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Choreito Formula for BK Virus—associated Hemorrhagic
Cystitis after Allogeneic Hematopoietic Stem Cell
Transplantation

Nozomu Kawashima, Yoshinori Ito, Yuko Sekiya, Atsushi Narita, Yusuke Okuno,
Hideki Muramatsu, Masahiro Irie, Asahito Hama, Yoshiyuki Takahashi, Seiji Kojima~

Deparrment of Pediatrics, Nagoya University Graduate School of Medicine, Nagoye, japan

ABSTRACT

Therapy for BK virus (BKV)—associated hemorrhagic cystitis (BKV-HC) is limited after hematopoietic stem cell
transplantation (HSCT). We examined whether choreito, a formula from Japanese traditional Kampo medi-
cine, is effective for treating BKV-HC. Among children who underwent allogeneic HSCT between October
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Key Words: 2006 and March 2014, 14 were diagnosed with BKV-HC {median, 36 days: range, 14 to 330 days) after HSCT,
BX virus . . and 6 consecutive children recelved pharmaceutical-grade choreito extract granules, The hematuria grade
Hemorrhagic cystitis before treatment was significantly higher in the choreito group than in the nonchoreito group (P = .018). The
g;i;‘i?s duration from therapy to complete resolution was significantly shorter in the choreito group {median, 9 days;

range, 4 to 17 days} than in the nonchereito group {(median, 17 days: range, 15 to 65 days; P = .037). In 11
children with macroscopic hematuria, the duration from treatment to resolution of macroscopic hematuria
was significantly shorter in the choreito group than in the nonchoreito group {median, 2 days versus 11 days;
P = 0043}, The BKV load in urine was significantly decreased 1 month after choreito administration. No
adverse effects related 1o choreito administration wese observed, Choreito may be a safe and considerably

Kampn medicine

promising therapy for the hemostasis of BKV-HC after HSCT.

@ 2015 American Society for Blood and Marrow Transplantation.

ENTRODUCTION

Hernorrhagic cystitis (HC) is a severe complication in
patients undergoing hematopoietic stem cell transplantation
(HSCT), resulting in significant morbidity, such as nephrop-
athy and renal failure, prolonged hospitalization, and pro-
longed blood transfusion requirement [1.2] Effects on
mortality have also been reported in children undergoing
MSCT {31 Early-onset HC occurs within 1 week after HSCT
and is mostly a symptom of regimen-related foxicity, Late-
onsef HC usually occurs after engraftment and is associated
with viral infections, including those caused by the human
polyomavirus BK {(BKV), polyomavirus JC, adenovirus {AdV),
and cytomegalovirus (CMV) 4] BKV is the most frequent
cause of late-onset HC and affects 5.3% to 21.2% of children
undergoing HSCT [5-5]. BKV viruria is detected by real-time
quantitative PCR (RT-PCR) in all patients with BKV-HC. A BKV
load of more than 10° copies/mL in urine may be associated
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with a high risk of developing HC after HSCT [5], However,
asymptomatic BK viruria is detected in 50% to 100% of
patients after HSCT [5,7.10], implicating that the presence of
BKV virurta alone does not explain the pathogenesis of HC
High BKY viremia (>10° copies/mL) is a better predictor of
BKV-HC after HSCT, with a reported specificity of 93% 8]
Children with high BKV viremia (>10° copies/mL) are at a
higher risk of developing severe HC [6].

The standard treatment for BKV-HC has not been estab-
iished {21 Supportive therapy is provided to patients with
mild BKV-HC, including intravenous hydration, bladder irri-
gation, and symptomatic relief treatment, such as the use of
analgesics. Patients with severe BKV-HC require additional
therapy. The current first line BKV-oriented therapy is
intravenous cidofovir; however, its efficacy remains contre-
versial {21, Alternative strategies include intravesical instil-
iation of cidofovir {2.7], hyperbaric oxygen therapy [11]
{eflunomide, and fluoroquinolone [ 12]; however, their effect
is limited 1131 Invasive intervention such as vascular
embolization or cystectomy may be necessary in uncontrol-
{able HC,

Choreito is a formula derived from Japanese traditional
Kampo medicine. The indication for choreito in the contextof
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:

Kampo medicine is "dampness-heat” in the lower abdomen,
the characteristic symptoms of which include dysuria, heat
in the lower abdomen, and thirst. All these symptoms may be
caused by inflammation and blood clots in the bladder. Based
on this indication, choreito has been administered to pa-
tients with acute simple cystitis and urolithiasis, and its
effectiveness has been confirmed [ 14]. Recently, choreito was
successfully used to treat massive gross hematuria with clot
retention in the bladder in a child with refractory acute
lymphoblastic leukemia [14], At present, choreito is covered
by the national health insurance and is widely used for
genitourinary symptoms in Japan.

Symptoms leading to the fraditional use of choreito
appear to overlap with symptoms associated with BKV-HC;
indeed, some children receive choreito for HC In this
study, we retrospectively analyzed BKV-HC in children
undergoing HSCT and evaluated the efficacy of choreito
Ireatment.

PATIENTS AND METHODS
Definition

HC was defined as microscopic {blood in urine graded 1+ or more) or
macroscopic hematuria combined with dysuria, poilakisuria, urinary u
gency, andjor the sensation of residual urine in the absence of bacteria in
urine as observed by culture {9 BRKV-HC was defined as the association of
HC with BKV viruria andfor viremia. HC was graded according to the widely
used criteria {151 Grade | is defined as microscopic hematuria, grade I as
macrobematuria, grade 1§ as macroscopic hematuria with clots, and grade
IV as macroscopic hematuriz with renal or bladder dysfunction. The onset of
BKV-HC was defined as the first day when patients presented with urinary
symptoms, and complete resolution {CR) of HC was defined as blood in urine
{~ or # for hemoglobin} and disappearance of dysuria, pollakisuria, urinary
urgency, and the sensation of residoeal urine related to HC.

Patient fnchusion Criteria of BKV-HC and Choreito Administration
Ameong the children {418 vears oid) who received allogensic HSCT be-
tween October 2006 and barch 2014 in Nagoya University Hospital, 14 were
diagnosed with BKV-HC and included in the study. Their medical records
were relrospectively analyzed, Patient characteristics are Hsted in Table 1
Intravenous fluids corresponding to 2.5 16 3.0 Lim?¥jday with forced alka-
linized diuresis were administered during conditioning, and patients treated
with cyclephosphamide received prophylactic mesna for the prevention of
HC. All the patients received acyclovir for herpes prophylaxis and weekly
intravenous immunoglobulin for viral prophylagis. Tacrolimus was intra-
venously administered for graft-versus-host disease {GVHD) prophylaxis in
patients receiving HSCT frem an unrelated donor. Cases of engraftment
syndrome and GVHIDY were meated by methyiprednizolone, followed by
salvage therapies in nonresponding patients. Six children with BKV-HC
diagnosed after March 2012 received a pharmaceutical-grade medicine,
choreito extract granutes {Tsumura & Co., Tokyo, Japany with adose of 2 g/kg

peros daily in 3 divided doses {maximum, 7.5 g/day). Cidofovir and choreito
were administered at the onset of macroscopic hematuria. Because it is not
currently approved for clinical use in Japan, cidofovir was administered only
to those who provided written informed consent.

