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Table 3. Results of a Logistic Regression Analysis

HHYV-6 Encephalitis/Myelitis after the Second UCBT

- 1601

Univariate Multivariate (stepwise)
Odds Ratio {95% QOdds Ratio (95%
Characteristics Confidence Interval) P-Value Confidence Interval) P-Value
Age 1.000 (0.954-1.048) .988
Sex male versus female 1.799 (0.464-6.982) 396
Underlying disease lymphoid malignancy versus others 1.312 (0.388-4.443) 662
Disease status nonearly versus early 1.385 (0.393-4.876) 612
Conditioning regimen Reduced intensity versus myeloabrative 2491 (0.707-8.777) .I55
Stem cell source non-CB I(referrence) - I(referrence) -
CB (previous HSCT —) 1.052 (0.119-9.313) 964 1.052 (0.119-9.313) 964
CB (previous HSCT +) 13.58 (3.447-53.52) <.00t 13.58 (3.447-53.52) <001
HLA mismatched versus matched 1.933 (0.542-6.889) 309
GVHD prophylaxis Cl alone {(referrence) -
Cl plus sSMTX 0.197 (0.035-1.107) 065
Cl plus MMF 2.800 (0.427-18.38) .283

GVHD indicates graft-versus-host disease; CB, cord blood; HSCT, hematopoietic stem cell transplantation; MTX, methotrexate; MMF, mycophenolate

mofetil; Cl, calcineulin-inhibitor.

maintained at a high concentration, whereas several
cases of CIPS have been reported for patents
undergoing HSCT [18,19,36-39]. Moreover, in our
study, 11 of 13 patients with HHV6-associated en-
cephalitis/myelitis developed CIPS-like dysesthesia
and/or pruritus. Although CI concentrations in these
patdents were maintained within the targeted ranges
and reduction in concentrations was ineffective,
HHV6 DNA was directly detected in CSF samples
and administration of antiviral agents improved their
symptoms, indicating the relation of the symptoms
to the reactivatdon of HHV6. We found that 7 cases
that developed CIPS following HSCT have been re-
ported to date [18,19,36-39]; 3 developed CIPS after
UCBT, and 4 developed CIPS after a second HSCT:
2 for UCBT and 2 for BMT, respectively. In
addition, Kida et al. [38] showed that no possible cases
of CIPS were observed among 189 allogeneic BMT
and 65 allogeneic PBSCT recipients, whereas 2 of 34
cases that underwent UCBT developed CIPS. As
shown in our study, patients who receive UCBT or
a second HSCT have a high risk of occurrence of
HHV6-associated encephalitis/myelitis. Based on
these observations, we hypothesize that HHV6 reacti-
vation might contribute to aggravation of CIPS, and
therefore, CIPS might be one of the early manifesta-
"tons of HHV6-associated encephalids/myelitis.
HHV6 reactivation, localized in the posterior horn
of the spinal cord, where signals for both itch and
pain sensations are transmitted via c-fibers or A3-fibers
[40], may cause distinctive manifestations like CIPS.
Indeed, all 4 of the cases who only developed CIPS-
like dysesthesia and/or pruritus had positive results
for HHV6 in their CSF samples, but not for head
MRI (limbic encephalits), and only 1 case with MRI
scanning of the spine (case #13) showed multiple ab-
normal T2-high lesions. Because HHV6-associated
encephalitis/myelitis and CIPS can often occur at 2
to 4 weeks posttransplantation, it is important to
make a differential diagnosis of these 2 syndromes.

In summary, our results have clearly shown that 2
or more RIC-UCBT presents a high risk for the devel-
opment of HHV6-associated encephalitis/myelitis, al-
though there are the limitations of the retrospective
single center analysis. Earlier diagnosis of and inter-
vention for this complication with combination antivi-
ral therapy may provide prolonged survival and
neurologic benefits. Therefore, transplantaton physi-
cians should be aware that CIPS-like dysesthesia and
pruritus might be early manifestations that correlate
with the reactivation of HHVS, especially for patients
who develop myelitis. These “high-risk” recipients
can be potential candidates for prophylactic adminis-
tration of antiviral agents in future investigations.
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Summary

The acquired JAK2 V617F mutation is observed in the majority of patients
with BCR-ABLI negative chronic myeloproliferative neoplasms (MPN).
BCR-ABL1 negative MPN displays myeloproliferation with an elevated
leucocyte alkaline phosphatase (LAP) activity, a neutrophil activation
marker. We tried to separate the downstream signalling of JAK2 V617F to
stimulate myeloproliferation and LAP activity. NB4, a myeloid lineage cell
line, was transduced with Jak2 V617F mutation or wild-type Jak2. We found
that Jak2 V617F mutation, but not wild-type Jak2 enhanced LAP expression
in NB4-derived neutrophils and proliferation of NB4 cells. JAK2 V617F
induces constitutive phosphorylation of STAT3 and STATS5, and uses
signalling targets such as RassMEK/ERK and PI3K/Akt pathways. By using
MEK1/2 inhibitor U0126, PI3K inhibitor LY294002, and STAT3 or STAT5
siRNAs, JAK2 V617F was found to specifically use the STAT3 pathway to
enhance LAP expression, while STATS5, Ras/MEK/ERK and PI3K/Akt, but not
STAT3 pathways, were able to stimulate cell proliferation. These data strongly
suggest that JAK2 V617F uses distinct signalling pathways to induce typical
pathological features of MPN, such as high LAP activity and enhanced cell
proliferation.

Keywords: myeloproliferative neoplasm, JAK2 V617F, STAT3, STATS,
leucocyte alkaline phosphatase.

The BCR-ABLI negative chronic myeloproliferative neoplasms
(MPN) include polycythaemia vera (PV), essential thrombo-
cythaemia (ET) and primary myelofibrosis (PMF) (Dameshek,
1951). The G-to-T point mutation at position 617 (V617F) in
Janus kinase 2 (JAK2) that results in substitution of
phenylalanine for valine has been reported in patients with
BCR-ABLI negative MPN. This mutation is seen in approxi-
mately 95% of the patients with PV and in about 50% of the
patients with ET or PMF (Baxter et al, 2005; James et al, 2005;
Jones et al, 2005; Kralovics et al, 2005; Levine et al, 2005).
JAK2 is a member of the non-receptor tyrosine kinase family
that signals between type I cytokine receptors and downstream
pathways, such as STAT3 (signal transducers and activators of
transcription 3) and STAT5 (Witthuhn et al, 1993; Parganas
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et al, 1998). These pathways are critical for cell growth and
differentiation. The JAK2 V617F mutation induces constitutive
activation of the downstream signalling pathways such as
STAT3/STATS, Ras/MEK/ERK and PI3K/Akt: the expression
of JAK2 V617F in cytokine-dependent cell lines confers
cytokine-independent growth by constitutively activating
STAT3, STATS5, Akt and ERK (James et al, 2005; Levine et al,
2005; Levine & Wernig, 2006; Shide et al, 2007). The enforced
expression of JAK2 V617F in murine bone marrow cells in vivo
resulted in erythrocytosis and subsequent myelofibrosis in
recipient mice (James et al, 2005; Lacout et al, 2006; Wernig
et al, 2006; Zaleskas et al, 2006). Therefore, it is possible that
the JAK2 V617F mutation directly induces pathogenic features
of BCR-ABLI negative MPN.

© 2010 Blackwell Publishing Ltd, British Journal of Haematology, 150, 334-344




Leucocyte alkaline phosphatase (LAP) is a monopho-
sphoesterase that is the product of the gene encoding the
liver/bone/kidney-type alkaline phosphatase (ALP) isoforms
(Hayhoe & Quaglino, 1958; Weiss et al, 1988; Gianni et al,
1994; Sato et al, 1994). In neutrophils, LAP is stored in unique
secretory vesicles, and is exported to the plasma membrane by
chemotactic agents (Borregaard et al, 1987, 1992). Neutrophils
play a critical role in host defence by phagocytozing and
digesting microorganisms. This task is accomplished by
mobilization of several types of neutrophil granules, including
azurophilic (primary) granules, specific (secondary) granules,
gelatinase (tertiary) granules and secretory vesicles. These
granules contain potent antimicrobial compounds, proteolytic
enzymes and also many membrane proteins. The azurophilic
granules are formed during the promyelocytic stage, while
specific granules and gelatinase granules are formed in more
matured cells. Secretory vesicles appear in segmented neu-
trophils, and constitute a reservoir of membrane protein
needed for neutrophil-mediated inflammatory response. Alka-
line phosphatase is located at the luminal face of the
membrane in secretory vesicles. Acquisition of LAP enzymatic
activity is a very late event during myeloid maturation, and
indicates that mature neutrophils acquire secretory vesicles.
Thus, LAP is an indispensable marker of functionally mature
neutrophils (Stewart, 1974; Garattini & Gianni, 1996; Borre-
gaard & Cowland, 1997; Falanga et al, 2000; Faurschou &
Borregaard, 2003). In clinics, the level of LAP in neutrophils is
scored to evaluate neutrophil activation, which was classically
designated as the neutrophil alkaline phosphatase (NAP) score
(Kaplow, 1955, 1963; Shibata et al, 1985). Evaluation of the
LAP score has been useful to distinguish chronic myeloid
leukaemia (CML) from BCR-ABLI negative MPN, or from
infection- or inflammation-associated leucocytosis: untreated
CML patients usually have a low LAP score, whereas it is
elevated in patients with PV, PMF and reactive leucocytosis.

