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concordance between the degree of the disruption of NEMO gene
and the proportion of reverted NEMO"™™a cells compared with
NEMO®¥ cells. The high proportion of reverted T cells seen in
patients [ and 2 as well as in patient 8 was associated with a highly
disruptive mutation of the NEMO gene (ie, a duplication mutation
in patients 1 and 2, and a truncation mutation in patient 8). In
addition, the highly selective X-chromosome inactivation observed
in the mothers of XL-EDA-ID patients indicated a strong selective
advantage for NEMO™™a cells over NEMO"©¥ cells. It is also
noteworthy that reverted T cells were not detected in patient 5, who
carried an L227P mutation that was not localized to either of the
functional domains in the NEMO protein. Other reported cases
with the same mutation presented with polysaccharide-specific
humoral immunodeficiency and autoinflammatory diseases, but
were spared complications such as cellular immunodeficiency and
susceptibility to Mycobacterium (similar to patient 5).%% This may
reflect the fact that the L227P mutation in NEMO has less influence
on T-cell growth than NEMO mutations that occur in functional
domains, and suggests that reversion of the mutation has little
impact on T-cell survival. Although the number of cases in our
study is limited, it appears that the more disruptive NEMO
mutations favor the survival of NEMO"™l cells after reversion
and X-chromosome inactivation.

Regarding the gradual decline in the number of NEMO-
deficient T cells, one candidate trigger could be infection. Because
the dominance of the memory phenotype and the skewed TCR
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Figure 4. NEMO reversion selectively occursin T celis
of XL-EDA-ID patients. Allele-specific PCR for NEMO
on CD3* or CD147 cells from (A) patient 4, (B) patient 5,
(C) patient 6, (D) patient 7, (E) patient 8, and (F) patient 9.
Numbers below each figure indicate the percentages of
wild-type NEMO cDNA mixed with each mutant. Primers
used in each PCR are shown on the left.
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repertoire among CD8*' T cells in NEMOQ"™& cells were observed
in both patients 1 and 2 (Figure 1C and Mizukami et al'®),
continuous infection of pyogenic bacteria in patient 1 and
M szulgai in patient 2 could be a reason for the emergence of
NEMOmal cells and the elimination of NEMO'© cells. The
decrease in NEMO"™ cells and restoration of NEMO"YY cells
after anti-mycobacterial therapy in patient 2 support this hypoth-
esis. In the case of patient 1, the predominance of NEMQnormal
T cells with an effector/memory phenotype at diagnosis (Table 4 and
Mizukami et al'®) is likely (o be the result of chronic infection, and it is
possible that NEMO™¥ cells were predominant during his early infancy.
Because some reports have indicated that TNF-a—induced programimed
cell death of several cell types, including a human T-cell line, was
enhanced by hypomorphic NEMO mutations,'?* and considering our
finding that the levels of TNF-a expressed in revertant T cells were
similar to levels in healthy control T cells in vito (Figure 1F), TNF-a
produced from these cells in response to infection could be involved in
mutant T-cell elimination.

Unexpectedly, T-cell proliferation in patient 2 was equivalent to
that of normal controls at the age of 2 months and was reduced after
NEMOmal T cells increased (Figure 1B; Table 3). This finding
indicates that the NEMO' T cells did not have intrinsically
impaired mitogen-induced proliferation. One reasonable explana-
tion for the reduced proliferation observed after the increase in
NEMOmmal T cells is a reduction in the absolute number of T cells
(naive T cells in particular), probably because of the infection.

Table 5. Expression of mutant NEMO in various cell lineages for the mother of each XL-EDA-ID patient

Sample Mutation Analysis Subtype Mutant type, % (proportion)
Mother of patients 1 and 2 ' Duplication FACS CD3 g '
o o .
¢b1g. 0
Mother of patient 3 D311E FACS CcD3 13
CD3~ 54
Subcloning CD3 22 (6/27)
cD3- 55 (12/22)
Mother of patient 4 A169P Subcloning cD3 52 (11/21)
: e : ‘ cbi14 58 (11/19)
; cbig 42.(5/12)
Mother of patient 8 Q348X Subcloning CD3 0 (0/26)
cD14 17 (3/18)
cD1g 0(0/18)
Mother of patient 10 1167insC - Subcloning cD3 18 (7/39)
e ! CD14 12(5/43)
 CDb19 27.(12/44)

Data are shown as either the percentages of NEMOno™a! cells, as assessed by flow cytometry, or as the ratio of clones containing wild-type NEMO to the total number of

clones, as analyzed by subcloning and sequencing analysis.
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Table 6. Expression of mutant NEMO in CD3-positive cells and PHA blasts

Sampie Mutations Analysis Subtype Mutant type, % (proportion)
Mother of patient 3 ‘D31IE FACS cp3 .
“ ‘ ' - PHA blast a7
Subcloning cD3 22 (6/27).
~ PHA blast 48 (11/23)
Mother of patient 4 A169P Subcloning cD3 52 (11/21)
PHA blast 18 (9/49)
Mother of patient 8 Q348X Subcloning . cp3 - 0{0/28)
: : PHA blast L 0(021)
Mother of patient 10 1167insC Subcloning CD3 18 (7/39)
PHA blast 9 (4/43)
Patient 2 Duplication . FACS CD3 73
o i PHA blast 93
Patient 4 A169P Subcloning cD3 79 (19/24)
PHA blast 100 (37/37)
Patient 8 Q348X Subcloning cD3 56 (18/32) -
: ‘ PHA blast 1100 (16/16)
Patient 9 R175P Subcloning CcD3 87 (34/39)
PHA blast 0 (0/28)

PHA blasts were obtained by incubating PBMCs with PHA and soluble IL-2 for 7 days. Data are shown as either the percentages of NEMO™™2 cells, as assessed by flow
cytometry, or as the ratio of clones containing wild-type NEMO to the total number of clones, as analyzed by subcloning and sequencing analysis.

Therefore, to identify other mechanisms underlying reduced T-cell
proliferation, the impact of NEMO mutation on PHA-induced
T-cell proliferation was indirectly examined in vitro by comparing
the response of NEMO™™! and NEMO™¥ cells derived from
X1L-EDA-ID patients and their mothers. After PHA stimulation and
proliferation, the proportion of NEMO™¥ T cells increased in
patients 2, 4, and 8, while the opposite result was observed in
patient 9 and in the mother of patient 4 (Table 6). Although the
precise mechanism is unclear, a reduction in the proportion of
NEMOQromal celly after PHA stimulation would reflect the lower
proliferative capacity of NEMO™™a cells compared with that of
NEMOP¥ cells, which may be another explanation for the reduced
T-cell proliferation observed in patient 2 at 23 months of age when
NEMOmmal T cells were dominant. In the reports on reversion
mosaicism of /L2RG gene mutations,”83¢ the restoration of T-cell
function and clinical symptoms varied among patients. Therefore,
other factors besides the genotype of the mutations, such as the
developmental stage where reversion occurred and the frequency
of reversion, affect the clinical impact of somatic mosaicism of
NEMO gene mutations.

In this study, the effect of somatic mosaicism of the NEMO gene
on clinical phenotype could not be fully evaluated. However,
cytokines produced by revertant T cells could influence the devel-
opment of clinical symptoms of XL-EDA-ID, such as inflamma-
tory bowel disease. In a mouse model, intestinal epithelial cell-
specific inhibition of NF-«kB through the conditional ablation of
NEMO resulted in the development of chronic bowel inflammation
sensitized intestinal epithelial cells to TNF-a—induced apoptosis.>’
In this model, the first phase of intestinal inflammation was
initiated by epithelial cell death and was followed by a second
phase of TNF-a~induced intestinal inflammation, the latter being
dependent on T cells. Another report showed that HSCT in
XL-EDA-ID patients exacerbated the patients’ inflammatory bowel
disease.’® Indeed, in patient 4, the percentage of reverted T cells
was reduced after repeated administrations of anti-TNFa blocking
Ab, and the symptoms of inflammatory bowel disease improved.'®
Considering this evidence, somatic mosaicism in T cells might be
an important factor leading to inflammatory disease in XL-EDA-ID
patients with defective NF-«B activation. However, our study did
not show a tight association between inflammatory bowel disease
and somatic mosaicism, and further investigation is needed to

135

determine whether the NEMO™™4 T cells play a role in inflamma-
tory processes in XL-EDA-ID.