Grantification of BKV DNA

Children undergoing HSCT were weekly monitored for plasma CMV,
husnan herpesvirus 6, and Bpstein-Barr virus, and those who met the criteria
for HC underwent additional viral workup, including analysis for 8KV, pol-
yomavirus JC, and AdV, For 2 patients with BKV diagnosed before December
2008, BKV bad been detected in urine by qualitative PCR. This quatitative
PCR conid not detect BKV in patients without HC. After January 2010, viruses
were monilored by muitiplex RI-PCR for quantification of DNA from BKY,
polvomavirus J€, and AdV. as described previously {151 In Aprit 2010, BKYV
RT-PCR was used to screen ail 30 hospitalized children with various hemato-
oncological diseases who had neither HC-related symptems nor abnormal
urinalysis. All patients provided informed consent for viral PCR workup in
accordance with the Declaration of Helsinki, This retrospective analysis was
approved by the ethics committee of Nagoya University Graduate School of
Madicine,

Stotisticuf Analysis

Statistical analysis was performed using the Fisher's exact test for cat-
egorical variables and the Mann-Whitney's U test for continuous vatiables,
The Wilcoxon signed-rank test was used for paired samples. Odds ratios
with confidence intervals were estimated by the logistic regressien. A
probability {P) value <.05 was considered to indicate statistical significance.
All statistical analyses were conducted using JMP Pro 11.0.0 (SAS Institute
Int., Cary, NCYL

RESULTS
BEV Screening in Hemato-oncologicnl Patients without
Genitourinary Symptoms

All children with hemato-oncological disorders hospi-
talized in the same ward were screened For BKV viruria for
the purpose of surveillance. BKV viruria was detected in 5
(17%) of 30 hospitalized children with various hemato-
ancological diseases who had neither HC-related symp-
toms nor abnormal urinalysis. The median urine BKVload in
children with asymptomatic viruria was 1.3 » 108 copies/mL
(range, 35 x 10° to 2.0 x 10° copies/mL), which was
significantly lower than that in children with BKV-HC (me-
dian, 5.4 x 10'° copies/mL; range, 8.3 x 107 to 1.5 x 10!
copiesfml; P = ,0021).

Patient Characteristics of Cases with BRKV-HC after HSCT
Table 1 summarizes the patient characteristics of 14

children who underwent HSCT and later developed BKV-HC,

in patients 1 and 2, BKV was detected in urine by qualitative

Table 1

Patient Demographics of 8KV-HC after HSCT
UPN  Choreito Treatment  Age.yr  Sex  Diagnosis  Clinical Status  Preconditioning Regimen Stem Cell Source  GVHD Prophyiaxis
1 No 15.3 M AA Non CR CY « ATG + TBL 5 Gy UR-BM FK + sMTX
2 No 180 M AA Non CR FiU - Y + Campath + TBI 3 Gy UR-BM FX o+ sMTX
3 No 123 M B-ALL R1 MEL -+ TR 12 Gy UR-BM FK + sMTX
4 No 11.8 M [# 53 CyCR FLU + MEL + TBI 3 Gy UR-BM FK + sMTX
5 No 7.1 F T-ALL CR2 FLU & BEL « ATC .« TBH 12 Gy Haplo PK + sMTX
& No 5.7 M NB CR1 FLU + MEL + TBI 2 Gy UR-CB FK + sMTX
7 Ne 154 M CMME Non (R FLJ + MEL + ATG + TBI 5 Gy Haplp FK + sMTX
8 No 78 1) B-ALL CR2 MEL 4 ATG + TBI 12 Gy UR-BM FK + sMTX
2] Yes 143 M AA Non (R FLU + MEL -+ ATG + TBI 3 Gy Haplo FK + sMTX
10 Yes 5.4 M MDS Non (R FLU + MEL + ATG + TBI 5 Gy Haplo FK -+ sMTX
11 Yes 10.1 F AA Non LR FLU + MEL + ATG -+ TBI 5 Gy Haplo FK + sMTX
12 Yes 122 F CMML MNon CR FLU + MEL + ATG + TBI 5 Gy Haplo FK -+ sMTX
13 Yes 6.8 M B-ALL CR2 MEL -+ TBH 12 Oy UR-8M FK -+ sMTX
14 Yes 735 M MDS Non CR FLU -+ MEL + ATG + TBI 5 Gy Haplo R+ sMTX

UPN indicates unique patient number; M, male; AA, aplastic anemia: Cy, cyclophosphamide; ATG, antithymocyte globulin; TBI, total bedy irradiation: UR,
unrelated; BM. bone marrow; FK, tacrolimus; sMTX, short course of methotrexate; FLU, fudarabine; Campath, alemtezomab; ALL, acute Iymphoblastic leu-
kernia; MEL, melphalan; CML, chronic myelogenous leukemia; CyCR. cytological complese remission: F. female: Haplo, haploidentical transplant; NB, neuro-
blastoma; CB, cord blood: CMML, chronic myelomonacytic leukemia; MDS, myelodysplastic syndrome.
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PCR: therefore, other agents including preconditioning could
have contributed to HC. Six of the 14 children received
choreito because of BKV-HC. All patients were older than 5
years {median, 11 years: range, 5.4 to 16 years). Antithymo-
globulin or alemtuzomab was administered to 10 of 14
children (71%) as a preconditioning. Notably, all the children
received total body irradiation with various doses.

Children were diagnosed with BKV-HC at a median 36
days {range, 14 to 330 days) (Table 2) after HSCT. Six of 14
patients (43%) had grade Il to IV acute GVHD, and 11 of 14
(79%) received steroids for freatment of engraftment syn-
dromeand/or acute GYHD before being diagnosed with BKV-
HC. Three children with acute GVHD grade 11l or IV received
intensified immunosuppressive treatment for steroid-
resistant GVHD; 1 received infliximab and the other 2
received inflikimab, basiliximab, and mesenchymal stem
cells. All 3 responded well to additional therapy for acute
GVHD, Concomitant AdV viruria was detected in 2 of 14
children (14%), and 12 of 14 children (86%) developed CMV
and/or Epstein-Barr virus infection after HSCT. AdV titers in
the urine were 2.6 » 10° copies/mL in patient 3 and 1.8 x 10°
copies/mL in patient 7 at the time of diagnosis. CMV viruria
was not detected in any of these 14 children when BKV-HC
was diagnosed. Six children were receiving gancyclovir
andfor foscarnet for CMV reactivation at the time of BKV-HC
diagnosis,

Treatment for BKV Cystitis with Choreito

Six of 14 children with BKV-HC diagnosed after October
2013 received choreito {Tableés 1 1o 3). All 6 fulfilled the
Kampo indication for receiving choreito (“lower energizer
dampness-heat” in patients 9, 11, 12, 13, and 14, and “heat
binding in the lower energizer” in patient 10). Patient char-
acteristics, including age at HSCT, sex, underlying disease,
engraftment syndrome, acute GVHD frequency and grade,
immunosuppressive treatment, absolute lymphocyte count,
antiviral therapy, duration of steroid use before the diagnosis
of BKV-HC, and duration from HSCT to the onset of BKV-HC,
did not differ significantly between the choreito group and
the nonchoreito group (Tables 1 and 2). However, the he-
maturia grade at the time of diagnosis of BKV-HC was
significantly higher in the choreito group than in the non-
choreito group (P = .018) (Table 2). Choreito was adminis-
tered over a median of 5 days after the onset of symptoms
related to BKV-HC (range, 2 to 16 days), and this interval was
not statistically different from that of other treatments
(median, 4 days; range, 1 1o 23 days; P = .43) (Table 3), The
urine BKV load before treatment amounted to a median of
2.6 x 10" copies/mi (range, 1.3 » 107 t0 6.3 x 10'° copies/
mlL) in children receiving choreito, which was not statisti-
caily different from that in those not receiving choreito
{median, 3:4 x 10'° copies/mL: range, 8.3 % 107 to 1.3 % 10"
copies/mL; P =67} (Table 3). Similarly, the BKY load inwhole
blood before treatment was not statistically different be-
tween the choreito and nonchoreito groups (P=.24, Table 3),

In all 14 childreny with BKV-HC, the duration from the start
of therapy to CR as defined by disappearance of dysuria,
pollakisuria, urinary urgency, and the sensation of residual
urine was significantly shorter in the choreito group (me-
dian, 9 days; range, 4 to 17 days) than in the nonchoreito
group (median, 17 days; range, 15 to 66 days: P = 037)
{‘}“;;iﬁﬁ 3, Flzure 1AY: the odds ratio of choreito versus non-
choreito was .63 (95% confidence interval, .22 to 93; P =
.0031). With regard to 11 children with HC graded > I at the
beginning of therapy. the administration of choreito

Clinieal Characteristics of Patients with BKY Cystitis

Table 2
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significantly shortened the duration from the onset to BKV-
HC grade < | (median, 2 days; range, 2 to 4 days) in com-
parison with that in the nonchoreito group (median, 11 days;
range, 5 to 28 days; P = .0043} (Table 3, Figure 1B). The
duration from start of therapy to CR was also significantly
shorter in the choreito group (median, 7 days: range, 410 17
days} than in the nonchoreito group (median, 20 days; range,
15 to 66 days; P =.048) {Table 3, Figure 1C): here, the odds
ratio of choreito versus nonchoreite was .66 (95% confidence
interval, .14 to .95; P = .0058).

