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The family’s physical burden increased signifi- -
.cantly after the intervention of the SHPC service. The

family experienced negative health changes, as has
been suggested by previous studies.'® Caring for a
patient with terminal illness at home involves a consid-
erable commitment on the part of family caregivers.?°
However, there has been a dearth of intervention

studies undertaken to address unmet problems fac-.

ing family caregivers of terminal cancer patients,?!
However, it is note worthy that anxiety regarding
care at home, as measured in this study, was signif-
icantly mitigated. By receiving the SHPC service, it
is likely that families benefited from an increased
peace of mind regarding care at home, although fam-
ilies expressed physical burden. This result suggests
one of the major positive impacts of the SHPC ser-
vice. Psychosocial care for family during the palliative
care Ehase has been emphasized in previous stud-

s2%%3 as important care for continuing to provide
care at home.

' This study has several limitations. First, data
was not obtained from all patients. The results may
not generalize to all terminal cancer patlents and
their famlly at home. The largest cause of mlssmg
data in the study resulted from a patient’s func-
tional deterioration or death. Second, this study was
limited to symptoms, a simple health-related
quality-of-life scale, and ad hoc family variables.
In-depth insights of the patients and their families
should be included in future studies. Also, how to
approach the time when sufficient verbal communi-

- cation with a-patient becomes difficult is our future

task. Third, we did not compare our results with
other settings. To develop SHPC service, it will be
necessary to establish clinically suitable evaluation
process of palliative care at home, and to examine
carefully feasibility of the SHPC service in other
areas of Japan.

Conclusion

Regarding patient characteristics at the time of
referral to the SHPC service, patients referred from
outpatient settings had more severe physical symp-
toms than patients referred from inpatient settings.

" The SHPC service could contribute to patients’

symptoms and families’ psychosocial status. On
the whole, the evaluation of the SHPC service was
positive during the 2-week period after starting
home care.
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HEMATOPOIESIS AND STEM CELLS

Loss-of-function Additional sex combs like 1 mutations disrupt hematopoiesis but
do not cause severe myelodysplasia or leukemia
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The Additional sex combs like 1 (Asxi1)
gene is 1 of 3 mammalian homologs of
the Additional sex combs (Asx) gene of
Drosophila. Asx is unusual because it is
required to maintain both activation and
silencing of Hox genes in flies and mice.
Asxl proteins are characterized by an
amino terminal homology domain, by in-
teraction domains for nuclear receptors,
and by a C-terminal plant homeodomain
protein-protein interaction domain. A re-
cent study of patients with myelodysplas-

tic syndrome (MDS) and chronic my-
elomonaocytic leukemia (CMML) revealed
a high incidence of truncation mutations
that would delete the PHD domain of
ASXL1. Here, we show that Asx/! is ex-
pressed in all hematopoietic cell fractions
analyzed. Asx/1 knockout mice exhibit
defects in frequency of differentiation of
lymphoid and myeloid progenitors, but
not in multipotent progenitors. We do not
detect effects on hematopoietic stem
cells, or in peripheral blood. Notably, we

do not detect severe myelodysplastic
phenotypes or leukemia in this loss-of-
function model. We conclude that Asxi1
is needed for normal hematopoiesis. The
mild phenotypes observed may be be-
cause other Asx/ genes have redundant
function with Asx/1, or alternatively, MDS
or oncogenic phenotypes may result from
gain-of-function Asx/ mutations caused
by genomic amplification, gene fusion, or
truncation of Asxii. (Blood. 2010;115:;
38-46)

Introduction

Proteins of the Polycomb group (PcG) and trithorax group (trxG)
ensure epigenetic maintenance of gene expression patterns through
mitosis and faithful propagation of cell fates. PcG genes silence
their targets, whereas trxG proteins maintain transcriptional activa-
tion. Although the precise mechanism of maintenance is unknown,
trxG and PcG genes encode chromatin proteins required for histone
modification or establishment or prevention of nucleosome remod-
cling, or those that enhance or prevent transcriptional elongation.!
The Enhancer of trithorux and Polycomb (ETP) genes encode
proteins required for both maintenance of uctivation and silencing,
as shown by simultaneous anterior and posterior transformations
caused by failure to uctivate or repress Hox genes. The molecular
basis of ETP function is unknown.? Hematopoiesis is a dynamic
process requiring coordination between genetic and epigenetic
programs to regulate transitions between and maintenance of cell
fates, which ultimately generates all blood lineages. Mammalian
PeG and trxG genes display hematopoietic lineage- and differentiation
stage—specific expression patterns, are required for normal and lenkemic
hematopoiesis, and show aberrant expression in leukemias and lympho-
mas.>> Mutations in vertebrate PcG and trxG genes can lead to
oncogenic of tumor suppressor activity, depending on context.5
Additional sex combs like 1 (Asxll) belongs to the ETP group.
Asxll regulates Hox genes in axial patteming® and is 1 of
3 mammalian homologs of the Drosophila Asx gene. 437 As shown
in Figure 1A, all mammalian ASXL proteins have conserved
sequence features: un amino-terminal ASX homology (ASXH)

region, which contains 2 putative nuelear receptor coregulator
binding (NR box) motifs, 3 other NR box motifs, and 4 carboxy-
terminal plant homeodomain (PHD) domain.”®

ASXI.1 is a member of a repressive complex containing histone
H1.2.? Conversely, ASXL.1 functions autonomously as a transcrip-
tional activator in human cancer cell lines that are retinoic acid
(RA) sensitive.'" ASXL1 enhances recruitment of RA receptors to
their chromatin targets, and interacts with the activation domain
core of RA receptors in the presence of the ligand RA to increase
their activity. However, in other cancer cell lines that are RA
resistant, ASXL1 is a corepressor of retinoic acid receptor (RAR)
activity.'® These results support predictions of dual activator/
repressor functions for mammalian ASXI. proteins depending on
cellular context.

ASXLI is 1 of several fusion protein partners with PAXS in
B-cell precursor acute lymphoblastic leukemia patient samples.!' A
recent study identified ASXL1 mutations in 13% of patients with
myelodysplastic syndromes (MDSs) and 43% of patients with
chronic myelomonocytic leukemia (CMML).!2 These mutations
cause truncation of the protein downstream of the ASXH domain
with consequent loss of the PHD domain. These findings suggest
that ASXI.1 may function as a tumor suppressor in malignancies of -
the myeloid lineage by affecting stem or progenitor cell self-
renewal or differentiation.!? Recent studies highlight the role of
PHD domain mutations or translocations in leukemia,? suggesting
that the PHD domain of Asxl1 has an important functional role. In
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this study, we generated a loss-of-function mouse model of Asxil
and show that Asxl] is required for normal hematopoiesis, but is not
required for function of stem cells and multipotent progenitors.
Strikingly, these mice did not exhibit MDS or leukemia. These mild
phenotypes of AsxiI loss-of-function mutations may occur because
Asxl genes have redundant function, or becanse ASXL/ mutations
that lead to MDS and CMML are gain of function.

Methods

Gene targeting and generation of Asx/1"8¢ mice

Genomic Asx!{ fragments from BAC clone no. gs12943 (Genome Systems)
and vectors pMTL22'* and pPNT' were used to prepare a replacement
targeting vector designed to insent a PGK promoter—driven neomycin
resistance cassette into exon 5 of Asx/T at the Xbal site (amino acid 90),
which is upstream of the conserved ASXH and PHD domains in Asx1]
(Figure 1A-B). The location of the 5' (at the Hindill site) and 3’ (at the Clal
site) ends of the flanking genomic homology arms in the targeting vector are
denoted in larger bold font in Figure 1B. This construct was linearized and
clectroporated into the EI4 mouse embryonic stem cell line, and G418-
resistant colonies were selected. All primer sequences are given in
supplemental Table 1 (available on the Blood website; see the Supplemental
Materials link at the top of the online article). Seven of 627 clones were
correctly targeted as determined by genomic polymerase chain reaction
(PCR) screening using external primer P specific for Asxll intron 4, and
primer P4 within the neomycin gene (Figure 1B), which yields a 2161-bp
PCR product. These were confirmed by Southern blotting. The neomycin
transgene introduces an additional EcoR1 site so that a 3.9-kb fragment is
detected when the 5’ external probe (0.5-kb EcoRI-Hindill fragment
shown in Figure 1B) is hybridized to EcoRl digested genomic DNA,
compared with the 7.3-kb fragment in wild type (Figure 1C). Two indepen-
dent positive embryonic stem cell clones of normal karyotype were used to
inject C57BL/GI blastocysts to gencrate 2 lines of chimeric mice that were
mated to CS57BL/6J mice. Chimeras and selected N1 offspring were
genotyped by Southern blot and heterozygous mutant mice were back-
crossed to C57BLJ6J mice. Offspring from N2 or N3 generation Asx//m/8¢
mutant heterozygous parents were used for all experiments reported here,
except for the fetal liver competitive repopulation unit (CRU) assay, which
used more than N8 generation mice. Adult mice used for experiments
ranged in age from 6 to 58 weceks, and at least | wild-type littermate control
was included for each Asx/I™/5 mutant sampled concurrently. Genotyping
was routinely performed on DNA from adult taif tips, liver from newborns,
or yolk sac from embryos, by PCR using primer P2 specific for Asx/] intron
4, primer P3 specific for the PGK promoter, and common primer PS specific
for exon S downstream of the neomycin cassette. Fragments of 253 bp and
426 bp were indicative of the wild-type and targeted alleles, respectively
(Figure 1D). All experiments with animals conformed to the regulations
established by the Canadian Council on Animal Care. All protocols were
approved by the University of British Columbia Animal Care Committee.

