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FLA
a b s t r a c t
Therapy for BK virus (BKV)eassociated 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
2006 and March 2014, 14 were diagnosed with BKV-HC (median, 36 days; range, 14 to 330 days) after HSCT,
and 6 consecutive children received pharmaceutical-grade choreito extract granules. The hematuria grade
before treatment was significantly higher in the choreito group than in the nonchoreito group (P ¼ .018). The
duration from therapy to complete resolution was significantly shorter in the choreito group (median, 9 days;
range, 4 to 17 days) than in the nonchoreito group (median, 17 days; range, 15 to 66 days; P ¼ .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 ¼ .0043). The BKV load in urine was significantly decreased 1 month after choreito administration. No
adverse effects related to choreito administration were observed. Choreito may be a safe and considerably
promising therapy for the hemostasis of BKV-HC after HSCT.

� 2014 American Society for Blood and Marrow Transplantation.
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INTRODUCTION
Hemorrhagic 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
HSCT [3]. Early-onset HC occurs within 1 week after HSCT
and is mostly a symptom of regimen-related toxicity. Late-
onset 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 [5-9]. BKV viruria is detected by real-time
quantitative PCR (RT-PCR) in all patients with BKV-HC. A BKV
load of more than 106 copies/mL in urine may be associated
dgments on page 6.
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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 viruria alone does not explain the pathogenesis of HC.
High BKV viremia (�103 copies/mL) is a better predictor of
BKV-HC after HSCT, with a reported specificity of 93% [8].
Children with high BKV viremia (�104 copies/mL) are at a
higher risk of developing severe HC [6].

The standard treatment for BKV-HC has not been estab-
lished [2]. 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 contro-
versial [2]. Alternative strategies include intravesical instil-
lation of cidofovir [2,7], hyperbaric oxygen therapy [11],
leflunomide, and fluoroquinolone [12]; however, their effect
is limited [13]. Invasive intervention such as vascular
embolization or cystectomy may be necessary in uncontrol-
lable HC.

Choreito is a formula derived from Japanese traditional
Kampomedicine. The indication for choreito in the context of
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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 symptomsmay 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, choreitowas
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 traditional 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
treatment.

PATIENTS AND METHODS
Definition

HC was defined as microscopic (blood in urine graded 1þ or more) or
macroscopic hematuria combined with dysuria, pollakisuria, urinary ur-
gency, and/or the sensation of residual urine in the absence of bacteria in
urine as observed by culture [9]. BKV-HC was defined as the association of
HC with BKV viruria and/or viremia. HC was graded according to the widely
used criteria [15]. Grade I is defined as microscopic hematuria, grade II as
macrohematuria, grade III as macroscopic hematuria with clots, and grade
IV as macroscopic hematuria 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 þ for hemoglobin) and disappearance of dysuria, pollakisuria, urinary
urgency, and the sensation of residual urine related to HC.

Patient Inclusion Criteria of BKV-HC and Choreito Administration
Among the children (�18 years old) who received allogeneic HSCT be-

tween October 2006 andMarch 2014 in Nagoya University Hospital, 14 were
diagnosed with BKV-HC and included in the study. Their medical records
were retrospectively analyzed. Patient characteristics are listed in Table 1.
Intravenous fluids corresponding to 2.5 to 3.0 L/m2/day with forced alka-
linized diuresis were administered during conditioning, and patients treated
with cyclophosphamide received prophylactic mesna for the prevention of
HC. All the patients received acyclovir for herpes prophylaxis and weekly
intravenous immunoglobulin for viral prophylaxis. Tacrolimus was intra-
venously administered for graft-versus-host disease (GVHD) prophylaxis in
patients receiving HSCT from an unrelated donor. Cases of engraftment
syndrome and GVHD were treated by methylprednisolone, followed by
salvage therapies in nonresponding patients. Six children with BKV-HC
diagnosed after March 2013 received a pharmaceutical-grade medicine,
choreito extract granules (Tsumura & Co., Tokyo, Japan) with a dose of .2 g/kg
Table 1
Patient Demographics of BKV-HC after HSCT

UPN Choreito Treatment Age, yr Sex Diagnosis Clinical Status P

1 No 15.3 M AA Non CR C
2 No 16.0 M AA Non CR F
3 No 12.3 M B-ALL CR1 M
4 No 11.8 M CML CyCR F
5 No 7.1 F T-ALL CR2 F
6 No 5.7 M NB CR1 F
7 No 15.4 M CMML Non CR F
8 No 7.8 M B-ALL CR2 M
9 Yes 14.3 M AA Non CR F
10 Yes 5.4 M MDS Non CR F
11 Yes 10.1 F AA Non CR F
12 Yes 12.2 F CMML Non CR F
13 Yes 6.8 M B-ALL CR2 M
14 Yes 7.5 M MDS Non CR F

UPN indicates unique patient number; M, male; AA, aplastic anemia; Cy, cyclop
unrelated; BM, bone marrow; FK, tacrolimus; sMTX, short course of methotrexat
kemia; MEL, melphalan; CML, chronic myelogenous leukemia; CyCR, cytological c
blastoma; CB, cord blood; CMML, chronic myelomonocytic leukemia; MDS, myelo

FLA 5.2.0 DTD � YBBMT53628_proof � 13 No
per os 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.

Quantification of BKV DNA
Children undergoing HSCT were weekly monitored for plasma CMV,

human herpesvirus 6, and Epstein-Barr virus, and thosewhomet the criteria
for HC underwent additional viral workup, including analysis for BKV, pol-
yomavirus JC, and AdV. For 2 patients with BKV diagnosed before December
2009, BKV had been detected in urine by qualitative PCR. This qualitative
PCR could not detect BKV in patients without HC. After January 2010, viruses
were monitored by multiplex RT-PCR for quantification of DNA from BKV,
polyomavirus JC, and AdV, as described previously [16]. In April 2010, BKV
RT-PCRwas used to screen all 30 hospitalized childrenwith various hemato-
oncological diseases who had neither HC-related symptoms 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
Medicine.

Statistical Analysis
Statistical analysis was performed using the Fisher’s exact test for cat-

egorical variables and the Mann-Whitney’s U test for continuous variables.
The Wilcoxon signed-rank test was used for paired samples. Odds ratios
with confidence intervals were estimated by the logistic regression. A
probability (P) value <.05 was considered to indicate statistical significance.
All statistical analyses were conducted using JMP Pro 11.0.0 (SAS Institute
Inc., Cary, NC).

RESULTS
BKV Screening in Hemato-oncological 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-
oncological diseases who had neither HC-related symp-
toms nor abnormal urinalysis. The median urine BKV load in
childrenwith asymptomatic viruria was 1.3 � 106 copies/mL
(range, 3.5 � 103 to 2.0 � 109 copies/mL), which was
significantly lower than that in children with BKV-HC (me-
dian, 5.4 � 1010 copies/mL; range, 8.3 � 107 to 1.5 � 1011

copies/mL; P ¼ .0021).

Patient Characteristics of Cases with BKV-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
reconditioning Regimen Stem Cell Source GVHD Prophylaxis

Y þ ATG þ TBI 5 Gy UR-BM FK þ sMTX
LU þ CY þ Campath þ TBI 3 Gy UR-BM FK þ sMTX
EL þ TBI 12 Gy UR-BM FK þ sMTX
LU þ MEL þ TBI 3 Gy UR-BM FK þ sMTX
LU þ MEL þ ATG þ TBI 12 Gy Haplo FK þ sMTX
LU þ MEL þ TBI 2 Gy UR-CB FK þ sMTX
LU þ MEL þ ATG þ TBI 5 Gy Haplo FK þ sMTX
EL þ ATG þ TBI 12 Gy UR-BM FK þ sMTX
LU þ MEL þ ATG þ TBI 3 Gy Haplo FK þ sMTX
LU þ MEL þ ATG þ TBI 5 Gy Haplo FK þ sMTX
LU þ MEL þ ATG þ TBI 5 Gy Haplo FK þ sMTX
LU þ MEL þ ATG þ TBI 5 Gy Haplo FK þ sMTX
EL þ TBI 12 Gy UR-BM FK þ sMTX
LU þ MEL þ ATG þ TBI 5 Gy Haplo FK þ sMTX

hosphamide; ATG, antithymocyte globulin; TBI, total body irradiation; UR,
e; FLU, fludarabine; Campath, alemtuzumab; ALL, acute lymphoblastic leu-
omplete remission; F, female; Haplo, haploidentical transplant; NB, neuro-
dysplastic 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 alemtuzumab 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 II to IV acute GVHD, and 11 of 14
(79%) received steroids for treatment of engraftment syn-
drome and/or acute GVHD before being diagnosed with BKV-
HC. Three children with acute GVHD grade III or IV received
intensified immunosuppressive treatment for steroid-
resistant GVHD; 1 received infliximab and the other 2
received infliximab, 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 � 108 copies/mL in patient 3 and 1.8 � 108

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
and/or 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 (Tables 1 to 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 ¼ .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 to 23 days; P ¼ .43) (Table 3). The
urine BKV load before treatment amounted to a median of
2.6 � 1010 copies/mL (range, 1.3 � 109 to 6.3 � 1010 copies/
mL) in children receiving choreito, which was not statisti-
cally different from that in those not receiving choreito
(median, 3.4 � 1010 copies/mL; range, 8.3 � 107 to 1.3 � 1011

copies/mL; P¼ .67) (Table 3). Similarly, the BKV load inwhole
blood before treatment was not statistically different be-
tween the choreito and nonchoreito groups (P¼ .24, Table 3).

In all 14 childrenwith 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 ¼ .037)
(Table 3, Figure 1A): the odds ratio of choreito versus non-
choreito was .63 (95% confidence interval, .22 to .93; P ¼
.0031). With regard to 11 children with HC graded � II at the
beginning of therapy, the administration of choreito
FLA 5.2.0 DTD � YBBMT53628_proof � 13 November 2014 � 12:00 pm � ce LS
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significantly shortened the duration from the onset to BKV-
HC grade � I (median, 2 days; range, 2 to 4 days) in com-
parisonwith that in the nonchoreito group (median, 11 days;
range, 5 to 28 days; P ¼ .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, 4 to 17
days) than in the nonchoreito group (median, 20 days; range,
15 to 66 days; P ¼ .048) (Table 3, Figure 1C): here, the odds
ratio of choreito versus nonchoreito was .66 (95% confidence
interval, .14 to .95; P ¼ .0058).

Sequential Analysis of BKV Load after Choreito Treatment
BKV-HCerelated 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
urine BKV load was 1.7 � 108 copies/mL (range, 2.6 � 104 to
3.1 �1010 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 ¼ .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 � 106 copies/
mL, which was the median urine BKV load in children with
asymptomatic viruria. The BKV load inwhole blood appeared
stable during the course of BKV-HC, and no significant
decrease was observed a month after diagnosis (P ¼ .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
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,
he was administered choreito, and his genitourinary symp-
toms resolved within a few days (Supplemental Figure 1).

Safety and Tolerability of Treatment
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.

DISCUSSION
Unlike its 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
vember 2014 � 12:00 pm � ce LS



Figure 1. Comparison of choreito and nonchoreito treatment for BK virus-associated hemorrhagic cystitis (BKV-HC). The duration from the beginning of therapy to
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
(median, 9 days; range, 4 to 17 days) than in the nonchoreito group (median, 17 days; range, 15 to 66 days; P ¼ .037) (A). When comparing children with HC graded �
II, the administration of choreito significantly shortened the duration from the onset to BKV-HC grade � I (median, 2 days; range, 2 to 4 days) in comparison with that
in the nonchoreito group (median, 11 days; range, 5 to 28 days) (B). The duration from start of therapy to CR was also significantly shorter in the choreito group
(median, 7 days; range, 4 to 17 days) than in the nonchoreito group (median, 20 days; range, 15 to 66 days; P ¼ .048) (C).
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surgical treatments [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 BKV, and its efficacy for BKV-HC has
been investigated only in retrospective studies [19-21]. In the
report from the European Group for Blood 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 (19%). CR
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 � II [19]. Macroscopic
hematuria resolved in 15 (79%) after a median of 22 days
(range, 9 to 63 days). In 1 patient, HC progressed to grade IV
during cidofovir treatment. Notably, the baseline creatinine
level appeared to be elevated after treatment. Another
Figure 2. BK virus (BKV) load after choreito treatment. The BKV load before treatme
6.3 � 1010 copies/mL) and a median of 6.5 � 102 copies/mL in whole blood (range, 0
(range, 2.6 � 104 to 3.1 �1010 copies/mL) 1 month after BKV-HC diagnosis, and the BKV
rank test, P ¼ .031) (A). The BKV load in whole blood appeared stable during the cours
(Wilcoxon signed-rank test, P ¼ .44) (B).

FLA 5.2.0 DTD � YBBMT53628_proof � 13
pediatric cohort included 12 children with BKV-HC treated
by intravenous and/or intravesical cidofovir [20]. Themedian
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 no impairment of renal
function; all patients with BKV-HC achieved CR and BKV-HC
resolved earlier.

Hyperbaric oxygen therapy is another alternative treat-
ment for BKV-HC [11,22]. A retrospective study included 16
patients with BKV-HC grade� II (5 patients under 19 years of
age), 15 (94%) of whom achieved CR after a median of 17 days
(range, 4 to 116 days) [11]. In a pediatric cohort of 10 children
with BKV-HC grade � II, 9 (90%) achieved CR after a median
of 15 days (range, 10 to 37 days), including spontaneous
resolution [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-
oroquinolone antibiotics [12]; however, experience is
limited, even in adults [13]. Few reports of leflunomide use in
the setting of HSCT are available and its safety has not been
nt amounted to a median of 2.6 � 1010 copies/mL in urine (range, 1.3 � 109 to
to 9.0 � 104 copies/mL). The median urine BKV load was 1.7 � 108 copies/mL
load had significantly decreased since the time of diagnosis (Wilcoxon signed-

e of BKV-HC, and no significant decrease was observed a month after diagnosis
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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, whenmodernWesternmedicine took
over [14]. 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
sclerotium, 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 93% 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 urolithiasis for enhancing the evacuation of
stones after extracorporeal shock wave lithotripsy [25]. In
these studies, no severe adverse effects were observed,
suggesting high safety of choreito.

Considering the wide range of indications in genitouri-
nary disorders, choreito 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 [26].
Choreito may protect urothelial cells from detaching, which
may result in a significant reduction of the BKV load in urine,
although the whole blood BKV 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 limitations. 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 II to III 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, although it was not
statistically different (P ¼ .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 donor sources: the choreito group included
more cases of haplo-identical HSCT, whichmay have resulted
FLA 5.2.0 DTD � YBBMT53628_proof � 13 No
in intensified immunosuppression. More severe HC corre-
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
choreito 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,
although 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.
Fundamental research aiming to identify the active in-
gredients and mechanisms of action is also essential.
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Summary

Diamond-Blackfan anaemia is a congenital bone marrow failure syndrome

that is characterized by red blood cell aplasia. The disease has been associ-

ated with mutations or large deletions in 11 ribosomal protein genes

including RPS7, RPS10, RPS17, RPS19, RPS24, RPS26, RPS29, RPL5,

RPL11, RPL26 and RPL35A as well as GATA1 in more than 50% of

patients. However, the molecular aetiology of many Diamond-Blackfan

anaemia cases remains to be uncovered. To identify new mutations respon-

sible for Diamond-Blackfan anaemia, we performed whole-exome sequenc-

ing analysis of 48 patients with no documented mutations/deletions

involving known Diamond-Blackfan anaemia genes except for RPS7,

RPL26, RPS29 and GATA1. Here, we identified a de novo splicing error

mutation in RPL27 and frameshift deletion in RPS27 in sporadic patients

with Diamond-Blackfan anaemia. In vitro knockdown of gene expression

disturbed pre-ribosomal RNA processing. Zebrafish models of rpl27 and

rps27 mutations showed impairments of erythrocyte production and tail

and/or brain development. Additional novel mutations were found in eight

patients, including RPL3L, RPL6, RPL7L1T, RPL8, RPL13, RPL14, RPL18A

and RPL31. In conclusion, we identified novel germline mutations of two

ribosomal protein genes responsible for Diamond-Blackfan anaemia, fur-

ther confirming the concept that mutations in ribosomal protein genes lead

to Diamond-Blackfan anaemia.

Keywords: bone marrow failure, Diamond-Blackfan, genetic analysis, eryth-

ropoiesis, childhood.

research paper

ª 2014 John Wiley & Sons Ltd, British Journal of Haematology doi: 10.1111/bjh.13229



rics, Shinshu University School of Medicine,

Matsumoto, 17Division of Haematology, National

Centre for Child Health and Development,

Tokyo, 18Department of Paediatrics, Kagoshima

University, Kagoshima, 19Department of Paediat-

rics, Graduate School of Medicine, Kyoto Univer-

sity, Kyoto, and 20Department of Paediatrics,

Nagoya University Graduate School of Medicine,

Nagoya, Japan

Received 21 August 2014; accepted for

publication 7 October 2014

Correspondence: Professor Etsuro Ito,

Department of Paediatrics, Hirosaki University

Graduate School of Medicine, 53 Honcho,

Hirosaki 036-8562, Japan.

E-mail: eturou@cc.hirosaki-u.ac.jp

Professor Seishi Ogawa, Cancer Genomics

Project, Graduate School of Medicine, The

University of Tokyo, 7-3-1, Hongo, Bunkyo-

ku, Tokyo 113-8654, Japan.

E-mail: sogawa-tky@umin.ac.jp

Diamond-Blackfan anaemia (DBA) is an inherited rare red

blood cell aplasia that is characterized by normochromic

macrocytic anaemia, reticulocytopenia and selective defects

in erythroid progenitor cells in normocellular bone marrow.

Patients usually present with anaemia in the first year of life,

although there is a non-classical mild phenotype diagnosed

later in life. Macrocytic anaemia is a prominent feature of

DBA but the disease is also characterized by growth retarda-

tion and congenital anomalies, including craniofacial, upper

limb/hand, cardiac and genitourinary malformations, that are

present in approximately half of the patients. In addition,

DBA patients have a predisposition to malignancies including

acute myeloid leukaemia, myelodysplastic syndrome, colon

carcinoma, osteogenic sarcoma and female genital cancer

(Lipton et al, 2006; Vlachos et al, 2008, 2012; Ito et al,

2010).

DBA is associated with single, monoallelic, inactivating

mutations in ribosomal protein (RP) genes. Except for rare

germline GATA1 mutations reported in two X-linked DBA

families (Sankaran et al, 2012), all known causative muta-

tions have involved RP genes. Approximately 20% of DBA

patients are familial. However, most cases occur sporadically

and have de novo mutations. In DBA, mutations in RP genes

include RPS7, RPS10, RPS17, RPS19, RPS24, RPS26 and

RPS29 (encoding RP for the small subunit) and RPL5,

RPL11, RPL26 and RPL35A (encoding RP for the large sub-

unit). These mutations have been reported in up to 60% of

DBA patients (Draptchinskaia et al, 1999; Gazda et al, 2006,

2008, 2012; Cmejla et al, 2007; Farrar et al, 2008; Doherty

et al, 2010; Konno et al, 2010; Gerrard et al, 2013; Mirabello

et al, 2014). To date, approximately 40% of patients have no

known pathogenic mutation. In this study, we carried out

whole-exome sequencing (WES) analysis of 48 patients with-

out known causative mutations or deletions and found loss-

of function mutations in the RPS27 and RPL27 genes.

Methods

Patient samples

Genomic DNA (gDNA) was extracted from peripheral blood

leucocytes with the QIAamp DNA Blood Mini Kit (QIAGEN,

Hilden, Germany) according to the manufacturer’s protocol.

The diagnosis of DBA was based on the criteria developed at

an international clinical consensus conference (Vlachos et al,

2008). All clinical samples were obtained with informed con-

sent from paediatric and/or haematology departments

throughout Japan. The Ethics Committee of Hirosaki Uni-

versity Graduate School of Medicine and the University of

Tokyo approved this study.

Whole-exome sequencing analysis

To identify the candidate disease variants including non-RP

genes, we performed WES analysis. gDNA from patients was

enriched for protein-coding sequences with a SureSelect

Human All Exon V3, V4 or V5 kit (Agilent Technologies,

Santa Clara, CA, USA). This was followed by massively

R. N. Wang et al
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parallel sequencing with the HiSeq 2000 platform with 100 bp

paired-end reads (Illumina, San Diego, CA, USA). Candidate

germline variants were detected through our in-house pipeline

for WES analysis with minor modifications for the detection

of germline variants (Yoshida et al, 2011; Kunishima et al,

2013). The resultant sequences were aligned to the University

of California Santa Cruz (UCSC) Genome Browser hg19 with

the Burrows-Wheeler Aligner (Li & Durbin, 2009). After

removal of duplicate artifacts caused by polymerase chain

reaction (PCR), the single nucleotide variants with an allele

frequency >0�25 and insertion-deletions with an allele fre-

quency >0�1 were called. With a mean depth of coverage of

116�39 (679 � 1669), more than 92% of the 50 Mb target

sequences were analysed by more than 10 independent reads.

Target deep sequencing analysis was performed for the RP

genes with a low depth of coverage of <109. Amplification of

the genome was accomplished by long PCR reactions using

KOD-FX-Neo DNA polymerase (TOYOBO, Osaka, Japan)

using the primers described in Data S1. The PCR products

were used for library preparation after determination of their

quantity by the Qubit dsDNA HS Assay (Life Technologies, In-

vitrogen division, Darmstadt, Germany). Libraries were pre-

pared using the Nextera XT DNA Sample Preparation Kit

(Illumina) according to the manufacturer’s recommendation.

Sequencing reactions were carried out using the MiSeq v2

(2 9 150 bp) chemistries (Illumina). The MiSeq re-sequenc-

ing protocol for amplicon was performed. The sequences were

mapped on the human GRCh37/hg19 assembly and quality-

checked using the on-board software MiSeq Reporter, and

analysed by AVADIS NGS software (Agilent Technologies).

To validate RPL27 and RPS27 mutations of patients and

their families, we performed direct sequencing analysis using

the primers described in Data S1.

Cell lines and transient transfection with small
interfering RNA

The human erythroleukaemic cell line K562 was maintained

in RPMI 1640 medium (Sigma-Aldrich, St. Louis, MO, USA)

supplemented with 10% fetal bovine serum (FBS) (Life Tech-

nologies, Carlsbad, CA, USA) at 37°C in a 5% CO2 atmo-

sphere. To knock down the RPL27 and RPS27 genes, cells

were transfected by using Amaxa Nucleofector (Amaxa

Biosystems, Gaithersburg, MD, USA) (Nucleofector solution

V, Nucleofector program T-16) with 5 ll of 40 nmol/l siRNA

solutions per 2 9 106 cells. The siRNA purchased from

Thermo-Fisher Scientific-Dharmacon (Waltham, MA, USA)

were ON-TARGET plus SMART pool human RPS19, RPL5,

RPS27, RPL27 and a non-targeting pool.

Northern blot analysis

Total RNA was extracted from cells using the RNeasy plus

kit (QIAGEN), and hybridized at high stringency. The probes

used in the present study are described in Data S1.

Functional analysis using zebrafish

Morpholino antisense oligonucleotides (MOs) targeting ze-

brafish rpl27 and rps27, orthologs of human RPL27 and

RPS27 respectively, were obtained from Gene Tools, LLC

(Philomath, OR, USA). They were injected at a concentration

of 5�0 or 20 lg/ll into one-cell-stage embryos. The MO-

injected embryos (morphants) were grown at 28�5°C. Hae-

moglobin staining was performed at 48 h post-fertilization

(hpf) using o-dianisidine (Uechi et al, 2006; Torihara et al,

2011).

Full-length rpl27 was amplified by PCR and cloned into a

pCS2+ vector for in vitro transcription. Capped mRNAs were

synthesized from the linearized template using an mMessage

mMachine SP6 kit (Life Technologies) and injected at

250 ng/ll into one-cell-stage embryos.

Total RNA was isolated from wild-types and the mor-

phants. Reverse transcription (RT)-PCR was used to distin-

guish normal or cryptic sizes of the rpl27 and rps27.1

transcripts. This was performed by using primer pairs

designed at exons 1 and 5 and exons 1 and 4, respectively.

The MO and primer sequences are described in Data S1.

Results

Whole exome-sequencing analysis

A total of 98 Japanese DBA patients were registered and

blood genomic DNA samples were collected. All samples

were first screened for mutations in eight of 10 known DBA

genes (RPL5, RPL11, RPL35A, RPS10, RPS17, RPS19, RPS24

and RPS26) as well as RPS14, which had been implicated in

the 5q- myelodysplastic syndrome, a subtype of myelodys-

plastic syndrome characterized by a defect in erythroid differ-

entiation (Ebert et al, 2008). Screening was achieved by

direct sequence analysis accompanied by high-resolution melt

analysis (HRM) (Konno et al, 2010). Among these patients,

38% (38/100) had identifiable DBA mutations (Table S1).

Some of the patients were described in our previous reports

(Konno et al, 2010; Kuramitsu et al, 2012). Then, we

screened for large gene deletions in the remaining 60 patients

using synchronized-quantitative-PCR DBA gene copy num-

ber assay and/or genome wide single nucleotide polymor-

phism array analysis (Kuramitsu et al, 2012). We found that

20% (12 of 60) of samples had large deletions in previously

identified DBA genes (Table S1).

WES was performed on the remaining 48 patients who

lacked documented mutations or large deletions involving

known DBA genes by screening. We found gene alterations

in RPS7, RPS27, RPL3L, RPL6, RPL7L1, RPL8, RPL13,

RPL14, RPL18A, RPL27, RPL31 and RPL35A in 12 patients,

whose WES data have been deposited in the European Gen-

ome-phenome Archive (EGA) under accession number

EGAS00001000875. WES failed to identify a single GATA1

mutation (Table I). The substitution mutations observed in

RPL27 and RPS27 Mutations in Diamond-Blackfan Anaemia
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Table I. Characteristics of patients investigated by whole-exome sequencing.

Patient (UPN)

Age at

diagnosis Gender Inheritance Abnormalities Mutation

5 1 year F Sporadic None RPL18A c.481C>T p.Arg161Cys

7 1 month M Sporadic SGA, craniofacial

abnormalities,

skin pigmentation

ND

13 3 months F Sporadic None ND

21 1 year F Familial None RPS7 c.75+1G>A Splicing error,

RPL13 c.547C>T p.R183C

26 Birth F Sporadic Spastic quadriplegia,

congenital hip dislocation,

severe myopia, optic

nerve hypoplasia, growth

retardation

ND

35 18 months M Familial None RPL6 c.253_255del p.Lys85del

36 (35 cousin) Birth M Familial Hypospadias, cryptorchidism ND (No RPL6 mutation was detected.)

37 4 years M Sporadic Hypospadias, cryptorchidism, SGA ND

42 2 months F Sporadic None RPS27 c.89delC, p.Tyr31Thrfs*5

48 NA NA Sporadic Fetal hydrops RPL3L c.76C>G p.Arg26Gly

49 2 months M Sporadic SGA, growth retardation ND

50 2 months F Familial Neutropenia ND

52 (50 sister) 6 months F Familial Neutropenia ND

51 7 months F Sporadic None ND

53 8 months F Sporadic SGA ND

54 8 years F Sporadic None ND

61 9 months M Sporadic None ND

67 3 years M Sporadic None ND

68 16 months M Sporadic None RPL14 c.446CTG(9), c.446CTG(15)

69 1 year M Sporadic Flat thenar ND

75 Birth F Familial Acetabular dysplasia,

total anomalous

pulmonary venous connection

ND

76 Birth M Sporadic IgG subclass 2 and 4 deficiency RPL35A c.125A>G:p.Tyr42Cys

RPL7L1 c.G544A:p.V182I

(His unaffected parents

did not possess the

mutation in RPL35A.)