In CML patients, the release of premature granulocytes from
the bone marrow into the peripheral blood might result in low
LAP scores (Dotti et al, 1999). It is, however, unclear why the
LAP scores in patients with PV or PMF are elevated. Recent
reports have shown that patients with BCR-ABL] negative
MPN carrying the JAK2 V617F mutation display higher LAP
scores as compared to those carrying the wild-type JAK2 alleles
(Passamonti et al, 2006; Basquiera et al, 2007; Kondo et al,
2008). This finding suggests that an elevated LAP score in these
diseases could be due to constitutive activation of the JAK?2
signalling via the JAK2 V617F mutation.

Neutrophil activation is the key feature of MPN as well as
myeloproliferation. To understand the developmental mechan-
isms of MPN, we tried to separate the downstream signalling of
JAK2 V617F in each pathway, and we used LAP expression as a
neutrophil maturation/activation marker. The present study
showed that the JAK2 V617F signalling stimulates LAP
expression in neutrophils through specifically the activation
of STAT3-dependent signalling pathway, whereas its stimula-
tion of cell proliferation is dependent upon STAT5 activation.

© 2010 Blackwell Publishing Ltd, British Journal of Haematology, 150, 334-344
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JAK2 V617F Uses Distinct Signalling Pathways

Thus, the acquisition of JAK2 V617F at the haematopoietic
stem cell (HSC) stage might induce at least two independent
signals to alter myelopoiesis, including myeloproliferation and
in elevation of the LAP score at the neutrophil stage, both of
which are the pathological features specific to MPN.

Materials and methods

Cell lines and culture conditions

A human acute promyelocytic leukaemia (APL) cell line NB4,
which retains t(15;17), was obtained from the German
Collection of Microorganisms and Cell Cultures (DSMZ,
Braunschweig, Germany). NB4 cells were cultured in RPMI
1640 medium (Wako, Osaka, Japan) containing 10% fetal
bovine serum (ICN, Osaka, Japan). NB4 cells were differ-
entiated into neutrophil-like cells after they were cultured with
all-trans retinoic acid (ATRA) (10 pmol/l) (Sigma-Aldrich, St.
Louis, MO, USA) and granulocyte colony-stimulating factor
(G-CSF) (10 ng/ml) (Sigma-Aldrich) for 4 d (Gianni et al,
1994). Cells were counted by trypan blue dye exclusion staining.

Preparation of neutrophils from patients and healthy
donors

This study was approved by Institutional Review Board of
Kyushu University and all patients gave informed consent.
Heparinized peripheral blood samples were collected from 15
healthy volunteer donors, 15 patients with PV, 21 patients with
ET, and nine patients with PMF according to the World Health
Organization criteria. Neutrophils were isolated by dextran
sedimentation, hypotonic lysis of contaminating erythrocytes,
and centrifugation with lymphocyte separation medium
(LSM) (MP Biomedicals, Irvine, CA, USA) as described
previously (Sullivan et al, 1984).

Mutation analysis and DNA sequencing of JAK2

DNA from patient’s neutrophils was extracted using the Blood
and Cell Culture DNA Mini kit (Qiagen, Valencia, CA, USA)
according to the manufacturer’s instructions. To examine the
putative JAK2 V617F mutation, exon 14 of JAK2 was amplified
using 5-TATAGTCATGCTGAAAGTAGG-3’ and 5-TAACT-
GAATAGTCCTACAGTG-3" primers as described previously
(Shide et al, 2007). The polymerase chain reaction (PCR)
products were sequenced directly using an ABI3130XL DNA
sequencer (Applied Biosystems, Foster City, CA, USA).
Furthermore, when the JAK2 V617F mutation was not detected
by direct sequencing, we used the three-primer allele-specific
PCR assay as described previously (Baxter et al, 2005).

Evaluation of LAP expression
Leucocyte alkaline phosphatase expression was evaluated by

LAP score, flow cytometric analysis, or ALP enzyme assay.

335



S. Oku et af

Leucocyte alkaline phosphatase scores were measured by the
LAP staining kit (Muto, Tokyo, Japan) according to the
manufacturer’s instructions (Sakamoto, 1966; Shibata ef al,
1985).

Flow cytometric analysis was used for the analysis of cell
surface expression of LAP (sLAP). Isolated neutrophils were
washed once in phosphate-buffered saline (PBS) (Wako) and
stained with phycoerythrin (PE)-conjugated anti-human LAP
(BD PharMingen, San Diego, CA, USA) or PE-conjugated
mouse IgG x (isotype-matched negative control) (BD Phar-
Mingen). The mean fluorescent intensity (MFI) of sLAP was
used as the LAP expression value as described previously
(Shibano et al, 1999).

In the ALP enzyme assay, LAP expression in 5 x 10° NB4-
derived neutrophils or neutrophils was measured by the
SensoLyte™ p-Nitrophenyl phosphate (pNPP) alkaline phos-
phatase assay kit (Ana Spec, San Jose, CA, USA) according to
the manufacturer’s instructions.

Jak2 lentiviral infection

Murine Jak2 cDNA was kindly provided by Dr J. Thle (St. Jude
Children’s Research Hospital, Memphis, TN, USA). Oligonu-
cleotide-directed mutagenesis was performed to substitute
phenylalanine for valine at residue 617 of Jak2 as described
previously (Shide et al, 2007). For the wild-type Jak2 or the
Jak2 V617F construct, each of the cDNAs were cloned
downstream of an ElFa promoter in a third-generation
lentiviral vector backbone consisting of a reporter gene
encoding GFP driven by the promoter of the human gene
that encodes phosphoglycerate kinase. The control vector CEP
contained only the gene encoding GFP. Vector construction
was confirmed by sequencing. Viruses ‘pseudotyped’ with the
vesicular stomatitis virus G protein were produced by transient
transfection of 293T cells as described previously (Takenaka
et al, 2007) and were concentrated by ultracentrifugation.
Functional titres of virus producing wild-type JAK2 or JAK2
V617F, as determined by infection of HeLa cells, were 1 x 107
or 2 x 107 infectious particles/ml, respectively. Virus, at a
multiplicity of infection of 40-50, was added to 24-well tissue
culture plates of NB4 cells. Infected cells were collected on day
3. The efficiency of gene transfer into cells was 20-45%, as
assessed by GFP fluorescence performed using a FACSCalibur
flow cytometer (Becton Dickinson [BD] Biosciences, San Jose,
CA, USA). GFP* cells were sorted by a FACS Aria cell sorter
(BD Biosciences) and then the GFP* NB4 cells were cloned at
one cell per well into 96-well tissue culture plates.

Inhibitions of JAK2, Ras/MEK/ERK and PI3K/Akt
pathways by protein kinase inhibitors

We investigated the effects of protein kinase inhibitors on LAP
expression in neutrophils/NB4-derived neutrophils, and on
proliferation of NB4 cells. Protein kinase inhibitors used to
suppress JAK2 and its downstream pathways were as follows:
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AG490 (Calbiochem, San Diego, CA, USA) was used as a JAK2
inhibitor at a concentration of 5-50 umol/l, U0126 (Calbio-
chem) as a MEK1/2 inhibitor at a concentration of 1-20 pmol/
1, and LY294002 (Calbiochem) as a PI3K inhibitor at a
concentration of 5-50 pumol/l.

Leucocyte alkaline phosphatase expression was evaluated by
flow cytometric analysis after neutrophils were cultured with/
without protein kinase inhibitors in the presence of G-CSF
(50 ng/ml) for 24 h.

Leucocyte alkaline phosphatase expression was evaluated by
ALP enzyme assay after NB4 cells were cultured with ATRA
(10 pmol/l), G-CSF (10 ng/ml), and protein kinase inhibitors
for 4 d.

The proliferation of NB4 cells with medium alone or protein
kinase inhibitors was evaluated for 4 d.

Inhibitions of STAT3/STATS5 pathways by small
interfering RNAs (siRNAs)

To investigate the role of the STAT3 and STAT5 pathways in
LAP expression in NB4-derived neutrophils and in prolifera-
tion of NB4 cells, STAT3 or STAT5 expression in NB4 cells was
knocked down using double-stranded siRNAs. The siRNAs to
knock down human STAT3, STATS5a and STATSb were
obtained from Invitrogen (Carlsbad, CA, USA). NB4 cells
were transiently transfected with siRNAs using Nucleofector
technology (Amaxa Inc., Gaithersburg, MD, USA) according
to the manufacturer’s instructions. Non-specific siRNA (In-
vitrogen) was used as a negative control.

Leucocyte alkaline phosphatase expression was evaluated by
ALP enzyme assay after NB4 cells were cultured with ATRA
(10 umol/l} and G-CSF (10 ng/ml) for 4 d.