AT-PCR and sequencing of Asx/#'m'8c mRNA

Mouse embryonic fibroblasts (MEFs) were prepared from homozygous
mutant E12.5 to E14.5 Asx/]'™/8¢ embryos, and immortalized by infection
with a retroviral vector expressing Thx2 as described.'® RNA was prepared
from these MEBFs, or from pooled neonate tissues, using Trizol (Invitrogen)
and used as templates for cDNA synthesis with poly(dT) and random
hexamer primers (Superscript II1; Invitrogen). Neonate tissue cDNA was
used as a template for PCR reactions under standard conditions with a
forward primer from exon § and primer P5 or with the exon | primer and
primer P4. The MEF ¢cDNA was used as a template for PCR reactions with exon
4 and exon 6 primers-carried out in the presence of 0.45 M betaine (Sigma). After
gel purification, size-selected PCR products were sequenced by the Nucleic Acid
Protein Service Unit at the Univessity of British Columbia.
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Gene expression analysis

Details on the isolation of murine hematopoietic cell subpopulations by
flow cytometry, cDNA generation, global reverse-transcription (RT)-PCR
amplification, and gene-specitic analysis by Southern blot for actin, Bmil,
and Asxll expression are as described.!” The probe for Asxi] was mAsx7A S

Blood and FACS analyses

Peripheral blood of newbomn or adult mice was obtained by cardiac
puncture immediately after killing. White blood cells were prepared from
peripheral blood after incubation in ammonium chloride (StemCell Tech-
nologies) to lyse erythrocytes. Cell suspensions of spleen and thymus were
prepared using 40-pm nylon mesh strainers. Bone marrow was fushed
from both ferurs by itrigation of the excised bone using a 22-gauge X 14
needle and 3-cc syringe and was brought to single-cell suspension by
multiple passages through the syringe. Red blood cell and alt nucleated cell
counts were determined using a hemocytometer.

Single-cell suspensions at a density of 5to 10 X 109 cell/ml. were
incubated on ice, protected from light, for 30 to 60 minutes, and were
singly, doubly, or triply stained with specific monoclonal antibodies to the
murine cell surface antigens: Ge-1 (Ly-6G) and Mac-1 (CD11b) monocyte
and granulocyte markers; Ter-119 (Ly-76) erythroid lineage marker; CD4
(L3T4), CDRa (Ly-2), CD44 (Pgp-1, Ly-24), and CD25 (interleukin-2
[1.-2] receptor chain o) T-lymphoid lineage markers; B220 (CD45R),
CDA43 (Ly-48, leukosialin), surface inmunoglobulin M (IgM: R6-60.2), and
surface IgD B-lymphoid lineage markers; and Ly5.2 mouse strain-specific
marker. The antibodies were conjugated to the fluorochromes fluorescein
isothiocyanate (FITC) or phycoerythrin (PE) as indicated in the figures. All
antibodies were from BD PharMingen, except for the anti-IgD antibody,
which was from Southern Biotech Associates Inc. Cell soting was
performed on FACSCalibur, FACScan, or FACSort flow cytometers
(Becton Dickinson). Dead cells were excluded from analysis using forward
and side scatter and phosphatidyl inositol staining. Acquisition and analysis
were performed with CELLQuest software (Becton Dickinson).

Clonogenic progenitor assays

To detect multipotential myeloid lineage clonogenic progenitors 2.5 X 10 cells
from embryonic day (E) 18.5 fetal liver, newborn spleen, or adult bone marrow
were plated in a 1.1-mL volume per Greiner Petri dish. Cells were plated in
Methocult M3434 methylcellulose medium (StemCell Technologies) containing
10 ng/ml. recombinant murine IL-3, 10 ng/nL recombinant human 11.-6, 50 ng/
mL recombinant murine steel factor, and 3 U/ml. recombinant human erythro-
poietin. Myeloid and erythroid cell colonies were counted and scored after 10 to
12 days. To detect pre-B-lymphoid clonogenic progenitors, 1.0 X 10° cells from
adult bone mamrow were plated in a I.1-mL volume per Greiner Petri dish in
Methocult M3630 methyleellulose medium (StemCell Technologies) containing
10 ng/mL IL-7.%® The number of B-cell colonies was scored after 5 to 7 days. All
cell culture was performed in a humidified incubator at 37°C at 5% CO, All
colonies were scored microscopically using standard phenotypic criteria. Final
colony-forming unit (CFU) values represent the average of 2 replicates
per sample.

Fetal thymic organ culture

Fetal thymus lobes were dissected from El4.5 embryos and cultured as
described.!® Thymocytes were stained with monoclonal antibodies against
CD4 and CD8, and analyzed by fluorescence-activated cell sorting (FACS)
as described in “Blood and FACS analyses.”

Day-12 CFU-S and competitive repopulating unit assay

Methods used for the day-12 spleen colony-forming unit (CFU-S;;) and
competitive repopulation unit (CRU) assays are as previously described.?®
Reconstitution was tested at 11 and 20 weeks after transplant by FACS
analysis to detect Ly5.2 and B220, CD4 and CD8, or Grl and Macl, from
peripheral blood from the tail vein. Mice whose, blood contained greater
than 1% donor-derived (Ly5.2%) myeloid cells (Gr-1* and/or Mac-1*),
B cells (B220™), and T cells (CD4* and/or CD$*) were considered to have
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Figure 1. Generatlon of Asx/7 mutant mice. (A) Schematic representation of the conserved ASXH and PHD domains and NR sequence motifs in ASXL1 homologs is
shown.® Numbers above the diagram show the first and last amino acids that define the ASXH and PHD domains. Mutations causing ASXL1 truncations found in MDS and
CMML patients lie between amino aclds 536 and 1457, all within exon 12.'2 The arrowhead shows the site of insertion of the neomycin {neo) transgene at amino acid 90.
(B) Diagram of part of the Asx/? locus showing exons 5 to 13 indicated as black boxes. The PGKneo expression cassette {large white box) was inserted into the Xbal site in
exon 5 by a replacement gene-targeting approach and was used for positive selection of clones. Position of relevant restriction sites (C indicates Clal; E, EcoRl; H, Hindlll; and
X, Xbal), the location of external probe (bar below the E-H fragment shown at the left), and PCR primers (small arrows) are indicated. The location of the §' (Hindill site) and
3’ {Clal site) ends of the flanking genomic homology arms in the targeting vector is denoted in larger bold font. (C) Southern blot analysis of genomic DNA isolated from
newborn offspring of an Asx/7i/8¢ intercross after digestion with EcoRl and hybridized with an extemal probe shown in panel B. This probe detects a 7.3-kb fragment from the
wild-type allele (+/+), and a 3.9-kb fragment from the targeted allele (m/m). (D) Multiple primer PCR analysis of liver genomic DNA of E18.5 embryos from an Asx/1imigc
intercross. Primers P2 and P5 amplify a 2563-bp fragment of the wild-type allels, whereas primers P3 and P5 amplify a 426-bp fragment of the targeted allele. (E) Northem blot
analysis of poly(A)*RNA from pooled tissue of neonate wild-type and Asx/1'm18¢ mige using probes for Asx/1 (left panel) and neomycin (right panel). (F) RT-PCR analysis of
AsxI1#18e mutant neonate tissue. RT-PCR of total RNA from pooled tissue of individual newborn Asxi 7+ (+/+) and Asx/1im1BeamiBs (mim) mice, Primer from exon 1 and primer
PS5 (in exon §) amplify an approximately 400-bp product in Asx/1+* samples, and a 2.2-kb product In Asx/7'm18tmiBe (laft panel). Primer from exon 1 and primer P4 (within neo)
amplify a 300-bp product from the Asx/1im!BmiBe samples, whereas no amplification occurs in the Asx!1/+ samples, as expected (right panel).

been repopulated with transduced cells. CRU frequencies in the test fetal
liver samples were calculated by applying Poisson statistics to the
proportion of negative recipients at different dilutions using L-Calc
(StemCell Technologies) software.

Statistical analyses

Comparison of means between groups was done using the Student 1 test.
Differences with P values less than .05 were considered statistically
significant.

Results
Generation of AsxI1t"18¢ mutant mice

The Asxll gene was disrupted using targeted replacement mutagen-
esis by permanent insertion of a PGK promoter—driven neomycin-
resistance (neo) gene in reverse orientation to the Asxl! direction of
transcription into the Xbdl site of exon 5 (Figure 1B; see “Gene
targeting and generation of Asxl/I®F mice” for details and
controls). This insertion interrupts the reading frame of Asxli by
introducing several premature termination codons after the corre-
sponding amino acid 90 position, upstream of the conserved ASXH
domain (Figure 1A).% To determine whether AsxZ] mRNAs contain-
ing the transgene were expressed, we performed Northern blots to
show that all detectable transcripts in Asx/]"/BcfeniBe mutant
embryos contain the transgene and to confirm neomycin expression
(Figure 1E). It is likely these AsxlI mutant transcripts are not
transcribed due to nonsense-mediated decay, however any stable
truncated protein generated from thesg mRNAs would lack the
conserved ASXH and PHD domains and all NR box motifs except
one at the extreme amino-terminus (Figure 1A),% and likely would
be nonfunctional.