77 Birth M Familial None ND

83 9 months M Sporadic None RPL31 c.122G>A p.Arg41His

88 Birth M Familial Cryptorchidism, hypospadias,

learning disabilities

ND

89 (88 father) NA M Familial Skeletal malformation of

fingers, growth retardation

ND

90 10 months M Sporadic None ND

91 Birth F Sporadic None RPL8 c.413C>T p.Ser138Phe

93 11 months M Sporadic Leucoderma, syndactyly ND

95 Birth F Sporadic Atrial septal defect,

pulmonary stenosis

RPL27 c.-2-1G>A Splicing error

96 28 months F Sporadic None ND

97 4 years F Sporadic Growth retardation ND

105 Birth M Sporadic Growth retardation ND

109 9 months F Sporadic None ND

R. N. Wang et al
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RPL35A (Patients 76, 144 and 151) had escaped detection by

the HRM analysis in the first step screening but were found

by WES analysis. The mutations were confirmed by direct

sequencing analysis. We speculated that the sensitivity of the

HRM screening was insufficient for detection of these partic-

ular mutations because the size of the PCR amplicon con-

taining the mutations was too large for the screening. A

single missense mutation (c.125A>G: p.Tyr42Cys) observed

in two of the sporadic DBA cases, Patients 76 and 144, was

predicted to be causative because the unaffected parents of

the two patients did not possess the mutation, suggesting

that the mutations were de novo (Table I). Furthermore,

tyrosine at position 42 is highly conserved among species.

On the other hand, the pathological significance of the

RPL35A mutation (c.113A>G p.Glu38Gly) observed in

Patient 151 remains unknown because glutamic acid at posi-

tion 38 is not well-conserved and the patient’s unaffected

father was also heterozygous for the allele (Table I).

The two known DBA genes, RPS7 and RPL26, were not

included in the first screening. Consequently, WES identi-

fied a RPS7 mutation in Patient 21 and confirmed the

mutation by direct sequencing. The mutation was pre-

dicted to be causative because it seemed to induce a splic-

ing error in the gene. Mutations identified in the eight

patients, including RPL18A in Patient 5, RPL13 in Patient

21, RPL6 in Patient 35, RPL3L in Patient 48, RPL14 in

Patient 68, RPL7L1T in Patient 76, RPL31 in Patient 83

and RPL8 in Patient 91, were missense mutations or

in-frame deletions. Almost all of the causative variants of

RP genes observed in DBA are loss-of function mutations

(Gazda et al, 2012). Whereas analyses by SIFT, PolyPhen-2,

Mutation Taster and CONDEL predicted that some of

these mutations would probably damage the structure and

function of ribosomal proteins, the pathological effects of

the above-mentioned mutations were uncertain (Table S2).

The substitution mutation of RPL13 observed in Patient

21 seemed to be non-pathological because the RPS7 splic-

ing error mutation was also identified in this patient. The

missense mutation in RPL7L1T found in Patient 76 also

seemed to be non-pathological, because the de novo

RPL35A mutation was identified in this patient. The in-

frame deletion of RPL6 observed in Patient 35 with

familial DBA also might be non-causative, because the

mutation was not identified in his cousin, Patient 36

(Table I).

De novo mutation in RPL27 and RPS27

Next, we focused on novel loss-of function mutations in

RPL27 and RPS27, found in the screening. Almost all RP

genes were sequenced with enough coverage for detecting

germline mutations except for several RP genes (Table S3).

Target deep sequencing analysis was performed for the RP

genes with a low depth of coverage of <109 (Table S4 and

Table I. (Continued)

Patient (UPN)

Age at

diagnosis Gender Inheritance Abnormalities Mutation

112 4 months F Sporadic Pulmonary atresia, tricuspid

atresia, ventricular septal defect,

hypoplasia of right ventricle,

polydactyly of thumb, cerebellar

hypoplasia, low-set ear,

mandibular retraction,

growth retardation

ND

116 4 months M Sporadic Flat thenar ND

117 NA F Sporadic NA ND

121 2 months F Sporadic Growth retardation ND

135 1 year M Sporadic Xanthogranuloma ND

136 Birth M Sporadic None ND

140 Birth F Sporadic SGA ND

144 2 months F Sporadic Neutropenia RPL35A c.125A>G p.Tyr42Cys

(Her unaffected parents did

not possess the mutation in RPL35A.)

151 9 months M Unknown None RPL35A c.113A>G p.Glu38Gly

(His unaffected father was also

heterozygous for the allele.)

152 NA NA Sporadic None ND

153 17 months M Sporadic None ND

154 NA NA NA NA ND

158 3 months M Sporadic Patent ductus arteriosus ND

159 8 months M Sporadic None ND

UPN, unique patient number; NA, not available; M, male; F, female; ND, not detected; SGA, small for gestational age.

RPL27 and RPS27 Mutations in Diamond-Blackfan Anaemia
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S5), and we confirmed that the mutations in RPL27 and

RPS27 were the only ones found in these patients.

In Patient 95, we identified the substitution of c.-2-1G>A
in the RPL27 gene, a putative splicing error mutation

(Fig 1A). To confirm the effect of the mutation, we per-

formed RT-PCR analysis by using primers located on the

first and third exons and total RNA derived from the

patient’s leucocytes. We found two transcripts in Patient 95:

the full-length transcript and a shorter transcript lacking

exon 2 by alternative splicing, a variant skipping exon 2, in

which the translation initiation codon is located (Fig 1B,C).

We performed a quantitative assessment of the levels of the

full-length transcripts and the short transcripts, using the Ex-

perion automated electrophoresis system (Bio-Rad, Hercules,

CA, USA). The calculated concentration of each product was

48�31 nmol/ll (7�49 ng/ll) and 31�69 nmol/ll (3�19 ng/ll),
respectively. The results indicated that the extent of aberrant

splicing accounted for about 40% of total RPL27 transcripts

in this patient. Patient 95 was a 2-year-old girl with no fam-

ily history of anaemia, diagnosed with DBA at birth. She had

an atrial septal defect and pulmonary stenosis. She responded

to corticosteroid treatment and has been in remission for

2 years. Her clinical characteristics are presented in Table II.

As she was thought to be sporadic type DBA, we examined

the genotype of her parents. The direct sequencing analysis

showed that the parents were homozygous for wild-type

RPL27 (Fig 1A). These results suggested the mutation

observed in the patient was de novo and a probable patho-

genic mutation of DBA.

In Patient 42, we found a single nucleotide deletion

(c.90delC, p.Tyr31Thrfs*5) in the RPS27 gene generating a

premature stop codon by frameshift (Fig 1D). The patient

was a 4-year-old girl with no family history of anaemia, diag-

nosed with DBA at 2 months of age. This patient had no

abnormalities except for skin pigmentation, and responded

to steroid treatment. Her clinical characteristics are presented

in Table II. Her unaffected parents did not have the gene

alteration observed in the patients (Fig 1D), indicating the

mutation was de novo.

Defective pre-ribosomal RNA processing due to repression
of RPL27 or RPS27

A single pre-ribosomal RNA (pre-rRNA), called 45S is pro-

cessed into mature 28S, 18S and 5.8S rRNAs (Hadjiolova

et al, 1993; Rouquette et al, 2005). Among the mature

rRNAs, the 28S and 5.8S rRNAs associate with the large

ribosomal subunit (60S) and the 18S rRNA associates with

the small subunits (40S) of the ribosome. It has been

reported that the mutations in RP genes observed in DBA

cause defects in pre-rRNA processing. For example, the loss-

of-function of the small subunit of RP affects maturation of

18S rRNA (Gazda et al, 2006, 2012; Choesmel et al, 2007;

Flygare et al, 2007; Idol et al, 2007; Doherty et al, 2010). To

validate the effects of the knockdown of RPS27 or RPL27 on

erythroid lineage cells, we introduced siRNA into the human

erythroid cell line K562 cells and analysed pre-rRNA process-

ing by Northern blotting analysis.

Consistent with previous reports, decreased expression of

RPS19 was associated with a defect in rRNA processing char-

acterized by a decrease in 18S-E rRNA with accumulation of

a 21S rRNA precursor, and decreased expression of RPS26

resulted in accumulation of a 26S rRNA precursor. Reduc-

tion of RPS27 led to the accumulation of 30S rRNA and a

decrease in the 21S rRNA and 18S-E rRNA (Fig 2). These

findings suggest that RPS27 is also essential for 18S rRNA

processing, although RPS27 involves rRNA processing associ-

ated with the small subunit at different stages from RPS19

and RPS26. In contrast, knockdown of RPL27 caused accu-

mulation of 32S rRNA, which is very similar to the effects by

RPL5 siRNA, suggesting that RPL27 is important for the

(A)

(B)

(C)

(D)

Fig 1. De novo mutations in RPL27 and RPS27. (A) Family tree of

Patient 95. Electropherograms indicate the gDNA sequence including

the boundary between IVS-1 and the first exon of the RPL27 gene.

The red arrow indicates the position of the nucleotide substitution

�2-1G>A observed in Patient 95. (B) RT-PCR analysis using the pri-

mer set located on the first and third exons of the RPL27 gene.

Arrowhead and arrow indicate PCR products for the full-length vari-

ant and the alternative splicing lacking the second exon, respectively.

Molecular marker (lane 1), Patient 95 (lane 2), her father (F, lane 3)

and mother (M, lane 4) are shown. (C) Sequence analysis of the

short PCR product of Patient 95 showing the alternative splicing

variants lacking the second exon. (D) Family tree of Patient 42.

Electropherograms indicate gDNA sequence including a portion of

the second exon of the RPS27 gene. Blue arrow indicates the frame-

shift signals caused by single nucleotide deletion of c.90delC.

R. N. Wang et al
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maturation of 28S and 5.8S rRNAs (Fig 2). These findings

showed that decreased expression of RPS27 and RPL27

perturbed pre-rRNA processing associated with the small and

large subunits, respectively.

To accurately model the degree of ribosomal haploinsuffi-

ciency, we titrated the dose of the siRNA to obtain approxi-

mately 50% of the expression compared with wild-type cells

(Figure S1A). For this experiment, we used 50% RPS19,

RPS26 and RPL5 knocked-down cells as positive controls.

However, the rRNA processing defects were not clearly

observed under these conditions even in the positive controls

(Figure S1B). These results suggested that a more accurate

functional assay was necessary to investigate the pathological

significance of these mutations. For that reason, we turned to

the zebrafish model.

Impairment of erythroid development in rpl27 and
rps27-deficient zebrafish

To investigate the effects of RPL27 mutations in DBA, we

knocked down the zebrafish ortholog (rpl27) using MOs and

analysed the morphology and erythropoietic status during

embryonic development. The coding region of rpl27 shares

84% nucleotide and 96% amino acid identities with its

human ortholog. Although gene duplication is common in

zebrafish, available information from public databases sug-

gests that rpl27 exists as a single copy in the genome. We

inhibited expression of this gene using an MO designed to

target the 30-splice site of the first intron that corresponded

to the position at which the mutation was identified in the

patient (Fig 3A). Injection of this MO into the one-cell stage

embryos perturbed the splicing and resulted in exclusion of

exon 2 as observed in the patient (Fig 3B). When injected

with 5 lg/ll MO targeted against rpl27, the expression level

of a smaller transcript lacking exon 2 was comparable to that

seen in Patient 1 (Figs 1B and 3B). Therefore, all of the

following experiments were performed using 5 lg/ll MO.

We compared the morphological features of the

morphants with wild-type embryos and found that the

morphants showed abnormal phenotypes, such as a thin yolk

sac extension and a bent tail at 25 hpf (Fig 3C). We also per-

formed haemoglobin staining at 48 hpf and found a marked

reduction of erythrocyte production in the cardial vein of the

morphants (Fig 3D). All these abnormalities were rescued by

the simultaneous injection of rpl27 mRNA into the embryos,

indicating that the morphological defects and decreased eryth-

ropoiesis observed in the morphants were caused by the aber-

rant splicing of rpl27 in zebrafish (Fig 3B,D). These results

suggested that the splice site mutation identified in human

RPL27 could be responsible for the pathogenesis of DBA.

We next investigated the effects of RPS27 mutations in

DBA. Public databases suggest that there are three copies of

the zebrafish rps27 gene, rps27.1, rps27.2 and rps27.3, whereas

Table II. Clinical characteristics of DBA patients with RPS27 or

RPL27 mutation.

UPN 42 95

Mutated gene RPS27 RPL27

Age (years) 4 2

Gender Female Female

Family history

of anaemia

No No

Onset 2 months of age At birth

Malformation Skin pigmentation Atrial septal defect

pulmonary stenosis

Clinical data at onset

RBC (91012/l) 1�38 2�17
Hb (g/l) 49 71

MCV (fl) 105 92�3
Reticulocytes (%) 0�17 0�1
WBC (9109/l) 11�68 5�5
Platelets (9109/l) 373 446

Bone marrow Hyper cellularity,

erythroid 1%

Normo-cellularity,

erythroid 7�4%
Response to first

steroid therapy

Yes Yes

Present therapy NA NA

UPN, unique patient number; RBC, red blood cell count; WBC,

white blood cell count; NA, not available.

Fig 2. Perturbation of pre-rRNA processing by knockdown of the

RPL27 or RPS27 gene. Northern blot analysis using K562 cells

knocked down by siRNAs. The 50 extremities of the internal tran-

scribed spacer 1 (ITS-1) and internal transcribed spacer 2 (ITS-2)

were used as probes to detect the precursors to the 18S rRNA associ-

ated with the small subunit and 28S rRNA and 5.8S rRNA associated

with the large subunit of the ribosome, respectively. RPS19, RPS26

and RPL5 knocked-down cells were used as positive controls for the

detection of defects in rRNA processing. ITS-1 and ITS-2 probes

revealed the accumulation of 30S pre-rRNA in RPS27 knocked-down

cells and 32S pre-rRNA in RPL27 knocked-down cells, respectively.

Decrease of 18S-E pre-rRNA was also detected by the ITS-1 probe in

RPS27 knockdown cells. The mature 18S and 28S rRNAs were

detected with specific probes.
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the human genome contains two copies, RPS27 and RPS27L.

We inhibited expression of the zebrafish rps27.1, which shares

96% amino acid identity with the human RPS27, using an MO

designed to target the 50-splice site of the second intron

(Fig 4A). Injection of this MO into the embryos perturbed the

splicing and resulted in exclusion of exon 2 (Fig 4B) that con-

sequently introduced a stop codon in exon 3. The morphants

showed abnormal phenotypes, such as a thin yolk sac exten-

sion, a bent tail and a malformed brain region at 26 hpf

(Fig 4C). We also observed reduced erythrocyte production in

about 60% of the morphants (Fig 4D). These results suggested

that the frameshift mutation identified in human RPS27 is a

strong candidate for a causative mutation for DBA.

Discussion

WES analysis identified loss-of-function mutations in two RP

genes. Each of the patients carrying one of these mutations

was a sporadic case, and the mutations were de novo. Knock-

down of RPL27 and RPS27 disturbed pre-rRNA processing

for the large and small subunits, respectively. Although the

zebrafish models cannot reproduce the exact features of

DBA, such as macrocytic anaemia appearing after birth and

skeletal abnormalities, the models of RPL27 and RPS27

mutations showed impairment of erythrocyte production.

These results suggested that RPL27 and RPS27 play

important roles in erythropoiesis, and that haploinsufficiency

of either RP could lead to pure red cell aplasia. However,

these findings only represent a single patient in relation to

each gene. The identification of new DBA cases in the future

with mutations in these genes will be important to confi-

dently label RPS27 and RPL27 as DBA disease genes.

Interestingly, RPS27 binds to MDM2 through its N-termi-

nal region, and overexpression of RPS27 stabilizes TP53 by

inhibiting MDM2-induced TP53 ubiquitination (Xiong et al,

2011). Although the exact mechanism by which ribosome

disruptions leads to DBA is unclear, a widely accepted

hypothesis is that imbalances in expression of individual RPs

trigger a TP53-mediated checkpoint, leading to cell cycle

arrest and apoptosis of erythroid precursors (Narla & Ebert,

2010). Several animal models have demonstrated the role of

TP53 in the pathophysiology of DBA (McGowan & Mason,

2011). In support of this conclusion, it was observed that

certain RPs, such as RPL5, RPL11, RPL23, RPL26 and RPS7,

bind to and inhibit the TP53 regulator MDM2, thereby

inhibiting its ability to promote TP53 degradation (Zhang &

Lu, 2009). Notably, like RPL27, many of the RP genes,

including RPL5, RPL11, RPL26 and RPS7, are mutated in

DBA.

Here, we report the results of RP gene mutations

observed in 98 Japanese DBA patients. The frequency of the

patients harbouring probable causative mutations/large

(A)

(C)

(B)

(D)

Fig 3. Morphological defects and decreased erythropoiesis in rpl27 morphants. (A) The gene structures of human RPL27 and zebrafish rpl27. The

sequences of intron 1/exon 2 boundary regions are indicated. Uppercase and lowercase letters show the exon and intron sequences, respectively.

The MO target site is underlined and the translation initiation codons (ATG) are shaded. The arrow indicates the position of the mutated nucleo-

tide in the patient. Arrowheads show the primer positions for the RT-PCR. (B) The results of RT-PCR of rpl27 and actb (control) in wild type

and MO injected embryos. A smaller transcript without exon 2 was observed in the morphants as seen in the patient at a comparable level, when

5 lg/ll MO was injected into the one-cell-stage embryos. Injection with higher concentrations of MO (20 lg/ll) also produced a truncated exon

3. (C) Morphological features of wild-type and MO-injected embryos. A thin yolk sac extension and a bent tail are prominent in the morphants

injected with 5 lg/ll MO (arrows), whereas these features are rescued in the embryos injected with rpl27 mRNA. Scale bars: 250 lm. (D) The

haemoglobin staining of cardial veins at 48 hpf. Compared to wild-type embryos, rpl27 morphants injected with 5 lg/ll MO showed a drastic

reduction in the number of haemoglobin-stained blood cells. Morphants co-injected with rpl27 mRNA show recovery of the stained cells.
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deletions in RP genes was 55% (56/98), including RPS19

16% (16), RPL5 12% (12), RPL11 5% (5), RPS17 7% (7),

RPL35A 7% (7), RPS26 4% (4), RPS10 1% (1), RPS7 1%

(1), RPL27 1% (1) and RPS27 1% (1). No mutation of

RPS24, RPS29 or RPL26 was identified in this study. In

addition to above mutations, we found a missense mutation

of RPL35A in a sporadic case (Patient 151). Mutations in

RP genes are characterized by a wide variability of pheno-

typic expression. Even family members with the same muta-

tion in the RP gene can present with clinical differences

(Willig et al, 1999). For example, RPS19 mutations are

found in some first-degree relatives presenting only with iso-

lated high erythrocyte adenosine deaminase activity and/or

macrocytosis. Therefore, there is still the possibility that this

RPL35A mutation is disease-causing, although the patients’

father had the same heterozygous mutation without anae-

mia. To confirm the pathological effect of the substitution, a

functional analysis is necessary. The zebrafish model might

be very useful for this assay.

Recently, Gerrard et al (2013) found inactivating muta-

tions in 15/17 patients by targeted sequencing of 80 RP

genes. All mutations were in genes previously found to be

DBA genes. The differences between these results and those

in our study might be due to differences between human

populations. In our cohort, all patients were Asian, whereas

80% were Caucasian in the cohort reported by Gerrard et al

(2013). The frequency of RP gene mutaitons may vary

between ethnic groups. However, the data from both cohorts

are based on a relatively low number of patients and values

showing significant differences between cohorts are missing.

Interestingly, Gazda et al (2012) reported large-scale sequenc-

ing of 79 RP genes in a cohort of 96 DBA probands, none of

whom had previously been found to have a pathogenic

mutation. The study showed c. 53�9% of DBA patients had

mutations in one of 10 known DBA-associated RP genes,

including a novel causative RPL26 gene. The results were

very similar to ours, although their data did not contain

large deletions of RP genes, which would escape regular

sequencing analysis.

An additional five missense single nucleotide variants

affecting single cases were identified in six patients, including

RPL3L, RPL7L1, RPL8, RPL13, RPL18A and RPL31 together

with two in-frame deletions of RPL6 and RPL14 in two

patients, which cause deletion of a single amino-acid

(Table I). However, the pathological significance in these

seven cases is uncertain. In the remaining 36 patients, no

mutations were detected in RP genes. In conclusion, we iden-

tified novel germline mutations of two RP genes that could

be responsible for DBA, further confirming the concept that

RP genes are common targets of germline mutations in DBA

patients and also suggesting the presence of non-RP gene tar-

gets for DBA. To identify the candidate disease variants in

non-RP genes, we are now pursuing WES of their parents

and planning to perform functional assays of these variants.
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Simple and Efficient Generation of Virus-specific T Cells for
Adoptive Therapy Using Anti-4-1BB Antibody

Nobuhiko Imahashi,*w Tetsuya Nishida,* Tatsunori Goto,*
Seitaro Terakura,* Keisuke Watanabe,* Ryo Hanajiri,* Reona Sakemura,*

Misa Imai,* Hitoshi Kiyoi,* Tomoki Naoe,* and Makoto Murata*

Summary: Although recent studies of virus-specific T-cell (VST)
therapy for viral infections after allogeneic hematopoietic stem cell
transplantation have shown promising results, simple and less time-
intensive and labor-intensive methods are required to generate VSTs
for the wider application of VST therapy. We investigated the efficacy
of anti-CD28 and anti-4-1BB antibodies, which can provide T cells
with costimulatory signals similar in strength to those of antigen-
presenting cells, in generating VSTs. When peripheral blood mono-
nuclear cells were stimulated with viral peptides together with isotype
control, anti-CD28, or anti-4-1BB antibodies, anti-4-1BB antibodies
yielded the highest numbers of VSTs, which were on an average 7.9
times higher than those generated with isotype control antibody. The
combination of anti-CD28 and anti-4-1BB antibodies did not result
in increased numbers of VSTs compared with anti-4-1BB antibody
alone. Importantly, the positive effect of anti-4-1BB antibody was
observed regardless of the epitopes of the VSTs. In contrast, the
capacity of dendritic cells (DCs) to generate VSTs differed consid-
erably depending on the epitopes of the VSTs. Furthermore, the
numbers of VSTs generated with DCs were at most similar to those
generated with the anti-4-1BB antibody. Generation of VSTs with
anti-4-1BB antibody did not result in excessive differentiation or
deteriorated function of the generated VSTs compared with those
generated with control antibody or DCs. In conclusion, VSTs can be
generated rapidly and efficiently by simply stimulating peripheral
blood mononuclear cells with viral peptide and anti-4-1BB antibody
without using antigen-presenting cells. We propose using anti-4-1BB
antibody as a novel strategy to generate VSTs for adoptive therapy.

Key Words: virus-specific T-cell therapy, anti-4-1BB antibody,

costimulatory signals, antigen-presenting cells

(J Immunother 2015;38:62–70)

Allogeneic hematopoietic stem cell transplantation
(HSCT) is a potentially curative therapy for patients

with various hematologic diseases who are otherwise
incurable with conventional therapies, albeit at the expense
of high treatment–related mortality. Viral infections such as
cytomegalovirus (CMV), Epstein-Barr virus (EBV), and
adenovirus (AdV) infections are one of the major contrib-
utors to this high mortality.1 Although antiviral agents are
effective against some of the viruses, their efficacy is often

limited by weak intrinsic activity against viruses and by
their toxicity.1 Furthermore, reconstitution of virus-specific
T cells (VSTs) is important for the control of viral infec-
tions.2 These observations have led to the development of
adoptive T-cell therapy for the management of viral infec-
tions after allogeneic HSCT. Although the results of recent
clinical studies that evaluated the safety and efficacy of VST
therapy for viral infections after HSCT are promising,3,4

several issues remain to be resolved. One of these issues is
that generation of VSTs is complex and requires a large
amount of time and effort.

Optimal activation of T cells requires not only
engagement of the T-cell receptor (TCR) complex, but also
a secondary signal that is provided by costimulatory mol-
ecules. A number of studies that analyzed the effect of
costimulatory signals on T cells using artificial antigen-
presenting cells (APCs) expressing costimulatory molecules
have shown that costimulatory signals, especially signals
through CD28 and 4-1BB, enhance the expansion of VSTs
ex vivo.5–7 Therefore, APCs that express costimulatory
molecules are used to generate VSTs for adoptive therapy.
Dendritic cells (DCs) are traditional APCs and are widely
used to generate antigen-specific T cells for adoptive
immunotherapy.8,9 However, the preparation of DCs
requires additional time (approximately 1wk), effort, and
peripheral blood mononuclear cells (PBMCs). Another
type of APC that is commonly used is an artificial APC,
which is genetically modified to express costimulatory
molecules and human leukocyte antigen (HLA) mole-
cules.10 Although artificial APCs are easy to prepare, once
they are generated they can only generate antigen-specific T
cells that recognize peptides presented on the same HLA as
that expressed on the artificial APC. Thus, artificial APCs
cannot be universally used. In addition, virus vectors are
required to generate artificial APCs. These issues associated
with APCs account for, at least in part, the complexity and
the time-intensive and labor-intensive nature of VST ther-
apy. As B cells and monocytes contained in PBMCs have
the capacity to present antigen to T cells, one possible
solution to the previous limitations to VST generation may
be to directly stimulate PBMCs with viral peptides.11

However, as freshly isolated B cells and monocytes only
express low levels of costimulatory molecules,12,13 the cos-
timulatory signals delivered to T cells when using this
method may not be sufficient. Therefore, a simple and less
time-intensive and labor-intensive method that provides
T cells with sufficient costimulatory signals needs to be
developed for the wider application of VST therapy.

Recent advances in the understanding of T-cell biology
and in technology have led to the development of immu-
nostimulatory antibodies such as anti-CD28 and
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anti-4-1BB antibodies.14 Although extensive clinical studies
have been conducted using these antibodies,14,15 their effi-
cacy in generating VSTs for adoptive therapy has not been
investigated. The potential benefits of using immunosti-
mulatory antibodies are: (1) substitution of antibodies for
APCs, which would save the time and effort that are
required to prepare APCs, (2) universal applicability irre-
spective of the patients’ HLA types, (3) easy applicability to
clinical settings due to the lack of requirements for virus
vectors, (4) more uniform quality of the antibodies com-
pared with APCs, and (5) capability of providing sufficient
costimulatory signals to T cells, which might not be possible
when PBMCs are stimulated with viral peptides alone. In
the current study, we investigated the efficacy of anti-CD28
and anti-4-1BB antibodies for the generation of VSTs for
adoptive therapy. We found that anti-4-1BB antibody sig-
nificantly increases the expansion of VSTs ex vivo without
causing excessive differentiation or functional deterioration
of the generated T cells. The use of this anti-4-1BB anti-
body may pave the way for a novel strategy to generate
VSTs for adoptive therapy.

MATERIALS AND METHODS

Donor Cells and Cell Lines
PBMCs from 9 healthy volunteer donors were

obtained after informed consent. The donors were tested
for immunity to the target virus.

EBV-transformed B-lymphoblastoid cell lines were
generated by infection of PBMCs from healthy donors with
concentrated EBV-containing supernatants of cultured
B95-8 cells.16 K562 cells were transduced with retroviruses
that encode CD80 and CD86 and were selected to >90%
purity by cell sorting for expression of these costimulatory
ligands. CD80+ and CD86+ K562 were then transduced
with retroviruses that encode a full-length HLA-A*24:02 or
HLA-A*02:01 (Phoenix-Ampho System, Orbigen) and
were sorted twice to obtain cells of >95% purity that
expressed transduced HLA (named K562/A*24:02 and
K562/A*02:01).17 Cell lines were cultured in RPMI-1640
medium (Sigma, St Louis, MO) containing 10% fetal
bovine serum.

Preparation of Autologous DCs
Autologous DCs were generated as previously descri-

bed with some modifications.18,19 PBMCs obtained from
healthy volunteers were placed at a concentration of
5–10�106 cells per well in a 6-well plate with 2mL of
RPMI-1640 medium containing 10% human serum (refer-
red to as culture medium) and were incubated for
90 minutes at 371C in a humidified CO2 incubator. After

incubation, the nonadherent cells were removed by gentle
washing, and the adherent cells were cultured in culture
medium with 80 ng/mL granulocyte-macrophage colony-
stimulating factor and 17 ng/mL interleukin (IL)-4 (Milte-
nyiBiotec, Auburn, CA). Fresh cytokines were added on
days 3 and 5. On day 6, 10 ng/mL tumor necrosis factor-a,
2 ng/mL IL-1b (R&D Systems, Minneapolis, MN), 10 ng/
mL IL-6 (MiltenyiBiotec, Auburn, CA), and 1000 ng/mL
prostaglandin E2 (Cayman Chemical, Ann Arbor, MI)
were added for maturation of the DCs. Autologous DCs
were harvested on day 8 or 9 and were used for stimulation
of PBMCs.

Viral Peptides
Minimal peptides corresponding to previously identi-

fied virus-specific CD8+ T-cell epitopes were synthesized
by Medical & Biological Laboratories (Nagoya, Japan)
(Table 1).

