373% although
interpretation of the results deserves caution because the Th17
lineage is uniquely regulated by RORyt,'*!* and other cytokines
such as IL-21 and IL-22 produced by Th17 cells may also
contribute to Thl7-mediated GVHD. On transfer of IL-177/~
B10.D2 donor T cells, cGVHD was significantly ameliorated
compared with that in recipients of WT T cells, suggesting that
Th17 contributes to ¢cGVHD in this model. In particular, Th17
plays a significant role in skin cGVHD. This agrees with the recent
observation by Hill et al*’ that donor pretreatment with G-CSF
induces Th17 differentiation of donor T cells and induces skin
GVHD after peripheral blood stem cell transplantation. In an
adoptive transfer model of autoimmune c¢cGVHD, Thl7 cells
infiltrated target tissues.>® However, a subsequent study showed the
absence of donor Th17 cells did not abrogate GVHD pathology,
in contrast to our results. In the absence of donor IL-17, Thl
responses were preserved in that study but were reduced in our
study. Such difference in Thl responses may produce different
outcomes between the studies. In mouse models of acute GVHD,
Yi et al showed enhanced Thl differentiation of donor T cells by
increased production of IL-12 from dendritic cells in the absence of
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IL-17.33 By contrast, Kappel et al showed reduced numbers of
IFN-y—positive CD4* T cells and IFN-vy secretion in culture in the
absence of IL-17.3* These results together with our results suggest
that IL-17 may induce IFN-y, although such a hierarchy of
Th1/Th17 pathways may be context or model dependent or both
and will need to be studied in the future. Nonetheless, it should be
noted that cGVHD still developed in the absence of donor 1L-17
cells in our study. Taken together, it is probable that Th17 is not an
absolute requirement for cGVHD, and either Thl or Thl17 is
sufficient to cause cGVHD.

We demonstrated that IFN-y~/~ donor mice and injecting
anti-IFN-y mAb ameliorated cGVHD. Thus, Thl and Thl7
responses play a pathogenic role in cGVHD in this model. These
results were consistent with a recent study reporting that cGVHD is
mediated by Th1 and Th17 responses because of the progressive
loss of CD4*CD25"Foxp3* T cells during acute GVHD in mice.?
These results were also consistent with clinical studies showing
that Thl cells and Th17 cells increased in patients with active
c¢GVHD.## TIncreased transcription of IFN-y has also been
detected in the affected skin and oral mucosa of patients with
cGVHD.#'*# In this study, we found no differences in Th17 cells
between IFN-y~/~ and WT recipients, although significantly greater
numbers of Treg cells were detected in IFN-y~/~ recipients.
CD25-depleted T cells from IFN-y~/~ mice induced more severe
skin cGVHD compared with CD25-replete IFN-y~/~ T cells, but
still less severe cGVHD compared with CD25-depleted T cells
from WT mice (Figure 3E), suggesting that [FN-y contributes to
the pathogenesis of cGVHD by both Treg-independent and -depen-
dent pathways. Neutralization of IFN-y ameliorated cGVHD in the
absence of donor IL-17 (Figure 3H), suggesting again that both Th1
and Th17 responses contribute to the pathogenesis of cGVHD.

We found that donor-derived Th17 cells were generated in
recipients of syngeneic transplantation in addition to allogeneic
transplantation. However, the kinetics of Th17 development dif-
fered between the syngeneic and allogeneic settings; Th17 cells
developed in the early phase after syngeneic transplantation.
Kappel et al speculated that Th17 development may be the result of
increased immune reconstitution of syngeneic hosts compared with
allogeneic hosts with GVHD.** We additionally identified a
population of donor-derived IFN-y*IL-177 cells after allogeneic
BMT. It has been shown that a subset of IL-17—producing cells can
also produce IFN-y in vivo.’**> Such CD4*IFN-y*IL-17* T cells
have been postulated to play a causative role in the pathogenesis of
experimental autoimmune encephalomyelitis (EAE).46 IFN-y*IL-
17" cells were only detected after allogeneic BMT, but not after
syngeneic BMT, suggesting that this population is generated by
allogeneic stimulation, but not because of lymphopenia-induced
proliferation. Further investigations are required to clarify the
difference in function between IL-17 single-positive and IFN-v/
IL-17 double-positive cells.