We generated a polyclonal antibody against amino acids 811 to
929 of Asxll, but we were unable to detect endogenous Asxll
protein expression in Western blots of MEFs (data not shown). We
therefore performed RT-PCR on AsxlI®# mutant tissues and
embryonic fibroblast (MEF) lines, to confirm the predicted tran-
script structure, and to assess whether use of cryptic splice sites
resulted in the generation of aberrant splice variants from the
mutated Asxll allele that may be translated. PCR with the exon 1
primer and primer P5 amplifies an approximately 400-bp band in
AsxII*** samples, and a 2.2-kb band in Asx]lf/BeimiBe gymples
consistent with read-through of the inserted PGKneo cassette
(Figure 1F). The exon ! primer and primer P4 amplify a band from
the Asxl]m/BermiBe samples, confirming expected reverse orienta-
tion of the neo cassette, whereas no amplification occurs in the
AsxI1*"* samples (Pigure 1F). We performed PCR with primers
from exon 4 and exon 6 that flank the insertion site of the targeting
cassette in exon 5. Sequencing of the product showed that an
abnormal splicing event in Asx/I™/% mutants can remove all of
exon 5, including the targeting cassette, from a minority of the
transcripts (supplemental Figure 1). This abnormally spliced
AsxlI™IBe mRNA would have an altered reading frame with
premature termination codons and would likely undergo nonsense-
mediated decay. We therefore predict that the AsxlI™/% mutant
allele is a null allele. The AsxI/™/5 mutant mice exhibit partially
penetrant perinatal lethality, and show developmental phenotypes
consistent with Enhancer of trithorax and Polycomb (ETP) func-
tion, as described in detail elsewhere.

Asxl1 is expressed ubiquitously in hematopoietic cells

To assess Asxll expression in hematopoietic cells, we used global
cDNA amplification of hematopoietic cells fractionated by FACS
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FACS-sorted hematopoietic celt populations from fetal liver and adult bone marrow, spleen, and thymus. Total cDNAs were amplified using RT-PCR from 107 sorted cells, and
each sample with or without reverse transcriptase (RT + or ~) was sequentlally hybridized to each probe. Results for a representative experiment are shown; duplicate
experiments were performed. (A) Asx/1is expressed in unfractionated E14.5 fetal liver (TFL), and the hematopoletic stem cell-depleted {Sca-1-Lin* [S-L*}), low {Sca-1*Lint
[S*L*)), and enriched (Sca-1*Lin~ [S*L-]) subpopulations, whereas Bmif expression is predominant inthe 2 Sca-1 fractions. (B} Asx/t is expressed in unfractionated adult
bone marrow (TBM) and in all fractionated adult bone marrow, spleen, and thymus cells Investigated, whereas Bmi1 is expressed predominantly within the progenitor-enriched
Sca-1+ fractions and the Gr-1 low fraction of total bone marrow, with very low or undetectable expression in other fractions.

into hematopoietic stem cells (HSCs) and primitive clonogenic,
pluripotent progenitors and mature cells, followed by Southern blot
analysis using gene-specific probes as described.!? Asxl] is ex-
pressed ubiquitously in all progenitor-enriched and mature hemato-
poietic cell-enriched fractions analyzed in fetal liver (Figure 2A)
and adult bone marrow (Figure 2B). Asx/ expression is ubiquitous
in mature myeloid cells (monocytes/macrophages [Mac-1*] and
granulocytes [Gr-1"]), in lymphoid lineages, including FACS
fractionated cells from adult bone marrow enriched for B-cell
progenitors (cKit*B220*, B220*CD25*, B220*CD43") or imma-
ture Bcells (B220*'IgM*), in mature spleen-derived B cells
(IgD*igM*; Figure 2A), and in all fractionated CD4 CD8 subpopu-
lations representing the major stages of T-lymphoid cell differentia-
tion obtained from adult thymus. In contrast, the expression of
Bmil is highest in progenitor-enriched Sca*Lin~ and Sca*Lin*
fractions, whereas expression was low to undetectable in all other
fractions analyzed (Figure 2).

Effects of Asx/1™18¢ mutation on T lymphopoiesis

Thymus cellularity of Asx/I™/% mutant mice older than 15 weeks
was drastically decreased compared with AsxI/*/* controls, and so
we grouped mice according to age for further analysis (Figure 3A).
There is a relative increase in the number of double-negative
(CD4-CD8-) thymocytes in AsxlI'# mutant compared with
control thymi (Figure 3B). When the overall reduction in thymus
cellularity of older mutant Asx11**5< mice is taken into account, all
CD4 CD8 subcompartments show a significant reduction in
absolute cell number (Figure 3C). However, there were no signifi-
cant differences in the ubsolute numbers of single-positive (CD4*
or CD8*) or double-positive (CD4*CD8*) cells in the peripheral
blood (supplemental Figure 2).

To determine whether defects in thymopoiesis could be detected
earlier in development, we used the fetal thymic organ culture
assay to meusure relative proportions of CD4- and CD8-expressing
T cells from E14.5 thymi. We detected no significant differences in
the relative proportion of double-negative, double-positive, or CD8
single-positive populations. However there was a modest decrease
in the proportion of CD4 single-positive cells from Asxl #m!BemiBe
embryos compared with wild-type littermate-derived samples
(Figure 4).

Effects of Asx/1'?*8¢ mutation on B lymphopoiesis.

There-was no effect of the AsxII"/% mutation on E18.5 fetal liver
cellularity, or adult bene marrow cellularity, regardless of age
(supplemental Figure 3). However, a subset of AsxLI™/% mut-

ant mice older than 15 weeks showed a relative decrease in
B-lymphoid cell numbers within peripheral blood, spleen, and bone
marrow, as illustrated by reduced expression of the pan-B-cell
marker B220 and the mature B-cell markers IgM and IgD,
compared with littermate wild-type controls (Figure SA; severe
case shown). Absolute numbers of B220* cells, B220+IgM*
immature B célls, and IgM*IgD* mature B cells were significantly
reduced in bone marrow of mice older than 15 weeks (Figure 5B
and supplemental Figure 3), whereas a modest though not statisti-
cally significant decrease was seen in bone marrow of mice
younger than 15 weeks (supplemental Figure 3A) and in spleen
(Figure 5C). However, no significant difference in absolute number
of B220* and IgM*IgD* cells was seen in the peripheral blood
(supplemental Figure 2), suggesting highly variable penetrance of
the effect on B cells of AsxlI™/5 mice compared with wild-type
controls. To determine whether there was a reduction in the number
of pro-B precursor cells in Asxt]"™/BetnlBe bone marrow, we moni-
tored coexpression of B220 and CD43 using flow cytomeiry.
Overall, the differences between Asxl[™IBeanlBe and Asxli*™
control samples were not statistically significant (Figure SB). This
suggests that the major defect in B-cell progression for most
Asxl]mIBcloiBe mice occurred after pro-B differentiation. To deter-
mine whether Asx! /"% mutation affected progression through the
IL-7-responsive, pre-B progenitor stage, we analyzed bone mar-
row from adult Asxl]m/BetmiBe mice (all older than 12 weeks) in a
CFU-IL-7 methylcellulose colony assay. There were severe reductions
in the frequency of CFU-IL-7 generated from the Asxl]™/BAniBe pope
marrow samples compared with wild-type controls (Figure 5D), consis-
tent with an impaired transition to the pre-B stage.

Effects of Asx/1"18¢ mutation on erythropoiesis and
myelopoiesis

We analyzed properties of hematopoietic cells from homozygous
Asx1I™1¥ mice at stages E18.5, P1, and adult (> P42). P1 and adult
Asxl]™iB homozygous null mutants showed no differences in
peripheral blood red or white cell counts compared with Asxl1*/+,
regardless of whether they were grouped according to age as
described in the previous section (supplemental Figure 4). We did
not observe any significant chunges in platelets, erythrocyte,
leukocyte, or thrombocyte morphology, by visual examination of
Wright-Giemsa-stained blood smears or changes in cell morphol-
ogy in cytospin preparations of spleen and bone-marrow cells of
Asxl1™Be mutants compared with wild-type controls (data not
shown).
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Figure 3. Asx/1tmiBotmiBe mutant mice exhibit reduced thymopolesis, (A) Thy-
mus cellularity is reduced in older (older than 15 weeks; group B, n <= 8 each
genotype) compared with younger (15 weeks or younger, group A, n =6 wi,
4 mutant) Asx/1iniBetmiBe (mut) adult mice compared with wild type. (B) Flow
cytometry of T lymphocytes from adult thymus expressing the lineage markers CD4
and CD8 shows a relative increase in the double-negative and both single-positive
fractions, and a relative decrease in the double-positive fraction in Asx/7tmiBeamiBe
thymus compared with wild type. (C) Absolute cell number per thymus is reduced in
group B Asx/1imiBeimite mice compared with wild type for all fractions: (i) double-
negative GD4-CD8~ (DN}, (i) double-positive CD4+CD8* (DP), (iii) single-positive
(SP) CD4+, and (Iv) single-positive CD8* (n = 8).*P < .05.