In conclusion, this study has identified a high frequency of
somatic mosaicism in XL-EDA-ID patients, particularly in T cells,
and has revealed important insights into human T-cell immunobiol-
ogy in XL-EDA-ID. Although we could not demonstrate the
clinical impact of somatic mosaicism in XL-EDA-ID patients, our
findings suggest that care is required when making molecular
diagnoses of XL-EDA-ID, and might shed light on the mechanisms
underlying the variability in the clinical manifestation of XL-
ED-ID and facilitate the search for appropriate treatments.
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Summary

olIbP3 integrin mutations that result in the complete loss of expression of
this molecule on the platelet surface cause Glanzmann thrombasthenia.
This is usually autosomal recessive, while other mutations are known to
cause dominantly inherited macrothrombocytopenia (although such cases
are rare). Here, we report a 4-generation pedigree including 10 individuals
affected by dominantly inherited thrombocytopenia with anisocytosis. Six
individuals, whose detailed clinical and laboratory data were available, car-
ried a non-synonymous ITGB3 gene alteration resulting in mutated integrin
B3 (ITGB3)-L718P. This mutation causes partial activation of the alIbp3
complex, which promotes the generation of abnormal pro-platelet-like
protrusions through downregulating RhoA (RHOA) activity in transfected
Chinese Hamster Ovary cells. These findings suggest a model whereby the
integrin B3-L718P mutation contributes to thrombocytopenia through
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Lifelong haemorrhagic syndromes are in part caused by point
mutations in the ITGA2B and ITGB3 genes encoding
ITGA2B and ITGB3 proteins (integrin allb and B3, respec-
tively). The ollbB3 complex regulates thrombopoiesis by
megakaryocytes and aggregation of platelets in response to
extracellular stimuli, such as ADP and collagen. The autoso-
mal recessive syndrome, Glanzmann thrombasthenia, is the
most frequently encountered disease caused by alIbB3 muta-
tions (George et al, 1990; Nurden, 2006; Nurden & Nurden,
2008; Nurden et al, 2011a). Patients have a homozygous or a
compound heterozygous mutation in the ITGA2B or ITGB3
genes that causes loss of function of the olIbB3 complex.
Although platelet counts and size are generally normal,
patients typically have severe mucocutaneous bleeding, such
as epistaxis, menorrhagia and gastrointestinal bleeding, fre-
quently because of defects in platelet aggregation.

Mutations of the alIbB3 complex are also involved in con-
genital haemorrhagic diseases other than Glanzmann

© 2012 Blackwell Publishing Ltd
British Journal of Haematology, 2013, 160, 521-529
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gain-of-function mechanisms.

Keywords: integrin B3 L718P mutation, familial thrombocytopenia, autosomal
dominant inheritance, whole exome sequencing, inhibition of RhoA.

thrombasthenia (Ghevaert et al, 2008; Schaffner-Reckinger et
al, 2009; Jayo et al, 2010; Kunishima et al, 2011; Nurden et
al, 2011b). For example, the integrin f3 D723H mutation is
found in autosomal dominant macrothrombocytopenia
(Ghevaert et al, 2008). Biochemical analysis revealed that in-
tegrin B3-D723H is a gain of function mutation which acti-
vates the olIbp3 complex constitutively, albeit only partially.
This results in the formation of proplatelet-like protrusions
in transfected Chinese Hamster Ovary (CHO) cells, a model
of relevance for the formation of macrothrombocytes
(Ghevaert et al, 2008; Schaffner-Reckinger et al, 2009).

More recently, a sporadic patient carrying an integrin
B3-L718P mutation was reported (Jayo et al, 2010). She had
mild thrombocytopenia (127 x 10%/1), platelet anisocytosis
and reduced platelet aggregation potential. This mutation
also induces abnormal proplatelet formation.

In the present study, we report a pedigree with a total 10 of
individuals affected by a dominantly inherited haemorrhagic

First published online 17 December 2012
doi:10.1111/bjh. 12160
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syndrome. Six individuals whose detailed clinical and labora-
tory data are available, presented with thrombocytopenia
accompanied by anisocytosis and carry a non-synonymous
ITGB3 T2231C alteration resulting in the integrin $3-L718P
mutation. We also performed entire exon sequencing by a
next-generation sequencing and found that the integrin
33-L718P mutation is most likely the sole gene responsible for
thrombocytopenia in this pedigree.

Materials and methods

Written informed consent was obtained from individuals
in the family in accordance with the Declaration of Hel-
sinki for blood sampling and analysis undertaken with the
approval of the Hiroshima University Institutional Review
Board.

Patient

The patient was 4-year-old Japanese girl (iv.3 in Fig 1A),
who presented with mild bleeding tendencies, such as recur-
rent nasal bleeding and purpura in her extremities. Her
platelet count was 49-72 x 10°/1 with a mean platelet vol-
ume (MPV) of 9-8-10-9 fl. White blood cell and red blood
cell counts were within the normal range and there were no
morphological abnormalities including inclusions in neu-
trophils. Bone marrow examination was not performed. A
total of six of her relatives, namely her father (iii.2), sister
and brother (iv.1 and iv.2), two cousins (iv.4 and iv.5) and
an aunt (iii.5), were subsequently found to have low platelet
counts and were referred to our institute for further investi-
gation.

Antibodies and reagents

Unconjugated or phycoerythrin-cyanin 5 (PC5)-conjugated
anti-CD41 monoclonal antibody (Ab) (clone P2) against the
alIbP3 complex (Beckman Coulter, Brea, CA, USA), fluores-
cein isothiocyanate (FITC)-conjugated anti-CD41a monoclo-
nal Ab (clone HIP8) (Beckman Coulter), FITC- or peridinin
chlorophyll (PerCP)-conjugated anti-CD61 monoclonal Ab
(clone RUU-PL 7F12) (BD Biosciences, San Jose, CA, USA),
FITC-conjugated PAC-1 (BD Biosciences) and Alexa488-
conjugated human fibrinogen (Life Technologies, Carlsbad,
CA, USA) were used in flow cytometry. Anti-CD61
monoclonal Ab (clone EP2417Y) (Abcam, Cambridge, UK),
anti-DDDDK-tag polyclonal Ab (Medical & Biological Labo-
ratories, Nagoya, Japan), Alexa488-conjugated phalloidin and
Hoechst 33342 (both Life Technologies) were used for
immunofluorescence microscopy. The oligopeptide Arg-Gly-
Asp-Ser (RGDS) (Sigma—Aldrich, St Louis, MO, USA) was
used to competitively inhibit the binding of ligands to
olIbP3, and adenosine diphosphate (ADP) (nacalai tesque,
Kyoto, Japan) was used for the stimulation of oIIbB3 on
platelets.
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Construction and transfection of expression vectors

Full-length wild type (WT) ITGA2B and ITGB3 ¢cDNA were
amplified by polymerase chain reaction (PCR) and cloned into
pcDNA3-1 expression vectors. A PCR-mediated site-directed
mutagenesis technique was applied to produce ITGB3 mutants
encoding integrin PB3-L718P, -D723H and -T562N with or
without truncation at the C-terminal side of Y”*° (del. 759).
RHOA cDNA, which encodes RhoA (RHOA) protein, was
amplified by PCR and its mutants (T19N and Q63L) were
generated by site-directed mutagenesis, followed by cloning
into p3xFLAG-CMV-10 vectors (Sigma-—Aldrich). The ITGA2B
and ITGB3 expression vectors were simultaneously transfected
into CHO cells cultured in Ham’s F12 medium supplemented
with 10% fetal bovine serum at 37°C, in 5% CO,, using
Lipofectamine LTX reagent (Life Technologies) according to
the manufacturer’s instructions.

Immunofluorescent laser-scanning confocal microscopy

Cells grown on coverslips coated with 100 pg/ml fibrinogen
were fixed with 4% paraformaldehyde, followed by permeabi-
lization with phosphate-buffered saline containing 0-1%
Triton X100. After blocking, the cells were stained with
primary antibodies at appropriate dilutions, followed by
staining with Alexa488- or Cy3-conjugated secondary anti-
bodies together with Hoechst 33342. High-resolution immu-
nofluorescent images were taken under a laser-scanning
confocal microscopy (LSM5 Pascal, Carl Zeiss, Oberkochen,
Germany) using a X63 objective.

Flow cytometry

The expression and activation of integrin ollb and B3 on the
platelet surface was indirectly estimated by flow cytometry
with the antibodies described above. Mean fluorescence inten-
sity (MFI) of values in an affected individual were divided by
those in an unrelated normal control and recorded as relative
MEFI value (%). For the quantitative determination of olIbB3
molecules on the platelet surface, QIFIKIT (Dako, Glostrup,
Denmark) was used according to the manufacturer’s instruc-
tions. MFI of the calibration beads containing five populations
(antibody-binding capacity: 2600, 9900, 46 000, 221 000 and
741 000) were 16-12, 63-83, 262-84, 1483-2 and 3772-1, respec-
tively, whereas that of the negative control sample was 1-62.
Therefore, alIbB3 molecules (copies/platelet) was calculated as
101022 > logMFD) + 2:1679)_541  Activation of platelets and
CHO cells was estimated by methods previously described
(Shattil er al, 1987; Hughes et al, 1996). Activation index was
defined as (F—Fg) / (FP—F;), where F is the MFI of PAC-1-
stained CHO cells transfected with oIlbB3-L718P or ollbp3-
D723H, and Fy and F are those transfected with oIlbB3-WT
and oIIbB3-T562N, respectively. The samples were analyzed
on a FACS Calibur (Becton Dickinson, Franklin Lakes, NJ,
USA), equipped with an argon laser operating at 488 nm.