ATRA suppresses Th17 differentiation and effector function by
RARa signaling,'® but ATRA can also bind to RARB and RARYy,
which can form a variety of homodimers and heterodimers with
3 retinoid X receptors.!> Nonselective receptor binding is thought
to be a main cause of the side effects associated with the
administration of ATRA and other pan-RAR agonists. Am80 is a
synthetic RAR agonist that shows high affinity to RARa/B. In
addition to a greater specificity for RARa, Am80 offers several
other advantages over ATRA as a therapeutic agent, including less
toxicity, greater stability, fewer potential side effects, and superior
bioavailability. Am80 is effective in autoimmune disease models of
collagen-induced arthritis,?**7 EAE,?"-? 2 4-dinitrofluorobenzene—
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induced contact dermatitis,?> and atherosclerosis.?* Because reti-
noids can down-regulate Thl and Th17 cells and can ameliorate
autoimmune diseases, we hypothesized that these retinoids would
attenuate cGVHD. We demonstrated that Am80 down-regulated
Th1 and Th17 differentiation of donor T cells in BALB/c recipients
of B10.D2 donors, resulting in reduced cGVHD. Our results
suggest that combined blockade of Th1l and Th17 responses may
represent a promising strategy to prevent or treat cGVHD, as has
been suggested for acute and chronic GVHD.323%48 Most recently,
Yu et al used mice deficient for both T-bet and ROR+yt as T-cell
donors and clearly showed that blockade of both Thl and Th17
differentiation is required to prevent acute GVHD.™ In addition,
TGF-f mRNA expression in the skin decreased in the Am80
recipients of WT and IL-17"/~ but not IFN-y~/~ donors. These
results suggest that Am80 down-regulates TGF-f and that this
effect is more dependent on IFN-vy than on IL-17. Unexpectedly,
those recipients administered Am80 had a significantly lower
frequency of Foxp3* cells. These results differ from those of in
vitro studies performed by Mucida et al,® in which retinoic acids
were shown to be capable of inhibiting the IL-6—driven induction
of Th17 cells and to promote Treg cell differentiation. Thus,
retinoic acids enhance Treg differentiation and inhibit both Th17
and Th1 in vitro; however, the effects of retinoids may be more
complex in vivo, because retinoids can affect not only T cells but
also other immunoregulatory cells. For example, previous in vivo
studies reported that Am80 suppressed Treg cells in experimental
models of EAE? and collagen-induced arthritis,*’ similar to our
study. In our study, Am80 suppressed TGF-f expression, a key
cytokine in Treg development, which may have resulted in the
suppression of Treg.

In conclusion, both Th1 and Th17 contribute to the development of
c¢GVHD. Am80 down-regulates TGF-{ and also regulates both Th1 and
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Th17 cells in vitro and in vivo, resulting in attenuation of cGVHD. Thus,
administration of Am80, which is currently available as medication for
acute promyelocytic leukemia in Japan,*® may represent effective
strategy for prevention and treatment of cGVHD.
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A prospective dose-finding trial using a modified
continual reassessment method for optimization of
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Background: Because of the less graft-facilitating effect by bone marrow (BM), we need to assess a dosage of
conditioning more accurately particularly in combination with reduced-intensity conditioning. Thus we examined that
modified continual reassessment method (MCRM) is applicable for deciding appropriate conditioning of allogeneic BM
transplantation.

Patients and methods: The conditioning regimen consisted of i.v. fludarabine (125 mg/m?) plus an examination
dose of i.v. melphalan. The primary endpoint was a donor-type T-cell chimerism at day 28 with successful engraftment
defined as >90% donor cells. Five patients per dose level were planned to be accrued and chimerism data were used
to determine the next dose.

Results: Seventeen patients were enrolled at doses between 130 and 160 mg/m?. The dose was changed from 160
to 130 mg/m? (second level) after five full-donor chimerisms. With one patient of 0% chimera in the second level, the
dose was increased to 135 mg/m? (third level). Following five full-donor chimerisms in the third level, the study was
complete as projected.