The AsxII™¥ mutation had modest and variable effects on
myelopoiesis. Consistent with increased splenic cellularity of a
subset of adult mice (Figure 6A), a significant increase in Asxl]m/B
adult splenocytes expressing Gr-1 and Mac-1 was observed (Figure
6B-C). Sections of adult AsxII"'¥ showed normal morphology
with prominent extramedullary hematopoiesis present within the
red pulp regions of the enlarged Asxl] mutant spleens (not shown).
Cellularity and histology of P1 spleens was normal (not shown).
‘We conducted in vitro colony assays of E18.5-fetal liver, P1 spleen,
and adult bone marrow cells, grown in methylcellulose and
supplemented with growth factors that support CFU-C myeloeryth-
roid lineage multipotential and unipotential progenitor differentia-
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Figure 4, Flow cytometric analysis of T celis cultured from E14.5 thymus, Celis
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(DN), double-positive CD4+*CD8+ (DP), single-positive CD4 (CD4*SP), and single-
positive CDB (CD8*SP). *P < .05. M indicates wild type (n = 2); £, Asxiy+/mise
{n = 6); and (], Asx/1!mI8cAmiBe mytant (n = 7).
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tion (Figure 7). Overall, there is a slight reduction in myeloeryth-
roid colony-forming ability across the colony types scored:
granulocyte-macrophage (GM), and granulocyte-erythrocyte-
macrophage-megakaryocyte (GEMM). Statistically significant re-
ductions in colony number were seen only for E18.5 fetal liver GM
and total CFU-C myeloid, and newborn spleen GEMM (P < .05).
No significant changes in the percentages of myeloid cells were
observed in adult peripheral blood (supplemental Figure 2) or bone
marrow (not shown).

Effects of Asxi1tm!8c mutation on progenitor and hematopoietic
stem cell activity

Becanse we observed Asxll expression in cell fractions enriched
for hematopoietic progenitors and HSC in fetal liver and adult bone
marrow (Figure 2), we assessed the functional requirement for
Asxll in these cells using the day-12 spleen colony-forming unit
(CFU-S;3) assay.?! In 2 independent experiments, we found no
differences in CFU-S;; colony numbers between Asx!] mutant and
control samples within either experiment (data not shown).

To assess whether the Asx/77/5¢ mutation affected function of
long-term repopulating HSCs, we carried out a standard competi-
tive repopulation unit (CRU) assay in which various numbers of
either wild-type or homozygous Asxl]™/BemiBe] y5 2+ cells de-
rived from E17 fetal liver were injected into Ly5.1* congenic
irradiated hosts in the presence of helper Ly5.2* wild-type cells.
We observed no significant difference in CRU frequency, based on
FACS immunophenotyping of peripheral blood, between recipients
of AsxlI™/B mutant and Asxl1*/* cells in this assay, at 20 weeks
after transplant (data not shown).

Discussion

We generated a knockout mouse model of the ETP group gene
Asxll to assess the effect of loss of function of Asxll in
hematopoiesis. The AsxlI™/B mutation had consistent and pro-
found effects on lymphopoiesis. The data suggest that the
T-lymphopoiesis defect in the Asx/1/B mutants lies in the DN1 to
DN4 precursor stage.'® AsxlI™!5 mice also exhibited striking
defects in B lymphopoiesis at the progenitor level, The number of
bone marrow pre-B progenitor cells detectable by the CFU-IL-7 in
vitro assay is markedly lower in all samples from Asxl]im/B/miBe
adult mice compared with wild-type controls, consistent with the
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Figure 5. AsxiitmigctmiBe mutant mice exhibit reduced B-cell lymphopolesls.
{A) Flow cytometric profiles of adult (> 15 weeks old) peripheral blood (PB), spleen,
and bone marrow (BM) show a relative decrease in B220- and IgM/igD-positive cells
in AsxifimiBoamiBe (mut) tissues compared with wild type (wi). (B) Absolute bone
marrow cell numbers in adult femur expressing the markers B220; B220 and CD43;
B220 and IgM; and IgM and IgD are significantly fower in Asx/1imiBeimiBe mice
compared with wild type (n = 8 each genotype except n = 4 for B220 and igM).
(C) Absolute cell numbers from > 15-week-old spleen expressing the markers B220,
and IgM and IgD, are lower in Asx/1im1BeimiBe mice compared with wild type (n = 8
each genotype). (D} In vitro colony formation of committed pre-B-lymphocyte progeni-
tors (CFU-IL-7 assay) from adult bone marrow (- 16 weeks old) is significantly
reduced in cultures of Asx/1imiB~tmiBe group B compared with wild type (n = 7 wt,
8 mutant), *P < .05,

lower ubsolute number of B220* cells within the bone marrow of
most adult Asxl[#»/BtmiBe mice. Of note, defective B-Iymphoid
development is seen in mice mutant for other PcG genes. %2227
Our data suggest that there is a progressive collapse of the
Iymphoid compartment in AsxlF™/B¢ muiant mice over time,
because both T- and B-lymphoid defects were observed in mutant
mice greater than 15 weeks of age but not in younger mice.
However, as the cxperiments we conducted were not specifically
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designed to evaluate the timing of phenotypic changes, we cannot
adequately address onset and progression of the defects in lympho-
poiesis from our current study. This should be carefully assessed in
future studies, which would ideally be conducted using a condi-
tional mouse mutant model to specifically ablate Asxll in hemato-
poietic cells, and would also avoid problems associated with partial
perinatal lethality of the constitutive AsxI] null mice.

It is interesting to note that the reduced thymopoiesis observed
in loss-of-function Hoxa9 mouse mutants ameliorates with age? in
contrast to the increase in severity of thymic defects observed in
Asxl] mutants. We report elsewhere® that Asxll mutations cause
misexpression of Hox genes in mesodermal derivatives during
embryonit development. It may be that in the absence of Asxll,
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aberrant expression of Hoxa9, or other Hox genes that have a
known role in regulation of hematopoiesis, leads to the thymic
defects seen in Asxl] mutants.” However not all hematopoietic
defects seen in PcG mutants are a consequence of Hox gene
misregulation, as evidence from Rae28 and eed mutant mice
indicates that defects in fetal liver and adult hematopoiesis,
respectively, are not mediated via Hox targets’03! Conversely,
certain Hox genes do play a critical role in Jeukemogenesis
involving the trithorax gene Mll, as Hoxa7 and Hoxa9 are required
for myeloid transformation mediated by MIl chimeric fusion
proteins,”? and are also likely regulated by MIl during normal
hematopoiesis because down-regulation of Hoxa7, Hoxa9, and
HoxalO was observed in E12.5 fetal liver of MIl homozygous
mutant mice 3

Myeloerythroid.lineage defects in Asxl/™/% mutants are mild.
This is consistent with observations that other PcG and trxG genes
exhibit variable effects on myeloerythropoiesis and erythropoi-
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e8is.2224203441 Bi], Phel, and MIl] mutations that affect myelo-
erythropoiesis may do so indirectly by negatively affecting HSC
activity, resulting in reduced differentiation along all hematopoietic
lineages, 20254248 bt this possibility is unlikely for Asxl] as we did
not observe effects on HSCs or multipotent progenitors.

Despite the observation of changes in cell frequency in liver,
spleen, thymus, and bone marrow, mature hematopoietic cell types
exhibiting normal morphology and number were observed within
the peripheral blood of most adult AsxI["/Bc/mIBc mice, These
results suggest that in the absence of Asxll, homeostatic compensa-
tory mechanisms normalize myeloid, erythroid, and lymphoid cells
despite disturbances in progenitor cells, consistent with previous
studies of Polycomb and trithorax group mutants,26:27.34-36.40

Many Polycomb and trithorax group mutants affect self-
renewal of HSCs 3437424 However, AsxI1™/ fetal liver reconsti-
tuted all blood lineages in irradiated adult mice up to 20 weeks ina
competitive repopulation assay and the Asx/I™% mutation does
not alter colony numbers in the CFU-S; assay.?! Therefore Asxl1 is
not required for HSC or multipotent progenitor activity. However,
the in vitro clonogenic progenitor assays show a modest reduction
in CFU-GEMM activity in Asx/] mutants, indicating a possible role
in common myeloid progenitor regulation. Serial transplant assays
with Asxl] mutant cells may reveal more progressive defects ut the
HSC level such as were seen in studies of the Polycomb group gene
PhcI™9 mutant mice.2

The failure to observe lymphomas or leukemias in Asxl]oBomibe
mutant mice monitored for up to 58 weeks suggests that loss of
Asxll alone is insufficient to cause oncogenic transformation. In
light of a recent study characterizing mutations in the human
ASXI.1 gene in bone marrow samples from patients with MDS and
CMML,"? it is perhaps surprising that our investigations of
loss-of-function Asx/I mutant mice did not reveal more profound
defects in HSC or progenitor function with respect to myelopoiesis,
and that the mice did not develop myelodysplastic phenotypes
other than splenomegaly. One explanation is that Asxll, AsxI2, and
pethaps Asxi3 have redundant functions in hematopoiesis. This
idea is supported by observations that deletions of Asx/2'? and
an ASXL2-MOZ fusion (GenBank accession number AB08428146)
are also associated with MDS. Furthermore, the chromosomal
region at 2p23, the site of ASXL2, is amplified in a variety of tumor
types, including B-cell leukemia and lymphomas.#7

Another potential explanation for the mild phenotypes of
loss-of-function Asxl] mutations stems from the observation that
mutations found in the MDS and CMML. samples were all found in
exon 12 and spanned the region from Arg596 to Serl457 of the
corresponding 1541 amino acid ASXL1 protein (Figure 1).'2 These
mutations would remove the C-terminal PHD domain but leave the
N-terminal ASXH region containing 2 putative NR box motifs, and
all putative nuclear localization signal sequences intact.™® These
ASXL1 truncations may function as dominant negative mutations,
leading o a more severe phenotype compared with the null
mutation described here, which removes both the ASXH and the
PHD domains. Loss-of-function ASXLI mutations have not yet
been ussociated with cancer to our knowledge. Interestingly,
oncogenic effects of ASXLI mutations are associated with gain-of-
function ASXL] mutations, consistent with overexpression of
ASXLI in cancer cell lines,” with amplification of region 20q11.21
that contains the ASXLI locus in a wide range of human tumors,*-5!
and with the PAX5-ASXL1 fusions detected previously in acute
lymphoblastic leukemia patients. !