Renal failure

None
None
None
None
None
Mone
Nope
Mone
None
None
None
None
None

NIA
NiA
3.8
NIA
NjA
38
NiA
NIA
45
0
0
8
0
2

----- Sequential Analysis of BKV Load after Choreito Treatiment

BKV-HC—related symptoms improved significantly earlier
in children receiving choreito, and we studied whether these
earlier improvements were related to the clearance of BKV.
‘The BKV load in urine and whole blood was monitored after
the diagnosis of BKV-HC in children receiving choreito, The
- urine BKV load generally decreased over time. The median
s urine BKV load was 1.7 » 10° copies/mL {range, 2.6 x 10% to
3.1 x 10" copies/mL) 1 month after BKV-HC diagnosis when
all children had achieved CR, and they experienced a statis-
tically significant decrease in BKV load since the time of
diagnosis (P = 031, Wilcoxon signed-rank test for paired
samples) {Table 3, Figure 2A). At the time of CR, only 1 of 6
children had a urine BKV load lower than 1.3 x 16% copies/
mL, which was the median urine BKV load in children with
asymptomatic viruria, The BKV load in whole blaod appeared
stable during the course of BKV-HC, and no significant
decrease was observed a month after diagnosis (P = .44)
(Table 3, Figure 2B).

All 6 children eventually finished taking choreito, and
relapse of HC was not observed, except for in 1 patient who
s experienced relapse twice (patient 9). This patient was
diagnosed with idiopathic aplastic anemia and received a
bone marrow transplant from an unrelated donor; however,
the graft was rejected and he underwent haplo-identical
HSCT as the second HSCT. Because he developed chronic
GVHD, he was administered prednisolone, which was
increased during the exacerbation of chronic GVHD and
which may have contributed to the prolonged elevation of
the BKV load. Every time the patient had a relapse of BKV-HC,
~enows % e maenS he was administered choreito, and his genitourinary symp-
toms resolved within a few days (Supplemental Figure 1)

Urine BKY Load 1 mo  Plasma BKV Load 1 mo Possibie
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Safety and Tolerability of Trentment

All children were able to take choreito per os. Notably,
there were no adverse effects due to choreito intake, and
renal function impairment was not observed in children
receiving choreito (Table 3). The reported adverse effects of
choreito include drug allergy and mild gastric discomfort
[ 14], which were not observed in any of the children. In the
nonchoreito group, 1 patient {patient 3} who received cido~-
fovir for BKV infection developed impaired renal function,
possibly resulting from renal toxicity of cidofovir and post-
renal acute kidney injury due to clot retention.

Hematuria Hematuria CR(d from Tx) Urine BKV Load before Plasma BKV Load

Grade at Tx  Grade <1

DISCUSSION

Unlike jts effect in immunocompetent patients, HC is life
threatening in immunocompromised patients with hemato~
oncological disease, particularly among patients undergoing
HSCT [17]. To our knowledge, prospective studies of the
treatment for BKV-HC are not available, and there are no
standard treatment guidelines for post-HSCT HC, Treatment
modalities are limited, particularly in children, partly owing
to few reports on children receiving pharmaceutical and

Choreito, cidofovir (1 mgfkg qwk «11), il

hydration

Cidofovir (1 mgfke qwk «2), hydration
Choreito

Cidofovir (5 mg/kg awk x2), hydration
Hydration

Bladder irrigation, hydration

Hydration
Hydration
Hydration
Hydration
Choreito
Choreito
Choreito
Choreito

Onset to Ty, d

PSR N e 3 U 0 N D
— oo -

1PN Duration from  Primary Tx for BKV

NP RN W0 O

Tx indicates treatment; qwk, every week: NJA, not applicable or available,

Swmnary of Treatment for Patients with BKY Cystits

Table 3
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Figure 1. Comparison of choreito and nonchoreito treatment for BK viris-associated hemorehagic cystitis (BKV-HC), The duration from the beginning of therapy 1o
complete resolution (CR), as defined by the absence of dysuria, pollakisuria, urinary urgency, or the sensation of residual urine, was shorter in the choreito group
(madian, 9 days; range, 4 to 17 days) than in the nonchoreito group (median, 17 days: range, 15 to 66 days; £ =.037} {A), When comparing children with HC graded >
11, the administration of choreito significantly shortened the duration from the onset to BKV-HC grade < [ {madian, 2 days: range, 2 to 4 days) in comparison with that
in the nonchoreito group (median. 11 days: range, 5 1o 28 days) (B} The duration from start of therapy 1o CR was aiso significantly shorter in the choreito group
{median, 7 days; range, 4 to 17 days) than in the nonchoreito group {median, 20 days: range, 15 o 66 days; £ = 048} (T}

surgical freatments [4,18-20] Intravenous hydration with
forced diuresis is conducted; however, this is supportive
treatment only without reliable efficacy.

At present, cidofovir is the only commercially available
antiviral agent against BKY, and its efficacy for BKV-HC has
been investigated only in retrospective studies [19-211 In the
repart from the European Group for Bloed and Marrow
Transplantation, intravenous or intravesical cidofovir was
administered to 62 patients with BKV-HC (21} Of the 62
patients, 41 {66%) achieved CR and 8 {13%) had partial
response after cidofovir treatment: however, no improve-
ment or deterioration was observed in 12 patients (18%). (R
is related to clearance of BK viremia in patients with BK
viremia detected at the beginning of treatment, and the
median time to clearance is 37 days (range, 7 to 102 days). Of
57 patients receiving intravenous cidofovir, 17 {30%) experi-
enced renal toxicity. In a pediatric cohort, 19 children
received cidofovir for BKV-HC grade > 11 1181 Macroscopic
hematuria resolved in 15 {V9%) after a median of 22 days
{range, 9 1o 63 days}. In 1 patient, HC progressed to grade IV
during cidofovir treatment, Notably, the baseline creatinine
level appeared 1o be elevated after treatment. Another

BKY foad
{eopylmt)

1(]14
LT I
Y,
100 ..
101 3 /
10¥
10¢
107
10¢
0¥

£ 26 3 Ak Ap sa Y8 8 B W
P=.031 Days after treatmont

B
BRV Joad
{eopyliml}

I eeeene meameneansans namaamyn

pediatric cohort included 12 children with BKV-HC treated
by intravenous and/or intravesical cidofovir |20} The median
duration of symptoms was 25 days (range, 9 to 73 days) and
no persistent nephrotoxicity was observed. Compared with
cidofovir treatment, children treated with choreito treat-
ment in our study experienced nc impairment of renal
function; all patients with BKV-HC achieved (R and BKV-HC
resolved earlier

Hyperbaric oxygen therapy is another alternative treat-
ment for BKV-HC 111,221 A retrospective study included 16
patients with BKV-HC grade > 11 {5 patients under 19 years of
age), 15 {94%) of whom achieved (R after a median of 17 days
{range. 4 to 116 days) [ 11 . In a pediatric cohort of 10 children
with BKV-HC grade > [, 9 {80%) achieved CR after a median
of 15 days {range. 10 to 37 days), including spontaneous
resplution [22]. Hyperbaric oxygen is generally well toler-
ated; however, it requires a high-cost facility and adverse
effects have been reported, including ruptured tympanum,

Other alternative therapies include leflunomide and flu-
aroquinolone antibiotics [12]; however, experience is
timited, even in adults [ 13]. Few reports of leflunomide use in
the setting of HSCT are available and its safety has not been

Whole blood

. PN 13
PN 14

5o % B 40 %o g@ 0 R0 S0 0
P= 44 Days after treatment

Figure 2. BK virus {BKV) load after choreito treatment, The BKV load before treatment amounted to a median of 2.6 » 10 copies/ml in urine (range, 13 10% to
6.3 % 10'° copies/ral) and a median of 65 = 107 copiesfml. in whole blood {range, 0 to 9.0 x 10% copies/mt). The median uring BKV foad was 1.7 x 10% copies/mL
(range, 2.6 x 10710 3.1 » 10" copiesfmL) 1 manth after BKV-HC diagnosis, and the BKV load had significantly deereased since the fime of diagnosis (Wilcoxon signed-
rank test, P =.031) {A). The BKY load in whole blood appeared stable during the course of BKV-HC, and no significant decrease was observed a month after disgnosis

{Wilcoxen signed-rank test, P = 44) ().
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confirmed in children. Fluoroquinolones are historically
contraindicated in children because they cause arthrotoxicity
in juvenile animals and are associated with reversible
musculoskeletal events in both children and adults; there-
fore, they are not recommended in the absence of convincing
evidence.