Preparation of Peptide-pulsed APCs
For preparation of peptide-pulsed APCs, the cells were

washed once, resuspended in RPMI-1640 medium, and
pulsed with the corresponding synthetic peptide at 5mg/mL
at room temperature for 2 hours. The cells were then
washed and used for the generation of VSTs and for
stimulation assays. Where indicated, peptide-pulsed APCs
were irradiated before use.

Generation of Virus-specific CD8 + T Cells
PBMCs obtained from healthy volunteers were placed

at a concentration of 1�106 cells per well in a 48-well plate
with 1mL of culture medium and were directly stimulated
with peptides at a concentration of 1mg/mL and with either
the indicated concentration of agonistic antibody to cos-
timulatory receptors (anti-CD28 antibody; MiltenyiBiotec,
Auburn, CA) and/or anti-4-1BB antibody; R&D Systems,
Minneapolis, MN) or isotype control antibody. As initial
experiments showed that adding anti-4-1BB antibody 24
hours after peptide stimulation yielded maximum numbers
of virus-specific CD8+ T cells (Fig. 1C), anti-4-1BB anti-
body was added to the culture at this time point unless
otherwise specified. In some experiments, PBMCs were
stimulated with 25Gy-irradiated DCs that were loaded
with peptides at a ratio of 10:1. A total of 25 IU/mL of
recombinant human IL-2 (ProSpec-Tany Technogene,
Rehovot, Israel) were added to the cultures on day 3 and
every 3 or 4 days thereafter. VSTs were harvested on days
13 or 14, were counted and were used for phenotypic and
functional analyses.

TABLE 1. Viral Peptides Used to Generate Virus-specific CD8+ T Cells

Virus Protein Epitope Sequence Restriction Donors

CMV pp65 341-349 QYDPVAALF HLA-A*24:02 1, 2, 3, 4, 5
CMV pp65 495-503 NLVPMVATV HLA-A*02:01 1, 2, 6
CMV pp65 417-426 TPRVTGGGAM HLA-B*07:02 7
CMV pp65 123-131 IPSINVHHY HLA-B*35:01 1
EBV EBNA3A 246-254 RYSIFFDYM HLA-A*24:02 1, 2, 5, 8, 9
AdV Hexon 37-45 TYFSLNNKF HLA-A*24:02 1, 3, 4

AdV indicates adenovirus; CMV, cytomegalovirus; EBV, Epstein-Barr virus.
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Flow Cytometric Analysis
All antibodies were purchased from BD Biosciences

(San Jose, CA) unless otherwise noted. The cultured T cells
were analyzed for CD8, CD62L, CD45RA, CD27, CD28,
and virus-specific TCRs. For the staining of virus-specific
TCRs, the following phycoerythrin (PE)-conjugated HLA
class I tetramers were used.

HLA-A*24:02-CMV-pp65-QYDPVAALF (QYD),
HLA-A*02:01-CMV-pp65-NLVPMVATV (NLV), HLA-B*
07:02-CMV-pp65-TPRVTGGGAM (TPR), HLA-B*35:01-
CMV-pp65-IPSINVHHY (IPS), HLA-A*24:02-EBV-
EBNA3A-RYSIFFDYM (RYS), and HLA-A*24:02-AdV-
serotype 5-hexon-TYFSLNNKF (TYF) tetramers (Medical
& Biological Laboratories). Data acquisition were performed
with a FACSAria or FACSCanto flow cytometer (BD Bio-
sciences), and data were analyzed using FlowJo software
(TreeStar Inc., Ashland, OR).

Intracellular Cytokine Staining
Intracellular staining assays for the cytokines inter-

feron (IFN)-g and IL-2 were performed as previously
described with some modifications.20 In brief, cells were
cocultured with peptide-pulsed or peptide-unpulsed stim-
ulator cells and were incubated at 371C for 6 hours. K562/
A*24:02, K562/A*02:01, or autologous lymphoblastoid cell
lines were used as stimulator cells for the analysis of CMV-
specific and AdV-specific T cells, whereas K562/A*24:02 or
K562/A*02:01 were used for the analysis of EBV-specific
T cells. Brefeldin A (Golgiplug, BD Biosciences) was
added during the last 4.5 hours of incubation to block the
secretion of cytokines. Subsequently, the cells were fixed,
permeabilized, and stained with anti-IFN-g, anti-IL-2, and
CD8 antibodies, using FIX/PERM and PERM/Wash
solution (BD Biosciences). The frequency of cytokine-pro-
ducing cells among CD8+ tetramer+ cells was calculated
as follows: (frequency of cytokine-producing cells among
CD8+ cells)/(frequency of tetramer+ cells among CD8+

cells)�100.

CD107a Mobilization Assay
T-cell degranulation was evaluated by a CD107a

mobilization assay using the IMMUNOCYTO CD107a

Detection Kit (Medical & Biological Laboratories)
according to the manufacturer’s instructions. In brief, T
cells were cocultured with peptide-pulsed or peptide-
unpulsed K562/A*24:02 or K562/A*02:01 at an effector-to-
target ratio of 1:1, 2mL of anti-CD107a antibody and 2mL
of monensin in 200 mL of culture medium. After incubation
for 4 hours at 371C, the cells were stained with anti-CD8
antibody and PE-conjugated HLA class I tetramer. The
frequency of CD107a+ cells among virus-specific CD8+ T
cells was calculated by subtracting the background
observed with the no peptide control

Carboxyfluorescein Succinimidyl Ester (CFSE)
Proliferation Assay

The CFSE proliferation assay was performed as pre-
viously described with some modifications.17 Briefly, T cells
were labeled with 0.2mM CFSE (Invitrogen, Carlsbad,
CA), washed, and cocultured with peptide-pulsed or pep-
tide-unpulsed, 25Gy-irradiated autologous PBMCs at a
ratio of 1:1 in culture medium with 5 IU/mL of recombi-
nant human IL-2. After 120-hour incubation, the cells were
stained with anti-CD8 antibody and PE-conjugated HLA
class I tetramer. Division of CD8+ tetramer+ cells was
assessed by CFSE dye dilution using flow cytometry.

Statistics
Differences between groups were evaluated by a 1-way

analysis of variance followed by the Tukey multiple com-
parison tests, where appropriate. Differences were consid-
ered significant when P<0.05.

RESULTS

Optimization of Culture Conditions for
Generating Virus-specific CD8 + T Cells Using
Anti-CD28 and Anti-4-1BB Antibodies

In the first set of experiments of VST generation, the
effects of different concentrations of anti-CD28 and anti-
4-1BB antibodies that were added at the time of culture
initiation were examined. Addition of increasing concen-
trations of antibodies to PBMCs from healthy volunteers
that were stimulated with viral peptides generally resulted

FIGURE 1. Optimization of culture conditions for the generation of virus-specific T cells using anti-CD28 or anti-4-1BB antibodies. A and
B, PBMCs from healthy volunteers were stimulated with viral peptides and the indicated concentration of anti-CD28 (A) or anti-4-1BB
(B) antibodies. The cells were collected on day 13, and absolute numbers of CD8+ tetramer+ cells were calculated by the formula: (the
absolute number of viable cells�percentage of CD8+ tetramer+ cells among viable cells)/100. Data are representative of 8 independent
experiments with 4 different virus-specific CD8+ T-cell responses. C, PBMCs were stimulated with viral peptides, and 0.3 mg/mL of anti-
4-1BB antibody were added to the culture at the indicated time points after peptide stimulation. The cells were collected on day 13, and
absolute numbers of CD8+ tetramer+ cells were determined. Data are representative of 6 independent experiments with 3 different
virus-specific CD8+ T-cell responses. PBMCs indicates peripheral blood mononuclear cells.
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in an increased frequency and number of virus-specific
CD8+ T cells, with the maximal response observed at
concentrations of 0.3–1mg/mL for both antibodies
(Figs. 1A, B and data not shown). Next, as the surface
expression of 4-1BB on activated T cells reaches its peak at
about 24–48 hours poststimulation and has declined by 4–5
days,21,22 we investigated the optimal time of addition of
anti-4-1BB antibody to the culture. Addition of anti-4-1BB
antibody 24 hours after culture initiation yielded the high-
est frequency and number of virus-specific CD8+ T cells
(Fig. 1C and data not shown). Therefore, for subsequent
experiments, anti-4-1BB antibody was added at a concen-
tration of 0.3 mg/mL 24 hours after culture initiation,

whereas anti-CD28 antibody was added at a concentration
of 0.3mg/mL at the time of culture initiation.

Effect of Anti-CD28 and Anti-4-1BB Antibodies
on the Number of Virus-specific CD8 + T Cells
Generated

To evaluate and compare the effects of anti-CD28
and anti-4-1BB antibodies, CD8+ T cells specific for
CMV-pp65-QYD (n=5), CMV-pp65-NLV (n=3),
CMV-pp65-TPR (n=1), CMV-pp65-IPS (n=1), EBV-
EBNA3A-RYS (n=5), or AdV-hexon-TYF (n=3)
epitopes were generated by stimulating PBMCs with viral
peptides and with either control, anti-CD28, anti-4-1BB, or

FIGURE 2. Frequencies and absolute numbers of virus-specific CD8+ T cells generated with control, anti-CD28, anti-4-1BB, or a
combination of anti-CD28 and anti-4-1BB antibodies. CD8+ T cells specific for cytomegalovirus (CMV, n = 10), Epstein-Barr virus (EBV,
n = 5), or adenovirus (AdV, n = 3) were generated with control, anti-CD28, anti-4-1BB, or a combination of anti-CD28 and anti-4-1BB
antibodies. The concentrations of all antibodies were 0.3 mg/mL, and anti-4-1BB antibody was added 24 hours after culture initiation, as
previously determined. After 13 days of culture, the cells were collected, counted, and analyzed using flow cytometry. A, Representative
flow plots of the postculture cells showing the frequency of CD8+ tetramer+ cells among viable cells. Frequencies (B) and absolute
numbers (C) of CD8+ tetramer+ cells. Actual values (upper panel) and the ratio of the actual values for the indicated culture conditions
to those for control (lower panel) are shown for each measure. Horizontal lines in the upper panels mark the mean values. Means and
SEMs are shown in the lower panels (*P < 0.05, **P < 0.01, ***P < 0.001, NS, not significant, repeated measures 1-way analysis of
variance followed by the Tukey multiple comparison tests). D, Ratios of absolute numbers of CD8+ tetramer+ cells generated with anti-
4-1BB antibody to those generated with control antibody according to the epitopes of virus-specific T cells. Means are shown. B–D
shows data pooled from more than 18 independent experiments with 18 different virus-specific CD8+ T-cell responses to CMV-pp65-
QYDPVAALF (QYD), CMV-pp65-NLVPMVATV (NLV), TPRVTGGGAM (TPR), CMV-pp65-IPSINVHHY (IPS), EBV-EBNA3A-RYSIFFDYM
(RYS), and AdV-serotype 5-hexon-TYFSLNNKF (TYF).
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a combination of anti-CD28 and anti-4-1BB antibodies.
The frequencies and numbers of CD8+ tetramer+ cells
that were generated with anti-4-1BB antibody were sig-
nificantly higher than those generated with control or anti-
CD28 antibody (Figs. 2A–C). The number of CD8+ tet-
ramer+ cells generated with anti-4-1BB antibody was on
an average 7.9 times higher than that generated with con-
trol antibody (P<0.001) (Fig. 2C). In contrast, the com-
bination of anti-CD28 and anti-4-1BB antibodies did not
result in an increased frequency or number of CD8+ tet-
ramer+ cells compared with anti-4-1BB antibody alone
(Figs. 2B, C). Importantly, the positive effect of anti-4-1BB
antibody was observed regardless of the epitopes of the
VSTs (Fig. 2D).

Effect of Anti-CD28 and Anti-4-1BB Antibodies
on the Phenotype of the Generated Virus-
specific CD8 + T Cells

Previous studies have shown that extensive ex vivo
expansion of T cells may reduce the in vivo activity of
adoptively transferred T cells.23,24 We therefore evaluated
the effect of anti-CD28 and anti-4-1BB antibodies on the
phenotype of the generated VSTs. Most of the generated
CD8+ tetramer+ cells exhibited either a central memory
(CM) (CD62L+CD45RA�) or effector memory
(CD62L�CD45RA�) phenotype (Fig. 3A). The proportion
of cells with a CM phenotype, which persist longer and are
more effective in vivo after adoptive transfer,25 among the
CD8+ tetramer+ cells did not differ with the type of

FIGURE 3. Phenotypes of virus-specific CD8+ T cells generated with control, anti-CD28, anti-4-1BB, or a combination of anti-CD28 and
anti-4-1BB antibodies. CD8+ T cells specific for CMV (n = 10), EBV (n = 5), or AdV (n = 3) were generated with control, anti-CD28, anti-4-
1BB, or a combination of anti-CD28 and anti-4-1BB antibodies. After 13 days of culture, the cells were collected, counted, and analyzed
using flow cytometry. A, Representative flow plots of the postculture cells showing the phenotypes of the CD8+ tetramer+ cells. B–D,
Frequencies of central memory phenotype (B), CD28+ (C), and CD27+ (D) cells among CD8+ tetramer+ cells. Actual values (upper
panel) and the ratio of actual values for the indicated culture conditions to those for control (lower panel) are shown for each measure.
Horizontal lines in the upper panels mark the mean values. Means and SEMs are shown in the lower panels (NS, not significant, repeated
measures 1-way analysis of variance). B–D, Show data pooled from at least 18 independent experiments with 17 (B) or 18 (C, D)
different virus-specific CD8+ T-cell responses.
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antibody used. The mean percentage of cells with a CM
phenotype was approximately 35% irrespective of the
antibody used (Fig. 3B). Similarly, the proportion of
CD28+ and CD27+ cells, which are also associated with
superior in vivo efficacy after adoptive transfer,26,27 among
the CD8+ tetramer+ cells did not differ with the type of
antibody used. The mean percentage of CD28+ and
CD27+ cells was approximately 80% and 60%, respec-
tively, irrespective of the antibody used (Figs. 3C, D).

Effect of Anti-CD28 and Anti-4-1BB Antibodies
on the Generated Virus-specific CD8 + T-cell
Function

To compare the effector functions of the generated
virus-specific CD8+ T cells, cytokine production and
cytotoxic activity28 in response to the viral peptide-pulsed

target cells were assessed. Virus-specific CD8+ T cells that
were generated in the presence of control, anti-CD28, anti-
4-1BB, or a combination of anti-CD28 and anti-4-1BB
antibodies showed similar levels of IFN-g production, IL-2
production, and CD107a expression in response to the
peptide stimulation (Figs. 4A–C). In addition, the pro-
liferative capacity of the generated virus-specific CD8+ T
cells in response to the viral peptide-pulsed target cells was
assessed. Of note, proliferation of the anti-4-1BB Ab-
treated cells was greater than that of the control antibody
treated cells, as indicated by the lower mean fluorescence
intensity value in CFSE proliferation assays (Fig. 4D). The
combined results indicate that anti-4-1BB antibody pro-
motes the expansion of VSTs without causing excessive
differentiation or functional deterioration of the generated
T cells.

FIGURE 4. Function of virus-specific CD8+ T cells generated with control, anti-CD28, anti-4-1BB, or a combination of anti-CD28 and
anti-4-1BB antibodies. A–C, Virus-specific CD8+ T cells generated with control, anti-CD28, anti-4-1BB, or a combination of anti-CD28
and anti-4-1BB antibodies were restimulated with APCs loaded with or without the corresponding peptides. After incubation, the cells
were collected and analyzed for cytokine production and CD107a degranulation, as described in the Materials and methods section.
Frequencies of interferon (IFN)-g+ (A), interleukin (IL)-2+ (B), and CD107a+ (C) cells among CD8+ tetramer+ cells are shown. A and B
show data pooled from at least 10 independent experiments with 10 different virus-specific CD8+ T-cell responses. Actual values (upper
panel) and the ratio of actual values for the indicated culture conditions to those for control (lower panel) are shown for each measure.
Horizontal lines in the upper panels mark the mean values. Means and SEMs are shown in the lower panels [NS, not significant, repeated
measures 1-way analysis of variance (ANOVA)]. C, Representative data from 6 independent experiments with 3 different virus-specific
CD8+ T-cell responses. Mean ± SD of triplicate wells are shown (NS, not significant, ordinary 1-way ANOVA). D, Generated virus-specific
CD8+ T cells were labeled with carboxyfluorescein succinimidyl ester (CFSE), restimulated with irradiated autologous peripheral blood
mononuclear cells loaded with the corresponding peptides, and analyzed for CFSE dilution using flow cytometry 120 hours after
restimulation. Representative flow plots gated on CD8+ tetramer+ cells are shown. The numbers in the histograms indicate the CFSE
mean fluorescence intensities (MFIs) of CD8+ tetramer+ cells. Gray shaded histograms indicate CD8+ tetramer+ cells cultured with
medium alone. Data are representative of 6 independent experiments with 6 different virus-specific CD8+ T-cell responses.
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Comparison of Anti-4-1BB Antibody and DCs for
Virus-specific CD8+ T-cell Generation

DCs are the most powerful APCs29 and are widely used
for the generation of antigen-specific T cells for adoptive
immunotherapy.9,11 To compare anti-4-1BB antibody and
DCs in terms of their capacity to generate virus-specific
CD8+ T cells, CD8+ T cells specific for CMV-pp65-QYD
(n=3), CMV-pp65-NLV (n=2), CMV-pp65-IPS (n=1),
or EBV-EBNA3A-RYS (n=2) epitopes were generated
either with control antibody, anti-4-1BB antibody, or irra-
diated autologous DCs. The generated DCs consistently
exhibited a mature phenotype (data not shown). Of note,
the capacity of the DCs to generate VSTs differed consid-
erably depending on the epitopes of the VSTs. The number
of CMV-pp65-NLV-specific CD8+ T cells generated with
anti-4-1BB antibody was similar to that generated with
DCs. In contrast, the number of CMV-pp65-QYD-specific,
CMV-pp65-IPS-specific, or EBV-EBNA3A-RYS-specific
CD8+ T cells that was generated with anti-4-1BB antibody
was significantly higher than that generated with DCs
(Fig. 5). The phenotypes and functions of CD8+ tet-
ramer+ cells generated with anti-4-1BB antibody were
similar or superior to those generated with DCs (data not
shown). These results indicate that anti-4-1BB antibody
generated comparable or higher numbers of VSTs compared
with DCs without causing excessive differentiation or
functional deterioration of the generated T cells.

DISCUSSION
We demonstrated that VSTs can be generated rapidly

and efficiently by simply stimulating PBMCs with peptide

and anti-4-1BB antibody without using APCs. As there are
2 clinical grade anti-4-1BB antibodies (BMS-663513 and
PF-05082566),15,30 this method can be readily tested in
clinical trials. We propose using anti-4-1BB antibody as a
novel strategy to generate VSTs for adoptive therapy.

It has been reported that DCs (cytokine-activated
monocytes) have only a limited capacity for generation of
cytotoxic T-cell responses to subdominant epitopes.10,31 In
line with these studies, in the present study the number of
VSTs generated with DCs was similar to the number gen-
erated with anti-4-1BB antibody for CMV-pp65-NLV-
specific CD8+ T cells, whose epitope is generally regarded
as an immunodominant epitope,10 but the number of DC-
generated VSTs specific for other epitopes was lower
(Fig. 5). These results suggest that DCs may be suboptimal
for the generation of VSTs that are specific for sub-
dominant epitopes. In contrast, anti-4-1BB antibody pro-
moted the generation of VSTs irrespective of the epitope of
the VST (Fig. 2D). Therefore, anti-4-1BB antibody may be
used to promote the generation of VSTs for both dominant
and subdominant epitopes.

Previous studies that compared the functions of puri-
fied T cells that received TCR stimulation alone and those
that received TCR and 4-1BB stimulation showed that 4-
1BB stimulation improved the effector function of T
cells.5,32,33 In contrast, we did not find significant differ-
ences between the effector function of VSTs generated with
anti-4-1BB antibody and those generated with control
antibody. As PBMCs contain B cells and monocytes, which
have the capacity to function as APCs, these cells might
have provided some costimulatory signals to VSTs, result-
ing in similar effector functions to the control cells.

FIGURE 5. Absolute numbers of virus-specific CD8+ T cells generated with control antibody, anti-4-1BB antibody, or autologous dendritic
cells (DCs). CD8+ T cells specific for CMV-pp65-QYD (n = 3), CMV-pp65-NLV (n = 2), CMV-pp65-IPS (n = 1), or EBV-EBNA3A-RYS (n = 2)
epitopes were generated either with control antibody, anti-4-1BB antibody, or irradiated autologous DCs. After 13 days of culture, absolute
numbers of CD8+ tetramer+ cells were determined. The means ± SD of at least triplicate wells are shown (*P < 0.05, **P < 0.01, NS, not
significant, ordinary 1-way analysis of variance followed by the Tukey multiple comparison tests. Differences are shown only between anti-4-
1BB antibody and DCs). Data are representative of at least 8 independent experiments with 8 different virus-specific CD8+ T-cell responses.
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Although VSTs generated with the anti-4-1BB antibody
showed similar phenotypes and effector functions to those
generated with control antibody, the former had improved
proliferative capacity (Fig. 4D). Thus, the results of the
current study suggest that anti-4-1BB antibody, at the least,
does not lead to deterioration of the function of the gen-
erated VSTs.

In the current study, anti-4-1BB antibody was more
potent than anti-CD28 antibody in expanding VSTs, which
was in accordance with the results of previous studies that
evaluated the effect of costimulatory signals on T-cell
expansion using artificial APCs expressing costimulatory
molecules.7,32 This result could be explained by the fact that
CD28 costimulation preferentially expands naive T cells,
whereas 4-1BB costimulation preferentially expands memory
T cells.32 In addition, the combination of anti-4-1BB and
anti-CD28 antibodies did not show additive or synergistic
effects compared with anti-4-1BB antibody alone. A previous
study reported that additive effects of 4-1BB and CD28 dual
costimulation on T-cell expansion were observed only when
IFN-g in the culture medium was neutralized.6 Therefore, an
antibody cocktail consisting of anti-4-1BB, anti-CD28, and
IFN-g neutralizing antibodies may further enhance the
expansion of VSTs. Alternatively, a combination of anti-4-
1BB and anti-OX40 antibodies may further promote the
generation of VSTs.7 The optimal combination of antibodies
for the generation of VSTs remains to be determined.

Overlapping peptide pools that span the complete
sequence of viral proteins are becoming more widely used
to generate VSTs because VSTs specific for both known
and unknown epitopes can be generated.11,34 Another
advantage of overlapping peptide pools is that both CD4+

and CD8+ VSTs can be generated,11 which may promote
the survival and persistence of the generated T cells after
adoptive transfer.35 As in the current study we stimulated
PBMCs with viral-specific CD8+ T-cell epitope peptides,
the effect of anti-4-1BB antibody on the generation of viral-
specific CD4+ T cells was not examined. In this regard,
some studies have shown that 4-1BB stimulation activates
CD4+ T cells and CD8+ T cells to a similar extent,22,36

whereas others have suggested that 4-1BB stimulation
preferentially activates CD8+ T cells over CD4+ T
cells.33,37 Whether anti-4-1BB antibody can improve the
generation of not only CD8+ VSTs but also of CD4+

VSTs from PBMCs stimulated with overlapping peptide
pools needs to be investigated in future studies.

In conclusion, we have clearly demonstrated that VSTs
can be generated rapidly and efficiently by simply stim-
ulating PBMCs with viral peptide and anti-4-1BB antibody
without using APCs. We propose using anti-4-1BB anti-
body as a novel strategy to generate VSTs for adoptive
therapy.
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Target Antigen Density Governs the Efficacy of
Anti–CD20-CD28-CD3 z Chimeric Antigen
Receptor–Modified Effector CD8+ T Cells

Keisuke Watanabe,*,1 Seitaro Terakura,*,1 Anton C. Martens,†,‡ Tom van Meerten,x

Susumu Uchiyama,{ Misa Imai,‖ Reona Sakemura,* Tatsunori Goto,* Ryo Hanajiri,*

Nobuhiko Imahashi,* Kazuyuki Shimada,*,# Akihiro Tomita,* Hitoshi Kiyoi,*

Tetsuya Nishida,* Tomoki Naoe,*,** and Makoto Murata*

The effectiveness of chimeric Ag receptor (CAR)–transduced T (CAR-T) cells has been attributed to supraphysiological signaling

through CARs. Second- and later-generation CARs simultaneously transmit costimulatory signals with CD3z signals upon ligation,

but may lead to severe adverse effects owing to the recognition of minimal Ag expression outside the target tumor. Currently, the

threshold target Ag density for CAR-T cell lysis and further activation, including cytokine production, has not yet been investigated in

detail. Therefore, we determined the threshold target Ag density required to induce CAR-T cell responses using novel anti-CD20 CAR-

T cells with a CD28 intracellular domain and a CD20-transduced CEM cell model. The newly developed CD20CAR–T cells demon-

strated Ag-specific lysis and cytokine secretion, which was a reasonable level as a second-generation CAR. For lytic activity, the

threshold Ag density was determined to be ∼200 molecules per target cell, whereas the Ag density required for cytokine production

of CAR-T cells was ∼10-fold higher, at a few thousand per target cell. CD20CAR–T cells responded efficiently to CD20-downregulated

lymphoma and leukemia targets, including rituximab- or ofatumumab-refractory primary chronic lymphocytic leukemia cells. Despite

the potential influence of the structure, localization, and binding affinity of the CAR/Ag, the threshold determined may be used for

target Ag selection. An Ag density below the threshold may not result in adverse effects, whereas that above the threshold may be

sufficient for practical effectiveness. CD20CAR–T cells also demonstrated significant lytic activity against CD20-downregulated tumor

cells and may exhibit effectiveness for CD20-positive lymphoid malignancies. The Journal of Immunology, 2015, 194: 000–000.

C
himeric Ag receptor (CAR)–transduced T (CAR-T) cell
therapy is an emerging therapeutic strategy for refractory
acute lymphoblastic leukemia (ALL) and chronic lym-

phocytic leukemia (CLL) (1, 2). Second- and later-generation CARs
generally consist of a single-chain variable fragment (scFv) from
a mAb fused to the signaling domain of CD3z, and contain one or
two costimulatory endodomains, respectively (3–5). This technol-
ogy has two main potential benefits over TCR gene insertion. One is
that Ag recognition by CAR is independent of HLA, meaning that
CAR therapy can be used to treat all Ag-positive patients regardless
of their HLA. The other is that once CARs ligate to target mole-
cules, full activation signals, including costimuli such as CD28 or
4-1BB, are transmitted to CAR-T cells (3–5). A superior effector
function and proliferation following activation have been reported
in second- and third-generation CAR-T cells (6–9).
In contrast, CAR-T cells may induce adverse effects by rec-

ognizing low expression levels of the target Ag in an off-target
organ. This activity has been referred to as the “on-target/off-
tumor effect.” A serious adverse event induced by CAR-T cells,
which recognize very low expression levels of ERBB2 on lung
epithelial cells, was reported with CAR therapy targeting ERBB2
based on trastuzumab (Herceptin) (10). Although ERBB2 is
expressed at low levels in various normal tissues, including lung,
the anti-ERBB2 humanized mAb trastuzumab has been used
safely in clinical settings (11), indicating that ERBB2 expression
levels on lung cells are negligible in terms of trastuzumab therapy
(12). However, ERBB2–CAR-T cells induce significant Ag-
specific responses against this low expression of ERBB2 (10,
11). Therefore, selection of a target Ag is critical for both efficacy
and avoiding adverse effects. TCRs recognize very low numbers
of peptide/HLA complexes, whereas a relatively high number of
target molecules are required for mAbs to induce cytotoxic ac-
tivity (13, 14). However, the range of Ag density in which CAR-T
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cells can recognize and induce cytotoxicity has not been investi-
gated in detail. Furthermore, research has not yet clarified the
number of Ag molecules expressed that could be candidates for
targets when expressed at low levels or that should be avoided
owing to the on-target/off-tumor effect (15).
CD20 is an activated glycosylated phosphoprotein that is

expressed on the surface of B lymphocytes. An anti-CD20mAb is an
effective therapeutic option for various B cell malignancies such as
ALL (16), CLL (17), and malignant lymphoma (18, 19). Although
combination chemotherapies with rituximab have achieved favor-
able results in CD20-positive B cell lymphoma patients, acquired
resistance to rituximab has become a problem, with a suggested
mechanism of reduced expression of CD20 (20–24). Accordingly,
a therapeutic option that efficiently eradicates target cells expressing
low levels of CD20 that survive rituximab or ofatumumab (ofa)
therapy needs to be developed. Therefore, we developed a novel
CD20-CAR and investigated the minimum threshold Ag expression
level required for lysis of target cells and activation of CAR-T cells.
To avoid possible immunological rejection against anti-mouse Abs,
we used a humanized anti-CD20 mAb to construct CD20CAR (25).
We also assessed its effects against tumor cell lines and primary
cells isolated from mAb therapy-refractory, CD20-downregulated
B cell tumors (24, 26, 27).