ASXL]1 functions as a nuclear receptor. coregulator in human
cancer celt lines.'" In transfected HeLa cells stably expressing
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FLAG-ASXL1 construct, there was a striking increase in RA-
dependent RAR-induced transcription, whereas in cells expressing
a truncated form of ASXL1 lacking the PHD domuin, there was
only a slight enhancement of RAR activity, suggesting that the
PHD domain mediates nuclear receptor activity.!® RA is a well-
established therapeutic agent for acute promyelocytic leukemia.?
Perhaps aberrant RA receptor signaling in cells with truncation of
the PHD domain of ASXL1 may contribute to development of
dysplasia if RA cytotoxicity is enhanced in cells overexpressing
ASXI.1 truncations.!
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Abstract: HSCT is the optimal treatment for patients with SCID. In
particular, HSCT from a HLA-identical donor gives rise to successful
engraftment with long survival. We report a six-month-old girl with
JAK3-deficient SCID who developed hemophagocytosis after BMT
without conditioning from her HLA-identical father. She had suffered
from pneumonia and hepatitis before BMT. Prophylaxis for GVHD
was short-term methotrexate and tacrolimus. On day 18 after BMT, the
patient developed hemophagocytosis in bone marrow when donor
lymphocytes were increasing in peripheral blood. Analysis of chimerism
confirmed host origin of macrophages and donor origin of lymphocytes.
Thus, host macrophage activation was presumably induced in response
to donor lymphocytes through immunoreaction to infections and/or
alloantigens. HSCT for SCID necessitates caution with respect to
hemophagocytosis.

SCID is a wuniformly fatal disease unless
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presence of pulmonary infection is a powerful

promptly treated with HSCT, which reconsti-
tutes a normal immune system (1-3). Patients
with SCID have often been affected by various
kinds of infections prior to HSCT and the

Abbreviations: jc, ¥ chain; BCG, Bacille de Calmette et
Gueérin; BM, bone marrow; BMT, bone marrow transplan-
tation; CMV, cytomegalovirus; EBV, Epstein-Barr virus;
FISH, fluorescence in situ hybridization; GVHD, graft-ver-
sus-host disease; HHV, human herpes virus; HLA, human
lenkocyte antigen; HSCT, hematopoietic stem cell trans-
plantation; HSV, herpes simplex virus; IFN, interferon; IL,
interleukin; m-PSL, methyl PSL; NK, natural killer; PCR,
polymerase chain reaction; PSL, prednisolone; RT, reverse
transcription; SCID, severe combined immunodeficiency;
TNF, tumor necrosis factor; TRECs, T-cell-receptor excision
circles; VNTR, variable number of tandem repeat.

predictor of death after HSCT (1). In addition,
hemophagocytosis has been reported as an
important complication early after HSCT (4-7).
This phenomenon is in many cases triggered by
infections (4, 5) and in some cases by an
alloimmune response (6, 7). We report a girl
with JAK3-deficient SCID who developed
hemophagocytosis after BMT without condi-
tioning from her HLA-identical father, where
donor lymphocytes presumably activated host
macrophages.

Case report

A five-month-old girl, born to consanguineous
Chinese parents, had repeatedly developed viral
and bacterial bronchitis and oral candidiasis

1
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from two months of age. She had received no
BCG vaccination. White blood cell count was
2690/ul. (63.5% neutrophils, 27.1% lympho-
cytes, 1.6% eosinophils, 0% basophils, 7.8%
monocytes). Serum 1gG, IgA, and IgM levels
were 213, 1, and 34 mg/dL, respectively. Lym-
phocyte subset analysis showed absence of
T lymphocytes (0.6% CD3", 03% CD4%,
1.2% CD8%) and NK cells (1.6% CD16",
0.6% CD56%) with normal numbers of B lym-
phocytes (96.9% CDI19%, 97.3% CD20%). A
diagnosis of T"B*NK™SCID was made, and
genetic analysis revealed a novel homozygous
non-sense mutation of JAK3: a C to T point
mutation at nucleotide 623 that changed amino
acid 175 in the JH6 domain from arginine to a
stop codon (C623T; R175X) (Fig. 1).

The clinical course of the patient is summa-
rized in Fig. 2. When she was referred to our

GAGAGC
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Fig. 1. Sequence analysis showing a non-sense mutation.
The JAK3 gene of the patient showed a C to T point
mutation (C623T) as shown by arrowhead. CTL, control;
Pt, patient.

2

hospital, she suffered from severe interstitial
pneumonia and liver dysfunction. No sign of
infection was observed on studies by RT-PCR of
her serum for CMV, HHV6, HHV7, adenovirus,
HSV-1 or -2, and EBV genomes. Aspergillus spp.
and Preumocystis jiroveci were not detected in
her sputa by PCR analysis. f-D-glucan was not
detected in her serum. She received oxygen
therapy and infusion of hyperalimentation be-
cause of poor feeding.

At the age of six months, she underwent
unmanipulated BMT from her genotypically
HLA-identical father without conditioning. Both
the patient and her father had the same
HLA genotype: HLA-A*0101/3001-B*1302/
3701-C*0602-DRB1*0701/1501.

Prophylaxis for GVHD was short-term meth-
otrexate (days 1, 3, 6, and 11) and tacrolimus.
She developed grade 3 acute GVHD with watery
diarrhea (stage 2) and skin eruption (stage 1) on
day 9 after BMT, for which she was treated with
2 mg/kg/day of PSL. On day 16, her interstitial
pneumonia deteriorated in both lungs on chest
X-ray. RT-PCR analysis of sputa showed nega-
tive results of CMV, Aspergillus spp., and
P. jiroveci.

Her WBC count decreased to 330/uL on day
18 and BM aspiration revealed hypoplastic
marrow with hemophagocytosis by activated
macrophages (nuclear cell count, 4000/uL;
megakaryocyte count, 0/ul) (Fig. 3). Serum
ferritin level was 715 ng/mL and serum soluble
1L-2 receptor level was 3295 U/mL. Hemophag-
ocytosis improved three days after administra-
tion of etoposide 30 mg/m® and pulsed m-PSL
30 mg/kgf/day on day 18. VNTR analysis
revealed that donor cells were almost completely
absent from whole cells and macrophages
(CD14% cells) of the BM cells on days 18 and
20, respectively (Fig. 4). Meanwhile, donor cells
were detected in peripheral blood cells on days
20 and 24, including T lymphocytes (CD3* cells)
on day 24 (Fig. 4). A serial flow cytometric
analysis of lymphocyte-gated cells also demon-
strated that CD3" cells with predominance of
CD4* cells, most likely donor cells, increased to
3.59% and 5.03% on days 18 and 21, respectively
(Table 1). Furthermore, FISH analysis of sex
chromosome detected donor cells in 10.8% and
8.6% of peripheral blood cells on days 20 and 28,
respectively (data not shown).

As her respiratory condition deteriorated, she
received repeated courses of pulsed m-PSL
(30 mg/kg/day) therapy and underwent mechan-
ical ventilation on day 20. Despite intensive
therapy, she died on day 32 due to respitatory
failure. Lung necropsy showed necrotized cells
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Fig. 2. Clinical course and changes in white blood cell counts. WBC, white blood cells (solid squares); Neu, neutrophil (open
uriangles); Ly, lymphocyte (open circles); M-CSF, macrophage-colony stimulating factor; G-CSF, granulocyte-colony. stim-

ulating factor.

without inflammatory cells. No bacterial, viral,
or fungal components were detected in the tissue.
Discussion

SCID is a rare syndrome with heterogeneous
genetic inheritance. Common yc mutations have

Fig. 3. Bone marrow aspiration on day 18 showing aggre-
gate of activated macrophages. On the far right an eryth-
roblast appears to be undergoing endocytosis.

been identified in X-linked SCID, characterized
by lack of T cells and NK cells with presence of
B cells (T"B"NK™SCID). JAK3 mutations have
been identified in some patients of autosomal
SCID, which shares similar clinical features to
X-linked SCID but with normal yc (8-10). JAK3,

Fig. 4. VNTR analysis. Specific primers designed to flank
the repetitive unit, D1S80, were used for the PCR (17).
Amplified DNA was electrophoresed and visualized with
ethidium bromide. CDI14' or CD3 ' cells were purified by
magnetic cells sorting enrichment kit (MACS: Miltenyi
Biotec GmbH, Bergisch Gladbach, Germany). Arrowhead
indicates a donor-specific band. Prespecific bands cannot be
separated from donor-specific bands.
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Table 1. Flow cytometric analysis of lymphoeyte-gated cells in peripheral
hiood

lymphocytes  CD19  CD3  CD4  CD8 (D%

{ul} (%) (%) {%) (%) (%)
Pre 838 96.7 0.55 NE NE 1.46
{Day —15)
Day +7 243 879 282 1.3 044 028
Day +11 m 984 053 NE NE 0.34
Day +13 707 986 033 NE NE 0.1%
Day +18 330 9.6 3.59 328 ND 0.24
Day +21 167 883 503 415 052 088

NE, not evaluable; ND, not done.