© 2012 Blackwell Publishing Ltd
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Exome sequencing

Genomic DNA was obtained from four affected individuals in
the pedigree and whole exome sequencing was performed.
Briefly, 3 pg genomic DNA was fragmented by Covaris S2
(Covaris, Woburn, MA, USA) and ligated to adaptors, followed
by hybridization to biotinylated RNA baits according to the
manufacturer’s instruction (Agilent Technologies, Santa Clara,
CA, USA). The generated sequence tags were sequenced by the
76 bp paired-end protocol of Ilumina GAIlx (Illumina,
San Diego, CA, USA) and mapped onto the human genomic
sequence (hgl8, UCSC Genome Browser) using the sequence
alignment program Eland (Illumina). Unmapped or redun-
dantly mapped sequences were removed from the data set, and
only uniquely mapped sequences were used for further analyses.
Positions relative to RefSeq genes were calculated based on the
respective genomic coordinates. Genomic coordinates of exons
and the protein-coding regions of the RefSeq transcripts

© 2012 Blackwell Publishing Ltd
British Journal of Haematology, 2013, 160, 521-529

are as described in hgl8. To verify the presence of ITGB3
gene alteration, amplification and direct sequencing of a part
of exon 14 was performed with the following primers; 5'-C
ATAGCCAGTTCAAGTGACTCCTG-3" for forward primer
and 5-ACGATGGTACTGGCTGAACATGAC-3" for reverse

primer.

Results

Pedigree of a family with autosomal dominant
thrombocytopenia with anisocytosis

In the original patient, marked platelet anisocytosis was
observed in peripheral blood samples (Fig 1B). Platelet
aggregation induced by ADP (1-4 umol/l) and collagen (0-5—
2 pg/ml) was markedly reduced (Fig. 1C and Table I), but
agglutination induced by ristocetin (1-25 mg/ml) was within
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the normal range (data not shown). Three affected individu-
als (iii.5, iv.1, and iv.2) showed abnormalities in platelet
function similar to those of the original patient. In these
affected individuals, the ollb and B3 expression levels, which
were indirectly estimated as relative MFI value (%), were
43-75% of a healthy control (Fig 1D and Table I). The num-
ber of oIIbB3 molecules on the platelet surface in patients, as
evaluated by flow cytometry using QIFIKIT, was 35 000-
38 400 copies/platelet (MFI: 212-1 —232-4), whereas in an
unaffected individual of the pedigree (iii.1) and an unrelated
control, there were 65 200 and 62 100 copies/platelet (MFI:
389-2 and 371-3), respectively (Table I). The tendency to
bleed was mild to moderate, as exemplified by the following
episodes: when family member iv.1 received a bruise to the
face, treatment with recombinant Factor VIla was required
because of persistent epistaxis; also, family member iii.5 had
had to give birth by Caesarean section because of low platelet
count. The family pedigree (Fig 1A), which shows no evi-
dence of consanguineous marriage, strongly suggests the
inheritance of thrombocytopenia as an autosomal dominant
trait. The laboratory findings are shown in Table I.

Identification of the integrin 3 L718P mutation by
whole exome analysis

To isolate a candidate gene alteration responsible for the
thrombocytopenia, whole exome sequencing analysis was
performed using genomic DNA obtained from the patient
(iv.3), her sister and brother (iv.1 and iv.2) and a cousin
(iv.4). A total of 794 non-synonymous gene alterations
among 1551 SNPs that are not registered in dbSNP 129/130
were detected in the patient. To isolate the responsible
gene, we selected non-synonymous gene alterations shared
by the four affected individuals as strong candidates.
Among the 90 alterations commonly found in the affected

Table I. Laboratory data of seven individuals of the pedigree.

individuals of the pedigree (individual numbers of SNPs/
mutations are shown in Table II), we focused on the het-
erozygous non-synonymous T12231C alteration in exon 14
of the ITGB3 gene, which results in the substitution of leu-
cine at 718 for proline (L718P) in the integrin B3 protein.
We selected this because it was recently reported as a candi-
date mutation responsible for thrombocytopenia (Jayo er al,
2010). The presence of the mutation in six affected individ-
uals of the pedigree (iv.1, iv.2, iv.3, iv.4, {ii.5 and iv.5) and
its absence in an unaffected individual (iii.1) and an unre-
lated control was confirmed by a direct-sequencing (Fig 2).
As far as we could determine, no other non-synonymous
gene alterations previously reported to cause thrombocyto-
penia or defective platelet function were present in the
affected individuals of the pedigree. In addition, the L718
residue in integrin B3 is well-conserved between species and
amino acid substitution in this position is predicted by bio-
informatic tools, including Polyphen and SIFT, to cause a
significant change in protein structure and function (data not
shown). These observations strongly suggest that the L718P
mutation in integrin B3 is the responsible gene alteration that
causes familial thrombocytopenia.

Constitutive but partial activation of the allbfi3 complex
by B3-L718P

To elucidate the effects of the integrin B3-L718P mutation
on the activation status of olIbB3 complexes in resting or
ADP-activated platelets, fresh platelets were analysed by flow
cytometry using PAC-1, a ligand-mimicking antibody that
specifically recognizes the activated form of the ollbf3
complex (Shattil et al, 1987).

Resting control platelets from healthy individuals bound
PAC-1 with a similar affinity to those treated with RGDS, a
peptide which competitively inhibits the binding of ligands for

Relative
MFI value
compared
to control Platelet aggregation
(%) ollbB3 molecules (%)
Platelet
Age count ADP collagen
Patient Sex (years) (x10°71) MPV (fl) PDW (%) allb B3 MFI copies/platelet (4 pM) (2-0 pg/ml)
iii.1 F 37 210 10-2 12-1 110 111 3892 65 200 NA NA
iii.5 F 34 38-67 8-5-11-3 10-0-19-0 43 75 NA NA 15 12
iv.1 F 11 30-43 7-8-11-2 9.7-16-3 52 62 2324 38 400 16 8
iv.2 M 8 49-64 10-3-11-1 10-1-14.7 50 56 216-4 35 700 23 16
iv.3 F 6 49-72 9-8-10-9 11-1-13-3 50 60 212-1 35 000 12 8
iv.d F 4 32-59 9.9-10-8 12-3-15-6 NA NA NA NA NA NA
.5 M 2 28-50 89-9-0 18-0-18-4 49 51 NA NA NA NA

MPV, mean platelet volume (normal range: 9-4-12-3 fl); PDW, platelet distribution width (normal range: 9-5-14-8 %); NA, not available.
oJIbB3 molecules (copies/platelet) were calculated as 100022 * 108MMFD + 2:1679) o4y (see Materials and methods).
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Table II. Number of SNPs/mutations detected by whole exome
sequencing.

Case iv.1 iv.2 iv.3 iv.4
SNP 21531 21697 20413 20113
Not in dbSNP 1674 1722 1473 1551
129 and 130
Non-synonymous alternations
Homozygous 62 58 65 42
Heterozygous 800 815 667 752
Non-synonymous (common) 90

ollbB3 complex such as fibrinogen and PAC-1 (Fig 3A,
compare black and blue lines), indicating that wild-type
olIbP3 in resting platelets is not activated. In contrast, platelets
obtained from the affected individuals (iii.5, iv.1, iv.2 and iv.3)
showed a slight increase of PAC-1 binding compared to those
treated with RGDS (Fig 3A). Indeed, resting platelets from
affected individuals showed a slight but significant increase of
PAC-1 binding relative to healthy individuals (Fig 3A, top
panel). In addition, flow cytometric analysis using FITC-
conjugated fibrinogen also showed a significant increase of
fibrinogen binding potential in resting platelets from affected
individuals compared with healthy controls (bottom panel).
Because MPV (shown in Table I) did not exceed the normal
range (9-4-12-3 fl) and surface expression levels of oIIbp3
were lower in patients than controls (Fig 1D), it is proposed
that these observations indicate spontaneous activation of
olIbB3-L718P in resting platelets.

ADP-activated platelets from healthy volunteers, on the
other hand, bound to PAC-1 with a very high affinity
(Fig 3B, red lines and 3B, top panel), as expected. In
contrast, only a small increase of affinity to PAC-1 was
observed in ADP-treated platelets carrying the [(3-L718P
mutation, resulting in a marginal increase of binding poten-
tial (bottom panel). These findings suggest that olIbp3-
L718P is partially activated in the absence of inside-out
signals such as ADP, but nevertheless cannot be fully
activated in the presence of such signals.