The proliferation of NB4 cells with medium alone was
evaluated for 5 d.

Western biotting

Total cell lysates were resolved by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis and transferred to poly-
vinylidene difluoride nitrocellulose membranes {(Amersham,
Uppsala, Sweden) as described previously (Shide et al, 2008).
Membranes were probed using the appropriate antibodies and
visualized by enhanced chemiluminescence (Amersham). Anti-
phospho Tyr’® STAT3, anti-phospho Ser’”” STAT3, anti-
phospho Tyr®* STATS, anti-phospho Thr*®*/Tyr*™ ERK1/2,
anti-ERK1/2, anti-phospho-Ser®”> Akt, anti-Akt and anti-
B-actin antibodies were purchased from Cell Signaling
Technology (Beverly, MA, USA). Anti-JAK2, anti-STAT3,
anti-STAT5a and anti-STAT5b antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Real-time quantitative PCR

Total RNA was extracted from NB4 cells. Reverse
transcription was performed using a high-capacity ¢DNA

© 2010 Blackwell Publishing Ltd, British Journal of Haematology, 150, 334-344



reverse transcription kit (Applied Biosystems) according to
the manufacturer’s instructions. Power SYBR Green Master
Mix (Applied Biosystems) and subsequent primers were
used for real-time quantitative PCR amplification of the
murine Jak2 cDNA, using 5-AAGTGGAGCTTCGGGAC-
CACTCT-3" and 5-GCTTATCTTCATAGAACTGCAGC-3’
primers on an ABI 7000 sequence detection system (Applied
Biosystems).

Statistical analysis

Statistical analysis was performed using sas or jMp software
(SAS Institute Inc., Cary, NC, USA). LAP expressions among
the groups were compared by Tukey’s test or Dunnett’s test.
For inhibitor experiments, LAP expressions were compared
using the least-squares mean test or paired t-test. For siRNAs
experiments, LAP expressions were compared by paired #-test.
For cell proliferation experiments, data were plotted on a
single logarithmic graph and approximated by the straight line
from the origin for each group. The gradients of the straight
lines among the groups were compared by Tukey’s test.
Differences were considered statistically significant when the
P-value was <0-05.

Results

Neutrophils with JAK2 V617F mutation express high levels
of LAP in all types of MPN

The presence of the JAK2 V617F mutation was documented
by direct sequencing, or by allele-specific PCR of isolated
neutrophils’ DNA from BCR-ABLI negative MPN patients
(n = 45). Patients were judged to be homozygous for the
JAK2 V617F mutation if their mutational load exceeded
50%. JAK2 V617F mutation was identified in 13 of the 15
PV patients, 11 of the 21 ET patients and five of the nine
PMF patients. Among them, five PV patients, eight ET
patients and five PMF patients carried heterozygous muta-
tions.

We analysed LAP expression of isolated neutrophils in
BCR-ABL1 negative MPN patients (n = 45) and healthy
volunteer donors (n=15) by flow cytometric analysis
(Fig 1). JAK2 V617F positive MPN patients (n = 29) had a
higher LAP expression than JAK2 V617F negative MPN
patients (n =16) or than healthy controls (n = 15)
(P < 0-01). Among JAK2 V617F positive MPN patients, those
carrying homozygous mutation (n = 11) had higher levels of
neutrophil LAP than those carrying heterozygous mutation
(n = 18) (P < 0-01). Patients carrying heterozygous mutation
also displayed higher LAP expression than healthy controls
(P < 005), although the difference between JAK2 V617F
negative patients and patients carrying heterozygous mutation
was not statistically significant. These data suggest that the
expression level of JAK2 V617F correlates with the LAP levels
in MPN neutrophils.

© 2010 Blackwell Publishing Ltd, British Journal of Haematology, 150, 334-344
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Fig 1. LAP expression of neutrophils in healthy volunteer donors
(n =15), JAK2 V617F negative MPN (JAK2VF-neg, n = 16), JAK2
V617F heterozygous MPN (JAK2VF-hetero, n = 18), and JAK2 V617F
homozygous MPN (JAK2VE-homo, n = 11). LAP levels were evaluated
by flow cytometric analysis. LAP expression (ratio of mean fluores-
cence intensity, MFI) is shown in a box plot. JAK2VF-homo patients
had a significantly higher level of LAP than those in the other three
groups. *P < 0-01; **P < 0-05.

AG490, a JAK2 inhibitor, suppresses LAP expression in
neutrophils with JAK2 V617F

To test whether the high level of LAP in JAK2 V617F positive
neutrophils is dependent upon JAK2 activation, we evaluated
the effect of AG490, a JAK2 inhibitor, on LAP activity in JAK2
V617F positive neutrophils. Neutrophils were purified from
MPN patients with homozygous JAK2 V617F, and were
cultured for 24 h in the presence of AG490. AG490
significantly suppressed the LAP expression (Fig 2), confirm-
ing that the expression of LAP is dependent upon JAK2
activation in JAK2 V617 positive neutrophils.

The enforced expression of JAK2 V617F stimulates the
expression of LAP

To verify that JAK2 V617F signalling activates the expression
of LAP in myeloid cells, we used NB4, a myeloid lineage cell
line. NB4 was infected with lentiviral vectors harbouring wild-
type Jak2 or Jak2 V617F mutation with GFP reporters. Infected
cells were purified by positive expression of GFP by FACS. NB4
cells transfected with wild-type Jak2 and Jak2 V617F mutation
showed an increased expression of JAK2 protein as compared
to control by Western blotting, but their levels did not differ
between these Jak2- or Jak2 V617F-transduced NB4 clones
(Fig 3A).

NB4 cells differentiated into neutrophil-like cells in the
presence of ATRA and G-CSF for 4 d (Gianni et al, 1994). The
NB4-derived neutrophils were then evaluated for LAP
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Fig 2. Effect of the AG490, a JAK2 inhibitor, on LAP expression in
JAK2 V617F positive neutrophils. Neutrophils from JAK2 V617F po-
sitive MPN patients (n = 16) were cultured in medium in the presence
of G-CSF (50 ng/ml), and the effect of addition of AG490 (50 pmol/l)
on LAP expression was evaluated 24 h after culture on a flow cyto-
metry. LAP expression (ratio of MFI) is shown in a box plot. AG490
suppressed LAP expression. *P < 0-01.

expression. We measured LAP levels in neutrophils differ-
entiated from Jak2 V617F clones, from wild-type Jak2 clones,
and from control clones with an empty vector by ALP enzyme
assays. Representative data are shown in Fig 3A, B. Neutrophils
from Jak2 V617F clones expressed LAP at a much higher level,
as compared to those from wild-type Jak2 clones, whereas the
expression levels of JAK2 in these clones were equivalent
(P < 0-01) (Fig 3A, B). Thus, JAK2 V617F signalling is able to
stimulate LAP expression in neutrophils.

STAT3 but not STAT5 signalling is required for JAK2
V617F-dependent LAP expression

JAK2 V617F mutation constitutively activates multiple JAK2
downstream signalling molecules, including STAT3/STATS5,
Ras/MEK/ERK and PI3K/AKt (James et al, 2005; Levine et al,
2005; Levine & Wernig, 2006; Shide et al, 2007). We therefore
tried to identify the signalling pathway responsible for LAP
expression. We first tested the requirement of STAT3 or
STATS5 for LAP expression stimulated by JAK2 V617F in Jak2
V617F-transduced NB4 cells after inducing neutrophil lineage
differentiation by ATRA and G-CSF. STAT3 and STAT5
expression were inhibited by STAT3 and STAT5 siRNAs
respectively, in NB4-derived neutrophils: Jak2 V617F-trans-
duced NB4 cells were transduced with STAT3 or STAT5
siRNA, and cultured with ATRA and G-CSF for 4 d. As shown
in Fig 4A, C, STAT3 siRNA, but not STAT5 siRNA, inhibited
LAP expression (P < 0-05). Western blot analysis showed that
STAT3 and STATS5 siRNAs specifically inhibited the expression
of STAT3 and STAT5 respectively, but did not inhibit the
signalling molecules on Ras/MEK/ERK and PI3K/Akt pathways

(A) NB4
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Fig 3. (A) JAK2 protein expression in NB4 cells by Western blotting.
NB4 cells expressing control vector, wild-type JAK2 or JAK2 V617F
were lysed and analysed by Western blotting with the indicated anti-
bodies. Expression of JAK2 protein in wild-type Jak2 and Jak2 V617F-
transduced NB4 cells was equivalent, but higher than that in the
control vector-transduced cells. (B) Effect of the Jak2 V617F mutation
on LAP expression in NB4-derived neutrophils. NB4 cells expressing
control vector, wild-type JAK2 or JAK2 V617F were cultured with
ATRA (10 pmol/l) and G-CSF (10 ng/ml) for 4 d and differentiated
into neutrophil-like cells. LAP expression was evaluated by ALP en-
zyme assay. LAP expression (ALP level) obtained from three in-
dependent experiments is shown in a box plot. Jak2 V617F-transduced
NB4-derived neutrophils had a higher LAP expression than the other
two groups. *P < 0-01.