Conclusions: mCRM was shown to be a relevant method for dose-finding of conditioning regimen. The melphalan
dose of 135 mg/m? was determined as the recommended phase Il dose to induce initial full-donor chimerism.

Key words: allogeneic bone marrow transplantation, dose-finding study, modified continual reassessment method,
reduced-intensity conditioning

introduction of CD34+ cells and T cells [6], while the immunosuppression
required for engraftment is usually accomplished with the
fludarabine plus a cytotoxic agent or low-dose total-body
irradiation [1-3]. Earlier experiences have shown that the risk
of rejection after bone marrow transplantation (BMT) is
substantially higher than that of peripheral-blood stem cell
transplantation (PBSCT) in RIC transplantation [7]. However,
PBSCT from unrelated donors is not currently available in
Japan, and bone marrow (BM) may be a more suitable graft
source to avoid severe graft-versus-host disease (GVHD),
which often leads to TRM [8]. Therefore, a better dosage of
conditioning is needed to ensure engraftment in RIC with BM.
Although no one has attempted to systematically conduct
. a phase I study in conditioning regimen, we adopted
Correspondence to: Dr S. Terakura, Department of Hematology and Oncology, Nagoya

University Graduate School of Medicine, 65 Tsurumai, Showa, Nagoya, Aichi 466-8550, a systematic phase I approach by using a modified continual
Japan. Tel: +81-52-744-2145; Fax: +81-52-744-2161; E-mail: tseit@med.nagoya-u.ac.jp reassessment method (mCRM) to more accurately assess the

The development of a reduced-intensity conditioning (RIC)
regimen has enabled older patients or those with comorbidities
who are not expected to tolerate the toxicity of myeloablative
conditioning to be treated with allogeneic hematopoietic
stem-cell transplantation (HSCT) [1-4]. The aim of developing
these regimens is to reduce early treatment-related mortality
(TRM) while these regimens are still achieving hematopoietic
and donor-immune cell engraftment to exert a graft-versus-
leukemia (GVL) effect [5]. To assure donor engraftment, most
studies use granulocyte colony-stimulating factor-mobilized
peripheral-blood stem cells (G-PBSC) with substantial numbers

© The Author 2011. Published by Oxford University Press on behalf of the European Society for Medical Oncology.
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dosage of a conditioning regimen and to minimize the potential
risk of graft failure [9-12]. The mCRM was originally

a toxicity-based method that has been shown to be feasible in
dose-escalating trials and that has been hypothesized to allow
a reduction in patients needed to reach the recommended dose
compared with the classical phase I trial design (modified
Fibonacci method). We selected the fludarabine plus melphalan
regimen that has sufficient potential to induce BM engraftment
if melphalan is used at 180 mg/m? [13], and further
optimization of the melphalan dosage is planned. The rationale
for modulating the dose of melphalan resulted from
accumulated observations that melphalan alone is associated
with toxic effects, while fludarabine is not [14]. Because the
optimal dose of melphalan to minimize regimen-related toxic
effects (RRTs) and to enable sustained engraftment remains
unknown to date, we investigated the recommended dose of
melphalan as a phase I study. We showed the recommended
dose of melphalan for a future phase II study.

patients and methods

patient and donor eligibility

The potential confounding factors that can influence engraftment efficiency
were controlled by eligibility criteria as follows. Eligibility criteria included
patients with hematological malignancies who have had more than three
courses of chemotherapy, aged between 55 and 65 years or between 40 and
54 years with substantial comorbidity (the hematopoietic cell
transplantation comorbidity index (HCT-CI) of 21) [15], and no prior
stem-cell transplantation. Patients were excluded if they had any of the
following: (i) clinically significant infectious disease; (ii) plan to deplete T
cells from graft and (iii) severe abnormalities of cardiac, pulmonary, and
hepatic functions corresponding to National Cancer Institute Common
Terminology Criteria for Adverse Events (NCI-CTCAE) grade 3 [16].