To confirm the contribution of the integrin B3-L718P
mutation to spontaneous activation of ollbf3, CHO cells
were transiently transfected with expression vectors encoding
integrin B3-WT, -L718P, -D723H or -T562N together with a
vector encoding ollb-WT. Flow cytometric analysis (Fig 3C)
revealed that oIIbB3-L718P expressed in CHO cells bound to
PAC-1 to the same degree as allbP3-D723H, a mutant previ-
ously reported to partially activate olIbB3, and to a lesser
extent than a fully active aIIbp3-T562N mutant (Kashiwagi
et al, 1999). We calculated the activation indices (see Materi-
als and methods) (Hughes et al, 1996; Schaffner-Reckinger et
al, 2009) of allbB3-L718P and -D723H as 0-23 4 0-07 and
0-16 + 0-02, respectively, taking oIIbf3-T562N as fully active
(=1-0) and ollbB3-WT as inactive (=0) (Fig 3D). Because
CHO cells were not stimulated by ADP in this experiment,
each index represents aIIbB3 activation status at rest.

© 2012 Blackwell Publishing Ltd
British Journal of Haematology, 2013, 160, 521-529
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Fig 3. Functional analysis of integrin B3-L718P mutation. (A) Spontaneous binding of PAC-1 antibody to platelets obtained from affected indi-
viduals of the pedigree. Non-activated platelets (within 10 min after blood collection), incubated with or without 1 mM RGDS, were stained with
FITC-conjugated PAC-1 antibody. After fixation, binding of PAC-1 to platelets was analysed by flow cytometry. Activation status of oIIbp3 com-
plex on resting platelets bound to FITC-PAC-1 (top) and FITC-fibrinogen (bottom). Mean fluorescence intensity (MFI) ratio was estimated by
dividing the MFI of resting platelets by that of resting platelets incubated with RGDS. (B) Reduced activation of oIIbB3 from affected individuals.
The resting and ADP-stimulated platelets, stained with FITC-conjugated PAC-1 antibody were analysed by flow cytometry. Activation status of
oIIbB3 on stimulated platelets bound to FITC-PAC-1 (top) and FITC-fibrinogen (bottom). Values were estimated by dividing the MFI of platelets
stimulated with ADP by those of resting platelets. (C) Partial activation of alIbp3-L718P and -D723H on CHO cells. CHO cells transfected with
olIbp3 expression vectors (f3-WT, -L718P, -D723H and -T562N) were seeded on 100 pg/ml fibrinogen-coated coverslips in 6-well dishes. The
cells, treated with or without RGDS, were stained with FITC-conjugated PAC-1 antibody and PerCP-conjugated anti-CD61 antibody and analysed
by flow cytometry. (D) Activation index of oIIbB3 mutants. Activation status of CHO cells expressing allbB3-L718P and -D723H was compared
with that of aIIbp3-T562N as described in the “Materials and methods”.
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formation of proplatelet-like cell protrusions in
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with allbB3-L718P, -T562N and -D723H were
seeded on fibrinogen-coated coverslips. After
an 8-h incubation, the cells were fixed and
stained with anti-CD41 and -CD61 antibodies
followed by staining with Cy3- and Alexa
488-conjugated secondary antibodies. Mock-
transfected cells were stained with Alexa
488-conjugated phalloidin and Hoechst 33342.
(B) Inhibition of proplatelet-like protrusion
formation by constitutively-active RhoA. An (8
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expression vector that encodes FLAG-tagged
RhoA (Q63L) was transfected together with
allbB3-L718P or -WT expressing vectors into
CHO cells. The cells grown on fibrinogen-
coated coverslips were fixed and stained with
anti-CD41 and anti-DDDDK-tag antibodies
followed by staining with Alexa 488- and
Cy3-conjugated secondary antibodies. (C)
C-terminal deletion of B3-L718P inhibits the
formation of proplatelet-like protrusions.
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with anti-CD41 antibody followed by staining
with Cy3-conjugated secondary antibody and
Alexa-488-labeled phalloidin. (D) A dominant-
negative (TI9N) form of RhoA was overexpres-
sed in CHO cells. Images were taken as in (B).
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Involvement of RhoA signalling in proplatelet-like
protrusion formation

As previously reported by others (Ghevaert et al, 2008; Jayo
et al, 2010), CHO cells expressing oIIbP3-L718P, as well as
allbB D723H, formed long proplatelet-like protrusions on
fibrinogen-coated dishes that were not observed in cells
expressing wild-type olIbB3 (Fig 4A). In contrast, although
cells expressing olIbP3-T562N, which yields a fully activated
conformation (Kashiwagi et al, 1999), changed from their
original round shape surrounded by a broad protrusion
(Fig 4A, mock-transfected) to rhomboid-like cell morphol-
ogy, proplatelet-like protrusions were rarely seen (Fig 4A).

© 2012 Blackwell Publishing Ltd
British Journal of Haematology, 2013, 160, 521-529

This suggests that mutants partially activating the integrin
complex induce long proplatelet-like protrusions.

Recently, it was reported that the formation of proplat-
elet-like protrusions in CHO cells is mediated by the
downregulation of RhoA activity (Chang et al, 2007; Schaff-
ner-Reckinger et al, 2009), which is initiated by the binding
of ¢-Src to the C-terminal tail (amino acid 760-762,
Arg-Gln-Thr; RGT) of integrin B3 (Flevaris et al, 2007). We
found that the formation of long cell protrusions was inhib-
ited when a constitutively-active form of RhoA (Q63L) was
introduced into olIbp3-L718P-expressing cells (Fig 4B).
In addition, CHO cells expressing olIbp3-L718P (del. 759)
mutant, which lacks the C-terminal c-Src binding site of in-
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tegrin B3 (RGT), did not form any proplatelet-like protru-
sions (Fig 4C). Given that enforced activation of RhoA
caused by introducing RhoA (Q63L), as well as de-repression
of RhoA through C-terminal deletion of B3 in cells express-
ing ollbP3-WT, did not induce morphological changes in
CHO cells (Figs 4B, C), it is proposed that constitutive inhi-
bition but not activation through the c-terminal of $3 is
responsible for the formation of abnormal cell protrusions in
L718 mutants. However, as the enforced expression of a
dominant negative form of RhoA (T19N) in olIbp3-WT
expressing cells did not result in typical proplatelet-like pro-
trusions (Fig 4D), this suggests that downregulation of RhoA
was required but not sufficient for the formation of proplat-
elet-like protrusions induced by integrin $3-L718P.

Discussion

We report a pedigree with individuals suffering from a
lifelong haemorrhagic syndrome, all of whom were carrying
the integrin B3-L718P mutation. This had previously been
reported only in a sporadic patient (Jayo et al, 2010).
Next-generation sequencing, together with the clinical data
of the patients, established that this integrin [3-L718P
mutation causes thrombocytopenia resembling the disease
caused by a different integrin mutation, B3-D723H,
although the size of the platelets seems to differ somewhat
between these mutations (Ghevaert et al, 2008; Schaffner-
Reckinger et al, 2009).

Considering the dominant inheritance pattern of the
haemorrhagic tendency caused by integrin B3-L718P as well
as B3-D723H, these would be gain of function mutations,
unlike those causing Glanzmann thrombasthenia. Indeed,
expression of integrin [3-D723H partially activates the
olIbB3 complex, resulting in downregulation of RhoA activ-
ity and induction of microtubule-dependent proplatelet-
like cell protrusions considered relevant for production of
macrothrombocytes (Ghevaert et al, 2008; Schaffner-Reckin-
ger et al, 2009). Integrin $3-L718P appears to act in a similar
fashion (Fig 4A and B). Interestingly, we demonstrate that
the three C-terminal amino acid residues (RGT) of integrin
B3 are required for L718P to form proplatelet-like cell
protrusions (Fig 4C). RGT provides a binding site for c-Src
tyrosine kinase, which was shown to inactivate RhoA
(Flevaris et al, 2007), further supporting the hypothesis that

integrin 3-L718P plays a role in causing megakaryocytes to
produce abnormal platelets through the inhibition of RhoA.

In platelets derived from megakaryocytes that carry the
integrin B3-L718P mutation, full activation of aIIbP3 com-
plex in response to inside-out stimuli is inhibited, as shown
by reduced binding of PAC-1 and fibrinogen on stimulation
with ADP (Fig 3B). A simple scenario is that, in platelets,
integrin B3-L718P acts as a loss of function mutation. How-
ever, given that the carriers of Glanzmann’s thrombasthenia
who have both normal and mutant allele and express
reduced amounts of the ollbB3 complex, in general show
normal platelet aggregation, it is possible that the integrin
B3-L718P mutation gains a function that ultimately results in
the reduction of inside-out signals.