~a member of the Janus family intracellular
protein kinases, associates with intracellular
domain of yc and is required for signal trans-
duction from yc-containing receptors (§8-10). To
date, more than 30 mutations of JAK3 have been
reported according to RAPID (Resource of
Asian Primary Immunodeficiency Database)
(http://rapid.rcai.riken.jp/RAPID/mutation?pid_
id = AGID_86); most of them are sporadic and
lacking preferential hot spots.

The JAK3 gene has an open reading frame of
3372 bp that is translated into a 1124 amino acid
protein (10). In our patient, we identified a novel
non-sense¢  homozygous mutation (C623T;
Argl57X) leading to a premature stop codon in
the JH6 domain. Although we did not evaluate
protein ‘expression, this non-sense mutation,
nearer to the amino-terminus, probably resulted
in abrogated protein expression. The homozy-
gosity was in line with other reported cases with
parental consanguinity (8).

Prompt HSCT is an effective life-saving treat-
ment modality for reconstitution of T-cell immu-
nity in this defect (1-3). Our patient therefore
underwent BMT immediately after diagnosis
from her genotypically HLA-identical father
without conditioning. A large European study
(1), which analyzed 475 HSCTs for SCID from
1968 to 1999, showed 81% and 72% three-yr
survival after HSCT in patients after HSCT from
genotypically and phenotypically HLA-identical
related donors, respectively. This study further-
more reported 96% sustained engraftment from
HLA-identical HSCT, and better engraftment at
93% in SCID with B-cell-positive phenotype, i.e.,
ve- or JAK3-deficient SCID, compared with 88%
in SCID with B-cell-negative phenotype. Recent
studies also showed successful HSCT outcome
with >90% survival with engraftment in SCID
including yc- or JAK 3-deficient SCID (2, 3).

Hemophagocytosis early after HSCT has been
reported- as an important complication (4-7),
which is thought to be caused by infections (4, 5)
or an alloimmune response (6, 7). The previous

4

reports did not show any detailed analysis of
macrophage origin, and the exact mechanism of
macrophage activation remains unclear. More-
over, hemophagocytosis after HSCT for SCID as
the cause of the graft failure has been reported in
only some cases. Norris et al. (11) reported
hemophagocytosis after three months HSCT in
a T"B™ SCID patient who had received T cell-
depleted HSCT from an HLA-haploidentical
donor without a conditioning regimen. They
demonstrated that the hemophagocytosis occur-
red as a result of donor T-cell engraftment with
incomplete immune function, since B-cell recon-
stitution and tri-lineage hematopoiesis including
macrophages showed host type. In our case,
hemophagocytosis also occurred after donor
T-cell engraftment.

Our patient developed hemophagocytosis and
respiratory distress, accompanied by unexpected
slow and low engraftment of donor cells. Hemo-
phagocytosis was caused by host macrophages
when donor lymphocytes were increasing. Since
the patient congenitally had no functioning
T cells, it is most probable that donor lympho-
cytes responded to host cells or resident infec-
tious organisms, leading to IFN-y production
and to activation of host macrophages (12, 13).
In SCID patients, maternal engraftment of
T cells can lead to GVHD of the skin and liver.
Dvorak et al. (14) reported that the T(-)B(+)
NK(-) SCID patient with complete CD132 defi-
ciency represented hemophagocytosis without
GVHD and that hemophagocytosis was most
likely caused by maternal perforin-expressing
CD8 T cells. In our case, maternal T cells were
not detected pre-SCT (Table 1), which suggests
that paternal CD8 T cells or NK cells were
involved in hemophagocytosis.

Monocyte function in JAK3-deficient SCID
patients has been reported to be intact with
respect to cytokine production in response to
stimulation (15). The activated macrophages, in
turn, probably produced the pro-inflammatory
cytokines, TNFa, 1L-18, and IL-6 (12, 13), which
might have caused the lung injury as no organism
was detected by post-mortem examination,

A conditioning regimen is generally not
administered to SCID patients during HSCT
from HLA-identical related donors (1-3). How-
ever, in our patient, residual macrophages would
appear to play an important role in causing
hemophagocytosis, which might have led to poor
engraftment. Furthermore, Cavazzana et al. (16)
analyzed primary T-cell-immunodeficient patients
who had undergone HSCT and demonstrated
that all patients having undergone full myeloab-
lation had donor myeloid cells. and persistent



thymopoiesis, as evidenced by the presence of
naive T cells carrying TRECs, which indicates the
importance of the complete absence of thymic
progenitors by myeloablative conditioning in
providing a favorable environment for thymic
seeding by early progenitor cells. Our results lead
us to surmise that, even when transplanted from
an HLA-identical donor, some kind of immuno-
suppressive conditioning is needed to prevent
hemophagocytosis.

In conclusion, we describe a child with JAK3-
deficient SCID who developed hemophagocyto-
sis after HSCT from her HLA-identical father.
Host macrophage activation would appear to be
induced by donor lymphocytes through immune
reaction to alloantigen or infectious organisms.
HSCT for SCID necessitates caution with respect
to hemophagocytosis.
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1. Introduction

ABSTRACT

The efficacy of hematopoietic stem cell transplantation (HSCT) for Hunter disease (deficiency of
iduronate-2-sulfatase, IDS) remains unclear. We treated a 6-year-old male suffering from a severe type
of Hunter disease with cord blood stem cell transplantation (CBSCT); however, he died at 10 months
post-therapy due to a laryngeal post-transplantation lymphoproliferative disorder. During the follow-
up period after CBSCT, his hyperactivity, estimated mental age, and brain MR findings had not improved.
We assessed the efficacy of CBSCT by biochemical and pathological analyses of the autopsied tissues.
There were many distended cells with accumulated substrate in the brain, but not in the liver. IDS
enzyme activity in the cerebrum remained very low, although that in the liver reached about 40% of
the normal control level. However, a variable number of tandem repeats analyses demonstrated a weak
donor-derived band not only in the liver but also in the cerebrum. Furthermore, IDS-immunoreactivity in
the liver was recognized broadly not only in Kupffer cells but also in hepatocytes. On the other hand, IDS-
immunoreactivity was recognized exclusively in CD68-positive microglia/monocytes in the patient's
brain; whereas that in the normal brain was also detected in neurons and oligodendrocytes. These
donor-derived IDS-positive cells were predominantly localized in perivascular spaces and some of them
were evidently present in the brain parenchyma. The efficacy of CBSCT was judged to be insufficient for
the brain at 10 months post-therapy. However, the pathological detection of donor-derived cells in the
brain parenchyma suggests the potential of HSCT for treatment of neurological symptoms in Hunter dis-
ease. This is the first neuropathological report documenting the distribution of donor-derived cells in the
brain after CBSCT into a Hunter disease patient.

© 2009 Elsevier Inc. All rights reserved.

[4,5]. In the liver, hepatocytes and Kupffer cells are also swollen
with a vacuolated cytoplasm, and accumulated substrate in them

Hunter disease [1], mucopolysaccharidosis (MPS) 1 (MIM
+309900), is an X-linked recessive lysosomal storage disorder
(LSD) that arises due to a deficiency of iduronate-2-suifatase
(IDS: EC 3.1.6.13), and leads to the accumulation of glycosamino-
glycan (GAG) in various organs including the central nervous sys-
tem (CNS). In the CNS, distended cells with large clear vacuoles
are observed, and dilatation of the perivascular (Virchow-Robin)
space is conspicuous within the cerebral white matter. The neuro-
nal storage materials are positive by periodic acid Schiff (PAS)
staining [2]. A considerable degree of neuronal loss and gliosis is
common [3]. The accumulated substrate with membranous cyto-
plasmic bodies or Zebra bodies is observed in electron micrographs

* Corresponding author. Address: Department of Pediatrics, Osaka University
Graduate School of Medicine, 2-2 Yamadaoka, Suita, Osaka 565-0871, Japan.
E-mail address: masako@ped.med.osaka-wac.jp (M. Taniike).

1096-7192/$ - see front matter © 2009 Elsevier inc: All rights reserved.
doi:10.1016/j.ymgme.2009.05.006

is positive by colloidal iron staining {6,7].

The patients present with multiple progressive symptoms such
as coarse facial features, skeletal deformities, hepatosplenomegaly,
respiratory tract infection, cardiovascular disorders, and various
degrees of CNS involvement. There is a wide spectrum from mild
to severe types, which are classified on clinical grounds because
IDS activity appears equally deficient in both types. Although the
mild type is characterized by preservation of intelligence, the se-
vere type, with onset usually occurring between 2 and 4 years of
age, is characterized by mental retardation and death before adult-
hood mainly due to obstructive airway disease and cardiac failure
[8].

There have been no established treatments for MPS II; however,
2 therapeutic possibilities have been pursued, that is, hematopoi-
etic stem- cell transplantation (HSCT) and enzyme replacement
therapy (ERT), Although the enzyme administered intravenously
by ERT is not expected to cross the blood-brain barrier (BBB) |9],
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HSCT is considered to provide a constant source of enzyme replace-
ment through the engrafted donor cells, which are not impeded by
the BBB and can thus deliver the enzyme to the CNS [10]. Several
in vitro studies using cultured cells [11] and in vivo ones using
model animals | 12-14} have confirmed the biochemical, patholog-
ical or functional improvement; therefore, many LSD patients have
been treated with HSCT over the last 25 years [15]. However, only a
few studies have reported about the pathological evaluation of the
human CNS after HSCT [16,17].