All donors were unrelated volunteers recruited through the Japan
Marrow Donor Program. Donors were required to be human leukocyte
antigen (HLA)-A, -B, and -DRBI identical or -A, -B identical and -DRB1-
1 locus mismatch with their patients based on oligonucleotide typing or
DNA sequencing [17, 18]. The protocol was approved by the institutional
review boards of all participating institutions. All patients and donors
provided written informed consent.

study design and dose determination

To adjust the melphalan dose, we adopted an mCRM that has been
hypothesized to allow faster and more accurate dose reduction/escalation
in patients needed to reach the recommended dose compared with

a classical algorithmic dose modification design [9, 10, 12]. Because the
use of fludarabine at 125 mg/m?* and melphalan at 180 mg/m? was known
to induce reliable marrow engraftment [13], we set the first dose level to
receive 160 mg/m” of melphalan. Five patients per dose level were planned
to be accrued, and chimerism data were then used to determine the
next dose. Each calculation was carried out using software developed

by Piantadosi et al. (http://www.cancerbiostats.onc.jhmi.edu/
software.cfm, 28 December 2010, date last accessed) [9, 10]. Response
(engraftment) in each patient was evaluated by chimerism data at day 28
as following response scores: 290% (successful case) = 1; >80% to

<90% = 0.5; <80% = 0. The dose modification of next level was
determined according to the sum of the response scores. Briefly, if the
summed response score was 5.0, the melphalan dose of the next level
would be reduced; 4.5, no change; <4.0, increased, respectively. A
maximum dose reduction of melphalan for the next level was limited to
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30 mg/m” to avoid the potential risk of graft failure. The recommended
melphalan dose for a phase II trial was determined if the calculated dose
for the next level was within 5 mg from the prior dose of melphalan.

study endpoints and definitions

Primary endpoint was to achieve the donor-type T-cell chimerism at day
28, with successful engraftment defined as 290% donor cells. Secondary
endpoints were hematopoietic recovery, RRT within 30 days after
transplant, incidence and severity of acute and chronic GVHD, overall
survival (OS) and event-free survival (EFS). The day of neutrophil
engraftment was defined as the first of the three consecutive days on which
the neutrophil count exceeded 500/pl, while platelet engraftment was
defined as the first of the three consecutive days when the absolute platelet
count exceeded 20 000/l without platelet infusion. Patients who did not
reach neutrophil counts of >500/pl by day 28 after transplantation were
considered as having a primary graft-failure. Patients with initial
engraftment in whom absolute neutrophil counts declined to <500/pl
subsequently were considered to have secondary graft-failure.

conditioning regimens

The conditioning regimen consisted of five doses of fludarabine 25 mg/m?
administered i.v. on days —6 to —2 combined with two doses of melphalan
iv. on days —3 and —2. Criteria for determination of the melphalan dose
are described elsewhere in detail. BM grafts were infused on day 0.

GVHD prophylaxis and grading

GVHD prophylaxis consisted of tacrolimus plus short-course
methotrexate [19]. Acute and chronic GVHD were graded by established
criteria [20, 21].

chimerism analysis

Serial samples of peripheral-blood mononuclear cells were analyzed for
degrees of donor—recipient chimerism using a PCR of informative
microsatellite regions after transplantation, as described previously [22].
Samples were routinely analyzed on days 14, 28, 56 and 84, or in cases of
disease recurrence or suspicion of graft failure.

statistical analysis

All eligible patients were subjects for analyses of efficacy secondary
endpoints. One patient with a protocol violation was excluded for efficacy
analyses and GVHD analyses. All patients given conditioning
chemotherapy were the subjects for analyses of safety secondary
endpoints. Cumulative incidence curves were used in a competing-risks
setting to calculate the probability of acute and chronic GVHD, relapse
and TRM. For GVHD, death without GVHD; for relapse, death without
relapse and for TRM, relapse was the competing event. Curves for EFS and
OS were plotted according to the method of a Kaplan-Meier estimate
and were compared by the log-rank test [23]. A significance level of