In summary, identification of a pedigree showing autoso-
mal dominant inheritance leads to a model whereby the
integrin 3-L718P mutation contributes to thrombocytopenia
accompanied by anisocytosis most likely through gain-
of-function mechanisms. Further investigations are necessary
to fully elucidate these mechanisms by which this mutation
exerts its abnormal effect on thrombocytosis and platelet
aggregation.
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Risk Factor Analysis of Bloodstream Infection in Pediatric
Patients After Hematopoietic Stem Cell Transplantation
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Summary: Bloodstream infection (BSI) is a recognized cause of
morbidity and mortality in children after hematopoietic stem cell
transplantation (HSCT). However, there are limited reports on BSI
after HSCT in pediatric patients in multiple centers. This study was
a retrospective cohort analysis of consecutive patients who under-
went allogencic and autologous HSCT at the Department of
Paediatrics, Hokkaido University Hospital, between 1988 and
2009; the Department of Paediatrics, Sapporo Hokuyu Hospital,
between 2007 and 2009; and the Department of Pacdiatrics, Asa-
hikawa Medical University, between 1989 and 2009. A total of 277
patients underwent HSCT during the study period. In this multi-
center analysis, cases of BSI after HSCT were recorded in the euarly
posttransplant period (within the first 100 d), and BSI was observed
in 24 of 277 HSCT patients. Multivariate analysis showed that
nonmalignant disease was an independent factor associated with
BSI after HSCT (hazard ratio 6.3 for aplastic anemia or Wiskott-
Aldrich  syndrome patients; confidence interval, 14-12.8;
£ = 0.012), We conclude that aplastic anemia and Wiskott-Aldrich
syndrome were the novel risk factors for BSI in pediatric patients
after HSCT.

Key Words: bloodstream infection, stem cell transplantation,
children, risk lactor

(J Pediatr Hemarol Oncol 2013;35:76--80)

ematopoietic stem cell transplantation (HSCT)

improves survival in patients with hematological dis-
orders, malignancies, immunodeficiencies, and inborn errors
of metabolism. However, the incidence of complications is
high, and therefore, it is essential to develop safe trans-
plantation technigques. Bloodstream infection (BSI) is a
common critical complication after HSCT and is associated
with significant morbidity and mortality in children.!?

Multiple risk factors are associated with this compli-
cation in this particular patient population—profound
granulocytopenia, mucositis subsequent to the condition-
ing regimen, indwelling central venous catheters (CVC),
and graft versus host disease (GVHD) are the most
important factors. Many studies have noted the high inci-
dence and severity of bacterial and fungal infections, which
are often fatal, within 100 days of HSCT.!-*
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The aim of this study is to investigate the incidence,
clinical features, and risk factors of pediatric patients
diagnosed with BSI within 100 days of HSCT at muliiple
centers across Japan.

MATERIALS AND METHODS

Patient Population and Study Period

This study was a retrospective cohort analysis of con-
secutive patients who underwent HSCT at the Department of
Paediatrics, Hokkaido University Hospital, between Febru-
ary 1988 and November 2009 (no data available from March
2007 and November 2009); the Department of Paediatrics,
Sapporo Hokuyu Hospital, between April 2007 and
November 2009; and the Department of Paediatrics, the
Asahikawa Medical University between June 1989 and
November 2009. A total of 277 patients underwent HSCT
during the study period; their clinical features are shown
in Table 1. The median age was 8 years (range, 0 to 21y). A
total of 169 patients had hematological malignancies (61%),
50 patients had solid tumors (18%), and 58 patients had
nonmalignant disease (21%). A standard protocol for sup-
portive care was followed. All patients received antimicrobial
prophylaxis with oral polymyxin B sulfate, antfungal pro-
phylaxis with oral amphotericin B, oral fluconazole, or
intravepous infusion of micafungin sodium, and antiviral
prophylaxis with acyclovir; all prophylactic therapies were
maintained at least until engraftment. After engraftment,
trimethoprim-sulfamethoxazole was used for prophylaxis of
Preumocystis jiroveei pneumonitis. Patients undergoing allo-
geneic HSCT received intravenous immunoglobulin for the
first 4 moenths after transplantation. CVCs were inserted in all
patients and generally removed after engraftment.

Definitions

BSI was defined as the isolation of a single bacterial
and fungal pathogen from a blood culture. For bacteria
that typically colonize the skin, such as coagulase-negative
staphylococci (CNS), corynebacteriae other than Cor-
ynebacterium jeikeiumi, and other skin contaminants, at
least 2 consecutive positive blood cultures were required.
Single-agent BSI was defined as the isolation of a single
pathogen from a blood culture. Blood cultures were
obtained in response to pyrexia with chills and rigors or
clinical signs suggestive of infection such as hypotension,
new tachycardia, or change in respiratory status. Pyrexia
was defined as development of a temperature of 37.5°C or
greater on 2 occasions at least | hour apart or a single
axillary temperature above 38.0°C. BSIs presenting from
the start of the conditioning regimen (day — 10 to —7) to
day 100 after HSCT were included in the analysis. Date of
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TABLE 1. Transpiént—speciﬂc Characteristics

Age
Median (y) g (0-21)
Sex
Male 169
Female 108
SCT
BMT 166
BMT + PBSCT 9
PBSCT 4]
CBSCT 61
Donor
Autologous 51
Related 113 (parent 20)
Unrelated 13
HLA
Matched 153
! antigen mismatched 60
2 antigen mismatched 6
3 antigen mismatched 7
Autologous 51
Underlying disease
Hematological malignancies 169
Acute lymphoid leukemia 81
Acute myeloid leukemia 42
Chronic myeloid leukemia 10
Myelodysplastic syndrome 12

Juvenile myelomonocytic leukemia N
Non-Hodgkin lymphoma 12
Hodgkin lymphoma
Solid tumors
Neuroblastoma
Rhabdomyosarcoma
Yolk sac tumor
Hepatoblastoma
Ewing sarcoma family of tumor
Medulloblastoma
Alveolar soft part sarcoma
Langerhans cell histiocytosis
Brain rbabdoid tumor
Granulomatous sarcoma
Nonmalignancies
Aplastic anemia
Wiskott-Aldrich syndrome
Kostmann syndrome
Severe combined immunodeficiency
Chronic granulomatous disease
X-tinked hyper [gM syndrome
Hurler syndrome
Hurler Scheie syndrome
Hunter syndrome
Adrenoleukodystrophy
Chronic active Epstein-Barr virus infection
Paroxysmal nocturnal hemoglobinuria

v—u«-v-‘wf,)—v?w}m!“i“lﬁ\)lx%mHH—&MO\N[_h;g%»—-w

BMT indicates bone marrow transplantation; CBSCT, cord blood stem
cell transplantation; HLA, human leukocyte antigen; PBSCT, peripheral
blood stem cell transplantation; SCT, stem cell transplantation.

engraftment was defined as the first of at least 3 consecutive
days of an absolute neutrophil count of >500/mm? after
stem cell infusion.

Statistical Analysis

Mann-Whitney U test or x° test was used to compare
patients with and without BSI. Analysis of overall survival
and event-free survival was performed using the Kaplan-
Meier method with differences compared by the log rank
test. Multivariate stepwise regression was used to determine
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the independent effects of variables that showed a sig-
nificant influence in univariate analysis. Statistical analyses
were performed using Dr SPSS 1T for Windows (Version
11.0.1J; SPSS Japan Inc., Tokyo, Japan).

RESULTS

During the study period, 24 (8.7%) of 277 HSCT
patients presented with BSI at the study centers; the clinical
features of these patients are summarized in Table 2. The
patients were diagnosed with BSI at @ median stage of 20
days after HSCT (range, days —3 to 94). BSI occurred in 14
patients with malignant disease, 8 patients with aplastic
anemia (AA) (comprising pure red cell aplasia) and 2
patients with Wiskott-Aldrich syndrome (WAS). Twelve
patients with related donors, § patients with unrelated
donors, and 4 patients undergoing autologous HSCT
developed BSI. Of the 24 patients with BSI, death was
directly attributable to BSI in 4 of the patients [with
Staphyvlococcus aureus (methicillin-resistant S. aqureus), S.
epidermidis, Aspergillus spp., and Streptococcus preumoniael
and to other infectious complications in another 4 patients
[with S. aureus (methicillin-susceptible S. aureus), S. epi-
dermidis, a-Streptococcus, and Pseudononas aeruginosal. Of
the 24 patients, 16 developed BSI during the preengraftment
neutropenic period, and 8 presented with postengraftment
BSI. Figure | shows the overall survival of patients with
or without BSI; survival rates were similar for patients with
or without BSI (58.3% vs. 59.2%, respectively; P = 0.471).

Microbiology

Table 3 shows BSI isolates in this study. Of the isolates
of the 24 cases of BSI, 75% of isolates were gram-positive
cocel, the most common of which were coagulase-negative
Staphylococcus spp. (29%). Gram-negative organisms
accounted for 21% and mycoses for 4% of the total iso-
lates. There were no patients with polymicrobial infection
in this study. Data were analyzed as of November 1, 2010.

Risk Factors

In the univanate analysis, nonmalignant disease, par-
ticularly AA, was associated with an increased risk of BSI
after HSCT in children, and was statistically significant
(Table 4). Another significant risk factor was the con-
ditioning regimen including antithymocyte globulin (ATG)
or excluding etoposide. Sex. stem cell source, timing of
HSCT, donor, and GVHD prophylaxis did not correlate
with the incidence of BSI. Although there tended to be an
association between age and acute GVHD (= grade IT) with
BSI, this was not statistically significant. In the multivanate
analysis, nonmalignant disease (hazard ratio, 6.292; con-
fidence interval, 1.368-12.821; P = 0.012) remained a risk
factor for BSI, whereas there was no association between
the conditioning regimen and BSI (Table 5).