Choreito is a formula stemming from Japanese traditional
{Kampo) medicine, originally developed from traditional
Chinese medicine; it was the orthodox medicine in Japan
until the 19th century, when modern Western medicine took
over [ 141 Nevertheless, some Kampo formulae are still offi-
cially registered in the japanese Pharmacopoeia. Although
Kampo extracts are crude drugs derived from plants, ani-
mals, and minerals, their quality is strictly controlled in
accordance with the Japanese Pharmacopoeia by quantita-
tive analysis of marker components using high-performance
liquid chromatography, Kampo formulae are classified as
dietary supplements outside Japan and are approved for
marketing by the Food and Drug Administration in the
United States.

Choreito is a crude product from Polyporus umbellatus
selerotium, Wolfiporia extensa sclerotium, Alisma orientale
rhizome, aluminum silicate hydrate with silicon dioxide, and
glue. Ergone isolated from P umbellatus prevented early
renal injury in a rat model of nephropathy [ 23] and may play
a central role in the effect exerted by choreito. Pollakisuria
was ameliorated in 83% of patients who received choreito for
lower urinary tract symptoms in an open-label, single-arm
study of 30 patients {24}, Choreito was also administered to
patients with wvrolithiasis for enhancing the evacuation of
stones after extracorporeal shock wave lithotripsy (251 In
these studies, no severe adverse effects were observed,
suggesting high safety of choreito.

Considering the wide range of indications in genitouri-
nary disorders, choreitc may protect epithelial cells irre-
spective of the type of pathogens and thereby be an effective
treatment option for the hemostasis of HC Although the
precise pathogenesis of BKV-HC remains unclear, urothelial
cells infected with BKV in vitro detached without causing
local cell lysis, which may be associated with the denudation
of the damaged mucosa in patients with BKV-HC [261
Choreito may protect urothelial cells from detaching, which
may result in a significant reduction of the BKV load in urine,
although the whole blood BXV load appears unchanged and
the BKV burden itself is not reduced. Notably, unlike other
antiviral agents or surgical interventions, no adverse effects
were observed during choreito administration, although the
mechanism of action of choreito remains unclear; hence, its
safety cannot be easily predicted.

Our study has some Hmitations. The small number of
study subjects in this single-center retrospective analysis
may result in bias. Five of 8 subjects in the nonchoreito group
had grade H to Il GVHD, whereas 1 out of 6 subjects in the
choreito group had grade IV GVHD. This difference in GVHD
frequency could have been a contributing factor for the dif-
ference in HC severity and BKV clearance, aithough it was not
statistically different (P = .14) among the 2 groups. possibly
because of the small sample size. Children with concomitant
AdV viruria were included only in the nonchoreito group,
which may explain the longer time before CR in the non-
choreito group. In the present study, HC was significantly
more severe in the choreito group than the nonchoreito
group. This difference may represent the difference in pre-
conditioning and doner sources: the choreito group included
more cases of haplo-identical HSCT, which may have resulted

in intensified immunosuppression. More severe HC ¢orre-
lates with a longer duration of HC [2]. Nevertheless, the
duration of HC was significantly shorter in the choreito
group, which exemplifies its effectiveness. Although the
urine BKV load had significantly decreased 1 month after
choreito treatment examined by the paired samples, this
decrease could not be compared with that of the nonchoreito’
group because of a lack of paired samples in most of the
patients in the nonchoreito group. Thus, the impact of
choreite treatment on the urine BV virus load should be
investigated in a prospective study where the BKV load is
sequentially followed for every study subject.

in conclusion, choreito may be a safe and effective ther-
apy for the hemostasis of late-onset BKV-HC following HSCT,
aithough it may not decrease the BKV burden. Although its
precise mechanism of hemostasis remains unclear, choreito
may be administered as the first-line treatment for post-
HSCT HC, Prospective, randomized studies are warranted to
confirm the efficacy of choreito in the treatment of BKV-HC.
Fundamenta! research aiming to identify the active in-
gredients and mechanisms of action is also essential.
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Introduction vield progenitor cells and sustain the LSC population, thus
. ) ) ) resuiting in the maintenance of the tumor [2-6]. More recently,

Acute myeloid leukemia {AML) constitutes a heterogeneous several reports have shown that CD34%/CD38% hematopoietic
group of wmors in myeloid lincage cells characterized by the  progenitors are able to acquire the ability to maintain populations

preliferation and accumulation of immature myeloblasts [1]. of LEC or leukemia-initdating cells (L1C) {7]. 1t is therefore possible
Recent advances in cancer biology have revealed that various that the phenotypes of LIC differ among the subtypes of AML.
genetic events result in the blockage of differentiation with Acute promyelocytic leukemia (APL) is a subset of AML defined

subsequent uncontrolled cellular proliferation. In addition, in vivo by the formation of a chimeric gene, promyeloeytic lenkemia-
analyses using a xenograft model with immunodeficient mice have retinoic acid receptor o (PML-RARA) {81 It is characterized by
shown that a very immature subset of AML cells called leukemic  the acenmulation of abnormal promyelocytes with abundant large
stem cells (LSC), which are typically characterized as CD34%/ azurophilic granules, suggesting that APL cells undergo matura-
CD387 cells, as observed in normal hematopoletic stem cells town arvest in the later steps of myeloid differentiation, The typical
{HSCs), have been shown to slowly undergo cell division to both pattern of cellular surface markers of APL is positive for CDI13,

PLOS ONE | www.plosone.org 1 November 2014 | Volume 9 | lssue 11 | 2111082
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D33 and CD117, and negative for CD34, which is usually
presumed to indicate cellular immatirity, and HLA-DR [9]. It is
very difficult to engraft primary APL samples in immunodeficient
iice. They did not become engrafted into the NOD/SCID mice
to any degree [3]. In NOD/Shi-SCID/IL-2Ry™ (NOG) mice,
which are more profoundly immunocompromised than NOD/
SCID mice [10,11], six out of eight APL samples were not
engrafted or only very little engrafted [12]. It is therefore possible
that the mechanisms underlying the development of APL differ
fromi those involved in the pathogenesis of AML uncovered to
date. Elucidating the pathogenesis of APL is important for
improving the treatment of APL patients, and will provide clues
to understand the development of other subtypes of AML.

In vive analyses using fransgenic APL mice models with PML-
RARA have revealed that a population of commitied mycloid
progenitor ¢ells (CD347, o-kit”, FeyRIUI/ITY, Gr1™) was identified
as the APL-LIC {13,14]. However, the cellular surface antigens
and the gene expression pattern in humans are dillerent from
those in mice. In particularly, in transgenic systems, murine APL
developed after a long latent period through a myelodysplastic/
proliferative. phase, which does not usually precede human APL
[15~18]. There have been no in wive models for exploring
leukemogenesis of human APL to date; largely because human
primary APL cells are difficult to engralt as. a xenograft [3,12].
PML-RARA-verrovirally transduced human GD34% cells from
cord blood have therefore only been evaluated in vitro [19].

Therefore, the aim of this study was to establish a humanized
xenograft APL model using the retroviral transduction of PAMIL-
RARA into human CD34" cells and NOG mice in order to
investigate the mechanisms of APL leukemogenesis, such as that
involving disease initiation and maintenance in the model.