P < 0.05 was used. Accrual for this study underwent from February
2006 to September 2008, and all data were analyzed as of August 2010.
This trial was registered at University hospital Medical Information
Network-Clinical Trial Registry (UMIN-CTR) System at http://
www.umin.ac.jp/ctr/ as C000000325 (28 December 2010, date last
accessed). All analyses were conducted using Stata version 10.0
software (Stata Corp., College Station, TX).

results

patient and donor characteristics

Baseline patient and donor characteristics are listed in Table 1.
The median age was 58 years (range 42-63). The primary
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Table 1. Patient and donor characteristics

Age, years, median (range)
Sex, male/female 10/7
Primary disease

58 (42—-63)

Acute myeloid leukemia 10
Malignant lymphoma 3
Acute lymphoblastic leukemia 2
Chronic myelogenous leukemia 1
Plasmacytoma 1

Risk of underlying disease
Advance/standard 11/6
Donor age, years, median (range) 33 (26-48)
Blood type mismatch (match/ 7/10

mismatch)

Number of infused nuclear cells

Median (range), 10%/kg
Number of infused CD34+ cells

Median (range), 10%/kg 2.31 (1.52-5.45)
Donor—patient HLA compatibility, no. of patients

6/6 13

5/6" 4

2.59 (1.52-3.98)

Acute leukemia in first complete remission, chronic myelogenous leukemia
in first chronic phase, and malignant lymphoma in complete remission
were defined as standard risk. All other conditions were defined as
advanced risk.

“All non-identical pairs were mismatched in HLA-DRBI in allele level.
HLA, human leukocyte antigen.

diseases were advanced in 11 patients (65%), while HCT-CI at
the time of transplantation was 0 in 7 patients, 1 in 5 patients,
2 in 3 patients and 3 in 2 patients. A total of 17 patients were
enrolled at doses between 130 and 160 mg/mz, including one
protocol violation for whom cyclosporine A was used as GVHD
prophylaxis instead of tacrolimus (patient 2) and one early
death (brain hemorrhage, patient 12; Table 2). Both were
unavailable in advance for an assessment of the primary
endpoint according to the study definition.

The median donor age was 33 years (range 26—48). Donors
were HLA-identical (6/6 match) in 13 patients and
non-identical (5/6 match) in 4 patients. All non-identical
donors were HLA-DRBI allele mismatch. Because HLA-C
typing was not essential for this study enrollment, some
data were unavailable. As far as we could tell, all but one
donor—patient pair (patient 8) were matched in the HLA-C
allele (Table 2). Patient 8 was also mismatched in the
HLA-DRBI allele.

The median infused cell dose was 2.36 x 10°/kg (range 0.54
to 3.98 x IOS/kg), and the median infused CD34+ cell dose
was 2.31 x 10°/kg (range 1.52 to 5.45 x 10°/kg).

analysis of primary endpoint: conditioning
regimen, engraftment and chimerism

The melphalan doses given to patients are summarized in
Table 2, and the chimerism analysis data of each leukocyte
fraction are depicted (Figure 1A-D). Five consecutive
full-donor chimerisms (all were 100% at day 28) were
observed in the first level (160 mg/m?). The summed response
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score of the first level was 5.0. The melphalan dose for the next
level was calculated as 102.5 mg/m? using the mCRM
program. The upper limitation rule of dose modification
was then applied, and the second dose was determined as
130 mg/m”. In the second level, we observed four patients
with 100% chimera and one with 0% chimera at day 28, which
eventually resulted in a secondary graft-failure (patient 8).
The next melphalan dose following the second level (summed
response score = 4.0) was calculated to be 133.1 mg/m?, which
was rounded off to 135 mg/m2 (third level). In the third level,
five consecutive full-donor chimerisms (four 100% and one
90.4%) were observed (summed response score = 5.0). Since
the calculated dose for the next level was 130.0 mg/mz, which
was within 5 mg/m” of the melphalan dose in the third level in
which all patients were successfully engrafted, the study was
complete as projected. Overall neutrophil engraftment was
achieved in all patients at a median of 14 days (range 12-18)
after transplant, which was comparable with the previous data
of RIC transplantation, with sustained engraftment achieved
in 14 of 15 (93.3%) patients.