DISCUSSION

After HSCT, patients often develop infectious com-
plications due to the functional defects in anti-infective
mechanisms. Some of these defects, such as profound
neutropenia, and the mucosal changes in the oropharynx
and gastrointestinal tract, are specifically related to the
conditioning regimen, whereas others are generally asso-
ciated with the presence of GVHD, drugs used in GVHD
control, and the presence of an indwelling CVC throughout
the treatment period.
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TABLE 2. Clinical Features of Patients With BSI

Age Sex SCT Donor Disease Conditioning GVHD Prophylaxis Onset (¢) Pathogens Survival

[ F A-PBSCT - ALL(CRY) BU + VPI6 + CY [ a-Streptococcus A

2 2 F R-BMT Sister ALL(CRD) BU + VP16 + CY CsA + shortMTX ] Serratic marscescens A

3 4 M R-BMT Mother WAS BU + CY + ATG CsA + shortMTX 25 Klebsiellu A

4 + M R-BMT Sister WAS BU + CY CsA + shortMTX 27 Staphylococcus aureus A

5 8 M R-BMT Sister ALL(CRY) TBI + VPi6 + CY CsA + shortMTX 7 Fusobacterium A

6 1 F  A-BMT - RMS(CR1) CBDCA + VP16 + THP + Mel = i S. aureus D (sepsis)

7 8 M U-BMT Unrelated AA TBI + CY + ATG CsA + shortM TX 4 8. epidermidis A

8 1 M R-BMT Father (1 locus mis) AA TLI+ CY + ALG CsA + shortMTX 4 a-Streprococeus A

9 18 F  U-BMT Unrelated AA TBI+ CY + ATG Tacro + shortMTX 2 a-Streptococeus D {EBV-LPD)
10 18 ™M R-PBSCT Brother AA TBI+ ALG 29 Aspergitlus D (Aspergillosis)
11 17 M U-BMT Unrelated AMUL(CRD) TBI + Mel Tacro + shortMTX 18 S. epidermidis D {cGVHD)
12 4 M R-CBSCT  Sister (1 locus mis) AML(CR2) BU + Mel CsA + mPSL 63 S. epidermidis A

13 8 M U-CBSCT Unrelated (1 focus mis) IMML(CP2) TBI+ VPI6 + CY CsA + mPSL 3 S. pneumoniae D (meningitis)
4 2 M R-CBSCT Sister IMML(CPY) BU + FLU + Mel non prophylaxis 4 S. epidermidis A

1S 5 ™M R-BMT Sister AA CY + ATG CsA + shortMTX 8 S. epidermidis A

16 9 F R-BMT Father (1 locus mis) ASPS(non-CR) TBI + FLU + Mel Tacro + shortMTX 17 Enterococcus faeciwn D (aGVHD)
17 3 M U-BMT Unrelated (1 locus mis) AA TBI + CY + ATG Tacro + shortMTX 38 a-Streprococcus A

18 4 F  U-BMT Unrelated (I locus mis) AA TAL+ FLU + CY + ATG  Tacro + shortMTX 12 a-Streptococcus A

19 8 M A-BMT e ALL (CR2) TBI + CY o 8 S. epidermidis A
20 1 F o U-CBSCT Unrelated (1 locus mis) LCH(mon-CR) TBI + CY CsA + PSL i3 S. epidermidis D (sepsis)
21 15 M A-PBSCT medulloblustoma (non-CR) TBI+Met -3 P. aeruginosa D (VOD)
22 5 F  U-CBSCT Unrelated (I locus mis) ALL (CR2) TBI + VPiI6 + CY CsA + mPGL 87 S. aureus D (relapse)
23 4 M R-BMT Brother Pure red cell aplasia BU + CY + ATG Tacro + shortMTX 94 Corynebacterium /

24 6 M R-BMT Brother IMML (CP1) BU + FLU + Mel CsA + shortMTX 3 Enterobacter cloacae A

Lungerhuns cell histioeytosis: Mel, melphabin: MTX, methotréxate; PSL, préduisolone; R-BMT, re «mi boine martow trinsplantation; R-CH

aGVHD indicites acute graft versus host disease; A, aliver AAC aplustiv anemia: A-BMT, autvlogons bone marrow transplmtation; ALG, satilymphocyte globulin: ALL, seute lymphocytic feukemiz AML, acuie
myclogenous lenkemia; A-FBSCT. avtologous peripheral blood stem coll trunsplantation; ASPS, alveolar soft purt sarcoma; ATG, antithymocyie globuling BU, busuifan; CBDCA, carboplutin; CF, chirowic phase: CR,
complete remission: CsA, eyclosporine: CY, s.wfupl'mxpmﬂ“miﬁf D deud; EBV-LPD, Epsicin-Bare virus associated Iymphoprolifetative disease: FLU, Hodarabine; !MM? fuvenile myclomonoeytic fenkemia; LOH,

T, velated cord blood stemcell transplentation; RMS, rhabdomyo-

surcoma; R-PBSCT, refuted periphieral blood stem cell transplantaiion: SCT, stem cell ransplantation; TAL thorseodbdominal freadiation; Taere, tadrolimis TBL total body feradiation, THP, piravubicin TLE totad
lymphoid irradiauon; U-BMT, mm.iami bong marrew transplantation;. LLOBSCT, unrelated cord blood siem coll transplantation; mis, mismatchy VOD, veno-occlusive disgase; VPI6, ctoposide; WAS, Wiskott-

Aldrich syndrome.
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FIGURE 1. Overall Kaplan-Meier analysis of survival after HSCT.
Survival rates were similar for patients with and without BSI
(58.3% vs. 59.2%, respectively; P=0.471).

Previously, the incidence of post-HSCT BSI in chil-
dren in the early posttransplant period was reported to be
25% to 30%."* Romano and colleagues reported a higher
incidence of BSI with allogeneic rather than with autolo-
gous stem cell transplantation. In contrast, Kersun et al®
reported that race, notably Hispanic and Asian, was the
only factor associated with early BSI; however. detailed
analyses, including underlying disease, were not recorded.

In our study, the incidence of BSI was less than that in
previous reports. This finding could not be attributed to
any obvious reason. However, in Japan, many patients with
leukemia and solid tumors are hospitalized for chemo-
therapy. The average hospitalization period of acute lym-
phocytic leukemia and acute myelogenous leukemia is 5
and 7 months, respectively; therefore, infection control
before HSCT was better implemented in our patients than
in those of previous reports. So we could identify the novel
risk factors for BSI after HSCT in these patients.

We found that the risk factors for BSI after HSCT in
children were nonmalignant disease (AA and WAS), ATG
regimens, and nonetoposide regimens in univariate anal-
ysis. These factors were not identified in previous reports.
AA ischaracterized by pancytopenia, which can result from
direct destruction of hematopoietic progenitors, disruption
of the marrow microenvironment, or immune-mediated
suppression of marrow elements. HSCT is the initial

TABLE 3. Organisms Causing BSI

Qrganism Frequency (%)

Gram-positive organisms

S. epidermidis 7(29)
w-Sireptococcus 520
S. aureus 3(13)
S, preumonia 1@
Corynebacterivm spp. 1 (4)
Gram-negative organisms
P. aeruginosa 1(4)
Serratic marscescens 1(4)
Escherichia coli I (4)
Klebsiella spp. O]
Fusobacrerium spp. (NG}
Enterobacter cloacar I (4)
Fungi
Aspergillus spp. 1 (4)
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TABLE 4. Univariate Analysis of Risk Factors

BSI No BSI
Factor {n =24) {n = 253) P
Sex 0.665
Male 16 154
Female 8 99
Age {median) 4.5 9.0 0.057
SCT 0.762
BMT 16 150
BMT + PBSCT 0 9
PBSCT 3 38
CBSCT 5 56
First SCT 21 227 0.726
Second SCT 3 26
Donor 0.623
Autologous 4 47
Related 12 101
Unrelated 8 105
Parent 3 17 0.394
Alternative donor 9 22 0.393
Disease 0.016
Malignant 14 205
Nonmalignant 10 48
Yeuar 0.835
-2000 11 122
2001- 13 131
Conditioning
TBI 13 116 0.522
BU 8 75 0.816
Melphalan 7 3 0.822
ATG 9 47 0.035
CY 16 147 0.517
etoposide 6 123 0.032
Reduced intensity 6 42 0.207
conditioning
GVHD prophylaxis
CsA 12 150 0.394
Tacrolimus 6 37 0.232
MTX 14 146 1.000
mPSL 4 54 0.794
aGVHD (z grade 1) 2/20 57/206 0.105
Relapse 4 74 0.190
Dead 10 96 0.420
Engraftment 21 233 0.436
Mean time to engraftment 17.87 18.95 0.325
@