Materials and Methods
Cell lines

K562, CCRF-CEM, SU-DHL-4, SU-DHL-6, SU-DHL-10, Raji, RRBL1,
and WILL2 cells were cultured in RPMI 1640 medium. OCI-Ly3 and OCI-
Ly10 cells were kind gifts from Dr. K. Takeyama (Dana-Farber Cancer
Institute, Boston, MA) and were cultured in IMDM (Sigma-Aldrich, St.
Louis, MO). Each type of medium contained 10% FBS, 0.8 mM L-gluta-
mine, and 1% penicillin-streptomycin. RRBL1 and WILL2 cells are cell
lines established from a B cell lymphoma patient who exhibited CD20-
negative phenotypic changes after repeated chemotherapy with rituximab
(26, 27). CD20-transduced CCRF-CEM cell lines (CD20-CEMs) ex-
pressing various levels of CD20 were described elsewhere (28). CD20-
transduced K562 (CD20-K562) cells were generated by retroviral
transduction with the full-length CD20 molecule, as described (29).

Primary B cell tumor cells

Primary B cell tumor cells were obtained from PBMCs (CLL patient) or
pleural effusion (lymphoma patient) according to protocols approved by the
Institutional Review Board of Nagoya University School of Medicine, and
written informed consent was obtained from each patient in accordancewith
the Declaration of Helsinki.

Quantification of CD20 molecules

CD20molecules expressed on the surface of CD20-CEMs or other cell lines
were quantified using quantitative immunofluorescence indirect assay
(QIFIKIT; Dako, Glostrup, Denmark). Briefly, cells were stained with
unlabeled anti-CD20 mouse mAb (BD Bioscience, San Jose, CA) or pu-
rified mouse IgG-k (BioLegend, San Diego, CA) as an isotype control. The
cells of interest and calibration beads from the kit were then simulta-
neously labeled with primary mAb, followed by FITC-conjugated goat
anti-mouse secondary Ab staining. Labeled cells and calibration beads
were analyzed on a flow cytometer, and a standard regression line between
fluorescence intensity and Ag density that was expressed as Ab-binding
capacity (ABC) in molecules per cell was calculated. Finally, the specific
ABC (sABC) was determined by subtracting the background Ab equiva-
lent of the isotype control from ABC (30).

Retroviral vector construction

CD20-binding scFv was constructed based on the reported sequences of the
humanized anti-CD20 mAb (OUBMmAb) (25). OUBMmAb exhibits high
CD20 binding affinity (KD, 10.09 nM). H chain and L chain V region
segments were linked with an 18-aa linker. scFv was then fused to a human
IgG4 hinge, a CD3-z chain, a CD28 costimulatory domain, and a truncated
version of the epidermal growth factor receptor (tEGFR) that lacked epi-
dermal growth factor binding and intracellular signaling domains down-
stream of the self-cleaving T2A sequence (31–33). By inserting the T2A

sequence between CD20CAR and tEGFR, the two proteins were coex-
pressed at equimolar levels from a single transcript. Cell-surface tEGFR
was detected using the biotinylated anti-EGFR mAb Erbitux (Bristol-
Myers Squibb, New York, NY). The CD20CAR transgene was assem-
bled by overlap extension PCR (34). CD20CAR was inserted into LZRS-
pBMN-Z, using HindIII and NotI sites, and the CD20CAR-encoding
retrovirus was produced using the Phoenix-Ampho system (Orbigen, San
Diego, CA) and concentrated with Retro-X Concentrator (Clontech Lab-
oratories, Mountain View, CA).

Generation, expansion, and selection of CD20CAR-transduced
T cells

The PBMCs of a normal donor were isolated by centrifugation of whole
blood using Ficoll-Paque (GE Healthcare, Wauwatosa, WI). CD8+ lym-
phocytes were then purified with immunomagnetic beads (Miltenyi Biotec,
Bergisch Gladbach, Germany), activated with anti-CD3/CD28 beads
(Invitrogen, Carlsbad, CA), and transduced on day 3 after activation with
the recombinant human fibronectin fragment (RetroNectin, Takara Bio,
Otsu, Japan) by centrifugation at 2100 rpm for 45 min at 32˚C with the
retroviral supernatant (multiplicity of infection = 3). T cells were expanded
in RPMI 1640 medium containing 10% human serum, 0.8 mM L-gluta-
mine, 1% penicillin-streptomycin, and 0.5 mM 2-ME and supplemented
with recombinant human IL-2 to a final concentration of 50 IU/ml. CAR-
positive cells were enriched using immunomagnetic selection with biotin-
conjugated anti-EGFR mAb and streptavidin beads (Miltenyi Biotec). The
transduced T cells were expanded in culture by plating with g-irradiated
EBV-transformed lymphoblastoid cell line (LCL) at a T cell to LCL ratio
of 1:7 and supplemented with IL-2 to 50 IU/ml (29).

Flow cytometry

All samples were analyzed with flow cytometry (FCM) on the FACSAria
instrument (BD Biosciences), and data were analyzed using FlowJo soft-
ware (Tree Star, Ashland, OR). Biotinylated Erbitux and streptavidin-PE
were used to identify T cells that expressed tEGFR.

[51Cr] release assay and coculture assay

For the [51Cr] release assay, target cells were labeled for 2 h with [51Cr]
(PerkinElmer, Waltham, MA), washed twice, dispensed at 2 3 103 cells
per well into triplicate cultures in 96-well round-bottom plates, and in-
cubated for 4 h at 37˚C with CD20CAR–T cells at various E:T ratios.
Percent of specific lysis was calculated using a standard formula
[(experimental 2 spontaneous release)/(maximum load 2 spontaneous
release) 3 100 (%)] and expressed as the mean of triplicate samples.
Regarding the coculture assay, CEMs were labeled with 0.1 mM CFSE
(Invitrogen), washed, and plated with CD20 CAR-T cells at a ratio of 1:1
without IL-2 supplementation. After a 72-h incubation, cells were stained
with anti-CD8 mAb and analyzed with FCM. The percentages of CAR-
T cells and CEMs within the live cell gates were assessed.

Intracellular cytokine staining and cytokine secretion assay

CD20CAR–T cells and K562 or CCRF-CEM cells that expressed CD20
were mixed at a 1:1 ratio in the presence of brefeldin A (Sigma-Aldrich)
and then fixed and permeabilized with Cell Fixation/Permeabilization Kits
(BD Biosciences) for intracellular cytokine assay. After fixation, T cells
were stained with anti–IFN-g and anti–CD8-allophycocyanin mAb (BD
Biosciences). As a positive control for cytokine production, cells were
stimulated with 10 ng/ml PMA and 1 mg/ml ionomycin (Sigma-Aldrich).
CD20CAR–T cells and CEMs for the cytokine secretion assay were plated
at an E:T ratio of 1:1, and IFN-g, TNF-a, and IL-2 in the supernatant were
measured with ELISA (BD Biosciences) after 16 h of incubation.

CFSE proliferation assay

CD20CAR–T cells were labeled with 0.2 mM CFSE, washed, and then
plated with stimulator cells at a ratio of 1:1 without IL-2 supplementation.
After a 72- or 96-h incubation, cells were stained with the anti-CD8 mAb,
samples were analyzed with FCM, and the division of live CD8+ T cells
was assessed with CFSE dye dilution.

Intracellular phospho-flow analysis

CD20CAR–T cells and CD20-CEM cells expressing various levels of
CD20 were mixed at a 1:5 ratio, centrifuged briefly, and incubated for
various times at 37˚C. Cells were then fixed by the addition of BD Cytofix
Fixation Buffer at 37˚C for 10 min, permeabilized in ice-cold BD Phosflow
Perm Buffer III, and incubated on ice for 30 min (BD Biosciences). P-p44/
42 MAPK (T202/Y204) or P-Zap-70 (Y319)/SyK(Y532) Rabbit Ab (Cell
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Signaling Technology, Danvers, MA) and bovine anti-rabbit IgG-FITC as
a secondary Ab (Santa Cruz Biotechnology, Dallas, TX) were used for
phospho-specific staining.

Statistical analysis

Differences among results were evaluated with one-way or two-way
ANOVA analysis and the Bonferroni test, as appropriate. Differences
were considered significant when p , 0.05. Statistical analysis was per-
formed using GraphPad Prism Version 5 software.

Results
Generation and functional analysis of CD20CAR-transduced
T cells

To develop functional CD20CAR, we constructed CD20CAR
consisting of anti–CD20-scFv linked to CD3z, a CD28 costimu-
latory domain, and a tEGFR; CD8+ T cells were then retrovirally
transduced with CD20CAR (Fig. 1A). After one course of stim-
ulation and transduction, the expression of CD20CAR generally
reached 40–80%. To determine transduction efficiency, CD20CAR
and tEGFR were labeled with an anti-Fc Ab and biotinylated
Erbitux, respectively. The expression of tEGFR reflected that of
CAR on the transduced T cells, and we verified that the expression
of CAR and tEGFR was similar after each transduction experi-
ment (Fig. 1B) (32). Transduction efficiency could be monitored
with tEGFR with high reproducibility (Fig. 1B, right panel).
Using intracellular staining, we assessed the ability of CAR-
T cells to produce IFN-g in response to CD20. Stimulation with
CD20-K562 cells induced robust production of IFN-g, whereas
mock-transduced K562 cells did not (Fig. 1C). These results

demonstrated that CD20CAR–T cells recognized CD20 in an
Ag-specific manner. After the transduction culture, CD20CAR-
positive cells were enriched to a purity of .95% with bio-
tinylated Erbitux and anti-biotin immunomagnetic beads (32),
expanded by stimulating with a g-irradiated LCL, and then used
for subsequent experiments. The expression of CAR/tEGFR
before and after LCL stimulation was sufficiently maintained
(Fig. 1D). The ability of CD20CAR–T cells to lyse CD20+ target
cells was assessed after one course of transduction and expansion.
CD20CAR–T cells specifically lysed CD20-K562 cells (Fig. 1E) in
a highly reproducible manner (Fig. 1E, right panel). To examine
background cytotoxicity, CD19CAR (non–target-specific CAR)–
transduced T cells were examined for cytotoxicity against K562 or
CD20-K562. Both experiments demonstrated almost the same range
of cytotoxicity by the CD20CAR–T cells against K562 as in Fig. 1E.
The range of cytotoxicity was 7–11% at an E:T ratio of 10:1 (n = 4).
Two repeated LCL stimulations caused a log-scale expansion
that resulted in 10,000-fold expansion of CD20CAR–T cells
(Supplemental Fig. 1). The CD20CAR–T cells almost uniformly
demonstrated effector phenotype (CD282, CD62L2, CD45RO+) after
LCL stimulation (data not shown). In all subsequent experiments,
CD20CAR– T cells were selected with tEGFR and expanded with
one course of LCL stimulation; thus the transduction level of
CD20CAR was uniformly .95% (Fig. 1D).

Quantification of CD20 molecules on the surface of
CD20-CEMs and cell lines

Although CAR-T cells very efficiently recognize targets, the range
of target molecule expression to which CAR-T cells can respond

FIGURE 1. Construction, surface expression, and functional analysis of CD20CAR. (A) Schematic representation of the CD20CAR construct.

CD20CAR consisted of anti-CD20 scFvs linked to CD3z, a CD28 costimulatory domain, and tEGFR as a transduction or selection marker via the T2A

sequence. Solid black boxes denote the GM-CSF receptor leader sequence. Hinge, a human IgG4 hinge; linker, an 18-aa-long GGGS linker; VH, H chain

variable fragment; VL, L chain variable fragment. (B) Surface expression of CD20CAR and tEGFR after transduction. CD8+ cells were selected and

transduced with the CD20CAR-encoding retrovirus supernatant. CD20CAR was stained with the anti-Fc Ab or biotinylated Erbitux, which reflects CAR

expression. The surface expression of Fc/tEGFR was assessed on day 8 after one course of retroviral transduction. Gray-shaded histograms show staining of

untransduced T cells. Representative flow plots are shown. Right panel, Data were pooled from nine independent experiments with T cells from eight

donors (NS, paired t test). (C) Functional analysis of CD20CAR–T cells. On day 9 after transduction, CD20CAR–T cells were stimulated with either CD20-

transduced K562 (CD20-K562) or mock-transduced K562 (K562) cells for 4 h at a 1:1 ratio, permeabilized, and then stained for IFN-g. (D) Purity of

CD20CAR–T cells before and after tEGFR selection and LCL stimulation. CD20CAR-positive cells were enriched by tEGFR selection and expanded by

stimulation with g-irradiated LCLs at a 1:7 ratio. Representative flow plots of three independent experiments from three donors are shown. (E) Cytotoxicity

of CD20CAR–T cells. Left panel, After one course of expansion, cytotoxicity against either CD20-K562 or K562 cells was assessed at the indicated E:T

ratio in the [51Cr] release assay. The means 6 SD of triplicate wells are shown. Right panel, Data were pooled from four independent experiments with

CD20CAR–T cells from four donors (mean and SEM, ***p , 0.0001, the Student t test).
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remains unknown (3–5). To assess this range more precisely, the
number of CD20 molecules expressed on the cell surface of var-
ious cell lines was quantified as the CD20-specific Ab-binding
capacity (CD20-sABC) on a per cell basis. We obtained 30
clones of CD20-CEMs expressing various levels of CD20 for use
as target cells or stimulators (28). Of these, expression of CD20
by four representative clones was depicted, and the cells were
used for several subsequent experiments as stimulators [CD20–
very low CEM (VL-CEM) (CD20-mean fluorescence intensity
[MFI]: 126/sABC: 240 molecules); CD20–low CEM (L-CEM)
(CD20-MFI: 576/sABC: 5320 molecules); CD20–medium CEM

(M-CEM) (CD20-MFI: 2396/sABC: 26,900 molecules); and CD20–
high CEM (H-CEM) (CD20-MFI: 11,388/sABC: 142,722 mole-
cules)] (Fig. 2A, Table I). The CD20-sABC values were 500,000
molecules for the germinal center B cell–type diffuse large B cell
lymphoma (DLBCL)–derived cell lines; SU-DHL-4, -6, and -10,
and 100,000 molecules for the non–germinal center B cell–type
DLBCL-derived cell lines Ly-3 and -10 (Fig. 2B, Table I). RRBL1
and WILL2 are cell lines established from patients who experi-
enced a relapse in B cell lymphoma with very weak expression of
CD20 and who became resistant to rituximab (26, 27). The ex-
pression levels of CD20 by RRBL1 and WILL2 cells were 15,632

FIGURE 2. Quantification of CD20 molecules on the target cell surface and titration of the CD20 Ag expression level for CD20CAR–T cell cytotoxicity. (A)

CD20 expression levels of the four representative CD20-CEM cell clones. The table above the histograms shows CD20-MFI and the quantification of CD20

molecules on each cell line as the Ab-binding capacity (CD20-ABC). Gray histograms show CD20 staining of untransduced CEM cells. VL-CEM, CD20-very low

CEMs; L-CEM, CD20-low CEMs; M-CEM, CD20-medium CEMs; H-CEM, CD20-high CEMs. (B) Quantification of CD20 molecules on the surface of various

cell lines. The number of CD20 molecules expressed on the surface of tumor cell lines was plotted in the left column (3, WILL2 cells; ), RRBL1 cells; n, other

cell lines). The number on CD20-CEMs is shown in the right column, including the four representative CEMs (★, VL-CEM; P, L-CEM; O, M-CEM; s,

H-CEM; :, other CD20-CEMs) (B, D). CD20-MFI data were analyzed in three independent experiments with similar results. CD20-MFI data in (A), (B), and (D)

were collected in different experiments. (C) Cytotoxicity of CD20CAR–T cells against the four representative CD20-CEMs. Bars represent the cytotoxicity of

CD20CAR–T cells against the four CD20-CEMs or untransduced CEMs (parental CEMs) at the indicated E:T ratios in the [51Cr] release assay. The means6 SD of

triplicate wells are shown (**p , 0.01, ***p , 0.0001, two-way ANOVA analysis). (D) The correlation between the CD20-MFI of CD20-CEMs and the cy-

totoxicity of CD20CAR–T cells. The cytotoxicity of CD20CAR-T cells against each CD20-CEM cell line was determined as in (C). The cytotoxicity of each CD20-

CEM cell line at an E:T ratio of 10:1 was plotted against the CD20-MFI of CD20-CEMs. Data were pooled from four independent experiments with CD20CAR–

T cells from four donors (mean and SEM). The solid line represents the fitted curve obtained with the nonlinear regression model using Prism5 software. (E)

CD20CAR–T cells eradicated CD20-CEMs in coculture assays according to CD20 expression levels. CAR-T cells and CFSE-labeled CEMs were cultured in a 1:1

ratio without IL-2 supplementation for 72 h. The percentage of surviving CAR–T cells and residual CEMs within the live cell gates are shown. Data are repre-

sentative of three independent experiments using three independent CD20CAR–T cell lines.
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and 4869 molecules per cell, respectively (Fig. 2B, ) and 3,
respectively). Relative to other cell lines, CD20-CEMs repre-
sented a very wide range of CD20 expression, from 240 to
230,546 molecules per cell, which was considered very low to
high (Fig. 2B, Table I).
To evaluate the potential influence of costimulation, inhibitory

signals, and adhesion molecule, the expression of CD80, CD86,
CD54 (ICAM-1), CD58 (leukocyte function–associated molecule-3),
and PD-L1 on target tumor cells was investigated. CEM cells
demonstrated a tolerogenic phenotype, expressing low levels of
CD80 and CD86 and relatively high levels of the inhibitory ligand
PD-L1. CD54 was positive in all examined cell lines, whereas
CD58 was negative in WILL2 cells (Supplemental Fig. 2) (35).

Determination of the minimum threshold of CD20 expression
that CAR-T cells require for recognition and lysis

The level of CD20 Ag expression for rituximab-induced
complement-dependent cytotoxicity (CDC) was determined
using the same set of CD20-CEMs (28). We performed the
rituximab-induced CDC assay and obtained almost the same re-
sults using human complement (Supplemental Fig. 3A). As dem-
onstrated previously, Ab-dependent cellular cytotoxicity (ADCC)
with rituximab against CD20-CEMs did not show a clear thresh-
old of CD20 expression (data not shown) (28). CD20-CEMs with
an MFI ,1000 (equivalent to sABC of 104) did not induce sig-

nificant CDC, whereas CD20-CEMs with an MFI of 1000–3000
(equivalent to sABC of 104–105) did. CD20-CEMs with an MFI
.3000 effectively induced cytotoxicity, and maximal CDC was
obtained at an MFI.5000 (sABC of 105) (Supplemental Fig. 3A).
CDC induced by the humanized anti-CD20 mAb OUBM was also
examined. OUBM mAb, with which CD20CAR was constructed,
induced marked CDC with half-maximum cytotoxicity at a CD20
expression level similar (MFI of 3000) to that of rituximab (MFI
of 3000) (Supplemental Fig. 3).
In contrast to the weak CDC caused by rituximab and OUBM

mAb, CD20-CEMs were more efficiently lysed by CD20CAR–
T cells, with the exception of VL-CEMs, which underwent a sig-
nificantly lower degree of lysis (Fig. 2C).
To determine the threshold expression level of the CD20 Ag re-

quired to induce CAR-T cytotoxicity, we performed a [51Cr] release
assay with CD20CAR–T cells against the clones of CD20-CEMs
expressing various levels of CD20 (CD20-MFI: 126–6924/CD20-
sABC: 240–230,546 molecules). CD20CAR–T cells lysed VL-
CEMs, which had the lowest level of CD20 (MFI: 126/sABC: 240
molecules, 22.8 6 2% lysis). In addition, CD20CAR–T cells in-
duced similar lysis (40–60% lysis) of various CD20-CEMs with
higher expression of CD20 (CD20-MFI: 157/CD20-sABC: $5172
molecules, E:T ratio of 10:1) (Fig. 2D). CD20CAR–T cells exhibited
efficient cytotoxicity against CD20-CEMs with an MFI ,1000; at
this level, rituximab and OUBM mAb did not induce significant
CDC (Supplemental Fig. 3A, 3B, Fig. 2D). Half-maximum cyto-
toxicity by CD20CAR–T cells was observed at an MFI of ∼200–300
(equivalent to sABC of 103). Therefore, the minimum threshold
number of surface target molecules that CAR-T recognized and
lysed was markedly low, at approximately a few hundred molecules.
A coculture assay was performed as a more physiological model.

In this assay, CD20CAR–T cells partially, but not completely,
eradicated VL-CEMs. Conversely, CAR-T cells completely erad-
icated L-, M-, and H-CEMs after a 72-h coculture (Fig. 2E).

Intracellular signaling, cytokine production, and cell division
after stimulation with the four representative CD20-CEMs

An advantage of CAR-T cell therapy over mAb therapy is that
CAR-T cells can become activated and proliferate upon specific
stimulation of the target Ag, enabling CAR-T cells to exhibit long-
lasting efficacy in vivo (1, 3–5, 9). Although we titrated the
threshold Ag density for CAR-T–induced lysis, the threshold for
cytotoxicity and full activation, including cytokine production and
proliferation, are uncoupled in Ag-specific T cells (36). Thus, we
examined the threshold Ag density for CAR-T activation. To de-
fine the minimum threshold of CD20 expression that was needed
for effective activation and expansion of CAR-T cells, we exam-
ined phosphorylation of the signaling molecules ERK and ZAP70
after stimulation with the four representative CD20-CEMs. The
CD20-CEMs, except for VL-CEMs, induced similar phosphory-
lation of ERK (pERK) and ZAP70 in CAR-T cells (Fig. 3A and
data not shown). pERK was equally upregulated when CAR-
T cells were stimulated with L-, M-, and H-CEMs, but not with
VL-CEMs, after 10 min (Fig. 3A). Time-course analysis showed
that the pERK MFI responses were almost equal after L-, M-, and
H-CEM stimulation, and the peak time was 5–10 min after
stimulation. Nevertheless, VL-CEM induced only minimal phos-
phorylation of ERK in CAR-T cells, similar to that of parental
CEMs (Fig. 3A, 3B).
Cytokine production and proliferation were evaluated following

different stimuli. Stimulation with VL-CEM did not induce the
production of cytokines from CAR-T cells. Conversely, L-, M-, and
H-CEMs induced equivalent production of IFN-g (Fig. 3C–E), IL-2
(Fig. 3F, 3G), and TNF-a (Fig. 3H). IL-2 production after H-CEM

Table I. Surface CD20 expression of CD20-CEMs and other tumor cell
lines

MFI sABC

CEM
Parental 121 0
#2 9,683 120,208
#3 11,403 142,921
#4 6,905 83,978
#7 7,491 91,567
#19 14,228 180,597
#23 1,293 13,675
#27 11,388 142,722
#29 8,045 98,770
#31 15,550 198,366
#37 845 8,414
#47 1,209 12,680
#71 563 5172
#72 6,494 78,675
#73 8,049 98,822
#76 126 240
#82 641 6,062
#85 9,922 123,353
#94 576 5,320
w6 15,672 200,009
w7 13,180 166,571
w12 1,063 10,960
w40 5,414 64,824
w54 17,930 230,546
w114 1,125 11,689
w127 749 7,303
w132 1,497 16,104
w141 669 6,383
w147 2,396 26,990
w149 11,363 142,390

Tumor cell line
RRBL1 1,436 15,376
WILL2 510 4,571
DHL-4 33,076 390,664
DHL-6 31,713 371,994
DHL-10 6,983 564,656
Ly-3 6,798 73,049
Ly-10 9,206 100,965
Raji 9,949 108,985
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stimulation was approximately half that after M-CEM stimulation
in repeated experiments (n = 3). Because we observed no significant
difference in intracellular IL-2 production (Fig. 3F), the low IL-2
concentration after H-CEM stimulation may have reflected an in-
crease in cytokine consumption. Regarding proliferation, VL-CEM
did not induce cell division of CAR-T cells, whereas other CEMs
induced efficient cell division 72 and 96 h after stimulation (Fig. 3I
and data not shown). The kinetics of CD20CAR–T cell division
increased with higher CD20 expression on CD20-CEMs, but the
percentages of proliferating cells were equivalent among L-, M-,
and H-CEM stimulation (Fig. 3I). The kinetics of division appeared
to be partly dependent on target Ag density (Fig. 3I).

Taken together, the minimum threshold required to induce ac-
tivation and proliferation of CAR-T cells was between the levels
expressed by VL-CEMs and L-CEMs. This threshold was very low:
less than the CD20 expression level of L-CEMs (CD20-MFI: 576/
CD20-sABC: 5320). CD20 expression above the threshold sig-
nificantly activated CAR-T cells.

Effects on CD20lo cell lines and CD20lo primary tumor cells
isolated from patients with rituximab-refractory B cell
lymphoma

Because we demonstrated that CD20CAR–T cells recognized
markedly low expression of CD20, we examined the effectiveness of

FIGURE 3. Titration of the threshold of CD20 expression for CD20CAR–T cell activation upon stimulation. (A) Phosphorylation of a distal signaling

molecule, ERK (pERK). CD20CAR–T cells were stimulated with the four representative CD20-CEMs, untransduced CEMs at a responder to stimulator

ratio of 1:5, or PMA/ionomycin (Iono) for 10 min, and were then fixed, permeabilized, and stained with pERK-specific Ab. Gray histograms show data

obtained from T cells stimulated with parental CEMs. (B) Time-course analysis of pERK. The phosphorylation of ERK in CD20CAR–T cells was analyzed

1, 2, 5, 10, and 30 min after stimulation with the four representative CD20-CEMs or parental CEMs at a 1:5 ratio. MFI of pERK after stimulation is shown.

Data were pooled from three independent experiments with CD20CAR–T cells from three donors. Means and SEM are shown (***p , 0.0001, two-way

ANOVA analysis). (C) IFN-g production after stimulation. CD20CAR–T cells were stimulated with the four representative CD20-CEMs, parental CEMs at

a 1:1 ratio, or PMA/Iono for 4 h, and were then permeabilized and stained for IFN-g. (D and F) The percentages of T cells that stained positive for IFN-g

and IL-2, respectively, are shown. Data were pooled from three independent experiments with CD20CAR–T cells from three donors (mean and SEM,

**p , 0.01). The secretion of (E) IFN-g, (G) IL-2, and (H) TNF-a upon CD20-CEM stimulation. CD20CAR–T cells were stimulated with the indicated

CEMs at a 1:1 ratio, and culture supernatants were harvested at 16 h and analyzed with ELISA (mean and SEM, ***p , 0.001, one-way ANOVA). (I)

Division of CD20CAR–T cells upon CD20 ligation. CD20CAR–T cells were labeled with CFSE and stimulated with CD20-CEMs, untransduced CEMs, or

anti-CD3/28 beads at a 1:1 ratio, and the CFSE staining intensity was then analyzed with FCM 96 h after stimulation. Gray histograms show data of

nonstimulated CD20CAR–T cells. Data are representative of at least three independent experiments with CD20CAR–T cells from three donors (A, C, and I).
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CD20CAR–T cell therapy against CD20lo tumor cells. First, the
cytotoxicity of CD20CAR–T cells against CD20lo tumor cell lines
was investigated. CD20CAR–T cells lysed both CD20lo cell lines,
RRBL1 and WILL2, very efficiently (Fig. 2B, 4A, 4B, lower panel).
We also evaluated cytotoxicity against CD20lo primary cells

from a patient with DLBCL (double-hit lymphoma). The patient

exhibited disease recurrence after a full course of R-hyper CVAD
(37), and lymphoma cells were obtained from pleural effusion. At
the time of relapse, CD20 expression was reduced in most cells,
and only ∼20% of cells showed low CD20 expression (Fig. 4C,
upper panel). CD20CAR–T cells efficiently lysed CD20lo primary
DLBCL cells. This lytic activity was higher than the percentage of
the CD20+ cell fraction, suggesting that CD20CAR–T cells par-
tially lysed the cell fraction expressing low levels of CD20
(Fig. 4C, lower panel).