(Fig 4B, D). These data suggest that STAT?3 is indispensable for
LAP expression in JAK2 V617F signalling.

The LAP expression is dependent upon the MEK, but not
the PI3K signalling pathway

We then tested the effects of MEK1/2 inhibitor (U0126) and
PI3K inhibitor (LY294002) on LAP expression in Jak2 V617F-
transduced NB4 cells. LAP expression was evaluated by ALP
enzyme assay. U0126 but not LY294002 significantly
suppressed LAP expression in Jak2 V617F-transduced
NB4-derived neutrophils (Fig 5A, C). Further analysis of
signalling molecules, such as ERK and Akt, downstream of
MEK and PI3K respectively, revealed that U0126 and
LY294002 efficiently inhibited phosphorylation of ERK and
Akt respectively (Fig 5B, D).

Activated JAK2 transduces the signal cascade through
phosphorylation of both the receptors and the major
substrates, STATs. STAT3 is phosphorylated by JAK2 on a
single tyrosine at position 705. This phosphorylated STAT3 is
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Fig 4. Effect of STAT3 and STAT5 siRNAs on LAP expression in NB4-derived neutrophils. Jak2 V617F-transduced NB4 cells were transfected with
control, STAT3 (A), or STAT5 (C) siRNA, and cultured with ATRA (10 pmol/l) and G-CSF (10 ng/ml) for 4 d and differentiated into neutrophil-like
cells. LAP expression in NB4-derived neutrophils was evaluated by ALP enzyme assay. LAP expression (ALP level) obtained from three independent
experiments is shown in a box plot. STAT3 siRNA decreased LAP expression, but STAT5 siRNA did not affect LAP expression (P > 0-05) **P < 0-05.
Phosphorylation and expression of ERK, Akt, STAT3 and STATS5 proteins by Western blotting. NB4 cells expressing JAK2 V617F were transfected
with control, STAT3 (B) or STATS5 (D) siRNA, and then cultured with ATRA (10 umol/l) and G-CSF (10 ng/ml) for 2 d. Cells were then lysed and
analysed by Western blotting with the indicated antibodies. STAT3 and STAT5 siRNAs inhibited only phosphorylation and expression of STAT3 and

STATS5 proteins, respectively.

dimerized, migrates to the nucleus, and subsequently binds
specific regulatory sequences to activate or repress transcrip-
tion of target genes (Zhong et al, 1994; Ihle, 1995). Another
phosphorylation event in a single serine at position 727 has
been described that modulates transcriptional activity of
STAT3. Serine phosphorylation is necessary to potentiate
STAT3 transcriptional activity or negatively regulates STAT3
(Wen et al, 1995; Zhang et al, 1995; Jain et al, 1998; Sengupta
et al, 1998). It has been reported that MEK/ERK mediates
signalling to activate the JAK/STAT pathway through
phosphorylation of STAT3 at Ser’” but not at Tyr'®
(Chung et al, 1997). In fact, interestingly, U0126 inhibited
STAT3 Ser’” but not Tyr’® phosphorylation (Fig 5B).

© 2010 Blackwell Publishing Ltd, British Journal of Haematology, 150, 334-344

Among the MEK/ERK signalling cascades, signals to induce
phosphorylation of STAT3 at Ser’”” are especially required
for LAP expression because STAT3 siRNA inhibited LAP
expression but not ERK phosphorylation in our hands
(Fig 4A, B). As STATS3 is indispensable for LAP expression
(Fig 4A, B), the suppression of LAP expression by U0126
might be due to the inhibition of phosphorylation of STAT3
Ser’”’. Importantly, LAP expression was inhibited only by
U0126 also in neutrophils isolated from JAK2 V617F positive
MPN patients (n = 10) (Fig 5E, F). These data collectively
suggest that JAK2 V617F stimulates the LAP expression also
via MEK/ERK-dependent signalling pathway that phosphor-
ylates STAT3 Ser’”’.
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Fig 5. The effects of U0126 (MEK1/2 inhibitor) and LY294002 (PI3K inhibitor) on LAP expression in NB4-derived neutrophils. Jak2 V617F-
transduced NB4 cells were cultured with ATRA (10 pmol/l), G-CSF (10 ng/ml) and U0126 (0-10 pmol/l) (A) or LY294002 (0-10 pmol/1) (C) for 4 d
and differentiated into neutrophil-like cells. LAP expression was evaluated by ALP enzyme assay. LAP expression (ALP level) obtained from three
independent experiments is shown in a box plot. U0126 suppressed LAP expression in NB4-derived neutrophils, but LY294002 did not affect LAP
expression (P > 0-05). **P < 0-05. Phosphorylation and expression of ERK, Akt, STAT3 and STAT5 proteins by Western blotting. Jak2 V617F-
transduced NB4 cells were cultured with ATRA (10 pmol/l), G-CSF (10 ng/ml) and U0126 (0-10 pmol/l) (B) or LY294002 (0-10 pmol/l) (D) for
24 h. Cells were then lysed and analysed by Western blotting with the indicated antibodies. The inhibitory effects of MAPK and PI3K pathways by
U0126 and LY294002 were confirmed by decreased phosphorylation of ERK and Akt proteins, respectively. U0126 not only inhibited ERK phos-
phorylation but also STAT3 Ser’”” phosphorylation. However, LY294002 inhibited only phosphorylation of Akt and did not show any inhibition of
phosphorylation of STAT3/STATS5. Neutrophils from JAK2 V617F positive MPN patients (n = 10) were cultured in medium in the presence of G-CSF
(50 ng/ml), and the effect of addition of U0126 (10 pmol/l) or LY294002 (50 pmol/l) on LAP expression was evaluated 24 h after culture on a flow
cytometry. LAP expression (ratio of MFI) is shown in a box plot. LAP expression was inhibited only by U0126 (E) in neutrophils from JAK2 V617F
positive MPN patients, but LY294002 (F) (P > 0-05) *P < 0-01.

(U0126 and LY294002) and STAT3/STAT5 siRNAs on
proliferation of NB4 cells. As shown in Fig 6B, C, both
inhibitors significantly suppressed proliferation of Jak2 V617F-
Enforced expression of JAK2 V617F into NB4 cells significantly transduced NB4 cells. Furthermore, in marked contrast to the
enhanced proliferation of NB4 cells in vitro (Fig 6A). To test LAP expression (Fig 4A, C), STAT5 siRNA but not STAT3
whether stimulation for LAP expression and cell proliferation siRNA was able to suppress proliferation of Jak2 V617F-
shared the signalling pathway, we tested the effect of inhibitors transduced NB4 cells (Fig 6D, E). These data strongly suggest

Jak2 V617F-induced cell proliferation requires STAT5 but
not STAT3 signalling
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Fig 6. Effect of U0126 (MEK 1/2 inhibitor), LY294002 (PI3K inhibitor), STAT3 siRNA and STAT5 siRNA on proliferation of NB4 cells. (A) Effect of
the Jak2 V617F mutation on proliferation of NB4 cells. NB4 cells expressing wild-type JAK2 or JAK2 V617F were cultured for 4 d. The Jak2 V617F
mutation enhanced cell proliferation. Jak2 V617F-transduced NB4 cells were cultured with U0126 (0~20 pmol/l) (B) or LY294002 (0-20 pmol/l) (C)
for 4 d or cells were transfected with control, STAT5 (D) or STAT3 (E) siRNA, and then cultured with medium alone for 5 d. U0126, LY294002,
STATS5 siRNA, but not STAT3 siRNA, inhibited cell proliferation. Cells were cultured at a density of 1 X 10° cells/ml and counted on the indicated
days. The mean (+SD) cell numbers obtained from three independent experiments are shown in a line plot. *P < 0-01 compared with Jak2 V617F (A),

0 pmol/l (B, C) or control siRNA (D).

that JAK2 V617F uses distinct pathways for stimulation of cell
proliferation and neutrophil maturation represented by LAP
expression; the former is dependent upon STATS5, Ras/MEK/
ERK and PI3K pathways, whereas the latter is dependent upon
STAT3.

Discussion

Determination of the LAP score has been a useful tool for
differential diagnosis of CML and other MPN. However, the
underlying mechanisms for elevation of LAP scores in BCR-
ABLI negative MPN patients but not in CML has been unclear.
We observed that patients with JAK2 V617F homozygous
mutations had a higher LAP expression than other patients
(Fig 1). Similar results were reported previously (Passamonti
et al, 2006; Basquiera et al, 2007; Kondo et al, 2008), thus
suggesting that the LAP levels in neutrophils are dependent
upon the level of JAK2 V617F expression. The AG490, a JAK2
inhibitor, significantly decreased LAP expression in neutro-
phils of JAK2 V617F positive patients (Fig 2). In addition, the
enforced expression of JAK2 V617F but not wild-type JAK2
induced a high level of LAP expression in NB4-derived
neutrophils (Fig 3A, B). These data show that signalling from
the JAK2 V617F can directly induce LAP activation.