Stausticully significant P-values are in bold.

aGVHD indicates acute graft versus host disease; ATG, antithymocyte
globulin; BMT, bone marrow transplantation; BSI. bloodstream infection;
BU, busulfan; CBSCT, cord blood stem cell transplantation; CsA, cyclo-
sporine A; GVHD, graft versus host disease; CY, cyclophosphamide; mPSL,
methylprednisolone; MTX, methotrexate; PBSCT, peripheral blood stem
cell transplantation; SCT, stem cell transplantation; TBI, total body
irradiation,

treatment of choice for patients with severe or very severe
AA and in most patients with neutropenia. The risk of
infection is determined by the patient’s neutrophil and
monocyte counts®’ and the duration of granulocytopenia ®
WAS, an X-linked recessive syndrome, is characterized by
atopic dermatitis, thrombocytopenic purpura with normal-
appearing megakaryocytes but small defective platelets, and
undue susceptibility to infection. Both diseases are char-
acterized by quantitative or qualitative abnormalities of
anti-infective mechanisms. Control of infection is difficult
despite hospitalization for the treatment of both diseases;
therefore, AA and WAS may be risk factors for BSI in our
study. The number of other immunodeficiency patients was
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TABLE 5. Multivariate Analysis of Risk Factors

Factor HR P CI

Disease (nonmalignant) 6.292 0.012 1.368-12.821
Without etoposide 0.656 0.418 0.212-1.904
ATG 0.126 0.723 0.421-3.483

Statistically significant P-values are in bold.
ATG indicates antithymocyte globulin; CI, confidence interval; HR,
hazard ratio.

smaller, so there may be no significant differences between
them. In contrasi. the use of ATG for immunosuppression
has a strong influence on the incidence of infectious com-
plications.? In the univariate analysis, ATG regimen was
one of the risk lactors for BSI, as we expected. However, in
the multivariate analysis, the risk factor for BSI was only a
nonmalignant disease comprising AA. We hypothesize that
occurrence of ATG as a significant risk factor only in the
univariate analysis could be because a high proportion of
AA patients received ATG in the conditioning regimen.

The most commonly identified organisms in this pop-
ulation were gram-positive cocci, which corresponds with
previous reports for both children and adults.»>10-16 S opi
dermidis is one of many recognized species of CNS affecting
or colonizing the human skin, throat, mouth, vagina, and
urethra. CNS have been identified to cause infections in
patients with indwelling foreign devices, such as CVC. The
second most common pathogen was o-Streptococcus. A
previous report has suggested that empirical treatment with
vancomycin before confirmation of positive cultures of «-
Streptococcus was associated with a trend for decreased
mortality.)”” Recently, multiple reports have documented
gram-positive cocel as the most commonly diagnosed
organism in pediatric patients with hematological disease.

In our study, 1 patient {case 13) experienced S. pnew-
monige BSI and meningitis, and died on day 6 after HSCT.
Pneumococcal infection (PT) is the most common bacterial
pathogen, and may cause lethal bacterial infections in late-
onset PI after transplantation.'® In many HSCT patients,
functional hyposplenism was seen because of total body
irradiation or other conditioning regimens.'-'® Notably, this
patient received a second HSCT. which is significant for P1.

Ancther important observation is that there was no
significant difference in the overall survival of the transplant
recipients with and without BSI in the first 100 days after
HSCT. Poutsiaka et al'? reported that BSI after HSCT is
associated with increased mortality. In contrast, most of the
patients in our study were able to overcome the infection; in
addition, there were fewer malignancies in these patients.
These factors may result in similar overall survival for our
patients with or without BSI.

We have presented a multicenter risk factor analysis
for BST after HSCT in pediatric patients. The incidence of
BSI was less than that in previous reports, and we found
that nonmalignant diseases (AA and WAS), ATG regi-
mens, and nonetoposide regimens were the novel risk fac-
tors for BSI in the early period after HSCT. The clinician
should particularly consider pediatric patients associated
with these factors to have 4 higher risk of BST after HSCT,
and thus, plan management strategies accordingly.
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Ubiquitination, one of the posttranslational modifications, appears to be involved in the transcriptional
activity of nuclear receptors including retinoic acid receptor o (RARa). We previously reported that an
E3 ubiquitin ligase, TRIM32, interacts with several important proteins including RARo and enhances tran-
scriptional activity of RARo in mouse neuroblastoma cells and embryonal carcinoma cells. Retinoic acid

Keywords: (RA), which acts as a ligand to nuclear receptors including RARq, plays crucial roles in development, dif-
Promyelogenous leukemia ferentiation, cell cycles and apoptosis. In this study, we found that TRIM32 enhances RARo-mediated
::kgg transcriptional activity even in the absence of RA and stabilizes RARx in the human promyelogenous leu-
TRIM32 kemic cell line HL60. Moreover, we found that overexpression of TRIM32 in HL60 cells suppresses cellular
Ubiquitin proliferation and induces granulocytic differentiation even in the absence of RA. These findings suggest

that TRIM32 functions as one of the coactivators for RARa-mediated transcription in acute promyeloge-

nous leukemia (APL) cells, and thus TRIM32 may become a potentially therapeutic target for APL.
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1. Introduction

Acute promyelogenous leukemia (APL) is a highly malignant
subtype of leukemia because of its potentially life-threatening
hemorrhagic events due to disseminated intravascular coagulation
[1]. One of the most common chromosomal translocations in APL is
t(15;17)(g22;q21) resulting in expression of the leukemic-specific
chimeric fusion protein PML-RARa [2]. However, the appearance of
the differentiating agent all-trans retinoic acid (ATRA), an isoform
of retinoic acid, has dramatically improved prognosis of APL [3].
Actually, ATRA likely targets PML-RARx gene fusion protein for deg-
radation. Since ATRA therapy showed a high complete remission
rate in patients with primary APL and relapsed patients, differenti-
ation therapy with ATRA has now become an established method
of treatment in APL [4]. However, the detailed molecular mecha-
nism of ATRA action in APL has not been fully understood.

ATRA plays crucial roles in cell proliferation [5], differentiation
[6], tumorigenesis, and in regulation of apoptosis [7]. The biologi-
cal effects of ATRA are mediated by two types of nuclear receptors:
retinoic acid receptors (RARs) and retinoid X receptors (RXRs).
Retinoic acid binds to a transcription complex composed of RARs
and RXRs, and the heterodimeric pair binds to a specific DNA
sequence called a retinoic acid-response element (RARE) [8]. It
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has been reported that RARs and their fusion proteins such as
PML-RARa protein in APL are degraded by the ubiquitin-
proteasome pathway [9], which possibly inhibits the complete dif-
ferentiation of leukemic cells in response to ATRA. On the other
hand, there are several reports that ubiquitin-mediated degrada-
tion of short-lived regulatory proteins including cell cycle regula-
tory proteins is essential for ATRA-induced proliferation or
differentiation [10,11].

Ubiquitination is a pivotal posttranslational modification sys-
tem used by eukaryotic cells [12]. It has been reported that gene
activities of some nuclear receptors, such as RARs [9,13,14], estro-
gen receptor [15] and androgen receptor [16,17], are modulated
strictly by the ubiquitin-proteasome system, and ubiquitination
of those transcriptional factors plays a role not only in the degrada-
tion signal but also in the activation signal at a certain transcrip-
tional stage. Tripartite motif (TRIM) proteins are characterized by
the presence of a RING finger, one or two zinc-binding motifs called
B-boxes, and an associated coiled-coil region (RBCC) [18-20]. It has
been reported that TRIM32 has an E3 ligase activity for actin [21],
Piasy [22], dysbindin [23], Abi-2 {24], and Argonaute-1 {25]. Point
mutation of human TRIM32 has been reported in two genetic disor-
ders: limb-girdle muscular dystrophy type 2H (LGMD2H) [26,27]
and Bardet-Biedl syndrome (BBS) [28]. We previously showed that
TRIM32 is one of the regulators of RARa by using a comprehensive
luciferase reporter assay for RARE in neuroblastoma cells [29]. Fur-
thermore, it is important to clarify TRIM32-mediated RARa activity
not only in neural differentiation but also in hematopoiesis and
leukemogenesis.
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In this study, with the aim of elucidating the molecular function
of TRIM32 in promyelogenous leukemic cell differentiation, we
analyzed the function of TRIM32 in RARa regulation in the human
promyelogenous leukemic cell line HL60. We showed that TRIM32
suppresses cellular proliferation of HL60 cells via transcriptional
activation of RARo. We found that TRIM32 acts as a coactivator
of RARa not only in neural cell lines but also in human APL cell
lines and that overexpression of TRIM32 promotes APL cell differ-
entiation without ATRA, suggesting that TRIM32 is one of the key
regulators for APL cell differentiation.