CD20CAR–T cells recognized and lysed residual CLL cells
after ofa therapy

CLL is a chronic lymphoproliferative disease in which the anti-
CD20 mAb is a choice for standard care (38). The expression of
CD20 by CLL cells is generally lower than that of other CD20+

lymphoid malignancies such as ALL and lymphoma (39). To
compare the potency of CD20 recognition by anti-CD20 mAb, we
examined cytotoxicity and cytokine production following stimu-
lation of CD20-downregulated CLL cells. Before starting mAb
therapy, the expression of CD20 by CLL cells was intact, and the
lytic activity of CD20CAR–T cells was remarkable (Fig. 5A). The
patient then became chemorefractory following repeated admin-
istration of rituximab (the clinical course of this patient is sum-
marized in Supplemental Fig. 4). In this patient, CLL cells could
not be controlled with rituximab-combined chemotherapy. The
expression of CD20 by CLL cells decreased, and the MFI showed
two peaks: the nearly negative fraction and the CD20 low fraction
(Fig. 5B, upper panel). However, cytotoxicity by CD20CAR–
T cells was maintained (Fig. 5B, lower panel). The patient was
then treated with the novel anti-CD20 mAb ofa (40). A marked
decrease in the number of CLL cells and regression of lymph-
adenopathy were observed after a single course of ofa, whereas
the CD20 very low fraction, which was confirmed to consist of
CD5+ CLL cells (data not shown), remained in the peripheral

FIGURE 4. Cytotoxicity of CD20CAR–T cells against CD20-downregu-

lated tumor cell lines and primary lymphoma cells. (A and B) CD20 expression

and cytotoxicity by CD20CAR–T cells against CD20-downregulated tumor cell

lines RRBL1 and WILL2, respectively. (C) CD20 expression and cytotoxicity

by CD20CAR–T cells against primary tumor cells isolated from the pleural

effusion of a patient with rituximab-refractory B cell lymphoma. Throughout the

figure, upper panels show CD20 staining (solid line), isotype control staining

(gray shaded), and percentages of CD20-positive fractions. Lower panels show

the cytotoxicity by CD20CAR–T cells against the cell lines at the indicated E:T

ratios in the [51Cr] release assay. The means 6 SEM of three independent

experiments with CD20CAR–T cells from three donors are shown. • and n

denote cytotoxicity by CD20CAR-T and untransduced T cells, respectively.

FIGURE 5. Cytotoxicity of CD20CAR–T cells against

CD20-downregulated primary CLL cells. (A–C) CD20

expression and cytotoxicity against CLL cells isolated

from an untreated patient (A), before administration of

ofa (preofa) (B), and 14 d after the 10th course of ofa

(postofa) (C). CLL cells were isolated from the periph-

eral blood of a patient with rituximab-refractory CLL.

Residual CLL cells after rituximab treatment were iso-

lated from the peripheral blood of a patient at two dif-

ferent time points, pre- and postofa. Upper panels show

CD20 staining (solid line) and isotype control staining

(gray shaded). Lower panels show cytotoxicity by

CD20CAR–T cells against CLL cells at the indicated

E:T ratios in the [51Cr] release assay. Filled circles

and squares denote cytotoxicity by CD20CAR-T and

untransduced T cells, respectively. The means 6 SEM of

three independent experiments with CD20CAR–T cells

from three donors are shown (A–C). (D) Cytokine pro-

duction by CD20CAR–T cells upon stimulation with

postofa CLL cells. CD20CAR–T cells were stimulated

with postofa CLL cells, parental CEMs at a 1:1 ratio, or

PMA/Iono for 4 h, and were then permeabilized and

stained for IFN-g.
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blood. We obtained residual CLL cells from the peripheral blood
of the patient after the 10th course of ofa. After ofa treatment, the
CD20 relatively low fraction disappeared, and CD20 expression

by CLL cells was almost uniformly nearly negative (Fig. 5C,
upper panel). The residual cells were exposed once to the mAb
therapy and survived. Therefore, the CD20 expression level of the
residual cells was considered to be below the effective range of
rituximab or ofa. In the [51Cr] release assay using these primary

CLL cells, CD20CAR–T cells efficiently recognized and lysed not
only CLL cells before ofa but also CLL cells after ofa (Fig. 5B,
5C, lower panel). With an intracellular IFN-g assay, after
ofa, stimulation of CD20CAR–T cells with CLL cells, which

were nearly CD20-negative, induced production of IFN-g by
CD20CAR–T cells (Fig. 5D).

Discussion
In the current study, we generated a novel CD20CAR based on
a humanized anti-CD20 mAb (25). CD20CAR–T cells specifically
and effectively lysed CD20-positive target cells. The expression of
CD20CAR was precisely evaluated using the anti-Fc Ab and

biotinylated Erbitux. Although we did not directly evaluate the
copy number of the CD20CAR transgene, the variation observed
in lytic activity against K562-CD20 cells was very low following
tEGFR selection, suggesting that the expression of CD20CAR was

similar among the CD20CAR–T cell lines. With cytotoxicity
analysis of CD20CAR–T cells against CD20-CEMs expressing
various levels of CD20, we first titrated the minimum threshold of
CD20 expression that CAR-T cells could recognize and lyse. We
demonstrated that CD20CAR–T cells lysed CD20-CEMs with

CD20-ABC = 240 molecules, which was the lowest CD20 level in
this set. This level was 1000-fold lower than that required to in-
duce CDC with rituximab and OUBM mAb. The difference in
cytolytic activity between CDC and CAR should mostly depend

on the presence or absence of effector cells. Although CDC
and CAR activity is similar against CD20-high CEM cells,
CD20CAR–T cells demonstrated far better lytic activity than CDC
against CD20-low CEM cells (Fig. 2D, Supplemental Fig. 3). This

finding suggested that CAR-T therapy might show better effect in
the case of only a limited number of target Ags on the tumor cells.
The correlation between CD20-ABC and specific lysis was also
represented with a saturation curve, which had a sharp inclination
against CD20lo targets. This phenomenon was attributed to CAR

technology providing full activation with CD3z and the simulta-
neous costimulation of CD28 (3–6).
We next determined the threshold of CD20 expression that could

activate and expand CD20CAR–T cells upon stimulation with
the representative CD20-CEMs. Although cytotoxicity analysis
revealed that CD20CAR–T cells lysed VL-CEMs, these cells did
not induce downstream signaling, production of IFN-g, or pro-
liferation of CAR–T cells. Stimulation with L-, M-, and H-CEMs

(CD20-ABC: $5320 molecules) effectively and equally activated
CD20CAR–T cells. Taken together, these results indicated that the
threshold of CD20 expression for recognition and lysis by
CD20CAR–T cells, which we termed the “lytic threshold,” was

a few hundred molecules, and the threshold required for activation
and expansion of CAR-T cells, termed the “activating threshold,”
was slightly higher, at a few thousand molecules. These results are
consistent with previous findings in which the lytic threshold and
activating threshold were different in TCR activation (36). Be-

cause endogenous T cells such as melanoma-specific T cells and
virus-specific T cells require 10–100 epitope molecules per target
cell to trigger specific lysis (13), both the lytic threshold and the
activating threshold were slightly lower in endogenous T cells

compared with CAR-T cells. Obviously, the thresholds are af-
fected by the affinity of the mAb or TCR for the ligand or peptide/
HLA complex. In our study, the affinity of the humanized anti-
CD20 mAb (OUBM mAb), which was used to construct CD20CAR,
was within the same range as that of rituximab (KD value: OUBM
mAb, 10.09 nM; rituximab, 5.35 nM) (25). Using a mAb with this
range of affinity, both thresholds of CAR-T cells were close to
those of endogenous T cells. Furthermore, CD20CAR–T cells
recognized and lysed CD20-downregulated target cells that sur-
vived after mAb therapy, indicating that manufacturing a CAR
with a mAb may reinforce target recognition more than the mAb
itself.
The epitope location of the mAb is another important issue. Ofa

exposure before sample collection may account for the apparent
CD20 downregulation. However, we confirmed CD20 downregu-
lation using another CD20 mAb, a B9E9 clone in which the epitope
location is distinct from that of ofa (23). This confirmation indi-
cated that CD20 downregulation after ofa treatment was not
caused by competition between the analytical Ab and ofa. The
epitope location targeted by OUBM mAb and ofa partially over-
laps, but that of OUBM mAb and rituximab does not (25).
Therefore, ofa can theoretically block the ligation of CD20CAR-T
but rituximab cannot. We observed that CD20CAR–T cells indeed
lysed CD20-downregulated target cells both after rituximab and
ofa, suggesting that the potential effect of epitope blocking was
minor in the current study.
The results of the current study led us to propose a novel concept

for future searches for target Ag in CAR-T therapy. Suitable target
Ags for CAR-T cell therapy are considerably different from those for
mAb therapy in terms of their expression profiles and levels. Higher
expression levels on the surface of tumor cells have been considered
in target Ag searches for mAb therapy because off-tumor expression
is usually negligible (41). However, for the target of CAR-T cell
therapy, off-tumor expression of the target molecules must be
strictly negative or at a very low level that is below the lytic
threshold, at a few hundred molecules. Otherwise, severe adverse
effects could occur as a result of off-tumor effects (10). The target
Ag safety in the context of mAb therapy does not necessarily
translate into the safety of Ag in the context of markedly more
sensitive CAR-T cell therapy (10). Conversely, even if the threshold
was below the mAb therapy range, low Ag expression above the
activating threshold, such as at a few thousand molecules, could be
considered a candidate for the target Ag of CAR-T cell therapy.
Acquired resistance to rituximab has become a problem in the

treatment of patients with CD20-positive B cell tumors (20, 23). One
suggested mechanism is downregulation of CD20 (20, 22, 26). A
total of 15–20% of relapsed patients exhibit CD20 Ag loss, as
observed with immunohistochemistry analysis in samples taken at
relapse (20, 23). Our CD20CAR–T cells recognized and lysed
primary cells isolated from patients with mAb therapy–refractory
lymphoma and CLL, although the expression level of CD20 was
very low. We also analyzed CD20CAR-T recognition against
CD20-downregulated, mAb-refractory CLL in detail (21). The re-
sidual cells after CD20 mAb therapy expressed significantly low
levels of CD20, and this expression level must have been below the
effective range of the mAb in principle. CD20CAR–T cells lysed
both postrituximab and postofa residual CLL cells, indicating that
CD20CAR–T cells have a greater potential to recognize the tar-
get than mAbs. Even residual postofa CLL cells stimulated
CD20CAR–T cells, and thus we conclude that the very low ex-
pression of CD20 on CLL cells could still efficiently provide
stimulation for the further repopulation of CD20CAR–T cells.
In other CAR therapies targeting CD19, several patients were

reported to have relapsed despite the completely negative con-
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version of the Ag molecule after CAR-T cell therapy (2). Although
CAR-T cells recognize very low levels of the target Ag, they cannot
recognize completely Ag-negative cells. The strategy of adminis-
tering CAR-T therapy as a first-line treatment, or in earlier phases
with the aim of earlier eradication of target cells, may prevent
immunological escape by negative conversion of the Ag.
One limitation of the current study is that we assessed the

threshold using only CD20 and CD20CAR systems. Because the
threshold may be influenced by many other factors, such as affinity
(42), structure (43), epitope localization of individual CAR-Ag
pairs (44, 45), and the expression of a coreceptor on target cells
(46), the threshold may vary among mAbs and target Ags. We also
could not investigate the relationship between the expression of
CD20 and the ADCC activity of mAbs because NK cell activity is
predominant in the CD20-CEM system, and a clear threshold has
not been observed (28). Although the potential relationship be-
tween target Ag density and ADCC activity has been investigated
in other experimental systems, .104 Ag molecules per cell are
needed to demonstrate significant ADCC (47). In the current
study, the minimum threshold of CAR recognition was 3-log units
lower than that of mAbs to trigger CDC. CAR can also directly
mobilize T cells to target cells, whereas mAb therapy mainly
depends on indirect cytotoxicity such as CDC or ADCC (3–5, 19,
28). Thus, the lytic and activating thresholds of CAR are con-
sidered significantly lower than those of mAbs.
We concluded that CAR-T cells can recognize and lyse cells

expressing considerably low levels of the target Ag and were
activated and expanded upon such stimulation. CD20CAR–T cell
therapy may also be applicable for the treatment of CD20-positive
lymphoid malignancies.
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Oncolytic virus expressing RANTES and IL-15
enhances function of CAR-modified T cells
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We improved the migration and survival of chimeric antigen receptor (CAR)-modified T cells in solid tumors by
combining CAR-T cells with an armed oncolytic virus. Local delivery of the chemokine RANTES and the cytokine IL-15 by
the oncolytic virus enhanced the trafficking and persistence of the CAR-T cells, resulting in improved antitumor effects.

Adoptive transfer of T cells modified to
express chimeric antigen receptors (CARs)
has had clinical success in B-lymphocyte
derived malignancies.1 However, the clini-
cal efficacy of CAR-T cells remains lim-
ited in solid tumors. This unfavorable
outcome could be due to the insufficient
migration of the infused T cells to the
tumor site as well as to the immunosup-
pressive characteristics of the tumor envi-
ronment that inhibits the effector
function and proliferation of those few T
cells that do reach the tumor.

CAR molecules have been further engi-
neered to express co-stimulatory endodo-
mains such as those derived from CD28
and tumor necrosis factor receptor super-
family member 9 (TNFRSF9, better
known as 4–1BB) to promote T-cell pro-
liferation and persistence upon encounter-
ing tumor cells. CD28 has proven
effective in inducing CAR-T cell expan-
sion in B-cell malignancies.2,3 The incor-
poration of 4–1BB seems, however, to
sustain more robust engraftment of
CD19-specific CAR-T cells.1 The incor-
poration of these co-stimulatory molecules
in CARs targeting antigens expressed by
solid tumors is anticipated to play a simi-
larly crucial role.

CAR-T cells targeting CD19 seem to
traffic physiologically to the bone mar-
row and lymph nodes, the primary sites
of hematologic malignancies.1,3 In

addition, they can encounter both nor-
mal B lymphocytes and leukemic cells
directly in the circulation. By contrast,
T-cell migration remains a relevant prob-
lem for solid tumors. For instance, while
tumor-infiltrating T lymphocytes (TILs)
isolated from tumor biopsies and
expanded ex vivo show dramatic migra-
tion to melanoma lesions, polyclonal T
lymphocytes isolated from the peripheral
blood and engineered with a T-cell
receptor seem less effective. This dispar-
ity suggests that TILs and peripheral
blood T cells may have a different pattern
of homing molecules.4 If the current
CAR-T cell studies in solid tumors such
as neuroblastoma, prostate cancer, pan-
creatic cancer, and mesothelioma reveal
suboptimal migration, countermeasures
to increase T-cell migration should be
applied. Radiation or chemotherapy
before the infusion of CAR-T cells in
patients with solid tumors may favorably
alter the pattern of T-cell migration.
However, several preclinical models have
already demonstrated that engineering
CAR-T cells to express chemokine recep-
tors that pair with chemokines produced
by tumor cells is a strategy that can over-
come the trafficking issue.5

When CAR-T cells reach the tumor
bed in a sufficient number, tumor-
associated inhibitory mechanisms are there
to shutdown effective immune responses.

In the treatment of small tumors, infusion
of CAR-T cells after chemo or radiother-
apy may partially reduce the impact of
these inhibitory mechanisms. In addition,
the recent introduction of antibodies that
block T-cell inhibitory mechanisms, such
as those abrogating the immune check-
point CTLA-4 and PD1-PDL-1 pathways,
shows great potential. Combinations of
CAR-T cell therapies with these antibodies
are anticipated to make a substantial dif-
ference in the near future. Similarly to the
genetic modification of CAR-T cells
aimed to express specific chemokine recep-
tors, a plethora of genetic modifications
has been proposed to increase the fitness
of CAR-T cells within the tumor environ-
ment.5 Some of the proposed modifica-
tions are currently under clinical
investigation. Although each single modi-
fication seems to have specific beneficial
effects, multiple mechanisms of resistance
can be developed by tumors. T cells must
accomplish simultaneously optimal traf-
ficking and persistence, while also retain-
ing an acceptable safety profile. In our
recent study,6 we developed an engineer-
ing strategy where an armed oncolytic
virus (OV), another single biological
agent, creates a favorable tumor environ-
ment for CAR-T cells.

OVs selectively infect, lyse and repli-
cate in malignant cells without affecting
non-malignant cells.7 In addition, OVs

*Correspondence to: Gianpietro Dotti; Email: gdotti@bcm.edu
Submitted: 11/08/2014; Accepted: 11/12/2014
http://dx.doi.org/10.4161/21505594.2014.988098

www.tandfonline.com e988098-1OncoImmunology

OncoImmunology 4:2, e988098; February 2015; © 2015 Taylor & Francis Group, LLC
AUTHOR'S VIEW

D
ow

nl
oa

de
d 

by
 [N

ob
uh

iro
 N

IS
H

IO
] a

t 0
7:

34
 1

0 
M

ar
ch

 2
01

5 



have sufficient cargo capacity to insert
multiple ectopic genes that can be benefi-
cial for CAR-T cells. To investigate the
effect of combining armed OV and CAR-
T cells, we choose the neuroblastoma
model since this tumor model has been
previously targeted with CAR-T cells spe-
cific for the GD2 antigen.8 We also
selected an oncolytic adenovirus
(Ad5D24) that has been extensively used
in the clinic. We exploited the tropism of
the OV for the tumor cells and engineered
the virus to express both a chemokine and
a growth factor for the T cells in order to
achieve optimal trafficking of the engi-
neered T cells to the tumor site and to
generate a cytokine milieu that sustains
T-cell growth and survival. Therefore, we
armed Ad5D24 with chemokine (C-C
motif) ligand 5 (CCL5, better known as
RANTES) and interleukin (IL)-15
(Fig. 1), 2 immunomodulatory molecules
selected on the basis of both clinical and

preclinical data. RANTES is also a very
potent chemokine and its receptors are
maintained in T cells expanded ex vivo.
Using this strategy, we anticipated that
tumor cells, regardless of their tissue ori-
gin, could be forced to ectopically express
RANTES after infection with the armed
OV. We hypothesized that this strategy
would promote efficient migration of the
infused CAR-T cells without the need to
select a chemokine/chemokine receptor
pathway specific for each single tumor
type. The cytokine IL-15 was selected for
its multiple beneficial effects on T cells,
and its overall ability to increase T-cell
antitumor functions. In our experimental
design, we demonstrated that neuroblas-
toma cells infected with Ad5D24.
RANTES.IL-15 produce functional levels
of RANTES and IL-15 both in vitro and
in vivo, while the cytopathic effect of the
virus is conserved. In a xenogenic mouse
model, combined therapy with Ad5D24.

RANTES.IL-15 and GD2.CAR-T cells
significantly enhanced the survival of mice
as compared with either of the mono-
therapies. Furthermore, both RANTES
and IL-15 released by the armed OV were
predominantly detected at the tumor site,
rather than in the serum, indicating a pref-
erential local expression of both factors.
This strategy thereby circumvented the
toxicities associated with systemic admin-
istration of cytokines.6

In conclusion, our preclinical study
demonstrates that optimal trafficking and
survival of CAR-T cells can be obtained in
solid tumors by engineering an OV with-
out compromising its cytopathic effect. In
principle, similar genetic modifications
can be applied to OVs such as vaccinia
viruses and measles virus that have been
administered intravenously into patients to
treat metastatic tumors already.9,10 Arming
these viruses using this proposed strategy
will not only favor the rapid recruitment of

tumor-specific T cells to the
primary lesions so infected
but will also enhance the
spread of the virus to other
tumor cells, thus amplifying
the therapeutic effect of the
viruses. In addition, consid-
ering the cargo capacity of
these viruses, other relevant
genes that may further over-
come inhibitory mechanisms
can be accommodated.
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Figure 1. Combined therapy with CAR-T cells and Ad5D24 armed with RANTES and IL-15. Oncolytic viruses (OVs)
selectively infect and lyse tumor cells, and then spread to neighboring tumor cells. Virus-infected tumor cells release
both proteins and undergo apoptosis. The chemokine RANTES attracts circulating chimeric antigen receptor (CAR)
modified T cells (CAR-T) to the virus infected tumor site and migrated CAR-T cells persist by virtue of interleukin 15
(IL-15) and specific antigen stimulation.
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We retrospectively compared the transplantation outcomes for patients 50 years or older who received
umbilical cord blood transplantation (UCBT) with those who received unrelated bone marrow transplantation
(UBMT) for hematologic malignancies. A total of 1377 patients who underwent transplantation between 2000
and 2009 were included: 516 received 8/8 HLA allele-matched UBMT, 295 received 7/8 HLA allele-matched
UBMT, and 566 received 4/6 to 6/6 HLA-matched UCBT. Adjusted overall survival (OS) was significantly
lower in those who underwent UCBT than those who underwent 8/8 HLAematched UBMT but was similar to
that of 7/8 HLAematched UBMT (the 2-year OS after 8/8 HLAematched UBMT, 7/8 HLAematched UBMT, and
UCBT were 49% [95% confidence interval (CI), 45% to 55%], 38% [95% CI, 32% to 45%], and 39% [95% CI, 34% to
43%], respectively). However, adjusted OS was similar between 8/8 HLAematched UBMT and UCBT receiving
�.84 � 105 CD34þ cells/kg among those with acute myeloid leukemia and those with acute lymphoblastic
leukemia (the 2-year OS was 49% [95% CI, 43% to 55%], and 49% [95% CI, 41% to 58%], respectively). These data
suggest that UCB is a reasonable alternative donor/stem cell source for elderly patients with similar outcomes
compared with UBM from 8/8 HLAematched unrelated donors when the graft containing �.84 � 105 CD34þ

cells/kg is available.
� 2015 American Society for Blood and Marrow Transplantation.
INTRODUCTION
Allogeneic hematopoietic stem cell transplantation

(HSCT) is a curative treatment for patients with high-risk
hematologic malignancies. The frequency of adverse
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cytogenetic abnormalities is higher in elderly patients with
acute myeloid leukemia (AML) or acute lymphoblastic leu-
kemia (ALL) than in younger patients, and overall survival
(OS) after intensive chemotherapy in elderly patients is
shorter than that in younger patients [1,2]. Inductions of
reduced-intensity and nonmyeloablative stem cell trans-
plantations allow elderly patients to receive allogeneic HSCT
[3,4], and these patients have increasingly received this type
of transplantation [5]. Only approximately 30% of patients
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have an HLA-identical sibling, and some elderly patients
have siblings who cannot serve as a donor because of their
age or underlying comorbidities; in such cases, an alternative
donor is needed.

HLA-matched unrelated bone marrow or peripheral
blood stem cells have been used as an alternative to an HLA-
identical sibling donor. Umbilical cord blood has been used
more frequently over the past decade, and several studies
andmeta-analyses have compared the outcomes of umbilical
cord blood transplantation (UCBT) with that of unrelated
bone marrow transplantation (UBMT) or unrelated periph-
eral blood stem cell transplantation (UPBSCT) [6-15]. How-
ever, the findings of those reports varied, and most of those
studies included a small number of elderly patients. To the
best of our knowledge, there has been no report that
compared the outcomes of elderly patients who received
UCBT with those who received UBMT or UPBSCT. Therefore,
the main objective of this study was to compare the out-
comes of patients 50 years or older who received UCBT with
those who received UBMT using the Japanese nationwide
registry data.

METHODS
Data Collection

Data regarding transplantations were extracted from the Transplant
Registry Unified Management Program system of the Japan Society for He-
matopoietic Cell Transplantation [16]. A total of 171 transplantation centers
performed unrelated HSCT for adults and reported transplantation data to
Japan Society for Hematopoietic Cell Transplantation between 2000 and
2009. All patients gave written informed consent at each transplantation
center. The trial was conducted in accordance with the Declaration of
Helsinki.

Patients with acute leukemia or myelodysplastic syndrome (MDS) who
were 50 years or older and who received unrelated HSCT between 2000 and
2009 were included. Because the bone marrow was exclusively harvested
from volunteer unrelated donors in Japan, cases of peripheral blood stem
cell transplantation were not included in this analysis. Only 7 patients
received double UCBT; therefore, these patients were also excluded. For the
bone marrow recipients, recipients whose HLA matched 8/8 or 7/8 with
their donor at the allelic level for HLA-A, HLA-B, HLA-C, and HLA-DRB1 were
included. For UCBT, recipients whose HLA matched 4/6 to 6/6 with their
donor at the antigen level for HLA-A and HLA-B and at the allelic level for
HLA-DRB1, and who received a single unit of umbilical cord blood con-
taining 2.0 � 107 or more total nucleated cells per kilogram of recipient’s
body weight at cryopreservation were included. Patients who had previ-
ously received autologous or allogeneic transplantation were excluded.

A myeloablative conditioning (MAC) regimen was defined as a total
busulfan dose of more than 8 mg/kg, total melphalan dose of more than
140mg/kg, fractionated total body irradiation (TBI) of 8 Gy or more, or single
TBI of 5 Gy or more [17,18]. Other conditioning regimen was defined as
reduced-intensity conditioning (RIC). Acute leukemia in the first complete
remission (CR), refractory anemia with or without ringed sideroblasts, and
refractory cytopenia with multilineage dysplasia for MDS were defined as
early phase; acute leukemia in the second or subsequent CR were defined as
intermediate phase; and all other statuses were defined as advanced phase.
The karyotype at diagnosis for AML, ALL, and MDS were classified as pre-
viously reported [2,19,20]. The year of transplantation was divided into 2
groups: 2000 to 2004 was defined as the early period and 2005 to 2009 was
defined as the recent period. Neutrophil recovery was defined as the first 3
consecutive days inwhich absolute neutrophil counts rose to greater than or
equal to 500/mm3. Acute graft-versus-host disease (GVHD) was evaluated
based on standard criteria [21]. Chronic GVHD was defined according to the
classical classification [22]. Relapse was defined as disease recurrence
detected by hematological examination or detected by cytogenetic or mo-
lecular examination and requiring any treatment. Patients who did not
obtain CR after HSCT were defined as patients who had a relapse the next
day after HSCT. Nonrelapse mortality (NRM) was defined as death without
relapse. OS was defined as the survival time from the date of transplantation
to death from any cause or the last follow-up.

Statistical Analysis
The demographic factors and disease characteristics were compared

between patients who underwent transplantation with 8/8 HLAematched
unrelated bone marrow, 7/8 HLAematched bone marrow, and umbilical
cord blood using Fisher’s exact test for the categorical data and the Mann-
Whitney U test for the continuous variables. OS was calculated from the
date of transplantation to death from any cause or last follow-up and was
estimated by the Kaplan-Meier method. Cox proportional hazards regres-
sion model was used for the multivariate analyses. Adjusted comparison of
the stem cell source on OS was performed using the Cox proportional
hazards regression model. Gray’s test was employed for the comparison of
cumulative incidence curves for relapse, NRM, neutrophil and platelet re-
coveries, and GVHD [23]. NRM and relapse were the competing event for
each other. For neutrophil and platelet recovery, death before neutrophil or
platelet recovery was the competing event; for GVHD, death without GVHD
was the competing event. Fine and Gray’s proportional hazard regression
model was employed for multivariate analyses with competing risks [24].
Multivariate analyses to compare the effect of stem cell source on trans-
plantation outcomes were performed with the consideration of other sig-
nificant clinical variables in the final models, which were built with the
significant variables (P < .10) from the univariate analysis, which were then
deleted in a stepwise fashion from the model when a variable was not
statistically significant (P > .05). The stem cell source was added in the final
model. The following variables were considered: patient age at trans-
plantation, sex, primary disease (AML versus ALL versus MDS), karyotype at
diagnosis (favorable versus intermediate versus adverse), disease status at
transplantation (early phase versus intermediate phase versus advanced
phase), year of transplantation (early period versus recent period), condi-
tioning regimen (MAC versus RIC), use of TBI, and GVHD prophylaxis
(cyclosporine alone versus cyclosporine and other agent versus tacrolimus
alone versus tacrolimus and other agent versus other). All tests were
2-sided, and P < .05 was considered to indicate statistical significance.
Analyses were performed with EZR version 1.20 (Saitama Medical Center,
Jichi Medical University) [25], which is a graphical user interface for R
version 3.0.2 (R Development Core Team, Vienna, Austria).