© 2010 Blackwell Publishing Ltd, British Journal of Haematology, 150, 334-344
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It has been shown that the JAK2 V617F mutation induces
constitutive activation of downstream targets, such as STAT3,
STATS5 and other signalling pathways including Ras/MEK/ERK
and PI3K/Akt to alter cell proliferation, differentiation and
apoptosis (James et al, 2005; Levine et al, 2005; Levine &
Wernig, 2006; Shide et al, 2007). We investigated as to which
pathway is responsible for inducing LAP expression and cell
proliferation. The JAK2 V617F signalling pathways on LAP
and cell proliferation based on our results is schematized in
Fig 7.

Jak2 V617F mutation enhanced not only LAP expression
but also cell proliferation of NB4, a myeloid lineage cell line
(Fig 6A). The STAT3 pathway was specifically used when
enhancing LAP expression (Fig 4A). On the other hand,
STAT5, MEK/ERK and PI3K/Akt, but not STAT3 were used
for cell proliferation (Fig 6B-E). The activated JAK2 kinase
induces STAT3/STAT5 tyrosine phosphorylation, and then
phosphorylated STATSs are dimerized, enter the nucleus, and
bind specific sequences to regulate transcription of target
genes. This pathway is a major downstream signalling cascade
of JAK/STAT, and has been considered to be critical in
enhancing cell proliferation (Zhong et al, 1994; Ihle, 1995).
On the other hand, JAK2 also phosphorylates signalling
molecules in the Ras/MEK/ERK and PI3K/Akt pathways. We
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Fig 7. Schematic presentation of JAK2 V617F signalling to activate
myeloproliferation and LAP expression. The activated JAK2 kinase
induces STAT3/STAT5 tyrosine phosphorylation, and then phos-
phorylated STATs are dimerized, enter the nucleus, and bind specific
regulatory sequences to regulate transcription of target genes. This
pathway is a major downstream signalling cascade of JAK/STAT.
Tyrosine phosphorylation of STAT5 mediates enhancing myeloproli-
feration. On the other hand, JAK2 also phosphorylates signalling
molecules in Ras/MEK/ERK and PI3K/Akt pathways that are also
responsible for cell proliferation. STAT3 has two phosphorylation sites,
Ty’ and Ser™’. Tyrosine phosphorylation is transduced by JAK2,
whereas serine phosphorylation is transduced by MEK/ERK pathway.
Serine phosphorylation of STAT3 probably affects the STAT3 tran-
scriptional activation. JAK2 V617F stimulates the LAP expression also
via MEK/ERK-dependent signalling pathway that phosphorylates
STAT3 Ser’”. Thus, JAK2 V617F uses STAT3 pathway to induce LAP
expression, and STAT5, Ras/MEK/ERK and PI3K/Akt pathways to
stimulate myeloproliferation.

showed that both pathways are responsible for cell prolifera-
tion. STAT3 siRNA and the MEKI1/2 inhibitor U0126
significantly reduced LAP expression (Figs 4A, 5A, E).
Furthermore, U0126 not only inhibited ERK phosphorylation
but also STAT3 Ser’?” phosphorylation (Fig 5B). STAT3 has
two phosphorylation sites, which are Tyr’® and Ser’? sites.
Tyrosine phosphorylation of STAT3 is the major signalling
cascade of JAK/STAT pathway described above. On the other
hand, serine phosphorylation of STAT3 probably affects the
STAT3 transcriptional activation, which is mainly transduced
by the MEK/ERK pathway. In fact, a STAT3 S727A mutant,
where Ser’” was replaced with an alanine, exhibited marked
reduction in transcriptional activation, indicating that STAT3

Ser’”” phosphorylation is essential for STAT3 transcriptional
activation (Wen et al, 1995; Zhang et al, 1995). Consistent
with this, LAP expression was suppressed significantly by
STAT3 siRNA despite ERK phosphorylation (Fig 4A, B). The
MEK/ERK signalling unrelated to STAT3 serine phosphoryla-
tion was not required for LAP expression. These findings
show that STAT3 serine phosphorylation is mainly involved
in enhancing LAP expression in Jak2 V617F signalling
pathways.

JAK2 V617F mutation occurs at the HSC level (Jamieson
et al, 2006; Kota et al, 2008). It is still unclear how this
common mutation can induce three distinct MPN. Our data
shows that the JAK2 V617F uses at least two distinct signalling
pathways for enhancing LAP expression in neutrophil and cell
proliferation of the myeloid lineage cell line (Fig 7). We and
others have reported that the balance between constitutively
activated STAT3/STATS5 or the expression level of JAK2 V617F
could be a determinant for the type of MPN (Mesa et al, 2006;
Teofili et al, 2007; Shide et al, 2008; Tiedt et al, 2008; Xing
et al, 2008). To understand the developmental mechanisms of
MPN, it is critical to understand the contribution of each
signalling pathway toward the proliferation and lineage fate
decision of HSCs in different types of MPN.

In conclusion, we obtained direct evidence that JAK2 V617F
mainly induces elevation of LAP scores via the STAT3
pathway, whereas it stimulates cell proliferation via the STATS,
Ras/MEK/ERK and PI3K pathways. Thus, JAK2 V617F uses
distinct signalling pathways to enhance LAP expression and
myeloproliferation, typical characteristics in BCR-ABLI nega-
tive MPN.
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Letters

High incidence of false-positive Aspergillus galactomannan

test in multiple myeloma

Yasuo Mori,*? Yoji Nagasaki,'*? Kenjiro Kamezaki,! Katsuto Takenaka,! Hiromi Iwasaki,2Naoki Harada, !
Toshihiro Miyamoto,! Yasunobu Abe,* Nobuyuki Shimono,* Koichi Akashi,"? and Takanori Teshima?

Invasive aspergillosis (IA) remains one of the most significant causes
of morbidity and mortality in patients with hematological malignancies
undergoing chemotherapy and hematopoietic stem cell transpiantation
(HSCT), mainly due to the difficuity in its early diagnosis. Monitoring
of galactomannan (GM) antigen, an exoantigen of Aspergillus, in the
blood by sandwich ELISA is a useful and noninvasive method for earty
diagnosis of IA. The GM test has a sensitivity of 67-100% with a specif-
icity of 81-89% in neutropenic patients and aliogeneic transplant recipi-
ents [1-3]. Although it has been widely used as a diagnostic criterion
for IA [4,5), one of the maljor limitations of this assay is false-positivity,
particularly in pediatric patients [1], patients with graft-versus-host dis-
ease (GVHD) [6,7], and those taking dietary GM [8,9] or fungus-derived
antibiotics, such as piperacillin-tazobactam (PIPC/TAZ) [10-12].

Multiple myeloma results from malignant proliferation of a single clone of
plasma ceils, which produces a monocional immunogiobulin. Opportunistic
infection is a major cause of death in patients with mysloma [13,14]. The
risk for infection primarily resides during periods of chemotherapy-induced
neutropenia or in the terminal stages of the disease. Therefors, monitoring
of Aspergilius is recommended during chemotherapy-induced neutropenia.

One hundred twenty-four patients with hematological disorders hospitalized
in our institution from April 2007 to September 2009 were analyzed retrospec-
tively. The clinical characteristics of these patients are summarized in Sup-
porting Information Table 1. Twenty-seven patients had plasma cell agsociated
disorders (IgG type myeloma: 14, IgA type myeloma: 1, IgD type myeloma: 1,
Bence-Jones type mysloma: 3, lymphoplasmacytic lymphoma/Waldenstrom
macroglobulinemia: 3, plasma cell leukemia: 1, primary AL amyloidosis: 1,
and POEMS syndrome: 2). The remaining 97 patients were diagnosed as
acute leukemia (MDS/AML: 32, ALL: 15) or malignant lymphoma (n = 50).
Qut of the 124 patients, those receiving cytotoxic chemotherapy, autologous
peripheral blood stem cell transplantation (PBSCT), and aflogeneic HSCT
were 81, 10, and 28, respectively. One hundred eleven patients received anti-
fungal prophylaxis, mostly with FLCZ or ITCZ. Eight patients were adminis-
tered PIPC/TAZ at sampling time points. Seventy patients were iow risk for
the development of 1A, whereas the remaining 54 patients ware high risk.

in 21 of the 124 (16.9%) patients, GM antigenemia was positive at least
two consecutive fimes and their characteristics are shown in Table 1. How-
ever, only seven of the 21 patients showed clinical features of 1A and were
diagnosed with probable 1A in the lung (Cases 1-7). Clinical featuras were
relieved with treatment with VRCZ in these patients, confirming a diagnosis
of IA. All of the seven patients had received antifungal prophylaxis, but not
antibiotics known to cause false-positive results, such as PIPC/TAZ [10-12],
amoxicillin/clavulanic acid, or amoxicillin [15). Four of the 7 patients were
high risk for the developing IA and three were low risk. Possible IA was diag-
nosed in four patients in the absence of positive GM results. On the other
hand, no proven or probable IA was detected in 103 patients with negative
GM antigenemia.