Here we document a clinicopathological evaluation of the effi-
cacy of umbilical cord blood stem cell transplantation (CBSCT) on
the neuropathology made by detecting the accumulated substrate
and donor-derived cells in the autopsied tissue of a 6-year-old
male with a severe type of MPS Il, involving moderate mental
retardation and brain atrophy, 10 months after CBSCT. Since sex-
matched transplantation had been performed, the strategy of the
detection of donor cells by the use of fluorescence in situ hybridiza-
tion for sex chromosomes [18] was not available, Therefore, the
detection of donor cells was performed by immunohistochemical
demonstration of IDS-positive cells, assays of IDS activity, and var-
iable number of tandem repeats (VNTR) analysis.

2. Patient, materials, and methods
2.1. Patient and case history

The patient was born by normal delivery at 40 weeks’ gestation.
His developmental milestones were normal by the age of
18 months; however, a delay in his language and motor skills
was first recognized at the age of 2 years. He was suspected of suf-
fering from MPS Il because of the developmental delay, the charac-
teristic facial features, and the characteristic X-ray findings of
skeletal deformities, At the age of 3 years 8 months, the diagnosis
of MPS Il was confirmed based on the low activity of IDS in his lym-
phocytes (0.5 nmol/4 h/mg vs., adult control range of 58.4-
114 nmol/4 h/mg, measured by SRL Inc,, Tokyo, Japan). Genetic
analysis revealed that he harbored a nonsense mutation, W267X,
in exon 6 of his IDS gene on Xq28.1.

At the age of 5years 11 months, CBSCT was performed by
using cells from an unrelated male donor who had completely
matched HLA phenotypes but 3 loci mismatched HLA genotypes
(donor/recipient: A0201/0206, DR0406/0410, DR1406/1402), after
obtaining informed consent from his parents. The conditioning
regimen for CBSCT consisted of busulfan, cyclophosphamide,
and fludarabine, He received short-term methotrexate (15 mg/
m? on day 1, 10 mg/m? on days 3, 6, and 11) and tacrolimus of
which whole blood concentration was maintained at a trough le-
vel of 5-15 ngfml. The detailed protocol was described by Toki-
masa et al. (as Patient 5) {19]. He had not experienced chronic
graft-versus-host-disease (GVHD) but only grade I acute GVHD
requiring no steroid therapy. His bone marrow was confirmed
to be completely of the donor type by VNTR analysis 1 month,
6 months, and 9 months after CBSCT (Supplemental Fig. 1). How-
ever, at the age of 6 years 7 months, he developed severe upper-
airway obstruction necessitating intensive care. The biopsy of his
swollen larynx yielded the diagnosis of Epstein-Barr virus-unas-
sociated post-transplantation lymphoproliferative disorder, and
his condition deteriorated despite 6 courses of rituximab admin-
istration. He eventually died at the age of 6 years 9 months, that
is, 10 months post-CBSCT,

At the age of 5years. 11 months, just before CBSCT, he was
hyperactive and-had an estimated mental age of 28 months. His li-
ver was palpable 6 cm below the right costat margin. By the age of
6 years 6 months, 7 months post-CBSCT, his hyperactivity and
mental retardation had not changed significantly (estimated men-

tal age of 30 months), although his hepatomegaly had improved
(palpable 3 cm below the right costal margin).

2.2. Materials and post-mortem brain tissue processing

We performed a general autopsy of the patient after having
obtained written informed consent from his parents. The post-
mortern interval (PMI) was 3 h, At the autopsy, small blocks of liver
and brain samples were snap-frozen or fixed for the electron
microscopical investigation. After 10 months of formalin-fixation,
blocks from cerebrum, hippocampus, and cerebellum were cut
out and used for the study. For comparative analysis, formalin-
fixed brain blocks (13 months of fixation) from a 6-year-5-
month-old boy who had died in our hospital were used as a
non-MPS I control, with informed consent. The formalin-fixed
brain blocks were embedded in Tissue-Tek Optimal Cutting Tem-
perature compound {Sakura Finetek Inc., Torrance, CA, USA) after
immersion for 6 days in 0.1 M phosphate buffer (PB) in which
the concentration of saccharose was increased from 5% to 30%,
by 5% per day. Thereafter, they were quickly frozen and sectioned
at 5 um by a cryostat (JUNG CM 1800, Leica Microsystems GmbH,
Wetzlar, Germany) and mounted onto the aminosilane-coated
microscope slides (Matsunami Glass Ind. Ltd., Osaka, Japan).

In addition, we obtained unfixed-frozen cerebrum samples from
an 11-year-old untreated MPS Il patient and a 12-year-old non-
MPS II control, whose PMI were 15 h and 18.5 h, respectively, from
the NICHD Brain and Tissue Bank for Developmental Disorders at
the University of Maryland, Baltimore, MD, USA. The unfixed-fro-
zen cerebral samples were sectioned at 5 pm, mounted onto ami-
nosilane-coated microscope slides, and fixed by immersion in 20%
formaldehyde solution for 5 min at room temperature, Further-
more, we obtained three unfixed-frozen liver samples from
non-MPS 1l controls (2-7 years old) from Dr. Masahiro Nakayama,
Osaka Medical Center and Research Institute for Maternal and
Child Health, Osaka, Japan.

This study was approved by the Institutional Review Boards of
Osaka University Graduate School of Medicine.

2.3. Methods

2.3.1. Colloidal iron staining study

After having been rinsed in 12% acetic acid, 5 um-thick unfixed-
frozen liver sections were placed in a solution of 0.25% ferric chlo-
ride and 12% acetic acid for 1 h. They were then rinsed again in 12%
acetic acid, immersed in a mixture of 2.5% potassium ferrocyanide
and 2.5% hydrochloric acid, and counterstained with 0.1% nuclear
fast red and 5% aluminum sulfate. They were observed under a
Microscope BX40 (Olympus Co., Tokyo, Japan) equipped with a
high-sensitivity cooled CCD color camera VB-7010 (Keyence Co.,
Osaka, Japan).

2.3.2 PAS staining studies

The brain sections were oxidized with 0.5% orthoperiodic acid,
and placed in Lillie's Cold Schiff's Reagent (0.5% basic fuchsin,
100 mM hydrochloric acid, and 0.5% acid sodium sulfite). They
were then rinsed in 0.5% sodium bisulfite and 50 mM hydrochloric
acid, counterstained with Mayer’s hematoxylin (Wako Pure Chem-
ical Industries Ltd,, Osaka, Japan), and observed under the Micro-
scope BX40.

2.3.3. Electron microscope (EM) studies

The cerebral and cerebeilar samples were fixed with 1% parafor-
maldehyde and 3% glutaraldehyde in 0.1 M PB, postfixed in 1%
osmium tetroxide, stained with 1% uranyl acetate, and embedded
in Epon 812 (TAAB Laboratories Equipment Ltd., Berkshire, UK). After



K. Araya et al./Molecular Genetics and Metabolism 98 (2009) 255-263 257

observation of semi-thin sections, ultra-thin sections were stained
with lead citrate and observed under a Transmission Electron Micro-
scope H-7650 (Hitachi High-Technologies Co., Tokyo, Japan).

2.3.4. Enzyme assays

Each unfixed tissue sample was homogenized mechanically in
ice-cold deionized water. After having been frozen and thawed,
the homogenate was centrifuged at 1000g for 10 min. After the
determination of protein concentration by the Lowry method
|20], each supernatant was used for enzyme assays. The enzyme
activity of IDS was measured by the method described by Voznyi
et al. {21], and those activities of p-galactosidase (EC 3.2.1.23)
and p-hexosaminidase (EC 3.2.1.52) were measured as described
by Hindman and Cotlier |22].

2.3.5. VNTR analysis

Deoxyribonucleic acid (DNA) samples (0.2 pg), extracted from
each blood or tissue sample, were amplified with 35 cycles of poly-
merase chain reaction in a reaction mixture containing 50 pl of
200 pM deoxynucleotide triphosphate mixture, 2.5 U of AmpliTaq
Gold DNA Polymerase (Applied Biosystems Inc., Foster City, CA,
USA), 10 mM Tris-hydrochloric acid (pH 8.3), 50 mM potassium
chloride, 1.5 mM magnesium chloride, and an 1 pM concentration
of each primer for amplification of a polymorphic DNA sequence
(pMCT118) on chromosome 1p (D1580) [23,24}. Each cycle con-
sisted of 1 min at 95 °C for denaturation, 1 min at 65 °C for anneal-
ing, and 2min at 70°C for extension. After amplification,
polymorphic bands were detected by agarose gel electrophoresis.

2.3.6. Immunoblot analysis

After solubilization in lysis buffer (50 mM Tris, 150 mM Nacl,
1 mM EDTA, 1% NP-40, 0.25% Na-deoxycholate; 2 pg/ml aprotinin,
2 pg/ml leupeptin, 2 pg/ml pepstatin A, 0.5 mM phenylmethylsul-
fonyl fluoride, and 1 mM dithiothreitol), 40 ng and 0.4 ng recombi-
nant human IDS (Elaprase, Shire Human Genetic Therapies Inc.,
Cambridge, MA, USA) and 40 ng recombinant human a-glucosidase
(Myozyme, Genzyme Co., Cambridge, MA, USA) as a negative con-
trol were separated by sodium dodecy! sulfate-polyacrylamide
gel electrophoresis and transferred electrophoretically to a nitro-
cellulose membrane (Trans-Blot Transfer Medium, Bio-Rad Labora-
tories Inc, Hercules, CA, USA). The membrane was incubated
overnight at 4°C with goat antibody against IDS (0.1 pg/ml,
AF2449, R&D Systems Inc,, Minneapolis, MN, USA) after treatment
with 5% skim milk/Tris-buffered saline for blocking nonspecific
reactions. The immune complexes were detected with peroxi-
dase-labeled horse anti-goat IgG (1:10,000, Vector Laboratories
Inc., Burlingame, CA, USA) and SuperSignal West Dura Extended
Duration Substrate (Pierce Chemical Co., Rockford, IL, USA).