RESULTS
Patients and Transplantation Characteristics

Patients and transplantation characteristics are shown in
Table 1. A total of 1377 patients were included in this analysis,
and of those, 516 patients received 8/8 HLA allele-matched
UBMT, 295 patients received 7/8 HLA allelic-matched
UBMT, and 566 patients underwent transplantation from
4/6 to 6/6 HLAematched UCBT. The UCBT recipients were
significantly older than the 8/8 or 7/8 HLAematched UBMT
recipients (P < .001), and more UCBT recipients underwent
RIC or nonmyeloablative transplantation (P < .001) and
received a TBI-containing conditioning regimen than did the
8/8 or 7/8 HLAematched UBMT recipients (P < .001). More
UCBT recipients had advanced phase disease (P < .001). Fe-
male donor tomale recipient transplantationwas included in
UCBT more than in UBMT (P < .001). Compared with those
receiving UBMT, more UCBT recipients had AML (P < .001)
and received GVHD prophylaxis with a single-agent regimen
(P < .001). The distribution of karyotype at diagnosis was
similar (Supplemental Tables 1e3). The distribution of re-
cipients’ sex and year of transplantation were similar among
the 3 groups. The median duration of follow-up for the sur-
viving patients who underwent transplantation with 8/8
HLAematched UBMT, 7/8 HLAematched UBMT, and 4/6 to 6/
6 HLA-matched UCBT was 23.7 months (range, 1.8 to 125.2
months), 18.6 months (range, 1.6 to 94.0 months), and 22.3
months (range, .1 to 107.5 months), respectively.

Hematopoietic Recovery
The median time from transplantation to neutrophil re-

covery in patients who underwent 8/8 HLAematched UBMT,
7/8 HLAematched UBMT, and 4/6 to 6/6 HLAematched UCBT
was 17 days (range, 1 to 100 days), 17 days (range, 4 to 169
days), and 24 days (range, 0 to 95 days), respectively.
Neutrophil recovery was faster in recipients with early phase
disease or intermediate phase disease than in those with
advanced phase disease (P < .001). MAC was an independent
negative predictor for neutrophil engraftment (P¼ .007). The



Table 1
Patients, Disease, and Transplantation Characteristics

Characteristic Total 8/8 HLAeMatched
Bone Marrow

7/8 HLAeMatched
Bone Marrow

Umbilical
Cord Blood

P Value

Number 1377 516 295 566
Sex (male) 816 (59%) 310 (60%) 188 (64%) 318 (56%) .091
Age, median (range), yr 57 (50-82) 56 (50-70) 57 (50-71) 58 (50-82) <.001
50-59 892 (65%) 376 (73%) 198 (67%) 318 (56%)
60-69 468 (34%) 138 (27%) 96 (33%) 234 (41%)
70 or older 17 (1%) 2 (<1%) 1 (<1%) 14 (3%)

Sex matching <.001
Female donor to male recipient 1030 (75%) 73 (14%) 67 (23%) 153 (27%)
Others 293 (21%) 443 (86%) 227 (77%) 360 (64%)
Unknown 54 (4%) 0 (0%) 1 (<1%) 53 (9%)

Body weight, median (range), kg 56 (32.0-102.4) 58.5 (32.0-102.4) 58.9 (35.1-92.0) 54.0 (32.0-86.0) <.001
Disease <.001
AML 902 (65%) 314 (61%) 180 (61%) 408 (72%)
ALL 244 (18%) 96 (19%) 47 (16%) 101 (18%)
MDS 231 (17%) 106 (20%) 68 (23%) 57 (10%)

Disease status at transplantation <.001
Early phase 471 (34%) 223 (43%) 94 (32%) 154 (27%)
Intermediate phase 221 (16%) 82 (16%) 58 (20%) 81 (14%)
Advanced phase 685 (50%) 211 (41%) 143 (48%) 331 (59%)

Year of transplantation
2000-2004 343 (25%) 128 (25%) 74 (25%) 141 (25%) 1
2005-2009 1034 (75%) 388 (75%) 221 (75%) 425 (75%)

Conditioning regimen
Myeloablative 653 (47%) 291 (56%) 147 (50%) 215 (38%) <.001
CY þ TBI (�8 Gy) 174 (12%) 79 (15%) 43 (15%) 52 (9%)
CY þ TBI (�8 Gy) þ other 135 (10%) 46 (9%) 19 (6%) 70 (13%)
BU þ CY 110 (8%) 64 (12%) 33 (12%) 13 (2%)
FLU þ BU (>8 mg/kg) 44 (3%) 34 (7%) 5 (2%) 5 (1%)
FLU þ BU (>8 mg/kg) þ TBI (<8 Gy) 40 (3%) 14 (3%) 7 (2%) 19 (3%)
FLU þ MEL (>140 mg/m2) 57 (4%) 28 (5%) 20 (7%) 9 (2%)
Other TBI-based regimen 66 (5%) 19 (4%) 13 (4%) 34 (6%)
Other BU-based regimen 27 (2%) 7 (1%) 7 (2%) 13 (2%)

RIC/NMA 712 (52%) 217 (42%) 145 (49%) 350 (62%)
FLU þ BU (�8 mg/kg) 25 (2%) 5 (1%) 5 (2%) 15 (3%)
FLU þ BU (�8 mg/kg) þ TBI (<8 Gy) 206 (15%) 91 (17%) 58 (20%) 57 (10%)
FLU þ BU (�8 mg/kg) þ MEL (�140 mg/m2) 26 (2%) 13 (3%) 5 (2%) 8 (1%)
FLU þ BU (�8 mg/kg) þ other 33 (2%) 12 (2%) 16 (5%) 5 (1%)
FLU þ MEL (�140 mg/m2) 64 (5%) 33 (6%) 16 (5%) 15 (3%)
FLU þ MEL (�140 mg/m2) þ TBI (<8 Gy) 219 (16%) 33 (6%) 26 (9%) 160 (28%)
FLU þ MEL (�140 mg/m2) þ TBI (<8 Gy) þ other 20 (2%) 3 (1%) 1 (<1%) 16 (3%)
FLU þ CY þ TBI (<8 Gy) 56 (4%) 3 (1%) 2 (1%) 51 (9%)
Other regimen including TBI (<8 Gy) 33 (2%) 13 (3%) 10 (3%) 10 (2%)
Other regimen not including TBI (<8 Gy) 30 (2%) 11 (2%) 6 (2%) 13 (2%)

Unknown 12 (1%) 8 (2%) 3 (1%) 1 (<1%)
TBI-containing conditioning regimen 962 (70%) 306 (59%) 184 (62%) 472 (83%) <.001
Addition of ATG to conditioning regimen 46 (3%) 17 (3%) 19 (6%) 10 (2%) .001
GVHD prophylaxis
CyA þ other 370 (27%) 129 (25%) 52 (18%) 189 (33%) <.001
CyA alone 68 (5%) 5 (1%) 3 (1%) 60 (11%)
TAC þ other 775 (56%) 359 (70%) 226 (76%) 190 (33%)
TAC alone 138 (10%) 15 (3%) 11 (4%) 112 (20%)
Others 13 (1%) 7 (1%) 3 (1%) 3 (1%)
None 13 (1%) 1 (<1%) 0 (0%) 12 (2%)

Total cell dose (range, �107/kg) 2.56 (2.00-5.62)
CD34þ cell dose (range, �105/kg) .83 (.01-14.02)
HLA-A, B, DR antigen level
Matched (6/6) 516 (100%) 295 (100%) 46 (8%)
One-antigen mismatched (5/6) 0 0 159 (28%)
Two-antigen mismatched (4/6) 0 0 361 (64%)

HLA indicates human leukocyte antigen; TBI, total body irradiation; GVHD, graft-versus-host disease; CY, cyclophosphamide; BU, busulfan; FLU, fludarabine;
MEL, melphalan; NMA, nonmyeloablative; ATG, antithymocyte globulin; CyA, cyclosporine A; TAC, tacrolimus.
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probability of neutrophil recovery by day 50 was signifi-
cantly lower in recipients of 4/6 to 6/6 HLAematched UCBT
(72% [95% confidence interval (CI), 68% to 75%]) than in those
of 8/8 HLAematched UBMT (95% [95% CI, 92% to 96%]) or 7/8
HLAematched UBMT (90% [95% CI, 85% to 93%]). On multi-
variate analysis, the 4/6 to 6/6 HLAematched UCBT was an
independent negative predictor for neutrophil engraftment
when compared with the 8/8 HLAematched UBMT (hazard
ratio [HR], .43 [95% CI, .38 to .50]; P < .001) and the 7/8
HLAematched UBMT (HR, .47 [95% CI, .40 to .56]; P < .001)
(Table 2).

The probability of platelet recovery by day 180 was
also significantly lower in the 4/6 to 6/6 HLAematched
UCB recipients (54% [95% CI, 50% to 58%]) than in those
who received the 8/8 HLAematched UBMT (83% [95% CI,
79% to 86%]) or the 7/8 HLAematched UBMT (75% [95% CI,
70% to 80%]). The median times from transplantation to
platelet recovery in the recipients of 8/8 HLAematched



Table 2
Multivariate Analysis of Transplantation Outcomes

Outcome HR (95% CI) P Value

Overall survival* Overall <.001
4/6-6/6eMatched UCB versus

8/8 HLAematched UBM
1.47 (1.24-1.74) <.001

4/6-6/6eMatched UCB versus
7/8 HLAematched UBM

1.03 (.86-1.24) .75

Relapsey Overall .02
4/6-6/6eMatched UCB versus

8/8 HLAematched UBM
1.35 (1.05-1.74) .02

4/6-6/6eMatched UCB versus
7/8 HLAematched UBM

1.18 (.89-1.56) .26

NRMz Overall .013
4/6-6/6eMatched UCB versus

8/8 HLAematched UBM
1.32 (1.06-1.64) .013

4/6-6/6eMatched UCB versus
7/8 HLAematched UBM

.98 (.77-1.25) .88

Neutrophil recoveryx Overall <.001
4/6-6/6eMatched UCB versus

8/8 HLAematched UBM
.42 (.37-.48) <.001

4/6-6/6eMatched UCB versus
7/8 HLAematched UBM

.47 (.40-.55) <.001

Platelet recoveryk Overall <.001
4/6-6/6eMatched UCB versus

8/8 HLAematched UBM
.36 (.30-.42) <.001

4/6-6/6eMatched UCB versus
7/8 HLAematched UBM

.44 (.37-.53) <.001

Grade II-IV acute GVHD{ Overall .36
4/6-6/6eMatched UCB versus

8/8 HLAematched UBM
1.10 (.89-1.36) .38

4/6-6/6eMatched UCB versus
7/8 HLAematched UBM

.69 (.56-.87) .001

Extensive chronic GVHD# Overall .022
4/6-6/6eMatched UCB versus

8/8 HLAematched UBM
.65 (.46-.92) .015

4/6-6/6eMatched UCB versus
7/8 HLAematched UBM

.56 (.38-.82) .003

UCB indicates umbilical cord blood; UBM, unrelated bone marrow.
* For overall survival, hazard ratio is adjusted with recipient age, sex,

primary disease, disease status at transplantation, and year of
transplantation.
y For relapse, hazard ratio is adjusted with primary disease, the use of TBI,

the use of antithymocyte globulin, and disease status at transplantation.
z For NRM, hazard ratio is adjusted with recipient sex, the use of TBI, and

year of transplantation.
x For neutrophil recovery, hazard ratio is adjusted with disease status at

transplantation, conditioning regimen, the use of TBI, and GVHD
prophylaxis.
k For platelet recovery, hazard ratio is adjusted with recipient sex, disease

status at transplantation, the use of TBI, year of transplantation, and GVHD
prophylaxis.
{ For grade II to IV acute GVHD, hazard ratio is adjusted with age, disease

status at transplantation, and the use of TBI.
# For extensive chronic GVHD, hazard ratio is adjusted with recipient sex.
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UBMT, 7/8 HLAematched UBMT, and 4/6 to 6/6
HLAematched UCBT were 29 days (range, 1 to 228 days),
32 days (range, 1 to 323 days), and 66 days (range, 8 to 230
days), respectively. Platelet recovery was also faster in re-
cipients with early phase disease or intermediate phase
disease than in those with advanced phase disease in (P <

.001). A 4/6 to 6/6 HLAematched UCBT was a strong in-
dependent negative predictor for platelet engraftment
within the multivariate analysis (versus 8/8 HLAematched
UBMT, HR, .36 [95% CI, .30 to .42]; P < .001, versus 7/8
HLAematched UBMT, HR, .44 [95% CI, .37 to .53]; P < .001,
respectively) (Table 2). MAC was not a negative predictor
for platelet engraftment.

GVHD
The cumulative incidence of grade II to IV acute GVHD by

100 days after transplantation was lower in recipients of an
8/8 HLAematched UBMT (34% [95% CI, 30% to 39%]) than in
recipients of a 7/8 HLAematched UBMT (50% [95% CI, 44% to
56%]) or a 4/6 to 6/6 HLAematched UCBT (41% [95% CI, 36% to
45%]). More recipients who received a TBI-containing
regimen experienced grade II to IV acute GVHD by day 100
than did those who received a non-TBI regimen (43% [95% CI,
40% to 46%] versus 34% [95% CI, 29% to 39%], P ¼ .001). The 4/
6 to 6/6 HLAematched UCBT recipients had a similar risk of
grade II to IV acute GVHD to the 8/8 HLAematched UBMT
recipients within the multivariate analysis (HR, 1.10 [95% CI,
.89 to 1.36]; P ¼ .38) (Table 2). However, the 4/6 to 6/6
HLAematched UCBT recipients had a significantly lower risk
of grade II to IV acute GVHD than did the 7/8 HLAematched
UBMT recipients (HR, .69 [95% CI, .56 to .87]; P ¼ .001)
(Table 2).

The cumulative incidence of the extensive type of chronic
GVHD by 2 years after transplantation was lower in re-
cipients of the 4/6 to 6/6 HLAematched UCB (15% [95% CI,
11% to 19%]) than in those who received the 8/8
HLAematched UBMT or 7/8 HLAematched UBMT (23% [95%
CI, 19% to 27%] and 25% [95% CI, 20% to 32%], respectively).
The same relationship was observed when performing the
multivariate analysis (versus 8/8 HLAematched UBMT, HR,
.65 [95% CI, .46 to .92]; P ¼ .015, versus 7/8 HLAematched
UBMT, HR, .56 [95% CI, .38 to .82]; P ¼ .003, respectively)
(Table 2).

Relapse
The cumulative incidence of relapse by 2 years was

significantly higher in patients receiving the 4/6 to 6/6
HLAematched UCBT (26% [95% CI, 22% to 30%]) than in those
who received the 8/8 HLAematched UBMT (18% [95% CI, 15%
to 22%]) or those who received the 7/8 HLAematched UBMT
(21% [95% CI, 16% to 26%]). However, according to disease
status at transplantation, the relapse rate by 2 years after
the 8/8 HLAematched UBMT, 7/8 HLAematched UBMT, and
4/6 to 6/6 HLAematched UCBT were not statistically
different regardless of disease status at transplantation (8/8
HLAematched UBMT, 7/8 HLAematched UBMT, and 4/6 to 6/
6 HLAematched UCBT; early phase disease, 11% [95% CI, 7% to
16%], 15% [95% CI, 8% to 23%], and 19% [95% CI, 12% to 26%];
intermediate phase disease, 22% [95% CI, 13% to 32%], 26%
[95% CI, 15% to 39%], and 17% [95% CI, 10% to 27%]; advanced
phase disease, 35% [95% CI, 28% to 42%], 36% [95% CI, 28%
to 44%], and 43% [95% CI, 38% to 49%], respectively)
(Figure 1AeC). On multivariate analysis, the 4/6 to 6/6
HLAematched UCBT recipients had a significantly higher risk
of relapse than did the recipients of the 8/8 HLAematched
UCBT (HR, 1.35 [95% CI, 1.05 to 1.74]; P ¼ .02) and had a
similar risk to that of the 7/8 HLAematched UBMT recipients
(HR, 1.18 [95% CI, .89 to 1.56]; P ¼ .26) (Table 2).

According to primary disease, the cumulative incidence of
relapse after the 4/6 to 6/6 HLAematched UCBT was higher
than that after the 8/8 HLAematched UBMT only in MDS
patients and was similar both in AML patients and in ALL
patients (Supplemental Table 4).

According to conditioning regimen, the cumulative
incidence of relapse after the 4/6 to 6/6 HLAematched
UCBT was higher than that after the 8/8 HLAematched
UBMT only in recipients of MAC (Supplemental Table 5).
Among the patients who received RIC, the cumulative
incidence of relapse after the 4/6 to 6/6 HLAematched
UCBT was significantly higher than that after the UBMT in
recipients without extensive chronic GVHD. However, the
cumulative incidence of relapse after the 4/6 to 6/6



Figure 1. Cumulative incidence of relapse in patients with early phase disease, in those with intermediate phase disease, and in those with high-risk disease ac-
cording to hematopoietic stem cell source and donor-recipient HLA match. (A) The cumulative incidences of relapse in patients with early phase disease by 2 years
after an 8/8 HLAematched unrelated bone marrow transplantation (UBMT), a 7/8 HLAematched UBMT, and a 4/6 to 6/6 HLAematched umbilical cord blood
transplantation (UCBT) were 11% (95% CI, 7% to 16%), 15% (95% CI, 8% to 23%), and 19% (95% CI, 12% to 26%), respectively. (B) The cumulative incidences of relapse in
patients with intermediate phase disease by 2 years after an 8/8 HLAematched UBMT, a 7/8 HLAematched UBMT, and a 4/6 to 6/6 HLAematched UCBT were 22%
(95% CI, 13% to 32%), 26% (95% CI, 15% to 39%), and 17% (95% CI, 10% to 27%), respectively. (C) The cumulative incidences of relapse in patients with intermediate phase
disease by 2 years after an 8/8 HLAematched UBMT, a 7/8 HLAematched UBMT, and a 4/6 to 6/6 HLAematched UCBT were 35% (95% CI, 28% to 42%), 36% (95% CI, 28%
to 44%), and 43% (95% CI, 38% to 49%), respectively.

M. Tanaka et al. / Biol Blood Marrow Transplant 21 (2015) 517e525 521
HLAematched UCBT was not statistically different from that
after UBMT among the recipients of MAC (Supplemental
Figure 1).

NRM
The 2-year cumulative incidences of NRM after the 8/8

HLAematched UBMT, 7/8 HLAematched UBMT, and 4/6 to 6/
6 HLAematched UCBT were 32% (95% CI, 27% to 36%), 40%
(95% CI, 33% to 46%), and 38% (95% CI, 34% to 43%), respec-
tively. Among patients with early phase disease, the cumu-
lative incidence of NRM at 2 years after the 8/8
HLAematched UBMT was significantly lower than that after
the 7/8 HLAematched UBMT or 4/6 to 6/6 HLAematched
UCBT (25% [95% CI, 19% to 32%], 35% [95% CI, 25% to 45%], and
37% [95% CI, 29% to 46%]) (Figure 2A). Among patients with
intermediate phase disease or advanced phase disease, NRM
by 2 years was not statistically different among 3 groups (8/8
HLAematched UBMT, 7/8 HLAematched UBMT, and 4/6 to 6/
6 HLAematched UCBT; intermediate phase disease; 32% [95%
Figure 2. Cumulative incidence of NRM in patients with early phase disease, in thos
according to hematopoietic stem cell source and donor-recipient HLA match. (A) The
after an 8/8 HLAematched unrelated bone marrow transplantation (UBMT), a 7/8
transplantation (UCBT) were 25% (95% CI, 95% CI, 19% to 32%), 35% (95% CI, 95% CI, 2
cidences of NRM in patients with intermediate phase disease by 2 years after an 8/8 H
UCBT were 32% (95% CI, 31% to 43%), 27% (95% CI, 16% to 40%), and 28% (95% CI, 18%
advanced phase disease by 2 years after an 8/8 HLAematched UBMT, a 7/8 HLAematc
41% (95% CI, 32% to 50%), and 36% (95% CI, 30% to 41%), respectively.
CI, 31% to 43%], 27% [95% CI, 16% to 40%], and 28% [95% CI, 18%
to 38%]; advanced phase disease, 34% [295% CI, 7% to 41%],
41% [95% CI, 32% to 50%], and 36% [95% CI, 30% to 41%],
respectively) (Figure 2B,C). On multivariate analysis, the 4/6
to 6/6 HLAematched UCBT recipients had a higher risk of
NRM than the 8/8 HLAematched UBMT recipients (HR, 1.32
[95% CI, 1.06 to 1.64]; P ¼ .013); however, they had a similar
risk to the 7/8 HLAematched UBMT recipients (HR, .98 [95%
CI, .77 to 1.25]; P ¼ .88) (Table 2). According to primary dis-
ease, NRM by 2 years after the 4/6 to 6/6 HLAematched UCBT
was likely higher than that after the 8/8 HLAematched
UBMT only among patients with MDS; however, the differ-
ence was not significant regardless of primary diseases
(Supplemental Table 4). Onmultivariate analysis of subgroup
analysis according to conditioning regimen, NRM after the 8/
8 HLAematched UBMT was significantly lower than that
after the 7/8 HLAematched UBMT and 4/6 to 6/6
HLAematched UCBT only among recipients of RIC
(Supplemental Table 5).
e with intermediate phase disease, and in those with advanced phase disease
cumulative incidences of NRM in patients with early phase disease by 2 years
HLAematched UBMT, and a 4/6 to 6/6 HLAematched umbilical cord blood
5% to 45%), and 37% (95% CI, 29% to 46%), respectively. (B) The cumulative in-
LAematched UBMT, a 7/8 HLAematched UBMT, and a 4/6 to 6/6 HLAematched
to 38%), respectively. (C) The cumulative incidences of NRM in patients with

hed UBMT, and a 4/6 to 6/6 HLAematched UCBT were 34% (95% CI, 27% to 41%),
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Survival
The 2-year unadjusted probabilities of OS after the 8/8

HLAematched UBMT (51% [95% CI, 46% to 56%]) were
significantly higher than those of the 7/8 HLAematched
UBMT (39% [95% CI, 32% to 45%]) and 4/6 to 6/6
HLAematched UCBT (35% [95% CI, 31% to 39%]) recipients,
respectively. The adjusted probabilities of OS at 2 years
were also significantly better in recipients of the 8/8
HLAematched UBMT than in the recipients of the 7/8
HLAematched UBMT or 4/6 to 6/6 HLAematched UCBT (49%
[95% CI, 44% to 54%], 38% [95% CI, 32% to 45%], 39% [95% CI,
35% to 44%], respectively). This finding was also observed in
the subgroup analysis for disease status (at early phase: the
adjusted probabilities of OS at 2 years after the 8/8
HLAematched UBMT, 7/8 HLAematched UBMT, and 4/6 to 6/
6 HLAematched UCBT were 69% [95% CI, 62% to 76%], 54%
[95% CI, 44% to 66%], and 46% [95% CI, 38% to 56%]; at in-
termediate phase: 53% [95% CI, 42% to 67%], 55% [95% CI, 42%
to 72%], and 62% [95% CI, 52% to 74%], respectively; at
advanced phase: 31% [95% CI, 24% to 39%], 24% [95% CI, 17% to
33%], and 25% [95% CI, 21% to 31%], respectively) (Figure 3).

According to the multivariate analysis, the 4/6 to 6/6
HLAematched UCBT recipients had a significantly higher risk
of overall mortality than did the 8/8 HLAematched UBMT
recipients (HR, 1.47 [95% CI, 1.24 to 1.74]; P < .001) (Table 2).
However, the 4/6 to 6/6 HLAematched UCBT recipients had a
similar risk of overall mortality when compared with the 7/8
HLAematched UBMT recipients (HR, 1.03 [95% CI, .86 to
1.24]; P ¼ .75) (Table 2). The adjusted probabilities of OS at 2
years after 8/8 HLAematched UBMT were superior to those
after 4/6 to 6/6 HLAematched UCBT, regardless of primary
disease and conditioning regimen, especially in the patients
with MDS (Supplemental Figure 2, Supplemental Tables 4
and 5).

To identify the population of UCBT recipients who had a
similar OS to those of 8/8 HLAematched UBMT, we evaluated
the impact of cell dose, HLA matching, and GVHD prophy-
laxis on the OS of UCBT recipients. The 2-year unadjusted OS
of UCBT recipients who received �.84 � 105 CD34þ cells/kg,
which was median cell dose, was significantly higher
than those who received <.84 � 105 CD34þ cells/kg
(Supplemental Figure 3A). HLA matching did not have an
effect on OS (Supplemental Figure 3B). GVHD prophylaxis
Figure 3. Adjusted probabilities of OS in patients with early phase disease, in those
according to hematopoietic stem cell source and donor-recipient HLA match. (A) The
early phase disease who received an 8/8 HLAematched unrelated bone marrow trans
umbilical cord blood transplantation (UCBT) were 69% (95% CI, 62% to 76%), 54% (95
probabilities of the 2-year OS after transplantation in patients with intermediate phase
and a 4/6 to 6/6 HLAematched UCBT were 53% (95% CI, 42% to 67%), 55% (95% CI, 42% t
of the 2-year OS after transplantation in patients with intermediate phase disease who
6/6 HLAematched UCBT were 31% (95% CI, 24% to 39%), 24% (95% CI, 17% to 33%), an
with calcineurin inhibitor (CNI) and other agents improved
OS compared with that with CNI alone (Supplemental
Figure 3C). Therefore, we compared the OS of 4/6 to 6/6
HLAematched UCBT recipients who received umbilical
cord blood units containing �.84 � 105 CD34þ cells/kg with
8/8 HLAematched UBMT recipients, among those with
AML and those with ALL who received GVHD prophylaxis
with CNI and other agent. The unadjusted 2-year OS after
8/8 HLAematched UBMT was higher than 4/6 to 6/6
HLAematched UCBT in patients with early phase disease.
Among those with intermediate phase disease, the unad-
justed 2-year OS after 4/6 to 6/6 HLAematched UCBT was
likely higher than 8/8 HLAematched UBMT. Among those
with advanced phase disease, the 2-year OS were similar
between 2 groups (8/8 HLAematched UBMT versus 4/6 to 6/
6 HLAematched UCBT; the unadjusted OS of early phase
disease, 67% [95% CI, 59% to 74%] versus 55% [95% CI, 40% to
67%], P ¼ .044; the unadjusted OS of intermediate disease,
52% [95% CI, 39% to 64%] versus 77% [95% CI, 56% to 89%], P ¼
.08; the unadjusted OS of advanced phase disease, 25% [95%
CI, 17% to 33%] versus 26% [95% CI, 16% to 36%], P ¼ .82)
(Figure 4A,C). The adjusted probability of OS were similar
between 2 groups (8/8 HLAematched UBMT versus 4/6 to
6/6 HLAematched UCBT; the adjusted OS, 49% [95% CI, 43% to
55%] versus 49% [95% CI, 41% to 58%], P ¼ .74, respectively)
(Figure 4D).

DISCUSSION
The primary objectives of this study were to compare

OS after 4/6 to 6/6 HLAematched UCBT with those after 8/8
and 7/8 HLAematched UBMT in patients with hematologic
malignancies ages 50 years or older and to provide useful
data for the selection of an appropriate unrelated stem cell
source for those patients who do not have an available HLA-
identical sibling. Our findings suggested that an 8/8 HLA
alleleematched unrelated donor is the best alternative to a
HLA-identical sibling donor. Four of 6 to 6/6 HLAematched
UCBT had a similar OS to 8/8 HLAematched UBMT for pa-
tients with AML and for those with ALL when the umbilical
cord blood unit containing �.84 � 105 CD34þ cells/kg is
available.

Neutrophil and platelet recovery were significantly
slower after the 4/6 to 6/6 HLAematched UCBT than after the
with intermediate phase disease, and in those with advanced phase disease
adjusted probabilities of the 2-year OS after transplantation in patients with

plantation (UBMT), a 7/8 HLAematched UBMT, and a 4/6 to 6/6 HLAematched
% CI, 44% to 66%), and 46% (95% CI, 38% to 56%), respectively. (B) The adjusted
disease who received an 8/8 HLAematched UBMT, a 7/8 HLAematched UBMT,

o 72%), and 62% (95% CI, 52% to 74%), respectively. (C) The adjusted probabilities
received an 8/8 HLAematched UBMT, a 7/8 HLAematched UBMT, and a 4/6 to

d 25% (95% CI, 21% to 31%), respectively.