Full-donor chimerism had been lost in 2 of 15 assessable
patients until day 100. Patient 8 was an HLA-C and -DRB1
allele-mismatched case and consequently developed secondary
graft-failure. Patient 8 showed 100% donor chimerism at day 14
but was lost completely at day 28 and developed graft failure.
The peripheral leukocyte count was initially recovered on day 15
but gradually fell to 400/ul (100% lymphocyte) by day 25, and
BM was severely hypoplastic. Patient 17 achieved 90.4% donor-
type T-cell chimerism at day 28 (Figure 1A), then lowered to
75.2% at day 56 and 80.4% at day 84. That patient was
diagnosed with a cytogenetic relapse at day 54 and
a hematological relapse at day 89. Patient 13 was diagnosed with
a hematological relapse at day 84. Thus sustained engraftment at
day 100 or until relapse was obtained in 14 of 15 (93%)
assessable patients. Continued engraftment at 1 year after
transplant was observed among 10 of 10 assessable patients
(Table 2). There was no late rejection among enrolled patients.

secondary endpoints

toxicity. Toxic effects of 17 assessable patients within day 28 are
graded according to the NCI-CTCAE version 3.0 and
summarized in Table 3. Conditioning was generally well
tolerated and in concordance with the expected adverse-effect
profile of fludarabine plus melphalan conditioning. Grade 3
mucositis, nausea/vomiting and diarrhea were the main toxic
effects, affecting 35%, 59% and 24% of the assessable patients,
respectively. There was no statistically significant difference in
the toxicity grade among dose levels (mucositis, P = 0.23;
nausea/vomiting, P = 0.51; diarrhea, P = 0.24; Kruskal-Wallis
test). All grade 4 toxic effects were from patient 2 and patient
12. The former developed severe veno-occlusive disease, while
patient 12 developed a brain hemorrhage. During their course,
they also exhibited severe pulmonary infection (patient 2) and
cardiac arrest (patient 12).

GVHD. Of 16 assessable patients, acute GVHD grade I was
observed in only one, and the onset was day 22. The cumulative
incidence of acute GVHD at day 100 was 6% [95% confidence
interval (CI) 0% to 25%]. Five of 13 assessable patients
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Table 2. Mel dose, engraftment and chimerism

NHL 160 6/6 Match Match 3.87 N.A. 100

1 Y 14 s D (22 m)

3 AML 160 6/6 N.A. Match 2.30 N.A. 100 ¥é 14 Y D (7 m)

4 AML 160 6/6 N.A. Match 3.98 N.A. 100 Y 13 e D (18 m) CNS relapse (9 m)

5 AML 160 5/6 N.A. Major 0.68 1.52 100 Y: 15 Y D (32 m) CNS relapse (8 m)

6 Plasmacytoma 160 5/6 N.A. Match 3.00 N.A. 100 Y 14 N6 D (46 m) Disease progression

7 AML 130 6/6 Match Minor 2.32 2.09 100 é 13 iYi D (37 m) Relapse (5 m)

8 AML 130 5/6 1mis Major 0.54 2.31 0 Y 15 N D Secondary
graft-failure

9 AML 130 5/6 Match Match 2.40 4.04 100 Y 14 Y A (40 m+)

10 NHL 130 6/6 Match Major 1.18 4.18 100 Y. 14 Y A (38 m+)

11 AML 130 6/6 Match Match 1.52 N.A. 100 Y 17 Y A (38 m+)

12 NHL 135 6/6 Match Major 0.77 4.37 N.E. INCE N AR SR INE D Early death (14 d)

13 AML 135 6/6 Match Minor 2.78 2.14 100 Y 17 iY: D (5m) Relapse (84 d)

14 CML 135, 5/6 Match Minor 3.92 5.45 100 Y 15 1Y, A (29 m+)

15 AML 135 6/6 Match Major 0.94 2459, 100 Y 18 Y A (27 m+)

16 ALL 135 6/6 Match Match 2.36 217 100 Y 12 Y A (25 m+)

17 AML 135 6/6 Match Minor 2.00 2.24 90.4 Y 17 Y A (22 m+) Relapse (89 d)

Patient 2 was not listed because of protocol violation. .