2.3.7. Immunohistochemical studies

Brain sections were incubated for 30 min in 0.3% hydrogen per-
oxide/methanol for quenching endogenous peroxidase activity,
and then pretreated with 1% bovine serum albumin (BSA)/phos-
phate buffered saline (PBS) for blocking nonspecific reactions. They
were next incubated overnight at 4°C with the goat antibody
against IDS (10 pg/mi) in 1% BSA/PBS, followed by biotinylated rab-
bit anti-goat IgG (1:100, Vector Laboratories Inc.) for 2 h at room
temperature. The reaction products were visualized by using a Vec-
stain ABC Peroxidase Kit (Vector Laborateries Inc) and diam-
inobenzidine, and counterstained with Mayer's hematoxylin.
They were observed under the Microscope BX40,

For the double immunofluorescence study, after the endoge-
nous peroxidase activity had heen quenched, brain sections were
incubated for 20 min in 0.1% Sudan black B/70% ethanol for block-
ing autofluorescence. After pretreatment with TNB bleeking buffer
(PerkinElmer Inc, Waltham, MA, USA), they were incubated

overnight at 4°C with the goat antibody against IDS (2 pg/ml)
and primary antibody against Lamp2 (1:500; made in mouse,
Developmental Studies Hybridoma Bank at the Univ. of lowa, lowa,
1A, USA), NSE (1:50; made in rabbit, AB951, Chemicon International
Inc., Temecula, CA, USA), transferrin (1:50; made in rabbit, A061,
Dako A/S, Glostrup, Denmark), S-100 (1:50; made in rabbit, 20311,
Dako A/S) or CD68 (1:50; made in mouse, M0876, Dako A/S) in 1%
BSA/PBS, followed by the peroxidase-labeled horse anti-goat IgG
(1:100) and biotinylated horse anti-mousefrabbit IgG (1:100, Vec-
tor Laboratories Inc.) for 2 h at room temperature. They were sub-
sequently incubated in TSA Plus fluorescence reagent working
solution (1:50, PerkinElmer Inc.) for 5 min, followed by Texas Red
streptavidin (1:100, Vector Laboratories Inc.) for 2 h at room tem-
perature, and mounted by using Vectashield mounting medium
with DAP] (Vector Laboratories Inc.). Fluorescence was observed
under a laser scanning confocal microscope LSM 510 META (Carl
Zeiss Microlmaging GmbH, Jena, Germany).

Frozen liver sections were fixed by immersion in 4% paraformal-
dehyde solution for 10 min at room temperature, After quenching
endogenous peroxidase activity, they were incubated for 30 min in
0.1% Triton X-100/the TNB blocking buffer with Avidin D solution
(in Avidin/Biotin Blocking Kit, Vector Laboratories Inc.). They were
next incubated overnight at 4 °C with the goat antibody against IDS
(2 pg/ml) in 1% BSA/PBS with Biotin solution (in the Avidin/Biotin
Blocking Kit) and subsequently with the peroxidase-labeled horse
anti-goat IgG (1:100) for 30 min at room temperature, As a nega-
tive control, the sections reacted with IDS antibody which had
been preabsorbed overnight at 4°C with an excess amount
(20 pg/ml) of the recombinant human IDS. They were subse-
quently incubated in Biotinyl TSA reagent working solution (1:50,
PerkinElmer Inc.) for 10 min, followed by Streptavidin horseradish
peroxidase (1:100, provided in the TSA kit) for 30 min at room tem-
perature. After having been visualized by use of diaminobenzidine,
the reaction products were counterstained and observed as de-
scribed above.

A double immunofluorescence study using the antibody against
IDS (2 pg/ml) and CD68 (1:50) was also performed as described
above,

3. Results
3.1. Brain MR imaging before and after CBSCT

The patient’s brain MR images just before CBSCT showed evi-
dence of brain atrophy including widening of the cortical sulci
and ventricles (Fig. 1A and B). The fluid-attenuated inversion
recovery image also revealed enlarged Virchow-Robin spaces
(Fig. 1B, arrowheads) and an abnormally high intensity of the
white matter (Fig. 1B, arrows). At 7 months post-CBSCT, calculation
using the software for structural image evaluation of atrophy (SIE-
NA [25}; a part of Functional MRI of the Brain Software Library, FSL
|26]) estimated the rate of brain volume loss to be 9.9% for
7 months, indicating the progression of brain atrophy (Fig. 1C).
This reduced volume may have been due to not only the procedure
of HSCT {27] but also the natural course of MPS II. These findings
indicate that the patient had the CNS abnormalities of MPS I be-
fore CBSCT and that the brain atrophy was progressive after CBSCT.

3.2. Detection of accumulated substrate

At autopsy, the crown-heel length was 116 cm and the body
weight was 25.4 kg. The brain was 935 g in weight and showed
marked dilatation of the lateral ventricles and widening of the
cortical sulci. Histologically, the neurons in the cerebral cortex
seemed to be reduced in number with reactive gliosis and
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Fig. 1. MR images of our MPS 11 patient just before CBSCT (A and B) and at 7 months
post-CBSCT (C). A and C, T1-weighted image; B, fluid-attenuated inversion recovery
(FLAIR) image. The lower figure in “B" is an enlarged view of the square outlined in
the upper figure in “B". Just before CBSCT, the whole brain is atrophic, and the
cortical sulci and ventricles are enlarged (A and B). The enlargement of Virchow-
Robin spaces (B, arrowheads) and abnormally high intensity of the white matter (B,
arrows) are evident. At 7 months post-CBSCT, evidence of the progression of brain
atrophy is observed (C).

showed moderate cytoplasmic ballooning (Fig. 2A, arrows). On
the other hand, the liver weight (1645 g) had increased (standard
liver weight calculated with reference to the body surface area
was 650 g [28]); and the edge of the organ was dull. However,
hepatocytes and Kupffer cells did not appear to be swollen with
vacuolar changes (Fig. 2B), and most of them were not stainable
with colloidal iron (Fig. 2C). The CNS showed many PAS-positive
cells in the MPS Il post-CBSCT (Fig. 2D and E, arrows), whereas no
PAS-positive neurons were observed in the non-MPS II control
(Fig. 2F and G). Toluidine blue-stained cerebellar Purkinje cells
were also ballooned (Fig. 3A, asterisks), and membranous cyto-
plasmic bodies were observed in these cells on electron micro-
graphs (Fig. 3B). In addition, many phagocytic cells with
enlarged intracytoplasmic vacuoles in the Virchow-Robin spaces
were observed in the toluidine blue-stained sections (Fig. 3C, ar-
rows) and on electron micrographs (Fig. 3D).

These results indicate that the characteristic abnormal findings
of MPS 11 and the accumulated substrate had persisted in the CNS
of the patient at 10 months post-CBSCT, although the characteristic
pathology was not observed in the liver.

3.3. IDS enzyme activity and VNTR analysis

After confirming that the IDS enzyme activity of normal fibro-
blasts (88.7 nmol/4h/mg) was in the normal range (31-
110 nmol/4 h/mg |21]) by our assay, we measured IDS activity in
cerebrum and liver of the normal control, the patient (MPS Il
post-CBSCT), and the untreated MPS Il (Table 1). IDS enzyme activ-
ity in the cerebrum of the patient, as well as in that of the un-
treated MPS II, was only about 1% of that of the normal control.
On the other hand, iq the liver of the patient, it was about 40% of
that of the ngrmal eontrol.

The analysis of the VNTR locus D1S80 revealed that the recipi-
ent blood (pre-CBSCT) shewed a single band (about 600 bp;
Fig. 4, black arrow) and the donor cord blood had two bands due

MPS |l post-CBSCT

MPS Il post-CBSCT

Fig. 2. (A-C) Hematoxylin and eosin (HE) staining (A and B) and colloidal iron (CI)
staining (C) of MPS II post-CBSCT. A, cerebrum; B and C, liver. Neurons (A, arrows),
but not hepatocytes (B), show cytoplasmic ballooning. Hepatocytes are not
stainable with colloidal iron (C). D-G, PAS staining of MPS 1l post-CBSCT (D and
E) and non-MPS Il control (F and G). D and F, cerebrum and E and G, cerebellum.
Many PAS-positive cells (D and E; arrows) are observed in the MPS 1l post-CBSCT,
whereas no PAS-positive neurons are observed in the non-MPS Il control. P,
cerebellar Purkinje cells.

B

Fig. 3. Toluidine blue-stained semi-thin sections (A and C) and corresponding
electron micrographs (B and D) of MPS I post-CBSCT. In- the cerebellum, Purkinje
cells are ballooned (A, asterisks) with membranous cytoplasmic bodies (B). In the
Virchow-Robin space, many enlarged cells filled with vacuoles are observed (C,
arrows; D). V, blood vessel; N, nucleus of a vacuolated cell.