Figure 4. OS in UCBT recipient who received � .84 � 105/kg CD34 cells compared with 8/8 HLAematched UBMT recipients, among those with AML and ALL who
prevented graft-versus-host disease with CNI and other agents. (A) The unadjusted probabilities of the 2-year OS after transplantation in patients with acute myeloid
leukemia (AML) and acute lymphoblastic leukemia (ALL) at early phase disease and prevented GVHD with CNI and other agent who received an 8/8 HLAematched
unrelated bone marrow transplantation (UBMT) and a 4/6 to 6/6 HLAematched umbilical cord blood transplantation (UCBT) receiving �.84 � 105/kg CD34 cells were
67% (95% CI, 59% to 74%) and 55% (95% CI, 40% to 67%), respectively, P ¼ .044. (B) The unadjusted probabilities of the 2-year OS after transplantation in patients with
AML and ALL at intermediate phase disease and prevented GVHD with CNI and other agent who received an 8/8 HLAematched UBMT and a 4/6 to 6/6 HLAematched
UCBT receiving �.84 � 105/kg CD34 cells were 52% (95% CI, 39% to 64%) and 77% (95% CI, 56% to 89%), respectively, P ¼ .08. (C) The unadjusted probabilities of the
2-year OS after transplantation in patients with AML and ALL at advanced phase disease and prevented GVHD with CNI and other agent who received an 8/8
HLAematched UBMT and a 4/6 to 6/6 HLAematched UCBT receiving �.84 � 105/kg CD34 cells were 25% (95% CI, 17% to 33%) and 26% (95% CI, 16% to 36%),
respectively, P ¼ .82. (D) The adjusted probabilities of the 2-year OS after transplantation in patients with AML and ALL prevented GVHD with CNI and other agent
who received an 8/8 HLAematched UBMT and a 4/6 to 6/6 HLAematched UCBT receiving �.84 � 105/kg CD34 cells were 49% (95% CI, 43% to 55%) and 49% (95% CI, 41%
to 58%), respectively, P ¼ .74.
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8/8 and 7/8 HLAematched UBMT, which was consistent with
findings from previous studies [6-9,11,15]. Neutrophil re-
covery in patients with early phase disease and intermediate
phase disease at transplantationwas significantly faster than
in those with advanced phase disease, which was consistent
with the findings in allogeneic peripheral blood stem cell
transplantation that had been previously reported [26]. This
may be associated with the fact that patients with advanced
phase diseasewere likely pretreatedmore heavily than those
with early phase disease and intermediate phase disease and
that they had damage in the microenvironment of the bone
marrow.

UCBT recipients had a lower risk of extensive chronic
GVHD and a higher risk of relapse compared with 8/8
HLAematched UBMT recipients. These findings suggested
that the graft-versus-leukemia effect in the UCBT recipients
was lower than that in the recipients of 8/8 HLAematched
UBMT.

Several studies comparing transplantation outcomes after
UBMT versus after UCBT have been reported [6-9]. In some
studies, serological HLA class I typing was used for UBMT
[6-8]. In another study, UCBT recipients were significantly
younger than UBMT recipients, and all patients received a
MAC regimen. As a result, only a small number of patients
aged 50 years or older were included [9], so direct compar-
isons of our findings with previous studies are difficult. We
had previously demonstrated that HR of overall mortality
after a 4/6 to 6/6 HLAematched UCBT was significantly
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higher than that after an 8/8 HLAematched UBMT among
AML patients but not among ALL patients [15]. By contrast,
this study showed that the overall survival after an 8/8
HLAematched UBMT was superior to that after a 4/6 to 6/6
HLAematched UCBT for patients with AML and for patients
with ALL. The present study included patients 50 years or
older who received HSCT between 2000 and 2009 regardless
of intensity of the conditioning regimen, whereas our pre-
vious study had included the recipients of MAC between
2000 and 2005 ages 16 years or older. Therefore, 20% of the
8/8 HLAematched UBMT recipients and 10% of the 4/6 to 6/6
HLAematched UCBT recipients in the present study were
also included in our previous study. The discrepancy of the
results for ALL may be partly due to differences in condi-
tioning regimens (only recipients of MAC regimens were
described in our previous report, whereasmore than one half
of the patients in this study received RIC regimen). Older
patients with ALL had a higher risk of relapse and tended to
receive RIC when compared with younger patients [27];
therefore, these patients would need a strong graft-versus-
leukemia effect. In addition, short-term methotrexate im-
proved OS in the UCBT recipients [28]. In our cohort,
approximately 30% of UCBT recipients received GVHD pro-
phylaxis with cyclosporine or tacrolimus alone, and this
reduced OS in UCBT recipients. As previously described [29],
UCBT recipients receiving higher CD34þ cells had a higher OS
than those receiving lower CD34þ cells. For patients with
AML and for patients with ALL, UCBT recipients receiving
�.84 � 105 CD34þ cells/kg had a similar adjusted and un-
adjusted OS to 8/8 HLAematched UBMT recipients. These
findings suggest that the outcomes of UCBT may improve
with graft selection based on CD34þ cell dose. The HR of
overall mortality after a 4/6 to 6/6 HLAematched UCBT was
similar to that after a 7/8 HLAematched UBMT, regardless of
disease status at transplantation. To the best of our knowl-
edge, this is the first report to compare transplantation
outcomes in patients 50 years or older who received a 4/6 to
6/6 HLAematched UCBT with those who received a 7-8/8
HLAematched UBMT in a large cohort.

This study had several limitations. Although we adjusted
for known risk factors using multivariate analysis, we could
not exclude selection bias because this was a retrospective
study based on registry data. Further, donor selection was
influenced by several factors that were not statistically
adjustable. Some patients with urgent disease who could not
wait for the preparation of UBMT received UCBT; in other
cases, a suitable UCB unit with enough cell doses was not
available, and these patients therefore received UBMT. Pa-
tients who planned to receive UBMT and could not receive
transplantation because of disease progression during the
donor coordination were not included in this analysis. In
addition, only 5% of recipients of UBMT received GVHD
prophylaxis using only a CNI; on the other hand, approxi-
mately 30% of UCBT recipients employed the same protocol,
which may have influenced the occurrence of GVHD and
overall survival. A randomized controlled trial comparing
UCBT with UBMT is needed to validate the findings from the
present study; however, a study of that design is very diffi-
cult to conduct. Clinical decision analysis may help to address
any selection bias caused by the donor search process. From
2000 onwards, UPBSCT was more common than UBMT [5];
however, we could not compare the transplantation out-
comes of the 4/6 to 6/6 HLAematched UCBTwith the UPBSCT
because more than 99% of the unrelated donors from Japan
Marrow Donor Program were harvested bone marrow. A
randomized controlled trial comparing UPBSCT with UBMT
had shown similar outcomes for OS, NRM, and relapse rate
[30]. Taken together, UCBT may also be an alternative stem
cell source when a HLA-matched peripheral blood stem cell
donor is not available.

In conclusion, UCB is a reasonable alternative donor/stem
cell source for elderly patients with AML and for those with
ALL with similar outcomes compared with UBM from a 8/8
HLAematched unrelated donor when UCB unit containing
�.84�105 CD34þ cells/kg is available. If urgently needed or if
there is no 8/8 HLAematched unrelated donor, a 4/6 to 6/6
HLAematched UCBT is an acceptable treatment.
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Abstract

Macrophage infiltration of skin GVHD lesions correlates directly with disease severity, but the mechanisms underlying this
relationship remain unclear and GVHD with many macrophages is a therapeutic challenge. Here, we characterize the
macrophages involved in GVHD and report that dexamethasone palmitate (DP), a liposteroid, can ameliorate such GVHD by
inhibiting macrophage functions. We found that host-derived macrophages could exacerbate GVHD in a mouse model
through expression of higher levels of pro-inflammatory TNF-a and IFN-c, and lower levels of anti-inflammatory IL-10 than
resident macrophages in mice without GVHD. DP significantly decreased the viability and migration capacity of primary
mouse macrophages compared to conventional dexamethasone in vitro. DP treatment on day 7 and day 14 decreased
macrophage number, and attenuated GVHD score and subsequent mortality in a murine model. This is the first study to
provide evidence that therapy for GVHD should be changed on the basis of infiltrating cell type.
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Introduction

Macrophages are recruited by chemokines including CCL2 to

the inflammatory site and, primarily, play an indispensable role in

both innate and acquired immunity [1]. Macrophage phenotypes

and functions can vary with different external stimuli, and

macrophages are divided into two major classifications: classically

activated, i.e. inflammatory, and alternatively activated, i.e. anti-

inflammatory macrophages [1]. Persistence of activated macro-

phages can occasionally be harmful to the host [2,3].

Graft-versus-host (GVHD) is often a prominent complication

after allogeneic stem cell transplantation (allo-SCT) and can be

fatal despite aggressive interventions including corticosteroids [4].

It has been reported that GVHD can be divided into 3 subtypes

based on the number of macrophages and T lymphocytes

infiltrated in the skin, and that GVHD with many CD163+

macrophages was refractory with poor prognosis and a therapeutic

challenge [5]. However, those macrophages were CD163 positive,

a member of the scavenger receptor cysteine-rich superfamily,

which was one of anti-inflammatory macrophage markers [6].

Thus, the pathogenesis between macrophage infiltration and

refractory GVHD is currently unclear. These facts prompted us to

characterize the phenotypes of macrophages related to refractory

GVHD.

Corticosteroids inhibit functions of inflammatory cells via

glucocorticoid receptors in the cytoplasm [7]. Therefore, efficient

delivery of corticosteroids into the cytoplasm could enhance their

therapeutic effect. It is known that a dexamethasone palmitate

emulsion (DP) is readily taken up by macrophages via phagocytosis

and is strongly retained in the cytoplasm [8]. Here, we report that

the macrophages increased in fatal GVHD are inflammatory and

that DP treatment efficiently attenuated such GVHD by inhibiting

macrophage functions.

Materials and Methods

1. Mice
Male 6- to 8-week-old male C57BL/6J mice and female BALB/

c mice were purchased from Chubu Kagaku Shizai (Nagoya,

Japan). The animal GVHD experiments using spontaneous death
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as an endpoint were approved by the Institutional Ethics

Committee for Laboratory Animal Research, Nagoya University

School of Medicine (protocol 24298), and were performed

according to the guidelines of the institute. Animals were

maintained at constant ambient temperature (2261uC) under a

12-h light/dark cycle (lights on between 9:00 and 21:00), with food

and water available ad libitum.

2. Cells and reagents
A murine macrophage cell line, RAW264.7, was purchased

from American Type Culture Collection (Manassas, VA, USA).

Primary peritoneal macrophages and skin macrophages were

obtained from the peritoneal lavages of C57BL/6J mice and from

the ears of mice after BMT, respectively, as described elsewhere

with slight modification [9,10]. Briefly, peritoneal lavages were

collected 3 days after intraperitoneal injection of 1 mL of 2%

thioglycolate (Kanto Chemical Co., Inc., Tokyo, Japan) and

macrophages were positively selected from the lavages by

AutoMACS system with anti CD11b immunomagnetic microbe-

ads (Miltenyi Biotec, Bergisch Gladbach, Germany). To prepare

single cell suspensions from dermis, the ears were split into dorsal

and ventral halves with removal of subcutaneous tissues such as

cartilage and the dermal sheets were incubated in RPMI

containing 2% Liberase (Liberase TL Research Grade, Roche

Applied Science) for 2 hours at 37uC. After digestion, residual

tissue was minced in RPMI and disaggregated by using a tissue

homogenizer (Medimachine; Becton Dickinson, San Jose, CA).

Dermal macrophages were positively selected from the suspension

cells by AutoMACS as described above. FACS analysis using a

monoclonal antibody (mAb) (F4/80: BM8, BioLegend, San Diego,

CA, USA) showed that the purity of isolated macrophages were .

90%. Primary T cells were positively isolated from splenocytes of

BALB/c mice by using anti CD90.2 immunomagnetic microbeads

(Miltenyi Biotec). T cell-depleted (TCD) donor bone marrow (BM)

cells was obtained from BALB/c mice by negative selection by

using CD90.2 microbeads.

Dexamethasone sodium phosphate (DSP) and Dexamethasone

palmitate emulsion (DP) were from MSD K.K. (Tokyo, Japan) and

Mitsubishi Tanabe Pharma (Tokyo, Japan), respectively.

3. Induction and assessment of GVHD
A fatal murine GVHD model was established by allogeneic BM

transplantation. Lethally irradiated C57/BL6 recipient mice (5

Gy62; days -2 and -1) were co-transplanted with TCD-BM

(56106) and T lymphocytes (16107) from BALB/c donor mice via

tail vein without anesthesia. DP or DSP (10 mg/kg as dexameth-

asone) were administrated intravenously into the mice on day 7

and 14 after transplantation (control: n = 9, DSP: n = 9, DP:

n = 10). The conditions and survival of animals after BMT were

monitored daily with all efforts to alleviate pain and suffering, and

the degree of GVHD was evaluated clinically (3 times/week) for

28 days (until day 42) after the last administration of DP or DSP

(day 14) because our preliminary experiments showed that

GVHD-related complications were neither worsen nor cause of

death after 28 days of DSP treatment. The reasons why we set

spontaneous death as an endpoint are as follows. GVHD also

possesses an antitumor effect; so-called graft-versus-leukemia

(GVL), and ‘mild’ GVHD confers a survival benefit [11][12].

Thus, physicians try to modulate the GVL-GVHD balance by

immune-suppressants such as steroid and cyclosporine A. How-

ever, GVHD, once became refractory to conventional therapies,

could cause high mortalities [13]. To determine whether DP can

improve overall survival outcomes or not in a GVHD mouse

model brings a lot of useful information to physicians. The animals

survived by DP treatment were humanely euthanized by

overexposure to carbon dioxide after day 42. Mice treated with

no steroid or with DSP had all died of GVHD before day 42. The

detailed clinical GVHD scoring system by using 5 parameters is as

follows: weight loss, posture, activity, fur texture, and skin integrity

(maximum index = 10) [14]. Acute GVHD was also assessed in a

blind fashion by detailed histopathologic analysis in hematoxylin

and eosin-stained tissue sections (the skin from the interscapular

region, ears and descending colon). Skin sections were scored on

the basis of the following criteria: epidermis (0, normal; 1, foci of

interface damage in ,20% of section with occasional necrotic

keratinocytes; 2, widespread interface damage in .20% of

section); dermis (0, normal; 1, slightly altered with mild increased

collagen density; 2, marked increased collagen density); inflam-

mation (0, none; 1, focal infiltrates; 2, widespread infiltrates);

subctaneous fat (0, normal; 1, reduced number of normal

adipocytes; 2, serous fat atrophy); and follicles (0, normal number

of hair follicles, ,5 per linear millimeter;1, between 1 and 5

follicles per linear millimeter; 2, ,1 follicle per linear millimeter)

[15]. Seven parameters were scored for gut (crypt regeneration,

crypt epithelial cell apoptosis, crypt loss, surface colonocyte

vacuolization, surface colonocyte attenuation, lamina propria

inflammatory cell infiltrate, and mucosal ulceration). The scoring

system for each parameter denoted 0 as normal; 0.5 as focal and

rare; 1 as focal and mild; 2 as diffuse and mild; 3 as diffuse and

moderate; and 4 as diffuse and severe, as previously described

[16].

To assess the direct effect of inflammatory macrophages on

GVHD, 16106 thioglycolate-stimulated peritoneal macrophages

from C57BL/6J mice were subcutaneously injected in interscap-

ular region on day 5. All mice were humanely euthanized by

overexposure to carbon dioxide on day 7 and GVHD score was

pathologically evaluated as described above.

4. Analysis of donor-cell chimerism
Donor-cell chimerism of macrophages in the skin after BMT

was analyzed by FACS using anti-MHC haplotype antibodies. An

anti-H-2Kb mAb (AF6-88.5) and an anti- H-2Kd (SF1-1.1)

recognized cells from C57/BL6 recipient mice and cells from

BALB/c donor mice, respectively. Both mAbs were obtained from

PharMingen (San Diego, CA).

5. RNA preparation and real-time PCR analysis
Total RNA was extracted from the skin and gut of mice using

TRIzol (Invitrogen Carlsbad, CA, USA). The mRNA levels of

CCL2 in the skin and gut, and those of TNF-a, IFN-c and IL-10

in skin macrophages were evaluated using quantitative RT-PCR.

Primer pairs (TNF-a: Mm00443258_m1, IFN-c: Mm01168134_m1,

CCL-2: Mm00441242_m1, IL-10: Mm00439614_m1, Arginase-1:

Mm00475988_m1, Eukaryotic 18s rRNA: 4333760T) were from

Applied Biosystems (Foster City, CA, USA). Obtained data were

normalized to internal 18 s rRNA expression and were analyzed

using the 22DDCT Method [17].

6. In vitro assay for the effects of DP on macrophages and
lymphocytes

The viability of RAW264.7 after DSP or DP treatment was

assessed using a colorimetric assay as described elsewhere [18].

Briefly, 10 ml of TetraColor-One (Seikagaku Co., Tokyo, Japan)

was added to each well of a 96-well plate, where RAW264.7 cells

(10,000 cells/well) were pretreated with various concentrations of

DSP or DP (48 hours, 37uC), and the mixture was incubated for

Impact of Dexamethasone Palmitate on GVHD
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an additional 4 hours. Absorbance at 450 nm was monitored. The

viability of splenic T lymphocytes after exposure to DSP or DP

was assessed by trypan blue exclusion. Briefly, cells were washed

twice with PBS, suspended in culture medium (RPMI containing

10% FBS), plated (1.06105 cells/well in 0.2 mL culture medium)

in three independent determinations with DSP or DP (25 nM)

onto 96-well plates, and incubated for 48 hours. Viable cells were

determined as Trypan blue- negative cells. The percent viability

was calculated as follows: (viability in DSP or DP group/viability

in control group) 6100 (%).

CCR2 expression on the surface of macrophages after DSP or

DP treatment was analyzed by FACS as described previously [19].

Briefly, thioglycolate-recruited peritoneal macrophages were

pretreated with 25 mM (as dexamethasone) of DSP or DP for

3 hours, and then, were exposed to LPS (O55:B5, 100 ng/mL,

List Biological Laboratories, Inc. Campbell, CA) for 18 hours.

After washings with PBS, the cells were incubated for 30 minutes

on ice with a rabbit anti-mouse CCR2 polyclonal antibody (pAb)

(1: 25 dilution, E68, Novus Biologicals, Littleton, CO) in the

presence of an anti-mouse CD16/32 mAb (BioLegend, San Diego,

CA) to reduce non-specific binding of a primary antibody to Fc

receptor. The cells were washed twice with PBS and were

incubated with a fluorescein isothiocyanate -conjugated donkey

anti-rabbit IgG pAb (1: 25 dilution, BioLegend, San Diego, CA) as

a secondary antibody for 30 minutes. CCR2 expression was

assessed from 1.06104 viable cells using a FACSAria flow

cytometer (BD Biosciences, San Jose, CA), and the data were

analyzed using FlowJo software (TreeStar, San Carlos, CA).

Background fluorescence was assessed through staining with the

isotype-matched antibody.

To assess the inhibitory effect of DP and DSP on the CCL2-

CCR2 axis, transwell migration assays were performed as

described elsewhere [18]. Briefly, RAW264.7 cells were pretreated

with DSP or DP (25 mM) for 3 hours and then, were serum-

starved in DMEM with 1% FBS and 100 ng/ml LPS overnight.

After washing, the cells were seeded (26105 cells in DMEM with

1% FBS per well) onto the upper chamber of a cell culture insert

with a pore size of 8 mm (BD Biosciences, San Jose, CA).

Recombinant murine CCL2 (final concentration, 20 ng/ml;

PeproTech, Rocky Hill, NJ) was added to the lower chamber, to

which cells were allowed to migrate for 4 hours. The membranes

were fixed with 4% paraformaldehyde and were stained with

Giemsa. For quantitative analysis, four fields were randomly

selected, and migrated cells were counted under a light

microscope.

7. Immunohistochemistry
Immunostaining of murine skin and gut specimens was carried

out on sections from paraffin-embedded tissues fixed in 10%

neutral-buffered formalin solution (Sigma-Aldrich, St. Louis, MO)

using streptavidin-biotinylated HRP detection (Beckeman Coulter,

Brea, CA) as previously described with slight modification [20].

For antigen retrieval, sections (3.5 mm thickness) on silane-coated

slides were heated in a microwave oven for 45 minutes at 98uC in

immunosaver (1:200 dilution, Nisshin EM Corp. Tokyo, Japan).

After blocking nonspecific binding with normal rabbit serum (1:75

dilution; Dako Inc. Via Real (Carpinteria, CA), sections were

incubated with an anti F4/80 mAb (CI:A3-1, Novus, Littleton,

CO) (1:100) or an isotype-matched mAb for 15 minutes using

intermittent microwave irradiation [21,22]. Sections were then

incubated with biotin-labeled rabbit anti-mouse IgG pAb (1:300

dilution; Dako Inc.) and 3,39-diaminobenzidine (DAB; Vector

Laboratories Inc. Burlingame, CA) was used as chromogen.

Finally they were counterstained with hematoxylin.

8. Statistical Analysis
Statistical significance of group differences was evaluated using

Student’s t-test between two groups and ANOVA followed by

bonferroni test for multiple comparisons using STATA software

(StataCorp, Lakeway, TX). Kaplan-Meier product-limit estimates

were performed to determine survival, while the different

subgroups were compared for significance using the log-rank test.

Results

1. Murine GVHD model mimics human severe GVHD
In a BMT model, mice received TCD-BM (56106) and T

lymphocytes (16107) or TCD-BM (56106) alone. Cotransplanta-

tion of TCD-BM and T lymphocytes resulted weight loss, poor

activity, damaged fur texture and all of the mice died on day 12

even though all of the mice received TCD-BM alone were active

and survived. Pathological analysis of the skin showed necrotic

keratinocytes, increased collagen density, infiltration of inflamma-

tory cells and serous fat atrophy in mice with TCD-BM and T

lymphocytes, but minimal damage in mice with TCD-BM alone

(Figure 1A, left panel). The gut was similarly severely damaged in

mice with TCD-BM and T lymphocytes (data not shown). A

higher number of macrophages infiltrated the skin of mice had

received TCD-BM and T lymphocytes compared to the skin of

mice had received TCD-BM alone (Figure 1A, middle panel).

These results clearly suggest that this fatal mouse GVHD model

mimics human severe GVHD with many macrophages [5].

To analyze the mechanism of macrophage infiltration in the

skin, we focused on the role of CCL2-CCR2 axis since CCL2 is a

potent inducer of macrophage recruitment and activation [23].

Quantitative RT-PCR analysis showed that CCL2 expression in

the skin of mice with TCD-BM and T lymphocytes was 10-times

higher than that in the skin of mice with TCD-BM alone

(Figure 1A, right panel).

2. Characterization of macrophages increased in GVHD
The phenotypes of dermal macrophages isolated on day 7 after

BMT (the purity of macrophages .90%, not shown) were

evaluated by quantitative RT-PCR analyses. Macrophages from

GVHD mice showed that skin macrophages from GVHD mice

expressed much higher levels of TNF-a and IFN-c, and a

significantly lower level of IL-10 than those of sham mice (no

GVHD) (Figure 1B), suggesting that the macrophages involved in

GVHD possess inflammatory properties [1]. To assess the direct

effect of inflammatory macrophages on GVHD, 16106 thiogly-

colate-stimulated peritoneal macrophages from C57BL/6J mice

were subcutaneously injected in the interscapular region on day 5

and evaluated on day 7. Skin pathological score of the injected site

was significantly higher among mice injected macrophages than

PBS-injected control mice (Figure 1C). Donor-cell chimerism

analyzed by FACS showed that .90% of dermal macrophages

possessed the recipient phenotype (data not shown). These data

indicated that recipient monocytes recruited to the skin GVHD

site acquired inflammatory phenotypes and deteriorated GVHD

subsequently.

3. Effects of DP on macrophage functions in vitro
Based on these results, we hypothesized that GVHD with many

macrophages would be ameliorated by inhibiting macrophage

functions. We therefore compared DP with conventional DSP on

macrophage functions. Both DSP and DP inhibited proliferation

of RAW 264.7 cells in a dose dependent manner. However, DP

possessed a significantly higher ability than DSP (Figure 2A left

panel). DP decreased the viability of RAW 264.7 cells by 75% at a
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Figure 1. Characterization of macrophage-involvement in GVHD. A: Skin specimens from mice in which T-cell depleted bone marrow (TCD-
BM) cells and spleen-derived T lymphocytes were co-transplanted were histopathologically compared with those of mice transplanted with TCD-BM
alone. Skin specimens (7 days after transplantation) were stained with H&E (upper left panels) and macrophages were detected with the anti-mouse
F4/80 monoclonal antibody (lower left panels). Original magnification,6400. Representative images of two independent experiments are shown. For
quantitative analysis of macrophage numbers, 4 microscopic fields were randomly selected from each of three mice and the total number of F4/80+

cells was counted. The mean number of F4/80+ cells per 4 fields 6 SD is shown for each group (middle panel). Original magnification, 6200. The
results are representative of two independent experiments. Statistical significance: **P,0.01. CCL2 mRNA expression was evaluated using
quantitative real-time RT-PCR. Total RNA was extracted from the skin (3 specimens per group) and was subjected to RT-PCR using specific primer
pairs. Each reaction was performed in duplicate sets. The obtained data were normalized to internal eukaryotic 18 s rRNA expression, were analyzed
using the 22DDCT Method and are expressed as percent expression, where expression of the control is designated as 100%. The results reflect the
mean 6 SD of three independent determinations. The results are representative of two independent experiments. Statistical significance: *P,0.05. B:
Macrophages in the skin were characterized by measurement of TNF-a, IFN-c and IL-10 mRNA expression. Skin dermis was incubated in RPMI
containing 2% Liberase for 2 h at 37uC. After digestion, residual tissue was minced and mechanically disaggregated. After separation of dermal
macrophages by using the magnetic isolation system, total RNA was extracted and mRNA levels of TNF-a, IFN-c and IL-10 were quantified by RT-PCR
using specific primer pairs (3 specimens per group). Each reaction was performed in duplicate sets. The obtained data were normalized to internal
eukaryotic 18 s rRNA expression, were analyzed using the 22DDCT Method and are expressed as percent expression, where expression of the control
is designated as 100%. The results reflect the mean 6 SD of three independent determinations. Statistical significance: *P,0.05. The results are
representative of two independent experiments. C: Direct effects of inflammatory macrophages on GVHD were assessed by injecting thioglycolate-
stimulated macrophages (16106 cells per mouse) or PBS (three mice per group) subcutaneously into the interscapular region of GVHD mice 5 days
after BMT. The animals were killed 7 days after BMT. Skin specimens of the injected sites stained with H&E were photographed (left panel) and skin
GVHD was pathologically scored based on five parameters (epidermal damage, alteration of dermis, degree of inflammation, alteration of
subcutaneous fat and number of follicles). The results reflect the mean 6 SD of three independent determinations. Statistical significance: **P,0.01.
The results are representative of two independent experiments.
doi:10.1371/journal.pone.0096252.g001
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concentration of 10 mM, which is 25-fold lower than the

concentration at which DSP similarly worked (by 71% at

250 mM) (Figure 2A left panel). Interestingly, the toxic effect of

DP on splenic T lymphocytes is rather weak toxic than DSP, when

tested at 25 mM as dexamethasone (Figure 2A right panel). DP

also significantly decreased CCR2 expression on the surface of

primary peritoneal macrophages (Figure 2B) and RAW 264.7 cells

(data not shown), and subsequently decreased migration of

primary macrophages towards CCL2 (Figure 2C) compared to

DSP. This decreased number of macrophage migration could not

be attributed to decreased number of the input cells, as 3 hour-

treatment with DSP or DP at 25 mM minimally affected on

macrophage viabilities (data not shown). These results clearly

suggest that DP attenuates macrophage functions more efficiently

than DSP.

4. The effect of DP on murine fatal GVHD
We next investigated whether DP could affect the fatal murine

GVHD with many macrophages. DP or DSP was administered

10 mg/kg as dexamethasone on day 7 and day14 (control: n = 9,

DSP: n = 9, DP: n = 10). DP significantly lowered the clinical

GVHD score compared to DSP. The difference became apparent

5 days after second administration (Figure 3A, left panel).

Subsequently DP could rescue about 20% of these mice, whereas

mice treated with no steroid or with DSP had all died by days 12

and 30, respectively (Figure 3A, right panel). The effect of DP was

also confirmed by pathological analyses, where tissue damage and

pathological GVHD scores in the skin (Figure 3B, left panel) and

gut (Figure 3B, right panel) were significantly improved in mice

treated with DP. The number of F4/80+ macrophages was also

lower in mice treated with DP. Since DP had a weaker effect on

lymphocytes than DSP (Figure 2A, right panel), the combined

facts suggest that DP can attenuate GVHD with many macro-

phages by inhibiting inflammatory macrophages.