Mel, melphalan; HLA, human leukocyte antigen; Y, yes; N, no; m, months; d, days; NHL, non-Hodgkin’s lymphoma; N.A., not available; D, dead; CNS,
central nervous system; 1mis, 1 locus mismatch; A, alive; N.E., not evaluable; AML, acute myelogenous leukemia; CML, chronic myelogenous leukemia; ALL,
acute lymphoblastic leukemia.
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Figure 1. Serial measurement of lineage-specific peripheral blood chimerism. (A) CD3+ T-cell fraction. (B) CD33+ polymorphonuclear cell fraction. (C)
CD16+/CD56+ NK-cell fraction. (D) Flowthrough fraction. The mean (=SEM) percentage of donor-derived cells is plotted for each dose-level group. The
solid line with filled rectangle represents the first dose level; the dotted line with filled rectangle, the second dose level and the broken line with filled triangle,
the third dose level. NK, natural killer; SEM, standard error of the mean.

developed chronic GVHD, with de novo onset in all 5 cases (Figure 2A). Differences in OS and EFS among the dose levels
(limited type in 2 patients and extensive type in 3), for a 1-year were not significant (P = 0.70 and P = 0.74, respectively).
cumulative incidence of chronic extensive GVHD of 31% (95% A relapse was observed in five patients between days 54
CI 11% to 54%). and 265, and the cumulative incidence of relapse at 1 year
was 31% (95% CI 11% to 54%; Figure 2B). Among the dose
survival. The median follow-up of survivors was 2.6 years levels, no differences in the incidence of relapse were

(range 1.8-3.8 years), while the OS of eligible patients without observed (two patients in the first level, one in the second
a protocol violation (n = 16) was 52% (95% CI 23% to 74%) and two in the third; P = 0.83, Gray’s test). The cumulative
at 3 years. EFS was 44% (95% CI 20% to 67%) at 3 years incidence of TRM at 1 year was 24% (95% CI 7% to 45%).
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Table 3. Toxicity by melphalan dose level

Mucositis 13 5 2 6 0 3
Nausea/vomit 14 3 1 10 0 2
Diarrhea 13 4 5 4 0 4
Skin rash 4 2 0 2 0 2
Elevated AST 14 10 4 0 0 4
Elevated ALP 8 8 0 0 0 1
Hyperbilirubinemia 8 2 5 0 1 2,
Cardiac 9, 0 1 0 1 0
Neurological 4 1 1 0 D 1
Pulmonary 1 0 0 0 1 0
Renal/urinary tract 3 1 0 2 0 0
TTP/HUS 0 0 0 0 0 0
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Mel, melphalan; AST, serum aspartate aminotransferase; ALP, alkaline phosphatase; TTP, thrombotic thrombocytopenic purpura; HUS, hemolytic uremic

syndrome.
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Figure 2. (A) Kaplan-Meier estimate of EFS of all assessable patients.
Probability of EFS was 50% (95% CI 25% to 71%) at 1 year and 44% (95%
CI 20% to 67%) at 3 years after transplant. (B) Cumulative incidence of
relapse was 31% (95% CI 11% to 54%) at 1 year after transplant. EFS,
event-free survival; CI, confidence interval.

cause of death. Nine of 15 patients died (Table 4). The mortality
was observed in five of five in the first level, two of five in the
second and two of five in the third. One patient in the first level
died of chronic GVHD and another in the first level died of
invasive toxoplasmosis; one patient in the second level died of
secondary graft-failure. One in the first level died of the
sustained disease throughout the transplantation (patient 6). A
relapse was observed in five patients and was the leading cause
of death in the current study.

discussion

The dosage of conditioning regimen for HSCT has not so far
been determined systematically. Since we could not predict
the optimal dose modification breadth and there were some
promising data to show the usefulness of mCRM in dose-
finding study of cancer patients [24, 25], we adopted the
mCRM instead of the classical phase I approach with fixed
dose levels. The stable engraftment at day 28 was defined as
a primary endpoint instead of dose-limiting toxicity, which
led us to the recommended dose adequately. We evaluated five
patients at each dose level by using a feature of mCRM in