Fourteen of the 21 (66.7%) patients with positive GM antigenemia did not
satisfy the diagnostic criteria of proven or probable 1A (Cases 8-21 in Table
1); thus, their episodes wera considered to be false-positive. None of the 14
patients were treated with antibiotics potentially causing false-positivity of
GM test. Antifungal prophylaxis had been given in all 14 episodes (FLCZ in
5, ITCZ in 5, and MCFG in 4). These patients did not show any clinical fea-
tures suggestive of IA. Chest CT scans did not show any abnormal findings
in 10 patients, whereas four patients showed abnormalities in the lung which
were not suspicious of JA. Diagnosis of these lung lesions were history of
pneumoconiosis in one patient, proven bacterial pneumonia in one, and idio~
pathic interstitial pneumonia in the remaining two patients. These lesions
were not deteriorated without antifungal treatment. (1-3)-B-p-glucan was
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negative in all patients showing false-positive GM test. With a median fotlow-
up of 10 months (range: 1—19 months), these patients did not develop fungal
infection without treatment. On the other hand, false-negative GM results
were obtained in four patients (3.2 %). In this study, the sensitivity, specific-
ity, PPV, and NPV of the GM ELISA test were 83.6% (7/11), 87.6%
(99/113), 33.3% (7/21), and 96.1% (99/103), respectively.

Surprisingly, 11 out of the 14 patients showing the false-positive resuits
had diagnosis of multiple myeloma. The false-positivity of GM antigenemia
was significantly higher in mysloma patients (11/22, 50%) than those with
other hematological malignancies (3/102, 2.9%) (P < 0.001). Moreover, in
myeloma patients false-positive resulls were exclusively detected in those
with IgG subtype. Thus, rate of false-positivity was extremely high in patients
with 19G myeloma (11/14, 78.6%). We could not find any difference in the
characteristics of igG myeloma patients with or without GM false-positivity,
including serum levels of IgG (5083 + 2077 mg/dl versus 4713 + 3729 mg/
dl). In addition, the GM test remained to be talse-positive even after normal-
ization of IgG levels by chemotherapy in eight of the 11 patients. We also
evaluated GM antigenemia in frozen serum samples collected before
chemotherapy in three myeloma patients who showed false-positivity after
chemotherapy to rule out the possibility that administration of myeloma-
specific chemotherapy is associated with the false-positivity, and confirmed
GM positivity before chemotherapy in these samples.

In a univariate logistic regression analysis, IgG myeloma and low-risk cate-
gory were strongly associated with false-positive GM antigenemia. Sex, type
of treatment, antibiotics, corticosteroid usage, and serum levels of immunoglo-
bulins were also significant or marginally associated with false-positivity. Multi-
variate analysis confirmed diagnosis of IgG myeloma as the only independent
risk factor for false-positivity (odds ratio, 59.41; 95% confidence interval,
8.19-431.0; P < 0.001) (Supporting Information, Table 2). In patients with
other diseases, the GM assay showed a high sensitivity {7/11, 63.6%), specif-
icity (96/98, 97.0%), PPV (7/10, 70%), and NPV (36/100, 96%). In contrast,
for patients with IgG myeloma, specificity and PPV of the assay were very low
(314, 21.4%, and 0/11, 0%), whereas NPV was 100% even in this cohort.

A recent meta-analysis addressing the accuracy of a GM assay for diag-
nosing 1A confirmed the clinical usefulness of this test with a sensitivity of
71% and a specificity of 89% [16]. Although our study demonstrated similar
sensitivity (7/11:64%) and specificity (103/117:88%) of the GM test, PPV
(33%) was lower, compared with previous studies that demonstrate 40-60%
PPV [7,17-19]. This difference is due to an unexpectedly high incidence of
GM antigen false-positivity (11.3%) in our study. It should be noted, how-
ever, that screening of GM antigen was performed less frequently in this
study compared with previous studies, where GM antigenemia was eval-
uated two to three times per week [1,2,20], and such a frequent monitoring
is ideal to assure the optimal PPV and NPV.

Diagnosis of multiple myeloma is a major risk factor for GM false-posttivity.
In particular, the false-positivity was exclusively ocbserved in patients with igG
myeloma and was not observed in patients with other types of plasma cell
disorders. These observations should be confirmed in a larger study because
some studies previously reported the usefuiness of GM antigen assay as a
diagnostic tool for 1A among patients with hematological malignancies includ-
ing IgG myeloma [21,22], and only small numbers of patients with plasma
cell disorders other than IgG myeloma were included in this study. Low-risk
category of developing I1A was a risk for false-positive results in a univariate,
but not multivariate analysis. IgG myeloma remained a strong risk for false-
positivity even after the compensation by the risk categorization.

Mechanisms of high frequency of GM false-positivity in myeloma patients
remain to be investigated. (1-3)-g-o-glucan, which is released from the fun-
gal cell wall, is also widely used to support diagnosis of fungal infections
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Mixed phenotype acute leukemia with t(11;19){q23;p13.3)/
MLL-MLLT1(ENL), B/T-lymphoid type: A first case report

Mojdeh Naghashpour, 1* Jeffrey Lancet,? Lynn Moscinski,’ and Ling Zhang!

The majority of cases of acute ieukemia belong to a specific lineage ori-
gin, either lymphoid or myeloid, and therefore are classified as acute lym-
phoblastic leukemia (ALL) or acute myelogenous leukemia (AML), based
on morphologic features and cytochemical and immunophenotypic pro-
file of the blast cells. A minority of acute leukemias however, show no
clear evidence of differentiation along a single lineage. These are now
classified under acute leukemias of ambiguous lineage by the most
recent WHO classification and account for <4% of all cases of acute leu-
kemia [1] They include leukemias with no lineage specific antigens
(acute undifferentiated leukemias) and those with blasts that express anti-
gens of more than one lineage to such degree that it is not possible to
assign the leukemia to any one particular lineage with certainty (mixed
phenotype acute leukemias). The latter can either be leukemias with two
distinct populations of blasts, each expressing antigens of a different lin-
eage (historically referred to as “bilineal” leukemias) or a single biast
population expressing antigens of multiple lineages (historically referred
to as “biphenotypic” acute leukemias) [2]. Acute leukemias of ambiguous
lineage may harbor a variely of genetic lesions. Those with
49;22)(q34;q11) or translocations associated with mixed lineage leuke-
mias (MLL) gene, i.e., t{11;V)}{q23;V), occur frequently enough and are
associated with distinct features, that are considered as seperate entities
according fo the recent WHO classification. Co-expression of myeloid
and B-lymphoid antigens is most common in mixed phenotype acute leu-
kemia (MPAL), followed by co-expression of myeloid and T-lymphoid anti-
gens, accounting for 66-70% and 23-24% of MiLs, respectively. Co-
expression of B- and T-ineage associated antigens or antigens of all
three lineages is exceedingly rare, accounting for <5% of MLLs {3,4]. The
requirements for assigning more than one lineage to a single blast popu-
lation has been established by current WHO classification [1].
Chromosomal rearrangements of mixed lineage leukemias (MLL) gene on
chromosomal segment 11623 occur in a subset of leukemias with poor prog-
nosis and are seen in pediatvic, adult and therapy-related acute leukemias [5).
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MLL translocations can be found in de novo AML and lymphoid linsages
{ALL), secondary myelodysplastic syndrome, as well as mixed phenotype
acute leukemias [6-8]. Among them, mixed phenotypic acute leukemia has a
high incidence of chromosomal abnormalities involving MLL gene [2,3]. Wild-
type MLL is a transcriptional regulatory factor involved in the maintenance of
clustered homeobox (Hox) gene expression, particularly during hematopoietic
development [9). MLL translocations generate an in-frame fusion protein, in
which the N-terminal portion of the MLL protein is fused to the C-terminal
region of a partner protein, resuiting in a chimeric protein with oncogenic prop-
erties [10]. Leukernias that harbor MLL translocations are & unique biologic
subgroup that co-express myeloid and lymphoid associated genes and an
overall gene expression profile that characterize those of the precursor cells
{11,12]. To date, more than 51 pariner genes have been characterized at the
molecular leve!l and an additional 35 genetic loci have been identified by cyto-
genetic analysis [13]. The most frequent transiocations, 1(4;11){g21;23) involv-
ing MLLT2 (AF4), 19;11)(p22;23) involving MLLT3 (AF9), and
1(11;18)(q23;p13.3) involving MLLT? (ENL) account for 80% of investigated
leukemia samples [13]. The characteristic of the fusion partner seems to
determine a bias for generation of myeloid versus lymphoid or mixed fineage
type leukemnia. While MLL-MLLT3 and MLL-MLLT2 are predominantly associ-
ated with a myeloid or a lymphoid/mixed lineage phenotype, MLL-MLLTT
occurs equally likely in both leukemia subclasses [14]. To our knowledge how-
ever, B/T-lymphoid MLL harboring %(11;19)(q23;p13.3} has not been reported.
Case Report

A previously heaithy 37-year-old male, presented 1o a local primary care
physician with flu-like symptoms. A complete biood count (CBC) was within
normal limits, with a normal differential count, at initial visit. He was
treated conservatively without relief of his symptoms. A CBC, repeated 1
month later revealed a white blood cell count 10.6 X 10%L, including 3%
circulating blasts, hemoglobin 8.6 g/dL, and a platelst count of 179 X
10%L. His absolute neutrophil count was 0.4 X 10%L. With an uncertain
diagnosis, the patient was referred to our institution for further consuita-
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Alloantigen expression on non-hematopoietic

cells reduces graft-versus-leukemia
effects in mice

Shoji Asakura,’ Daigo Hashimoto,!2 Shuichiro Takashima,® Haruko Sugiyama,! Yoshinobu Maeda,’
Koichi Akashi,22 Mitsune Tanimoto,! and Takanori Teshima?