Discussion

Macrophage infiltration in the skin of patients with GVHD is a

maker of poor prognosis [5]. Here, we identify macrophages in the

GVHD sites are inflammatory and an exacerbator of GVHD, and

provide evidence that such GVHD can be effectively treated by

DP, not conventional DSP in a mouse model.

Inflammatory cells such as macrophages and mast cells have

been proved to be durable to even high dose chemotherapy and

irradiation [24,25]. Accordingly, donor-cell chimerism analysis

showed that .90% of dermal macrophages possessed the recipient

phenotype (not shown).

Macrophages are divided into two major classifications:

classically activated, i.e. inflammatory, and alternatively activated,

i.e. anti-inflammatory macrophages [26]. Since persistence of

macrophage activation can be harmful to the host, phenotypic

switch from inflammatory macrophages to anti-inflammatory

macrophages can be occurred via various stimuli [27]. We

revealed by RT-PCR that macrophages in the skin of a murine

GVHD model possessed inflammatory properties (Figure 1B)

although the macrophages in patients with GVHD expressed

CD163 [5], a marker of the alternatively activated macrophages

[26]. Recently, compelling studies revealed that CD163+ macro-

phages could be unrestrained proinflammatory macrophage

population with an incomplete switch to anti-inflammatory

macrophages under certain circumstances such as iron-overload-

ing condition [28]. An elevated level of ferritin, a marker of tissue

iron overload, closely correlates with increased risk of acute

GVHD, higher mortality and lower overall survival [29]. These

evidences and results suggest that CD163+ macrophages in

patients with GVHD can be inflammatory and exacerbate GVHD

similarly with the mouse GVHD model.

CCL2-CCR2 signaling is known to play a major role in

recruitment of monocytes/macrophages [23]. Inflammatory me-

diators released from activated macrophages not only induce tissue

Figure 2. Effect of dexamethasone palmitate on macrophages
in vitro. A: The viability of mouse macrophage-like RAW264.7 cells after
dexamethasone sodium phosphate (DSP) or dexamethasone palmitate
(DP) treatment (48 hours) was evaluated by using a colorimetric assay
(left panel). The percentage viability was calculated as follows: (O.D
value in the presence of each concentration of steroid/O.D value
without steroid) 6100. The results reflect the mean 6 SD of three
independent determinations (representative experiment of three
performed). The viability of splenic T lymphocytes after exposure to
DSP or DP (25 nM each, 48 hours) was assessed by trypan blue
exclusion (right panel). Viable cells were determined as Trypan blue-
negative cells. The percent viability was calculated as follows: (viability
in DSP or DP group/viability in control group) 6100 (%). The results
reflect the mean 6 SD of three independent determinations
(representative experiment of three performed). B: CCR2 expression
on the surface of mouse primary peritoneal macrophages after DSP or
DP treatment was evaluated by FACS. The results are representative of
three independent experiments (left panel). C: The migration of
peritoneal macrophages towards CCL2 after DSP or DP treatment was
analyzed using transwell assays. For quantitative analysis, four fields
were randomly selected, and migrated cells were counted under a light
microscope (6200). The results reflect the mean 6 SD of four
independent determinations. Representative results of three indepen-
dent experiments are shown (right panel). Statistical significance: *P,
0.05 and **P,0.01.
doi:10.1371/journal.pone.0096252.g002
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damage but also recruit and activate macrophages [1]. DP

treatment in a mouse GVHD model decreased the number of

macrophages in the skin and gut, and attenuated GVHD without

severe complications compared to DSP treatment (Figure 3),

suggesting that DP inhibited the positive feedback loop between

macrophages and inflammation more efficiently than by DSP.

Not a few attempts to prevent severe acute GVHD in animal

models by inhibiting macrophage function as an antigen-

presenting cell or modulating macrophage phenotype have been

reported and some were successful [30–35]. However, severe

adverse effects such as infections occurred occasionally [31] since

inflammatory macrophages play important roles in both innate

and acquired immune response. Minimal risk of infection can give

DP treatment an advantage over those pretreatment.

Our small preclinical study showed that DP treatment in

patients with macrophage-rich GVHD (3 day, 5 mg/day)

ameliorated GVHD with efficient reduction of skin macrophages.

Severe adverse effects such as infections were not observed during

and after DP treatment (not published).

Again, these observations provide further evidence that

macrophages directly exacerbate GVHD and that DP treatment

against such macrophages improves the outcome of refractory

GVHD.
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Successful unrelated cord blood transplantation
for adult acquired aplastic anemia using reduced
intensity conditioning without ATG

Acquired aplastic anemia (aAA) patients who  are
transfusion-dependent and who have failed or relapsed after
immunosuppressive therapy need further treatment. In cases in
which a human leukocyte antigen (HLA)-identical sibling donor is
not available, the use of alternative donor including HLA-matched
unrelated donor and unrelated cord blood (CB) are commonly
considered, but this strategy is associated with worse outcomes
[1]. Because of the abundant availability of acceptable CB units,
the use of cord blood transplantation (CBT) has been increasing.
Although the use of CBT in patients with aAA has recently been
evaluated [2], relatively little information is available on how to
achieve proper engraftment with a reduced intensity conditioning
(RIC) regimen in aAA patients undergoing CBT. We  describe here
three adult patients with aAA who underwent transplantation
with unrelated CB after a RIC regimen without ATG. The patient
characteristics are shown in Table 1. All three patients received
single-unit CB containing more than 2.2 × 107/kg of total nucleated
cell (TNC) with no more than two of six HLA-mismatches. The
conditioning regimen consisted of six doses of fludarabine (Flu)
30 mg/m2, two doses of cyclophosphamide (CY) 60 mg/kg and
total body irradiation (TBI) 2 Gy × 2 with no use of anti-thymocyte
globulin (ATG). The graft-versus-host disease (GVHD) prophylaxis
regimen was a combination of short-term methotrexate (15, 10,
and 10 mg/m2 on days 1, 3, 6, respectively) and tacrolimus. Because
patient #3 had a high titer of anti-HLA antibody, a CB unit that was
not cross-reactive with this antibody was chosen.

All three patients rapidly exhibited sustained CB engraftment
(Table 2). Chimerism analyses of the CD3+ fraction using various
numbers of tandem repeats showed initial full-donor conversion
from the first point of analysis in all patients. No secondary graft-
failure was observed. Acute GVHD was observed in patient #2 (skin
only stage 2, Grade I) and resolved spontaneously. Chronic GVHD
was observed in patient #3 (skin, oral involvement) and symp-
toms resolved quickly after the administration of 0.5 mg/kg oral
prednisolone. The regimen was generally well tolerated, and no
significant organ damage or severe toxicity occurred. The patients
remain alive without transfusion dependence at 68, 44 and 9
months, with Karnofsky scores of 70% (due to postherpetic neu-
ralgia), 100% and 100%, respectively.

Here we report three CBT recipients who received successful
single-unit CBT after a RIC regimen. All three patients exhibited

sustained full donor-type hematopoiesis without further interven-
tion to increase donor-type chimerism. The conditioning regimen
included 180 mg/m2 Flu and 120 mg/kg CY with 2 Gy × 2 TBI, which
may  be regarded as a relatively strong regimen in terms of immu-
nosuppressive and cytotoxic ability. Thus, one might think this
regimen too potent for the induction of sustained engraftment of
CB. However, Liu et al. reported that RIC regimen, consisting of Flu
120 mg/m2, CY 1200 mg/m2 (equivalent to 40 mg/kg if the patient’s
body weight was  50 kg) and rabbit ATG 30 mg/kg, was not suffi-
ciently potent enough to induce engraftment after CBT in patients
with aAA. They reported two early deaths and 16 graft-failures
among the 18 CBT recipients conditioned with the above regimen
[3]. Thus, it is reasonable to use a CY dose >40 mg/kg, and further
study to determine the optimal CY dose between 40 and 120 mg/kg
is warranted.

To ensure rapid and proper CB engraftment, graft cell contents,
such as TNC, CD34+ cell count and CD8+ cell count, are impor-
tant factors [4]. In Western countries, ATG is commonly used as
the conditioning regimen for CBT. Nevertheless, the use of ATG
will decrease lymphocytes, including graft-facilitating CD8+ lym-
phocytes, which may  lead to attenuation of total potency for the
facilitation of engraftment in exchange for the beneficial effect of
reducing the incidence of severe acute GVHD. Indeed, only one of
seven CB recipients for aAA who received ATG-containing regimen
achieved engraftment in a previous retrospective study in Japan [5].
Thus, we replaced ATG with 4 Gy TBI in our regimen, which may be
another reason for successful engraftment.

One of the biggest differences in CBT between Western countries
and Japan may  be the attitude toward the use of ATG. In the recent
protocol of European group, two  doses of ATG 2.5 mg/kg and a single
agent GVHD prophylaxis are recommended [6]. To reduce the inci-
dence of severe acute GVHD, physicians in Europe and US would be
likely to use ATG more frequently, which might result in failure to
observe better engraftment. In fact, it is reported that a condition-
ing regimen without ATG provided a low incidence of graft-failure
[7]. Taken together, we believe that ATG should not be included in
the conditioning regimen for CBT, not only for a single-unit CBT but
also for a double-unit CBT. We  also have shown the superiority of
two-drug GVHD prophylaxis (including methotrexate) over single-
drug prophylaxis in CBT [8]. To compensate prophylactic effect of
ATG to control severe GVHD, it would be preferable to develop
the GVHD prophylaxis after transplantation without ATG. Further
study to determine whether or not ATG should be used in order to
achieve prompt engraftment and subsequent higher quality of life
and survival after RIC-CBT is warranted.

http://dx.doi.org/10.1016/j.imlet.2014.01.013
0165-2478/© 2014 Elsevier B.V. All rights reserved.
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Table 1
Patient demographics and CB unit characteristics.

Pt no. Age/sex BW (kg) Disease
status at
transplant

Interval
from
diagnosis
to CBT
(year)

Transfusion
depen-
dency

ABO
mismatch

HLA
serological
mismatch

HLA allele
mismatch

HLA-
antibody

Donor-
specific
antibody

TNCC
(107/kg)

CD34+

(105/kg)

1 48/M 51 Severe 1.2 RBC Match 2/6 3/8 − − 3.67 0.50
2  53/M 65 Severe 22.1 RBC/PC Major/minor 1/6 4/8 − − 2.79 0.44
3  37/F 51 Non-severe 26.9 RBC/PC Major/minor 2/6 3/8 + − 2.24 0.55

Pt, patient; M, male; F, female; BW,  body weight; RBC, red blood cell concentration; PC, platelet concentration; HLA, human leukocyte antigen; TNCC, total nucleated cell count.

Table  2
Engraftment, chimerism and other outcomes.

Pt no. Days to ANC
>500/�l

Days to
reticulocyte
>1%

Days to
plt > 20,000/�l

Days to
plt > 50,000/�l

Chimerism
after CBT

Acute
GVHD

Chronic
GVHD

Other com-
plications

Survival,
mo

KS (%)

1 19 30 25 191 Day 20,
95% donor

No No Postherpetic
neuralgia

Alive, 68 70

2  21 28 37 44 Day 19,
100% donor

Grade I
(skin 2)

No Polymyalgia
rheumatica

Alive, 44 100

3  22 37 32 43 Day 25,
100% donor

No Yes (skin,
oral)

No Alive, 9 100

Pt, patient; ANC, absolute neutrophil count;plt, platelet; KS, Karnofsky score.
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Abstract TLS/FUS-ERG chimeric fusion transcript

resulting from translocation changes involving chromo-

somes 16 and 21 is a rare genetic event associated with

acute myeloid leukemia (AML). The distinct t(16;21) AML

subtype exhibits unique clinical and morphological fea-

tures and is associated with poor prognosis and a high

relapse rate; however, the underlying mechanism remains

to be clarified. Recently, whole-genome sequencing

revealed a large set of genetic alterations that may be rel-

evant for the dynamic clonal evolution and relapse patho-

genesis of AML. Here, we report three pediatric AML

patients with t(16;21) (p11; q22). The TLS/FUS-ERG

fusion transcript was detected in all diagnostic and relapsed

samples, with the exception of one relapsed sample. We

searched for several genetic lesions, such as RUNX1, FLT3,

c-KIT, NRAS, KRAS, TP53, CBL, ASXL1, IDH1/2, and

DNMT3A, in primary and relapsed AML samples. Inter-

estingly, we found RUNX1 mutation in relapsed sample of

one patient in whom cytogenetic analysis showed the

emergence of a new additional clone. Otherwise, there

were no genetic alterations in FLT3, c-KIT, NRAS, KRAS,

TP53, CBL, ASXL1, IDH1/2, or DNMT3A. Our results

suggest that precedent genetic alterations may be essential

to drive the progression and relapse of t(16;21)-AML

patients.

Keywords RUNX1 � AML � Translocation �
TLS/FUS-ERG

Introduction

Translocation t(16;21) (p11;q22) is a rare reciprocal chro-

mosomal change observed in Ewing’s sarcoma [1], blast

crisis of chronic myelocytic leukemia (CML) [2] and acute

myeloid leukemia (AML) [3–5]. This translocation leads to

the formation of TLS/FUS-ERG fusion gene, resulting in

TLS/FUS-ERG chimeric protein [6]. The incidence of

t(16;21) AML is estimated to be 1 % of all de novo andO. Imael, S. Elmahdi contributed equally to this work.
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secondary AML cases [7]. The chromosomal translocation

t(16;21)(p11;q22) has been diagnosed in adult and child-

hood AML with a wide range of age (1–60 years) and with

no sex predilection [6]. AML with t(16;21) is a unique

cytogenetic subtype that showed distinct clinical and

hematological characteristics. Unfavorable prognosis and

poor survival are considered the most prominent features of

t(16;21) AML [7], while hemophagocytosis, micromegak-

aryocytes, increases of eosinophils in bone marrow (BM),

and vacuolation of leukemic cells are frequently detected in

t(16;21) AML [6, 7]. Treatment of AML with

t(16;21)(p11;q22) represents significant therapeutic chal-

lenges with high relapse rate. Furthermore, post-relapse

treatment outcomes remain unsatisfactory for this group of

patients [6, 7]. Recently, it has been shown that CD56, a

neural cell adhesion molecule, is frequently expressed in

adult t(16;21)-AML patients and it could be a useful

indicator for poor prognosis, failure of complete remission

(CR) and extramedullary involvement [7]. Although some

prognostic factors have been reported in AML patients

with t(16;21) (p11;q22), the underlying mechanism of poor

prognosis and high relapse rate in those patients is not yet

fully understood. Thus, identification of new biological

markers is urgently needed and would be useful to establish

a new therapeutic strategy for t(16;21)-AML patients who

are at extremely high risk of relapse. A subset of recurrent

genetic alterations has been found in AML with potential

clinical implications [8–12]; therefore, these genetic

mutations are expected to hold prognostic importance for

AML patients. More recently, genome-wide analysis using

next generation sequencing have suggested two molecular

models involved in the relapse pathogenesis of AML. First,

the original clone in primary tumor is susceptible to gain

new mutations and evolves into the relapse clone. Second,

development of a subclone from the original clone, sur-

viving initial therapy, acquires additional mutations and

expands at relapse [13]. To investigate the genetic changes

associated with primary and relapsed samples, we per-

formed comprehensive genetic, clinical and morphological

assessments for three pediatric cases diagnosed as having

de novo AML with t(16;21)(p11;q22) to delineate new

molecular features and better understand the mechanism of

relapse for this unique cytogenetic subtype of AML.

Patients and samples

Three patients satisfying the diagnostic criteria for AML

(according to the WHO classification) were included in this

study. Morphological diagnosis was made according to the

French–American–British (FAB) morphologic classifica-

tion. Cytogenetic analysis was performed for all patients at

diagnosis and after relapse. Peripheral blood (PB) and/or

BM samples were collected from all patients at diagnosis,

during CR or after relapse and mononuclear cell fractions

were isolated using a Ficoll gradient. RNA and cDNA were

prepared following the manufacturer’s instructions (Roche

Diagnostics, Mannheim, Germany) and Genomic DNA

was isolated using the QIAmp DNA blood mini kit (Qia-

gen, Hilden, Germany) according to the manufacturer’s

protocol. Informed consent was obtained from the guard-

ians of all patients, in accordance with institutional

guidelines, and study protocols were approved by the

Institutional Review Boards of Nagoya University Gradu-

ate School of Medicine.

Cytogenetics analysis

Karyotyping of blood or BM cells from all patients was

done by routine G-banding karyotype analysis.

Detection of TLS/FUS-ERG fusion transcript

by RT-PCR

Reverse transcriptase polymerase chain reaction (RT-PCR)

and real-time PCR were performed to detect TLS/FUS-

ERG fusion transcript. In addition, sensitivity was evalu-

ated as described previously [6].

Flow cytometric analysis

We performed detailed surface marker analysis including

anti-CD13, CD10, CD33, CD34, CD15, CD41, CD38,

CD56, cytoplasmic myeloperoxidase (MPO), and HLA-

DR. (Positive and negative controls were examined along

with samples. Positivity was defined as involving more

than 20 % of the cells among the blast gate).

Mutation analysis of FLT3, c-KIT, NRAS, KRAS,

RUNX1, TP53, CBL, TET2, ASXL1, IDH1/2

and DNMT3A

We investigated the following candidate genes at known

mutational hot spots: FLT3, c-KIT, IDH1/2, DNMT3A,

NRAS (exons 2 and 3), KRAS (exons 2 and 3), TET2 (exons

3–11), RUNX1 (exons 3–8), ASXL1 (exon 12), CBL (exons

7, 8, 9), and the complete coding region for TP53 were

searched by sequencing analysis after PCR amplification of

genomic DNA. PCR amplification and purification were

performed in a 25-ll PCR mix containing at least 50 ng of

template cDNA using quick Taq PCRTM HS Dye mix

(Qiagen) under the following conditions: 94 �C for 2 min

(first denaturing step); 94 �C for 30 s; 65 �C for 30 s; 35

cycles of 68 �C for 30 s to 1 min, depending on PCR

product length; and 68 �C for 7 min (final extension step).

PCR products were purified from the reaction mixture

using the QIAquick PCR purification kit (Qiagen), and
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were directly sequenced on a DNA sequencer (ABI PRISM

3100 Genetic Analyzer; Applied Biosystems, Japan) using

a Big Dye terminator cycle sequencing kit (Applied Bio-

systems). All DNA sequence abnormalities were confirmed

by three independent experiments.

Results

Clinical and hematological features

Three de novo AML patients (two females, one male)

with a median age at onset of 2 years (range 2–10 years)

were included. The main clinical and hematologic fea-

tures of all patients are summarized in Table 1. The

median white blood cell counts, percent of PB and BM

blast, were 2.7 9 109/l (range 1.9–39.2 9 109/l), 53 %

(range 23–62 %) and 57 % (range 9.3–73 %), respec-

tively. Karyotypes of patient Nos. 1 and 2 at the onset

were t(16;21)(p11;q22) with additional abnormalities

observed in patient No. 2 in the form of 46, XY,

t(16;21)(p11;q22), add(11)(q13), del(13)(q12q14).

Patient No. 3 did not show the t(16;21)(p11;q22) and

showed various additional chromosomal abnormalities

(Table 2). Histopathologic examination of BM showed

leukemic cells with hemophagocytosis (erythrophagocy-

tosis and megakaryophagocytosis) and vacuolation

(Fig. 1). Among three AML patients with t(16;21), two

showed positivity for CD56, CD13?, 33?, 15?, 34?,

MPO?, HLA-DR?, while the other patient expressed

only CD13?, 33?, HLA-DR?. CD56-positive cell per-

centage was 73.3 and 33 % in the diagnostic samples,

while at the relapsed one was 66 and 63 % in patient

Nos. 2 and 3, respectively.

Table 1 Clinical features of 3 pediatrics patients with TLS/FUS-ERG chimera

Patient

no.

Sex/

Age

(Y)

WBC

(x109/l)

FAB

classification

CD56 DFS

(months)

1st HSCT 2nd HSCT Overall

survival

(months)

Survival

outcome

Cause of

death

1 F/2 39.2 M1 - 15 At 2nd CR, from

HLA-mismatched

mother

– [121 Alive –

2 M/2 2.7 M7 ? 12 At 1st CR, from

unrelated HLA-

matched donor

At 1st relapse, from

HLA-mismatched

mother

27 Death Relapse

3 F/10 1.9 M1 with

MLD

? 10 At 2nd CR, from

HLA-matched

sibling

At 2nd relapse, from

HLA-mismatched

mother

45 Death Hepatitis

MLD multilineage dysplasia, DFS disease-free survival, HSCT hematopoietic stem cell transplantation, CR complete remission

Table 2 Detailed cytogenetic analysis and mutations profile of 3 pediatrics patients with TLS/FUS-ERG chimera

ID Disease

stage

Karyotype TLS/FUS- ERG

chimera

(copies/lgRNA)

Transcript

type

Molecular alterations

RUNX1 Others

1 At diagnosis 46,XX,t(16;21)(p11;q22)[8] 497,814 B, C – –

2 46,XY,t(16;21)(p11;q22)[8]/46,

idem, add(11)(q13), del(13)

(q12q14) [6]

6,960 B – –

3 45,XX,der(1;17), ?8[2] 1,237,000 B – –

1 At relapse 46,XX,t(16;21)(p11;q22)[14] 28,304 B, C – –

2 46,XY,t(16;21)(p11;q22),add(1) (q12),

add(2)(p13),add(3)(q21), add(8)(p21), der

(8),t(8;11) (q11.2;q11), -11, -15,

add(15)(q24)[18]

0 – ? –

3 47,X,t(X;3)(p22;p12), add(1)(p34),der(1)ad(1)add

(1)(q21),add(7)(q32),-8,

t(8;11)(q24;q13),add(12)

(q24.1),add(17)(q21), ?mar1[18]

132,168 B – –
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TLS/FUS-ERG fusion transcript

We detected the chimeric fusion TLS/FUS-ERG transcripts

in all cases at the onset of diagnosis (patient 1 had type B

and C fusion transcripts, patients 2 and 3 had type B fusion

transcript). However, in patient 2, the band of fusion

transcripts was absent at the relapse (Table 2). A serial

tenfold dilution of cDNA of patients’ samples was used to

detect the chimeric transcripts; type B and C transcripts

were found in very low-diluted solutions (10-6).

Mutation profiling of pediatric patients with t(16;21)

AML

We identified 203-bp (149_351) deletion that led to a

frameshift mutation at codon 137 in the runt domain of

AML1/RUNX1 at relapse in RNA sample obtained from

BM of patient No. 2 (Fig. 2a). Interestingly, missense point

mutation in TET2 (R835C) was detected in a diagnostic,

complete remission and relapsed BM samples obtained

from patient No. 3 (Fig. 2b), but 3 out of 50 healthy Jap-

anese control were found to harbor this mutation, indicat-

ing that TET2 (R835C) mutation could be encountered as

single-nucleotide polymorphism (SNP). All t(16;21)-AML

patients were negative for FLT3, c-KIT, NRAS, KRAS,

TP53, CBL, ASXL1, IDH1/2 and DNMT3A genetic

alterations.

Therapy and clinical outcome

Patient Nos. 1, 2, 3 received AML-oriented chemotherapy

(ECM regimen; VP16, AraC and Idarubicin), but they

relapsed after 15, 12 and 10 months respectively from the

onset of the disease. Patient No. 1 underwent HLA-ha-

ploidentical hematopoietic stem cell transplantation

(HSCT) from her mother during the 2nd complete

remission (CR) (25 months after the 1st CR) and she is

still alive. Patient No. 2 received HSCT from HLA-mat-

ched unrelated donor at 5 months after the 1st CR, but he

relapsed and received the 2nd HSCT from HLA 3 loci-

mismatched mother without induction chemotherapy. He

achieved 2nd CR after HSCT but experienced 2nd relapse

12 months later and died soon due to the disease pro-

gression. Patient No. 3 received HSCT from HLA-mat-

ched related sibling at 6 months after the 2nd CR.

Fig. 1 Morphologic examination of leukemic cells obtained from

bone marrow aspirates of t(16;21)-AML-CD56-positive pediatric

patients. a Leukemic cells with cytoplasmic vacuolation. b Leukemic

cells with erythrophagocytosis (white arrow) and megakaryocyte

phagocytosis (white arrow head)

RUNX1 frameshift mutation detected in patient No.2

TET2 mutation (C>T) at codon 835 detected in patient No.3 

a

b

Fig. 2 RUNX1 and TET2 alterations detected in pediatric patients

with t(16;21)(p11;q22). a Sequence data for AML1/RUNX1 gene in

patient No. 2. Nucleotide sequences showing wild-type exon 3 and 4

boundary of AML1/RUNX1 in cDNA and 201-bp deletion from exon

3 resulting in a frameshift mutation. b Sequence traces showing TET2

exon 3, C to T mutation at codon 835 in patient No. 3
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However, she relapsed 4 months after the 1st HSCT and

underwent 2nd HSCT from HLA 1 locus-mismatched

mother. She developed fulminant hepatitis (Caused by

adenovirus) and died 4 months after the 2nd HSCT.

Notably, two patients had poor prognosis with over all

survival (OS) 27 and 45 months and the other patient is

still alive (Table 1).

Discussion

Several studies demonstrated the clinical importance of

genetics in prognostification of AML patients and this

depends mainly upon the use of cytogenetic to categorize

patients into favorable, intermediate, or adverse cytogenetic

groups, in addition to identification of new molecular genetic

abnormalities. We would like to emphasize the importance

of cytogenetic analysis as well as genetic assessment in

predicting the clinical outcome of AML patients. Herein, we

report three pediatric AML patients with TLS/FUS-ERG

fusion transcript. Although t(16;21)(p11;q22) karyotype was

found in two out of three patients, chimeric fusion TLS/FUS-

ERG transcript was detected in all cases at the onset of

diagnosis and in two cases at the relapse phase, suggesting

that detection of TLS/FUS-ERG chimeric transcript by RT-

PCR has the upper hand in identification and monitoring of

t(16;21)-AML patients. On the other hand, it is quite possible

that absence of TLS/FUS-ERG fusion transcript at relapse

phase in patients No. 2 may be attributed to RNA degradation

eliminating the TLS/FUS-ERG transcripts. In line with our

results, Kong et al. [6] demonstrated that RT-PCR analysis

for detecting TLS/FUS-ERG chimeric fusion transcript is an

important monitoring tool for t(16;21)-AML patients during

various clinical stages. Remarkably, RUNX1 mutation was

detected in relapsed sample of one patient in whom cyto-

genetic analysis showed the emergence of a new additional

clone, while TET2 SNP was found at diagnosis, during

complete remission (CR) and after relapse. Our study

extends the findings of a recent study [13] showed that

genetic alterations could contribute to clonal evolution and

relapse pathogenesis. It has been shown that RUNX1 muta-

tions are frequently associated with AML disease [14–16]

and particular t(16;21)-AML patients [7]. Auewarakul et al.

[16] further demonstrated that a higher frequency of RUNX1

mutation was found in southeast Asian t(16;21)-AML

patients. Accumulated knowledge with strong evidence

supports the integral and important role of TET2 mutations in

myeloid diseases [17, 18]. Approximately, 17 % of AML

patients have been reported to carry TET2 mutations [19],

however, the prognostic impact of TET2 mutation in AML

remains enigmatic. Fathi et al. showed that there was no

association between TET2 mutations and patients’ survival

[19]. Conversely, other investigators have documented that

TET2 mutations were associated with low rate of complete

remission, decrease overall survival and worse clinical out-

come in patients with AML diagnosis [20]. In our study,

immunophenotypic analysis of leukemic cells in t(16;21)-

AML pediatric patients revealed positive expression for

CD13, CD15, CD34, CD33, CD56, MPO, HLA-DR. Spe-

cifically, CD56 was strongly expressed in patients with

decrease OS, but the small patients’ number makes it difficult

to draw a firm conclusion of this possible association. These

findings are similar to previous reports that showed variable

degree of surface markers expression in t(16;21)-AML

patients [21]. Jekarl et al. [7] clearly described that high

CD56 expression confer an unfavorable prognosis in AML

patients with t(16; 21)(p11;q22). In conclusion, our findings

lend significant credence for the use of CD56 as a prognostic

marker for AML patients with t(16;21)(p11;q22). Further

investigations are required to define precisely clonal evolu-

tions and mutational changes that may be relevant for relapse

pathogenesis of t(16;21) AML.
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