Volume 22 | No. 8 | August 2011

Table 4. Causes of death

Secondary graft-failure 0 1 0 1
Relapse/progression 3 1 1 5
Chronic GVHD 1 0 0 1
Infection 1 0 0 1
Hemorrhage 0 0 1 1

Mel, melphalan; GVHD, graft-versus-host disease.

which investigators could set the number of patients per dose
level flexibly. One patient developed secondary graft-failure
[6.3% (95% CI 0% to 30%)], a result comparable with
previous reports from an unrelated BMT [26, 27].
Collectively, these results suggest that the mCRM for
a conditioning regimen is a faster and safer method to
determine the recommended phase II dosage.

To secure an engraftment and detect a potential effect of
a modifying conditioning drug dosage on to the engraftment,
we employed chimerism at a very early time point (day 28) as
a primary endpoint and restricted the maximum dose
modification breadth to 30 mg/m” to reduce the risk of graft
failure. Unfortunately, we observed one secondary graft-failure
even though we put a special stress on safety. However, this was
the only patient mismatched in both the HLA-C and HLA-
DRBI alleles. There was also a major mismatch in ABO blood
type so that the patient received the lowest number of total
nuclear cells after red blood cell depletion, suggesting that both
factors happened to coincide to develop this patient’s
secondary graft-failure [18, 28]. Although RRTs were measured
by day 28 in the current study, no significant differences were
observed among dose levels. In fact, we observed a very small
number of toxic effects, particularly in the early time point
(data not shown). Because the primary endpoint was settled as
early stable chimerism, this study could be completed earlier.
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Taken together, we believe that mCRM with early chimerism/
engraftment as a primary endpoint is a good tool for dose-
finding of HSCT conditioning.

Only one grade I acute GVHD [6% (95% CI 0% to 25%)]
and no grade II-IV acute GVHD was observed in the current
study, which seems considerably low, compared with other
RIC-PBSCT series from HLA-matched unrelated donors
[29]. This may be due to our ethnicity and/or graft source
[30] or due to the strength of conditioning. As we typically
observe ~35% of grade II-IV and 13% of grade III-IV acute
GVHD on the basis of an HLA-match/DRBI-1 locus
mismatch unrelated donor, it would be due not only to
ethnicity but also to BM graft [18]. BM includes far fewer
CD8+ T cells than G-PBSC, which might be attributable to
the low incidence of GVHD in our patients. Since CD8+ cells
in grafts have been shown to play an important role in
facilitating engraftment [31-33], we should be much more
careful about the conditioning dosage in BMT. Another
possibility is that the strength of conditioning might be
exactly adequate, leading to a modest engraftment in the
current transplant settings [34]. A deeper understanding of
dose—engraftment relationships in future may contribute to
more stable engraftment as well as to a lower incidence of
acute GVHD by RIC-BMT. On the other hand, a significant
proportion of patients developed chronic GVHD [31% (95%
CI 11% to 54%)], which was almost comparable with that in
previous reports of conventional BMT [18, 26]. Because the
incidence of chronic GVHD is a candidate surrogate for the
GVL effect [5], this observation may prove beneficial for
patients.

Our results verified that fludarabine plus a melphalan
regimen was generally well tolerated and highly
immunosuppressive. Although our follow-up is still too short
to draw any conclusion about survival, given that five relapses
(31%) were observed in the current study, we might consider
adding some tumor-specific cytotoxic agents such as
radioimmunoantibodies to reduce the likelihood of relapse
[35, 36]. The OS and EFS were comparable with the previous
age-matched data [37]. Further studies are warranted to
confirm a long-term efficacy, particularly for lower-risk
patients.

In conclusion, a phase I dose-finding study using mCRM
was completed. The strategy using engraftment instead of
toxicity as a primary endpoint might result in a better chance
to determine the optimal dosage. Our findings have
demonstrated that a melphalan dose of 135 mg/m” in
combination with fludarabine is recommended for a further
phase II evaluation.
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