'Biopathological Science, Okayama University Graduate School of Medicine and Dentistry, Okayama, Japan. 2Center for Cellular and Melecular Medicine and
3Department of Medicine and Biosystemic Science, Kyushu University Graduate School of Science, Fukuoka, Japan.

Allogeneic hematopoietic stem cell transplantation (HSCT) is used effectively to treat a number of hemato-
logical malignancies. Its beneficial effects rely on donor-derived T cell-targeted leukemic cells, the so-called
graft-versus-leukemia (GVL) effect. Induction of GVL is usually associated with concomitant development of
graft-versus-host disease (GVHD), a major complication of allogeneic HSCT. The T cells that mediate GVL
and GVHD are activated by alloantigen presented on host antigen-presenting cells of hematopoietic origin,
and it is not well understood how alloantigen expression on non-hematopoietic cells affects GVL activity.
Here we show, in mouse models of MHC-matched, minor histocompatibility antigen-mismatched bone mar-
row transplantation, that alloantigen expression on host epithelium drives donor T cells into apoptosis and
dysfunction during GVHD, resulting in a loss of GVL activity. During GVHD, programmed death-1 (PD-1)
and PD ligand-1 (PD-L1), molecules implicated in inducing T cell exhaustion, were upregulated on activated
T cells and the target tissue, respectively, suggesting that the T cell defects driven by host epithelial alloantigen
expression might be mediated by the PD-1/PD-L1 pathway. Consistent with this, blockade of PD-1/PD-L1
interactions partially restored T cell effector functions and improved GVL. These results elucidate a previously

unrecognized si

gnificance of alloantigen expression on non-hematopoietic cells in GVL and suggest that sepa-

ration of GVL from GVHD for more effective HSCT may be possible in human patients.

Introduction

Donor immunity in allogeneic hematopoietic stem cell transplan-
tation (HSCT) harnesses beneficial graft-versus-leukemia (GVL)
effects; therefore, allogeneic HSCT represents a very potent form
of immunotherapy for hematological malignancies (1, 2). Induc-
tion of GVL is usually associated with the development of graft-
versus-host disease (GVHD), which is a major complication after
allogeneic HSCT. T cell depletion of the donor inocula prevents
GVHD and leads to a loss of the GVL effect (3-5). Both GVL and
GVHD are mediated by donot T cells, which recognize alloanti-
gens presented on host APCs (6, 7). Donor CTLs and inflamma-
tory cytokines are major effectors of GVHD, whereas CTLs are pri-
marily responsible for GVL (8, 9). In patients with advanced-stage
leukemia and lymphoma, relapse is still a major cause of mortality
after allogeneic HSCT even after the development of severe GVHD.
Thus, improvements in our understanding of the pathophysiology
of GVHD and GVL are urgently needed to develop more effective
therapies for malignant diseases.

Alloantigens are expressed on the three major components in
HSCT recipients in the context of GVHD and GVL: hematopoieti-
cally derived APCs, GVHD target epithelium, and leukemia cells.
Several studies have shown that host APCs are crucial for the induc-
tion of both GVHD and GVL (6, 7, 9-11). Alloantigen expression
on epithelium is also critical for the induction of GVHD in MHC-
matched, minor histocompatibility antigen-mismatched (mHA-
mismatched) models of bone marrow transplantation (BMT) (10),
but GVHD can occur in the absence of alloantigen expression on
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epithelium in MHC-mismatched models of BMT (9). However, the
effect of alloantigen expression on non-hematopoietic cells such as
the epithelium in GVL is not well defined. In this study, we addressed
this important issue in mHA-mismatched models of BMT.

Resuits

Alloantigen expression on host non-hematopoietic cells augments acute
GVHD but reduces GVL effects. We generared BM chimeric mice that
express alloantigens on APCs, which are essential for the induc-
tion of both GVHD and GVL (6, 7, 12). BM chimeras were created
by reconstituting lethally irradiated C3H.Sw (C3: H-2P) mice with
5 x 106 T cell-depleted (TCD) BM cells isolated from C57BL/6 (B6,
H-2b) mice that differ from C3 mice at multiple mHAs ([B6—C3]
chimeras). Control chimeras, [B6—B6], were identically created.
Four months later, donor repopulation of hematopoiesis was
confirmed by flow cytometry as shown previously (6, 9, 12). Thus,
[B6—C3] chimeric mice expressed B6-derived mHAs on hema-
topoietically derived APCs but not on non-hematopoietic target
cells. In contrast, [B6—>B6] mice expressed B6-derived mHAs on
both APCs and target epithelium. These chimeras were used as
BMT recipients; they were reirradiated and injected with 5 x 10°
TCD BM cells alone or with various doses of CD8* T cells from C3
donors. After BMT, GVHD mortality was higher in [B6—>B6] mice
than in [B6—>C3] mice (Figure 1A). Clinical GVHD scores (13)
in surviving animals were also higher in [B6—>B6] mice than in
[B6—>C3] mice (Figure 1B). Mortality and morbidity from GVHD
in [B6—>C3] mice were almost equivalent to those in [B6—B6] mice
given a 1-log lower T cell dose. This finding confirmed the previ-
ous observation of alack of alloantigen expression on host epithe-
lium significantly reducing GVHD across mHA disparity (10). We
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Alloantigen expression on host non-hematopoietic cells augments acute GVHD but reduces GVL effects. (A—-C) [B6—>C3] (diamonds) and
[B6—B6] chimeras (triangles) were created by reconstituting lethally irradiated C3 and B6 mice with 5 x 108 TCD BM cells from B6 mice. Four
months later, the chimeras were reirradiated and injected with 5 x 106 TCD BM cells alone (open symbols) or with 1 x 10° (black symbols) or
0.1 x 108 (gray symbols) CD8* T cells from C3 donors (as indicated in parentheses x 108). Survival (A) and clinical GVHD scores (B) after BMT
(n = 3-8/group). (C) Leukemia mortality after BMT in chimeras injected with EL4 cells (n = 5-21/group). Data from 3 similar experiments were
combined. (D-F) [Db—Ba] (diamonds) and [Db—Db] (triangles) chimeras were reirradiated and injected with TCD BM alone (open symbols) or
with 2 x 108 T cells from Ba donors (filled symbols). Survival (D) and clinical GVHD scores (E) after BMT from a representative experiment of 2
similar experiments (n = 4-7/group). (F) Leukemia mortality after BMT in mice injected with P815 cells. Data from 2 similar experiments were
combined (n = 6-18/group). (G-1) [Ba—Db] (diamonds) and [Ba—Ba] (triangles) chimeras were similarly transplanted with 5 x 106 TCD BM cells
alone (open symbols) or with 2 x 108 T cells from Db donors (filled symbols). Survival (G) and clinical scores (H) after BMT (n = 3-10/group).
(1) Leukemia mortality after BMT in chimeras injected with A20 cells (n = 5~10/group). Data from 2 similar experiments were combined. Clinical

scores are shown as the mean = SEM. *P < 0.05 compared with allogeneic controls.

then tested the effect of alloantigen expression on GVHD target
epithelium on GVL effects. These chimeric mice were transplanted
as described above together with 2,500 B6-derived EL4 cells as a
model of residual leukemia after BMT. As expected, 100% of both
types of chimeric mice that received TCD BM cells died from leu-
kemia by day +20 after BMT (Figure 1C), whereas leukemia-free
survival was significantly prolonged in mice that received donor
T cells, demonstrating a significant GVL effect. However, this GVL
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effect was not potent in [B6—B6] mice, and all mice subsequently
died from leukemia. Surprisingly, leukemia mortality was signifi-
cantly lower in [B6—>C3] mice that did not express alloantigens on
their non-hematopoietic cells (62% vs. 100%; P < 0.05). GVL effects
in [B6—>B6] mice appeared to be almost equivalent to those in
[B6—C3] mice given a 1-log lower T cell dose.