Materials and Methods

Fractionation of human hematopoietic cells from cord
blood

Clord blood (CB) and patients’ APL samples were obtained after
written informed consent was provided in accordance with the
Declaration of Helsinki and with approval from the Tokai
University Committee on Clinical Investigation (Permit number:
F#121-46 and #121-49). CD34 positive and negative specimens
were primarily prepared using the CID34 Progenitor Cell Isolation
Kit (Miltenyi Biotee, Bergisch Gladbach, Germany). CD347 eells
were then purified again using anti-human CD34 mAbs {Beckman
Coulter, Brea, CA}, in combination with or without an anti-CD38
antibody {(BD, TFranklin Lakes, NJ). with a FACS vantage
instrument {(BD). CD347/CD38" cells were also purified again
using anti-human CD34 and CD33 mAbs (Beckman Coulter) and
the FACS vantage instrument. The preparation of common
myeloid progenitors (CMP), granulocyte-monoeytic progenitors
(GMP} and megakaryoeyte-erythrocyte progenitors {MEP) was
performed using an anti-CD123 antibody (BD) and anti-CD45RA
(Biolegend, San Dicgo;, CA) antibody, according 1o a previous
report [20].

Retrovirus transduction of PML-RARA into human
hematopoietic cells

The MIGRI retroviral vector [21] or MIGRI-PML-RARA
{ber3/short form) [22] in combination with the vesicular stomatitis
virus-G protein (VBV-G} envelope vector {(pCMV-VSV-G) was
transiently transfected into PLAT-gp cells using the Fugene 6
wransfection reagent (Roche Diagnostics, Basel, Switzerland), The
cniture supernatant was concentrated 100 to 200 times by
ultracentrifugation. After overnight culture of the fractionated
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cells in StemPro-34 {Life Technologies, Carlshad, CA) with TPO,
SCF, and FLT3 ligand (50 ng/ml each), they were incubated with
the ‘concentrated supernatant on. retronectin-coated plates (Ta-
kara-Bio, Otsu, Japan). Retroviral transduction was performed
twice, and then transplantation was performed the next day.

Colony-forming unit-cells assay

PML-BARA transduced cells were sorted by their EGFP, CD34
and CD38 expression by FACS vantage 48 h after infection. The
colony-forming unit-ceils (CFU-C) assay was performed. a3

described previously [23]. The fluorescent images were captured

using a HS Allin-One Fluorescence Microscope Biorevo 9000
{Keyence Corporation, Osaka, Japan) and were analyzed by the
BZ II software program (Keyence Corpération).

RNA extraction and RT-PCR

Total RNA was isolated using the RNeasy micro kit (Qlagen,
Hilden, Germany) or lsogen {Nippon gene, Tokyo, Japan), and the
reverse-transcribed €DNA was amplified by qualitative PCR. The
qualitative-PCR analysis was performed by SRL Inc. (Hachioji,
‘Tokyo, Japan), The sequences of PCR primers and probes were
shown in Table 81.

Transplantation, serial transplantation and ATRA
treatment

Nine- to 20-week-old NOD/Shi-scid, IL-2Rye™" (NOG) mice
[10,117 were irradiated with 220 ¢Gy of X-rays, On the following
day, the whole infected cells or primary AML cells were
intravenously injected. The EGFP-positive cells in the peripheral
bload were monitored. The mice with induced APL were defined
as those bearing more than 0.1% EGFP™ cells which dominantly
expressed (D33 {more than 70%) in their bone marrow at four
months after transplantation. In the initial analysis, the occurrence
of APL was confirmed by the morphological observations using
eytospin sides after EGFP sorting. For serfal transplantation, bone
marrow cclls were obtained from recipient mice, and the serted
EGFP-positive cells were injecied intravenously or intramedullary
into the irradiated mice [24]. The engrafted mice were weated
intraperitoneally with L5 pg/g of body weight/day of all-irans
retinoic acid (ATRA, Sigma) for 21 davs [253], and were then
sacrificed to colleet the EGFP-positive cells in the bone marrow by
sorting. All the experiments using animals were approved by the
animal care committee of Tokal University (Permit number
#132028).

Flow cytometric analysis

The cells were stained with APC-conjugated anti-human CD45,
CD33, CDS4, HLA-DR (Beckman Coulter), CD13, and CD117
(BD) mAbs. They were subjected to flow cytometry using a
FACSCalibur  instrument (BD) and the GellQuest software
program {BD),

Cell preparation, Wright-Giemsa staining and
immunofluorescence microscopy

Cytospint slides were prepared using a Cytospin 4 Cytocen-
wrifuge {Thermo Scientific, Waltham, MA) at 508 rounds per
minute for 5 min. To observe the cellular morphology, Wright-
Giemsa staining was performed. For the immunofluorescent study,
cells were seeded onto poly-Ledysine coated slides and fixed with
ice cold 70% ethanol for 13 min, Afler permeabilization with
0.2% Triton X-100 for 20 min, the slides were treated with PBS
containing 3% normal goat seram for 1 hour to block the
nonspecific binding of antibodies, The anti-PML antibody (Merck
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Millipore, Billerica, MA) was applied overnight at 4°C. Cells were
counterstained  with DAPL Images were captured with an
L8M310 META confocal microscope (Carl Zeiss, Oberkechen,
Germany) and processed using Adobe Photoshop 7.0 {Adobe
Systems, San Jose, CA).

Southern blot analysis

Genomic DNA was extracted from the cells using 2 DNeasy kit
{Qiagen). Ten micrograms of the DNA were clectrophoresed and
wansferred 1o nylon membranes (Hybond-N+, GE Heabthcare,
Fairfield, CT). The DNA was then crosslinked 1o the membrane
by ultraviolet light. ‘The EGFP probe was prepared from MIGRI
veetor by entting it using Neol and Sall, and was labeled with *2p-
dUTP using the Rediprime I DNA Labelling System {GE
Healtheare). The mombrane was hybridized with the probe
Rapid-hyb buffer (GE Healthcare), and was analyzed by a
Phosphoimager (LAS1000, Fuji Film, Tokyo, Japan).

Microarray

Total RNA was labeled and hybridized to Affymetrix Human
Genome U133 Plus 2.0 Array GeneChip microarrays (Affymetrix,
Santa Clara, CA) using the manufacturer’s protocols. The results
were deposited in the Gene Expression Omnibus (GEO; hup://
www.ncbinlm.nih.gov/geo/; accession no. GSE49344). The
microarray data from normal human promyeloeytes and clinical
samples bearing AML, including APL, were obtained from the
deposited data on the GEO (GSE1Z662). The APLsspecific
expressed genes have been described in detail in a previous study
[26]. The probe set data were generated using standard
normalization algorithms included in the Affymetrix Microarmay
Suite software program, v.5 [MAS3.0). The clustering analysis was
performed by the Gene spring GX software program, version 11
{Agilent technology, Santa Clara, GA).

To identify the genes that are differentially cxpxcqsed in a
specific cellular subset, all probe sets with fewer than 10% present
calls in both groups and a coefficient of variation <0.5 across all
samples were eliminated prior to the subsequent analysis; (i) The
genes differently expressed in the induced APL cases among the
AML cases were defined as genes whose expression change
{upregulation or downregulation) was =2.0 fold in comparison to
those in AML other than APL, () The genes associated with
immaturity in the induced APL cases were expressed a
significantly higher levels in D34 cells than the other normal
cells (FDR <0.03, fold-change >2.0 upregulated), and were also
expressed in the induced APL cells at similar levels (induced APL:
CD34" =1:1), and moreover, these genes were expressed at higher
levels in promyelocytes (induced APL: Pros =2:1). (B} The genes
upregulated during promyelocyte differentintion were expressed at
significantly higher levels in promyelocytes than in the other
normal cells (FDR <0.05, fold-change >2.0 upregulated), and
were expressed at Jower levels in the induced APL (nduced APL:
Pros =1:2), {iv) The genes induced by PML-RARA were
expressed ar higher levels in the induced APL than in all the
normal cells (induced APL: normal 22:1), and were not expressed
in any normal cells (move than 75% absent calls, as summarized
by the MAS5.0). Statstical significance was zassessed by the
unpaired unequal variance Welch test (P<<0.05), and correction
for multiple testing was performed by the Benjamini and
Hochberg False Discovery Rate {FDRY, using « cutoff of 0.05.