2. Materials and methods
2.1. Cell culture and treatment

HL60, K562, CMK, HEL, KG-1, NKM-1, Namalwa and Jurkat cells
(ATCC) were cultured under an atmosphere of 5% CO, at 37 °C in
RPMI 1640 medium (Sigma) supplemented with 10% fetal bovine
serum (Invitrogen). HeLa cells (ATCC) were cultured by the same
method in DMEM (Sigma) supplemented with 10% fetal bovine ser-
um (Invitrogen). All-trans retinoic acid (Sigma) was dissolved in di-
methyl sulfoxide.

2.2. Cloning of cDNA and plasmid construction

Human TRIM32 and RARx ¢DNA was isolated and subcloned as
previously described [29]. Retinoic acid reporter-luciferase (RAR-
Luc) was kindly provided by Dr. Kondo (Hokkaido University).

2.3. Transfection and immunoblot analysis

HL60 cells were electroporated with linearized pCAG-puro-
FLAG-TRIM32 plasmid at 275V and 950 pF once by using Gene
Pulser X cell (Bio-Rad Laboratories). HEK293T cells were trans-
fected by the calcium phosphate method. These cell lines were
lysed in a solution containing 50 mmol/L Tris-HCl (pH 7.4),
150 mmol/L NaCl, 1% Nonidet P-40, leupeptin (10 pg/mL),
1 mmol/L phenylmethylsulfonyl fluoride, 400 pmol/L Na3VOy,
400 pmol/L EDTA, 10 mmol/L NaF, and 10 mmol/L sodium pyro-
phosphate. The cell lysates were centrifuged at 16,000g for
15 min at 4°C and then boiled in SDS sample buffer. Immuno-
blot analysis was performed with the following primary antibod-
ies: anti-FLAG (1 pg/mL; M2 or M5, Sigma), anti-HA (1 pg/mL;
HA11, Covance), anti-TRIM32 (mouse polyclonal, Abnova), anti-
Hsp90 (1 pg/mL; 68, Transduction Laboratories), anti-p-actin
(0.2 pg/ml; AC15, Sigma), anti-c-Myc (1 pg/ml; 9E10, Covance)
and anti-RARa (Rabbit polyclonal, Cell signaling,). Immune com-
plexes were detected with horseradish peroxidase-conjugated
antibodies to mouse or rabbit IgG (1:10,000 dilutions, Promega)
and an enhanced chemiluminescence system (GE Healthcare Bio-
science Corp).

2.4. Dual-luciferase assay

Cells were seeded in 24-well plates at 1 x 10° cells per well
(HEK293T and Hela cells) and incubated at 37 °C with 5% CO, for
48 h. Retinoic acid reporter-luciferase (RAR-Luc) plasmid was
transfected with TRIM32 and/or RARo expression vectors into
HelLa cells using Fugene HD reagent (Roche). Transfected cells were
incubated in DMEM (Sigma) supplemented with 10% fetal bovine
serum (Invitrogen) for 24h and then incubated with ATRA
(1 uM) for 24 h, harvested, and assayed for luciferase activity with
a Dual-Luciferase Reporter Assay System (Promega). The lumines-
cence was quantified with a luminometer (Promega).
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2.5. Cell differentiation assessment and immunofluorescence staining

Smears of mock and TRIM32-transfected HL60 cells were
stained with May-Griinwald solution (Merck) for 2 min, rinsed
with distilled water, and stained with Giemsa solution (Sigma)
for 10 min. Slides were rinsed with distilled water again and air
dried. Cell morphology was observed by light microscopy (LABOP-
HOT, Nikon) under immersion. HL60 cells expressing FLAG-tagged
TRIM32 were fixed for 10 min at room temperature with 2% form-
aldehyde in PBS and then incubated for 1 h at room temperature
with a primary antibody to FLAG (Rabbit polyclonal, Sigma) or
human CD11b (mouse monoclonal, eBioscience) in phosphate-
buffered solution (PBS) containing 0.1% bovine serum albumin.
They were then incubated with Alexa488-labeled goat polyclonal
antibody to rabbit immunoglobulin or Alexa546-labeled goat poly-
clonal antibody to mouse immunoglobulin (Molecular Probes) at a
dilution of 1:1000 and stained with Hoechst33258. The cells were
covered with a drop of VECTASHIELD (VECTOR) and then photo-
graphed with a CCD camera (DP71, Olympus) attached to an
Olympus BX51 microscope.
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Fig. 1. TRIM32 enhances RARo~mediated transcriptional activity without ATRA. (A)
TRIM32 enhances RARa-mediated transcriptional activity in a dose-dependent
manner. Expression vectors encoding RARx and TRIM32 or an empty vector with an
RAR luciferase reporter vector (RAR-Luc) were transfected into Hela cells, and then
the cells were incubated in a culture medium for 24 h. The cells were incubated
with or without ATRA (1 uM) for 24 h and then collected and assayed for luciferase
activity. Data are means  SD of values from three independent experiments. P
values for the indicated comparisons were determined by Student’s ¢ test. (B)
TRIM32 facilitates RARo-mediated transcriptional activity in a dose-dependent
manner without ATRA. RAR-Luc and expression vectors encoding RARa and
different amounts of TRIM32 were transfected into Hela cells. Transfected cells
were incubated for 24 h and then incubated without ATRA (1 uM) for 24 h. The cells
were then harvested and assayed for luciferase activity.
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2.6. Statistical analysis

Student’s t-test was used to determine the statistical signifi-
cance of experimental data.

3. Results
3.1. TRIM32 facilitates transcription activity of RARo without ATRA

To determine whether TRIM32 enhances RARo-mediated tran-
scription also in human epithelial carcinoma cell lines, we per-
formed a luciferase reporter assay using an RAR promoter-driven
luciferase construct (RAR-Luc) in Hela cells (Fig. 1A). A TRIM32
expression vector and RAR-Luc were transfected, and luciferase
activity was measured with or without ATRA. The luciferase repor-
ter assay showed that TRIM32 facilitates ATRA-dependent RARo~
mediated transcriptional activity in a dose-dependent manner in
Hela cells as was found in our previous study using neuroblastoma
cells {29] (Fig. 1A). Furthermore, to determine whether TRIM32 in
RARa-mediated transcription is dependent on ATRA, we performed
a luciferase reporter assay using RAR-Luc without ATRA in Hela
cells. The luciferase reporter assay showed that TRIM32 signifi-
cantly activates RARa-mediated transcription even without ATRA
(Fig. 1B), suggesting that TRIM32 induces differentiation of promy-
elocytic leukemia cells without ATRA.
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3.2. TRIM32 stabilizes the expression level of RARo

It has been reported that TRIM32 mRNA is expressed in skeletal
muscle and in the heart and brain [26]. To clarify the expression
profiles of TRIM32 in human leukemic cell lines, we compared
the protein levels of TRIM32 by immunoblot analysis in different
types of human leukemic cell lines including promyelocytic leuke-
mia cell line HL60, erythroleukemia cell lines K562 and HEL,
megakaryocytic leukemia cell line CMK, acute myelogenous leuke-
mia cell lines KG-1 and NKM-1, Burkitt lymphoma cell line
Namalwa and T-cell leukemia cell line Jurkat (Fig. 2A). Immunoblot
analysis showed that TRIM32 is expressed in various leukemic cell
lines regardless of the origins, whereas RAR is highly expressed in
promyelocytic leukemia (HL60), erythroleukemia (K562 and HEL)
and lymphoblastic leukemia cell lines (Namalwa and Jurkat).

We previously showed that overexpressed TRIM32 physically
interacts with RAR« in vivo and stabilizes the expression level of
RARa in Neuro2a cells and mouse embryonic carcinoma cell line
P19. Immunoblot analysis was performed to verify that TRIM32
stabilizes the expression level of RARa not only in neural cell lines
but also in HL60 cells without ATRA. An expression vector encod-
ing FLAG-tagged TRIM32 was transiently expressed in HL60 cell
lines by electroporation and then immunoblot analysis was per-
formed to evaluate the expression level of endogenous RARa.
Immunoblot analysis showed that endogenous RARa was more
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Fig. 2. TRIM32 stabilizes expression levels of RARa. (A) Expression levels of TRIM32 in various human leukemia cell lines. Cell lysates from human leukemia cell lines HL60,
K562, CMK, HEL, KG-1, NKM-1, Namalwa, and Jurkat were subjected to immunoblot (IB) analysis with anti-TRIM32, anti-RARa and anti-Hsp90 antibodies. (B) TRIM32
stabilizes expression levels of endogenous RARc. Immunoblot analysis showed expression levels of endogenous RARa in HL60 cells in which FLAG-tagged TRIM32 had been
transfected and in mock cells without ATRA. Anti-Hsp90 antibody was used as an internal control. (C) Immunoblot analysis of endogenous TRIM32 and RARa after induction
of ATRA in HLGO cells. HL60 cells were seeded at 1 x 10° cells in 60-mm dishes and cultured with ATRA (1 pM). Immunoblot analysis with anti-TRIM32 antibody and anti-

RARa antibody was performed at the indicated times after seeding. Anti-B-actin antibody was used as an internal control.
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