We further confirmed these observations in a different strain
combination: BALB/c (Ba, H-29) and DBA/2 (Db, H-29) mice that
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Figure 2

Alloantigen expression on host non-hematopoietic cells enhances the apoptosis and dysfunction of alloreactive T cells. [B6—C3] (diamonds and
black bars) and [B6—B6] (triangles and gray bars) chimeras were transplanted as indicated in the legend for Figure 1. Syngeneic controls were
[B6—B6] recipients of B6.Ly5.1 (CD45.1+) cells (open circles and white bars). (A) Numbers of donor CD8+ T cells in spleens. (B) Frequencies
of annexin V+ donor CD8+ T cells. (C) Numbers of annexin V- donor CD69+CD8* T celis. (D) Numbers of annexin V- IFN-y—producing donor
CD8+T cells. (E) CTL activity against EL4. (B—E) Analysis was performed 14 days after BMT (n = 3-8/group). Representative data from 1 of the
experiments are shown as the mean = SD. *P < 0.05 compared with allogeneic controls.

differed at multiple mHAs from each other. [Db—Ba] and control
[Db—>Db] chimeras were lethally reirradiated and injected with
5 x 106 TCD BM cells alone or with 2 x 106 Ba T cells. Mortal-
ity (Figure 1D, P = 0.08) and morbidity from GVHD (Figure 1E,
P <0.05) were higher in [Db—>Db] mice than in [Db—>Ba] mice.
When cells were transplanted together with 2,000 Db-derived P815
cells, leukemia mortality was significantly lower in [Db—>Ba] mice
than in [Db—Db)] mice (10% vs. 60%; P < 0.05) (Figure 1F).

Similar results were obtained when [Ba—Db] and control [Ba—>Ba]
chimeras were transplanted with 5 x 106 TCD BM cells with or
without 2 x 106 Db T cells. In [Ba—Db] recipients, in which non-
hematopoietic cells do not express alloantigens, mortality (Fig-
ure 1G, P = 0.08) and morbidity of GVHD (Figure 1H, P < 0.05)
were lower, but GVL effects against Ba-derived A20 lymphoma
cells were significantly more potent as compared with [Ba—Ba]
controls (leukemia mortality: 30% vs. 100%; P < 0.05) (Figure 1I).
Taken together, these results demonstrate that GVHD is decreased
but GVL activity is enhanced in the absence of alloantigen expres-
sion on non-hematopoietic cells.

Alloantigen expression on non-hematopoietic cells enhances apoptosis and
dysfunction of alloreactive T cells. GVHD and GVL in the C3 and B6
strain combination is dependent on donor CD8* T cells (12, 14).
To elucidate the mechanisms responsible for the enhancement
of the GVL effect in [B6—C3] chimeric mice, which lack alloanti-
gen expression on non-hematopoietic cells, the kinerics of donor
CD8" T cell expansion and activation were evaluated after BMT.
Expansion of donor CD8* T cells identified as CD5.1*CD8* cells
peaked on day +14 in the spleens of allogeneic [B6—>B6] recipients
and decreased thereafter (Figure 2A), as previously shown in this
model (15). CD8 expansion was significantly greater in [B6—>C3]
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mice than in [B6—>B6] mice on days +14 and +21. We next assessed
donor T cell apoptosis as a determinant of the kinetics of T cell
expansion. Frequencies of annexin V* apoptotic donor CD8* T cells
were significantly greater in the spleen of [B6—B6] mice as com-
pared with that of [B6—>C3] mice on day +14 (Figure 2B). Notably,
surviving donor CD8* T cells were significantly less activated in
[B6—>B6] mice than in [B6—>C3] mice when evaluated based on
the expression of CD69 (Figure 2C) and intracellular IFN-y (Fig-
ure 2D) on annexin V- donor CD8" T cells. We next evaluated CTL
activity in donor T cells isolated from the spleen on day +14 after
BMT. CTL activity against EL4 targets was significantly reduced
in the splenocytes of [B6—B6] mice as compared with [B6—C3]
mice (Figure 2E). These results suggest that alloantigen expression
on non-hematopoietic cells induces apoptosis and dysfunction of
alloreactive T cells.

Absence of alloantigen expression on host non-hematopoietic cells restores
GVL effects. Self-recognition in the periphery facilitates the reactiv-
ity of mature T cells to foreign antigens (16). Therefore, it is pos-
sible that the expression of syngeneic MHC molecules and not the
absence of alloantigens on non-hematopoietic cells may be respon-
sible for the enhancement of the GVL effect in [B6~—>C3] chimeras.
This possibility was tested in Bé6-background f>m~~ mice. [B6—
B2m™"] chimeras lacking functional MHC class I molecules on
non-hematopoietic cells did not develop GVHD after transplanta-
tion with CD8" T cells from C3 donors, as shown previously (17)
(Figure 3A). In these mice, however, leukemia mortality was sig-
nificantly delayed even in the absence of GVHD as compared with
[B6—B6] recipients (Figure 3B, P < 0.05). The expansion and CTL
activity of donor CD8* T cells was significantly greater in [B6—
B2m™/"] recipients than in [B6—>B6)] recipients (Figure 3, C and D).
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These results confirm that alloantigen expression on host epithe-
lium induces apoptosis and dysfunction of alloreactive T cells,
which results in impaired GVL effects.

Alloantigen expression on host non-hematopoietic cells stimulates pro-
grammed death-1 and its ligand pathway. Programmed death-1 (PD-1)
is a negative regulator of activated T cells and regulates T cell
exhaustion during chronic infections (18-20). PD-1 interacts with
at least 2 ligands: PD ligand-1 (PD-L1) and PD-L2 (21). In particu-
lar, the PD-1/PD-L1 pathway has been proposed as one of the most
important mechanisms of T cell exhaustion and tolerance induc-
tion against infectious agents and tumors (19, 22-25). We therefore
hypothesized that the PD-1/PD-L1 pathway plays a role in the loss
of GVL effects in [B6—>B6] mice. To test this hypothesis, we exam-
ined PD-1 expression on donor CD8" T cells in lymph nodes on day
+14 and +21 after BMT. It was significantly upregulated in alloge-
neic [B6—>B6] recipients as compared with syngeneic controls but
was low in [B6—>C3] mice (Figure 4, A and B). We also investigated
the expression of another inhibitory receptor, CTLA-4, on donor
CD8' T cells. Although the expression of cytoplasmic CTLA-4 was
slightly upregulated in allogeneic animals as compared with synge-
neic animals, its level did not differ between [B6—B6] and [B6—C3]
mice (5.5% £ 1.0% vs. 4.5% + 0.2%, respectively; P = 0.50).

We next examined PD-L1 expression in the liver by real-time PCR
after BMT. PD-L1 expression was markedly upregulated in the liver
of allogeneic controls as compared with syngeneic controls (Figure
4C). In allogeneic [B6—C3] mice, it was slightly upregulated on
day +14 but not on day +21. Immunohistochemical analysis con-
firmed upregulated expression of PD-L1 in the liver of [B6—B6]
mice, as previously reported (Figure 4D) (21, 26). These results
showed that alloantigen expression on GVHD target epithelium
is associated with upregulation of the PD-1/PD-L1 interactions
between donor T cells and GVHD target tissue.

Blockade of the interaction between PD-1 and PD-L1 enhances GVL
activity. We next examined whether blocking the PD-1/PD-L1
pathway could enhance GVL activity. [B6—>C3] and [B6—B6]
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chimeras were reirradiated and injected with TCD BM cells and
CDB8" T cells from C3 donors. Mice were i.p. injected with 500 pg
of anti-PD-L1 mAb on day 0 and then with 200 pug on days +3,
+6,+9,+12,+15, and +18 after BMT. In [B6—B6] recipients, injec-
tion of anti-PD-L1 mAbs significantly restored T cell functions
on day +14, as assessed by CD69 expression (Figure SA), IFN-y
production (Figure 5B), and CTL activity (Figure 5C). In [B6—>C3]
mice, it marginally upregulated CD69 expression, IFN-y produc-
tion, and CTL activity, although differences were not statistically
significant (Figure 5, A, B, and D). As a consequence, anti-PD-L1
mAb administration significantly increased the severity of GVHD
in [B6—>B6] mice (Figure SE) but not in [B6—>C3] mice (Figure
SF). PD-L1 blockade also significantly augmented GVL activity in
[B6—B6] recipients injected with EL4 cells on day 0 (Figure SG,
P < 0.05). It also delayed leukemia death in [B6—>C3] mice,
although the difference was not statistically significant (Figure
SH, P=0.38). In controls, PD-L1 blockade did not affect leukemia
mortality in TCD-BMT recipients (Figure SH) or [B6—>B6] recipi-
ents of syngeneic B6 CD8" T cells (data not shown).

Discussion

Alloantigens are expressed in three major sites in HSCT recipients:
APCs, GVHD targer epithelium, and leukemia cells. Alloantigen
expression on APCs is essential for the induction of GVHD (6),and
an optimal GVL response occurs when alloantigens are expressed
on both host APCs and tumor cells (7). Alloantigen expression on
the epithelium is also critical for the induction of GVHD across
mHA disparities (10), but GVHD can occur in the absence of allo-
antigen expression on epithelium in MHC-mismatched BMT (9).
In this study, we addressed the effect of alloantigen expression on
target epithelium in GVL using chimeric mouse models of GVHD
and GVL across mHA disparities. Our models mimic clinical BMT
in patients not in remission, since most of the mice relapsed after
allogeneic BMT. This high tumor burden enabled us to compare
the magnitude of GVL activity in our models, and we made sur-
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