The gene set specific for induced APL was defined to fulfill one
or more of the above criteria (ii) to (iv) in the gene set identified in

(i
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The integration site analysis of PML-BARA using linear
amplification-mediated PCR

To identify the genomic-proviral junction sequence, linear
amplification-mediated polymerase chain reaction (LAM-PCR)
was performed as described previonsly, with minor modifications
[27,28]. In brief, genomic BNA from bone marrow cells was first
digested with Tsp5091. A lincar amplification of target DNA in the
digested genome was performed by repeated primer extension
using a vector-specific 5'-biotinylated primer, LTR1LS, and Taq
polymerase. After selection with Dynabeads MyOne Strepiavidin
C1 (Life Technologies), a doublesstranded asymmetrical fnker
cassette was ligated to the Tsp309l-digested site using T4 DNA
Ligase. The DNA products were then amplified by PCR using a
vectorspecific primher, LTR3, and linker cassette primer, LCL.
The nested POR was performed using internal primers LIRS and
L2, The final products were sequenced after cloning them into
the TOPO TA cloning vector (Life Technologies). The primer
sequences are shown in Table 81

Statistical analyses

The Kaplan-Meier method was used to éstimate the leukemia-
free survival (LFS) of mice. Logerank p values were used for
comparisons of the LFS among three subgroups. The analyses
were conducted using the GraphPad Prism software package
{GraphPad Software, La Jolla, CA). The other statistical analyses
were performed using the Mann-Whitney U Test with the IBM
SPSS Statistics software program (New York, NY} Values of p<
0.05 were considered to be statistically significant.

Resulis

Functions of PML-RARa in human CD34 cells in vitro

To examine the functions of PML-RAR® in witre, s MIGR1-
PML-RARA or MIGR] control vector was retrovirally infected
into human CD34% cells from cord bleod. The transduction
efficiency evaluated by EGFP positivity was 0.5% to 18.6%
(n=10, median: 3.7%) and 2.1% to 19.7% {(n=25, median:
6.8%), respectiveiy. The expression of PML-RARA in these cells
was confirmed by RT-PCR {Figure 81}, The induction of PML-
RARA in CD34 cells disrupted PML nuclear bodies by
interacting with wildype PML via the PML portion of the
chimeric tanseript, and the distribution of PML in the nucleus
was altered 1o show a microspeckled pattern in these cells [29-31]
{Fignre 14). Additionally, the induction of PML-RARA reduced
all the colony formation capacity (Figure 1B). The PML-RARA
expression was confirmed in these colonies by EGFP {luorescence
(Figure 81 and 82) and RT-PCR, although the expression levels
were 47 times lower compared to those in the (D347 cells
48 hours after PML-RARA wansduction (Figure 83}, Regarding
the content of colopies, MIGR I-infected CD34" cells mainly
generated the erythroid lineage-containing colonies, such as CFU-
mix and BFU-E, whereas more than hall of the colonies from the
CDB34" cells with PML-RARA were of the mycloid lineage, like
CFU-GM (Figures 1€Q). These data demonstrate that PML-
RARA induces the myeloid commitment of human CGD34” cells.

Establishment of a humanized in vive APL model

The cells wansduced with PML-RARA or the MIGR1 control
veetor were then transplanted into NOG mice. The EGFP* cells
survived and proliferated three to four months after transplanta-
tion only in the NOG mice transplanted with PML-RARA-, not
control vector at all, infected human CD34% cells. The median
proportion of EGFP*/CD45" cells in the hone marrow obtained
from the transplanted mice was 23.7% (0.95% ¢ 96.5%, n=24)
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(Figure 24). The majority of the engrafted EGFP*/human
CD45% cells expressed human CGD33 (70.2% o 100%, median
90.6%, n=24) (Figure 2B}, thus suggesting that they were of the
myeloid lincage. The PML-RARA expression was detected only in
the EGFP* fraction and not in the EGFP™ fraction of the sorted
human CD45*/0D3%3% cells from the NOG mice {Figare 20)
The expression levels of PML-RARA were decreased about 17-
fold in comparisen to those in the CD347 cells 48 hours after
PML-RARA transduction (Figure §3), but the presence of PML-
RARA in the human myeloid cells, recognized as EGFP™ cells,
‘cansed marked accumulation of promyelocytes: In comparison to
the control EGFP™ human myeloid cells (52.8% in EGFP cells vs
19.4% EGFP™ cells in the 13 paired samples, p<0.0001}. On the
other hand, the proportions of myeloblasts, matare neutrophils
and monocytes were decreased (5.2% vs 144%, p=0.010; 2.5%
vs 12.7%, p=0.005; 40% vs 10.1%, p=0.016) (Figure 2D),
These findings confirmed that the expression of PML-RARA

PLOS ONE | www.plosone.org 4

nduced the myeloid differentiation of human CD34% cells and
blocked them at the promvyelocytic stage. Morphologically, the
promyelocytes had abundant large azurophilic granules and round
nuclet with-a high nucleocytoplasmic ratio. Some of them had a
number of Auer bodies and looked Jike Faggot cells, which are the
typical morphological features of APL cells, and were not seen in
the previous murine models (Figure 2E). A Southern blot analysis
using an EGFP probe revealed that the EGEP/CD45"/CD33"
cells oligoclonally proliferated in vive (Figure 2F).

The induced APL cells were detected in 24 out of the 34 mice
(71%) wansplanted with PML-BRARA-wansduced CGD34 cells
{p=0.0184 in comparison 1o the controll. They were detected in
all 16 mice when the calculated number of the transplanted
EGFP*/CD34" cells per mouse was more than 3,000 (4,855 to
29,728 cells, median: 11,085 cells) (p=0.0006 in comparison to
the control). On the other hand, they were only detected in eight
out of 18 mice (44%) transplanted with EGFP*/CD34" cells at 2
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transplanted with PML-RARA-transduced CD34" cells,
dok10.137V/journal.pone.0111082.g002

density of fess than 3,000 (480 to 2,660 cells, median: 1,861 eells)
(p=0.093 in comparison w the conwol] (Figaure 2G. This
proportion was not dependent on the number of transplanted
EGFP*/CD34” cells.

These fndings demonstrate that a humanized APL model can
be successfully established by the wansplantation of PML-RARA~
ransduced human GD34 cells into NOG mice.

Characteristics of the induced APL cells obtained from
the humanized in vivo model

The induced APL cells were positive for human myeloid
markers such as D13, CD33 and CD117, and were negative for
(D34 and HLA-DR, as seen in typical human APL [32]. PML-
RARA did not contribute 1o the development of lyriphooytes.
Human CD197 B-cells in the spleen and human CD47/CDE* T-
cells in the thymus were negative for EGFP (Figure 34).

Fo evalnate the gene expression of the induced APL cells, o
microarray analysis was performed, and the expression of the 510
APL-specific genes identified In a previons study was compared
with that ohserved i the clinteal AML samples [26]. Two clinical

PLOS ONE | www.plosone.org

APL sumples from our patients were simultaneously evaluated and
were aligned in the APL category defined in the study, suggesting
that our microarray results were comparable with those in the
previous study, The induced APL cells from our madels were also
classified into the APL category when compared to normal
promyelocyies and AML samples other than APL (Figure 3B).
In comwmon with this previous. study [26], the 3,439 probes
{3278 genes) differentially expressed in the induced APL and the
AML other than APL ({1) in the Materials and Methods) grouped
the induced APL and human primary APL fogether, separately
from the other types of AML (Fignre 84). The gene sets whose
expression in the induced APL cases was not dependent on the
myeloid differentiation were also filtered by comparison with the
data for normal myeloid cells, They included the genes for
immaturity expressed in the induced APL (1,782 probes, including
1,720 genes), the genes upregulated in promyelocyte differentia-
tion not in the induced APL (347 probes, including 427 genes) and
the genes specifically induced by PMI-RARA (#66 probes,
including 429 genes) ({8, G} and (v} in the Materialy and
Methodsy. Each gene set was analyzed using the DAVID website
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total 16 APL cases show the clinical APL samples whose microarray data were obtained in this study.
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{david.abec.neiferfgov/). In the induced APL cases, the genes
related 10 N-Glyean, steroid and heparan sulfate biosynthesis, the
spliccosome and pyrimidine metabolism were expressed similar to
the levels in normal D247 cells, and those related to the MAPK
signaling pathway were exclusively expressed in compavison to
normal myeloid cells, including normal CD34" cells. On the other
hand, the genes related to nevrotrophin signaling and the cell
cycle, as well as those associated with metabolic processes, such as
glyeolysis/gluconeogenesis, the pentose phosphate pathway and
sphingolipid metabolism were downregulated (Table 82, thus
suggesting that the induced APL exhibited dysregulated signaling
and mewmbeolism as differentiated myeloid cells. Additionally, the
gene set composed of 373 probes including 547 genes, which
fulfilied one or more above criteria (1) to v} in the gene set
identified in (), clearly separated the normal and malignant
promyelocytes, such as those of induced and human primary APL
{(Figure 85 and Table 83}, as described in the previous study
using primary APL cases [26].

To evaluate the additional genetic events that accompanied the
integration of PML-RARA in the genome, the insertion sites of
PML-BARA were analyzed. Some of the integration sites of
PML-RARA were in the introns or exons of genes (Fable 8§4).
However, they were neither recurrent nor found in the previous
whole genome sequence analysis of the APL patients [33]. Thesc
findings suggest that PML-BARA was a common key event, bus

PLOS ONE | www.plosone.org

that there were various additional genetic events in these induced
APL eells, and this finding was compatible with the previous
analysis using human primary APL {33].

The induced APL cells differentiated into mature neutrophils
following reamment with all-frans retinoic acid (ATRA) in vitre
(Figuires 4A and 4B), which was accompanied by alterations in
the PML distribution in the nucleus, from a microspeckled o a
speckled pattern (Figure 4C). Similarly, ATRA induced transient
myeloid differentiation in viwo (n=4), as has been seen in APL
patients (Fignres 4D and 48).

These findings demonstrate that our induced APL cells
recapitulare human APL both phenotypically and functionally.

Re-transplantable cellular fraction in the induced APL
cells

It 1s mecessary fo prove that the resultant induced APL cells
possess the reproducibility of APL in the secondary recipients in
order to demonstrate their capacity for leukemogenesis. However,
previous studies have revealed that primary APL cells exhibit
difficultly in engrafting in immunodeficient mice [3,12]. When the
induced APL cells were transplanted into the second recipients,
they were proven to be re-transplantable intravenousty; 500,000 to
1,000,000 leukemic cells, but not 50,000 cells, were required, and
the frequency of APL cells in the secondary recipients was low
(0.04% 10 1.41%, n=10). The frequency was still low, even though
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they were transplanted intramedullary BM, 2.00% o 5.98%, were positive for CDI3 and CD33, withom the expression of
n=2) (Figure 54). The immunophenotype of the engrafied cells  CD34 or HLA-DR (Figure 5B), demonstrating that the induced
was the same as that seen in the primary induced APL cells: they APL retains self~renewal capacity with a low level of transplan-
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tation efficiericy. In addition, the results suggested that the capacity
for engrafiment in this xenograft medel differed between the
CD347 cells wansduced with PML-RARA and the APL cells
mostly composed of the GD347 fraction.

To identify a fraction responsible for the APL maintenance in
the induced APL cases, CD34" and CD34™ APL Factions were
separately collected and transplanted intravenously, The GD34"
fraction was pooled because there were very few GD347 cells in
cach induced APL case {Fignres 34 and 3B). The CD34™
fraction was sorted twice to exclude the CD347 fraction
completely. Fifty thousand APL eells in both the CD34% and
G347 fractions failed 1o engrall in the secondary recipients {0 out
of 4 mice in each fraction). Similar to the unsorted cells, one

PLOS ONE | www.plosone.org

million CD347 fraction cells were able to engraft in recipient mice
{4 out of 4 mice} (Figures 3C and 53D).

These findings revealed that CD347™ induced APL. cells exhibit
the ability to function as APL-LIC in wive, although the LIC
fimction was not excluded in the CD34" APL fraction,

The CD34"/CD38™ progenitors trigger APL by PML-RARA
induction in vivo

The findings thar the PML-RARA wansduced-CID34° cells
developed APL while the resultant CD347 APL cells exhibited
transplantability indicate the possibility that the initiation and
maintenance of APL arise ar different steps of differentiation,
which are not likely 1o involve the CGD347/CD38™ fraction, as
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originally reported in buman AML. Therefore, in order 1o identify
a cellular target for PML-RARA that cffectively develops APL,
PML-BEARA was wansduced into fractionated cells: CD347/
CD387, CD34*/0D38™ and G347 /CD33"™ cells from the cord
blood (Figures 64 and 6B). The wansduction efficiency, as
evaluated by EGFP expression, ranged from 1.9% to 5.0%
(median: 3.58%, n=6) in CD34/CD38™ cells, 4.5%. 1o 10.6%
(median: 10.07%, n=6) in GD%4*/CD38" cells and 19.1% to
22.1% {median: 20.63%, n=4) in CD347/CD33" cells. Because
the CD34" fraction from human cord blood possessed a higher
propertion of CD34%/CD38" (74.5% to 94.2%) than that of
CD34"/CD38™ cells, the presumed absolute number of PML-
RARA transplanted cells was higher in CD347/GD38" cells than
in GD34*7CD387 cells (3,430 to 31,800 cells vs 140 to 450 cells
per mouse; 22,900 to 27,700 CD34™/CD33" cells). One hundred
unfractionated human CD34% cells, including both CD34%/
CD38™ and CD34%/CD38™ cells, were engrafied with muhti-
lineage differentiation in our previous study [10], thus suggesting
that the transplanted cell numbers were adequate for engraftment
in the NOG mice. The induction of PML-RARA in CD347/
CD38" cells reduced the colony formation capacity and favored
the formation of myeloid colonies, as seen in COD34% cells
(Figures 1B and 1€). On the other hand, the induction of
PML-RARA in CD347/CD387 cells generated very fow colonies
in comparison to the MIGR! control vector-infected CD347/
CD387 cells (Figures 8C and 6D, Consistent with the results,
the induced APL cells were detected mostly in the mice
transplanted with GD34"/CD48" cells (median, 164% in the
whole bone marrow cells) (Figure $E). These findings suggest
that CD34%/CD38" progenitors proliferate and survive more
efficiently thun CD34%/CD387 cells in vifro and trigger APL in
vive by inducing PML-RARA.

Human common myeloid progenitors develop into APL
by inducing PML-RARA among CD34*/CD38" progenitors

In order to idemify the detailed target fraction in CD34%/
CD38" cells that generates APL with PML-RARA, the CD347/
CD38* cells were then divided into three fractions based on their
expression of CD123 and CD45RA; OMP, GMP and MEP
(Figure 6¥). The rewoviral transduction efficiencies of PML-
RARA o CMP, GMP and MEP were 6.0% to 15.2% (median:
6.6%, n=9), 3.83% to 8.8% (mediare: 7.1%, n=8), and 7.8% to
24.6% (median 8.5%, n=7) (Figure 6G), and the presumed
absolute numbers of PML-BARA transduced cells in OMP, GMP
and MEP utilized for the transplantation were 5,850 1o 15,200,
830 10 4,250, and 1,150 10 2,550 cells per mouse, respectively,
which were deduced to directly reflect their proportion in the
human cord blood. The frequency of induced APL cells in whole
bone marrow cells from transplanted NOG mice was higher when
using GMP (median, 25.2%) than GMP and MEP (median, 0.15%
and 0.01%, respectively) (Figure 61).

Taken together, these findings obtained using our humanized in
vivo APL model demonstrate thut CMP are a target fraction for
PML-RARA in the development of APL.

Discussion

Our present study revealed that a humanized APL model was
successfully established by transplantation of human CD34™ cord
blood transduced with PML-RARA into immunedeficient mice,
Using this model, we demonstrated that the CMP develop into
APL by transducing PMEI-RARA whercas the resultant GD347
APL cells had the ability 1o maintain the wmor. Our systerm
improves in the following pointst The induced APL cells were
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detecied in all of the mice within 150 days if more than 3,000
human CD347 cells infected with PML-RARA were transplanted
into NOG mice. The resultant leukemia well recapitulated the
human  disease phenotypically, genetically and functionally,
including the presence of Auer rods and Faggot cells, and the
expression pattern of cellular surface markers and transeripts, as
well as ATRA sensitivity and low leukemia mransplantability,
These findings demonstrated that this humanized i vivo model is
suitable for prospectively analyzing the process of APL develop-
ment in humans,

The cellular subset from which the APL originates is siill

controversial. Several lines of evidence using in vivo experiments
have suggested that APL arises in the committed myeloid
progenitors, whereas several clinical observations using FISH
and RT-PCR analyses suggest that APL arises in carlier
progenitors [4]. A recent report using conditional knock-in mice
showed that the induction of PML-RARA led 1w dominant
proliferation in a stem cell compartment with multilineage
potential, but did not result in myeloproliferation, as if the stem
cell compartment would not support leukemogenesis in this model
[34,35}. Our in vitre and in vive findings are compatible with the
previous findings which shewed that the generation of PML-
RARA tansgenic mice was only possible by expressing PML-
RARA in carly myeloid cells using the human cathepsin G (hCG)
and MRP8 promoters, not the promoters of B-actin, 2 honse-
keeping gene, and CD11bh which is expressed at a later stage of
myeloid differentiation [36].
- The leukemogenic function of PML-RAR may require subtle
myeloid differentiation, as seen in CMP in the present study;
PMI-RARx has been reported to possess the inhibitory or toxic
effects on the cellular survival, senescence or apoptosis [18,37,38].
CMPare sill immature enough to easily acquire siemness and are
already committed to the mycloid lincage, which may allow PML-
RARA o dysregulate RARg-dependent myelopoiesis, rather than
hematopoietic stem cells, in agreement with the fact that RARA is
implicated in the regulation of myelopoiesis, including both carly
stage and terminal differentiation, In this scenario, the expression
of PML-RARA would induce differentiation of CMP to promy-
elocytes, but inhibit their terminal differentiation at the same time
[18,39,40]. Therefore, i the CGMP expressing PML-RARA
acquires stemness, this can result in the development of APL.
Our findings showed no engraliment of CD34"/CD38™ cells with
PML-RARA transduction #n viv, although their leukemogenic
activity canpot be denied, as fewer cells were wansplanted in
comparison to the CD347/CD38" cells. Further analyses are
required to evaluate whether CD347/CD38™ cells possess the
ability to canse APL.

Xenograft models using immunodeficient mice ar€ at present
the only method for evaluaring the maintenance of human
leukemia as LIC, The induced APL generated in the NOG mice
had a low engraftment efficiency; however, this biological feature
well-reproduced the properties of APL cells found in human
patients {3,121, It is possible that the difficulty associated with
engralting APL cells, both primury samples and induced APL cells
obtained from cord blood, into NOG mice may depend on the
difficrent preferences of human hematopoictic cells between
hurnans and mice. The reconstitution of the human hematopoietic
system in NOG mice §s achieved with the dominant engraftment
of B-cells, in comparison to the myeloid lineage cells {10]. This
technieal feature may affect the engrafiment of cach of the
transplanted cellular subsets in our study. The slow progressive
mycloid tumor cclls, such as those involved in myelodysplastic
syndromes and chronic myeloid lenkemia in the chronic phase,
were shown to be difficult to engrafi in NOD/SCID-$2-
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Figure 6. PML-RARA targeted human common myeloid progenitors for APL leukemogenesis, () The sorting strategy for CD34/CD387,
CD34%/CD38" and CD347/CD33" cells. Human cord blood was first separated into £D34% and CD347 cells by magnetic beads, and then sorted into
three fractions by s FACS vantage instrument. {8) The expression of PML-RARA mRNA in each of the fractions after retroviral transfection, 82N, beta 2
microglobulin. The PML-RARA expression vector was used as a positive control for the PML-RARA analysis. (€) A colony-forming assay using PML-RARA-
transduced CD347/CD38" and CD347/CD38R™ cells. The average of three independent experiments is shown, The data represent the means = SD. (&)
The total numbers of colonies of PML-RARA-transduced CD347/CD38" and CD34*/CD38™ cells shown in (C) are highlighted. The data represent the
means =.5D {n=3}, {E) The development of the induced APL from CD34"/CD38" cells in NOG mice. Each sorted fraction from human cord blood, as
seen in (A), was retrovirally transduced with PML-RARA and transplanted into irradiated NOG mice. The percentages were determined by the
frequency of EGFP/CD45™/CD33" cells at 16 to 20 weeks after transplantation. Each dot represents a single mouse. The horizontal line represents the
median value. (F) The sorting strategy for common myeloid progenitors (CMP), granulocyte-monocytic progenitors (GMP), and megakaryocyte-
erythrocyte progenitors (MEP). Human cord blood was separated into CD34” cells by magnetic beads, CD347/CD38" cells were sorted out, and were
finally divided into CMP, GMP and MEP by the FACS vantage instrument. {G) The transduction efficiency of PML-RARA in CMP, GMP and MEP.
Representative data are shown, {H) The development of the induced APL from the human hematopoietic progenitors in NOG mice. Each sorted
progenitor fraction from human cord blood, as seen in {F), was retrovirally transduced with PML-RARA and transplanted into Irradiated NOG mice, The
percentages were determined by the frequency of EGFPY/CDA5Y/CD33" cells at 16 to 20 weeks after transplantation. Each dot represents a single
mouse. The horizontal line represents the median value.

doi10.1371/journalpone.0111082.g006

microglobulin-deficient or NOG mice {the previous reports 41~ their ability 10 cause APL, and that CD347 APL cells have the
43] and our unpublished data), suggesting that the engraftment capability of maintaining the discase. These findings suggest thar it
futlure did not always indicate a lack of leukemogenecity of the is not necessary that LIC are always consistent with a cellular
transplanted cells. Therefore, our study confirmed the leukemo-  fraction where leukemia-inducing cvents occur. Tumor-specific
genic activity of the CD347 induced APL fraction, although it was oncogenes, such as PML-BARA, effectively function to form

not strong. These results are consistent with the previous in wive tumors with specific characteristics in specific hierarchal stages of
reports which described the some primary GD34%/CD38" and myelopoiesis. This model differs from the conventional hierarchal
G347 AML cells conld function as LIC in vivo [44,45]. system of AML, in which LIC possess an immature phenotype as

In conclusion, we demonstrated that the induction of PML- seen in hematopoietic stem cells. Since AML is a group of

RARA targeted human CD347 cells, including CMP, and led 10 heterogeneous diseases with various causal genetic abnormalities,
ge g i3 &
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the present findings will be helpful for the analysis of leakemo-
genesis. in other types of AMI which display differentiated
leukemic blasts.

Supporting Information

Figure 81 The detection of PML-RARA expression in D34

cells transduced with PML-RARA and their deseendent colonies
by qualitative RT-PCR. RT, reverse manscription.

(TIR)

Figure 82 Fluorescent images of the colonies derived from the
EGFP* and EGFP™ fractions of the CD34% cells transduced with
PML-RARA.

(I1F)

Figure 83 The results of a quantitative analysis of the PML-
RARA expression in the CD34™ cells 48 hours after PML-RARA
transduction, the differentated cells from the resultant colonies
and the induced APL cells. There were significant «differences in
the comparison of the expression level of PML-RARA . * indicates
p values <0.05.

(TTF)

Figure 84 The heat map of the microarray analysis using the
3,439 probes (3,278 genes) that were differentially expressed in the
induced APL (n=3) and the AML other than APL (n=62). The
gene set separated the induced and human primary APL from the
cases of AML other than APL. Red triangles (n = 2 from the total
of 16 APL cases) show the clinical APL samples whose microarray
data were oblained in this study.

(TIF)

Figure 85 The heat map of the microarray analysis performed
using the gene set composed of 373 probes (547 genes), which were
specifically expressed in the induced APL in comparison to cases of
AMIL other than APL and normal promyeloeytes. The gene set
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