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This suggests that Bmil was needed for cell proliferation. In contrast, a higher percentage of Bmil-negative cells were in the Go/Gy phase.

positive cells in the S + G,/M phase was higher than the
percentage of Bmil-negative cells in the same phase.

Our results showed that Mel-18 and Bmil rarely coexist
in the nucleus of murine marrow cells. These results
support the hypothesis that the unique expression of Bmil
or Mel-18 in early hematopoietic progenitor cells may
represent their different functions in hematopoiesis.

Knockdown of PcG gene expression by siRNA

The siRNA approach was applied to analyze the influence
of the expression of bmil and/or mel-18 on murine hemato-
poietic cell function. Bone marrow cells were cultured for
48 hours, which was followed by the addition of siRNAs
against bmil and/or mel-18. Results of the introduction of
siRNAs are shown in Figure 3A. Addition of siRNAs
against bmil caused approximately 60% to 70% decrease
in bmil expression, while that of siRNAs against mel-18
did not affect the bmil expression. Further, with regard
to bmil expression, the combined effect of siRNAs against
bmil and mel-18 was similar to that of siRNAs against
bmil. In contrast, the addition of siRNAs against mel-18

caused approximately 50% decrease in mel-18 expression,
while the addition of siRNAs against bmil did not affect
mel-18 expression. Thus, the siRNA approach ensured
that the expression of each PcG gene in murine bone
marrow cells was limited to at least 50%.

The major bmil target is the ink4alarflocus, and the ink4a
gene has been shown to be located downstream of bmil [18].
Therefore, we analyzed the ink4a expression in the murine
bone marrow cells that were exposed to each of the siRNAs.
Exposure of the cells to the siRNAs against bmil led to an
increase in ink4a expression (Fig. 3B).

In vitro and in vivo assays of PcG gene-knockdown cells

The colony-forming activity of the murine bone marrow
cells that had undergone knockdown of PcG gene expres-
sion was assessed in methylcellulose culture. The
secondary CFC assay is used as an easy approach for inves-
tigating stem-cell functions [19]. Because the secondary
CFCs are quite immature, we performed the assay by re-
plating aliquots of cells obtained from complete primary
colonies. The culture procedure is illustrated in
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Figure 3. Knockdown of PcG gene expression and cell function in vitro. Lane 1, no small interfering RNA (siRNA); lane 2, bmil siRNA; lane 3, mel-18
siRNA; lane 4, bmil and mel-18 siRNAs. (A) Efficiency of gene knockdown was measured with quantitative reverse transcriptase polymerase chain reaction.
Expression of the GAPDH gene was used as an endogenous control. The ratio of each gene knockdown is plotted on the y-axis, and the corresponding gene is
plotted on the x-axis. Expressions of both bmil (left panel) and mel-I8 (right panel) are shown. Gene expression in the marrow cells possibly decreased to at
least 50% due to knockdown by siRNA. (B) siRNAs against bmil increased the expression of the ink4a gene. (C) Basic experimental design of the siRNA
experiments, siRNA agents were applied during the first 48 hours of culturing. (D) Methylcellulose colony assay was performed using marrow cells in which
the expression of each gene was knocked down. There were no significant differences between the groups. However, the number of secondary colonies
formed from mel-18 knockdown cells was significantly higher than those formed from bmil knockdown cells (0.51 £ 0.18 vs 0.23 = 0.17 colonies per
1,000 primary colony-forming cells [CFCsl). The secondary colony-forming activity in mel-18 knockdown cells was not restored by the addition of siRNAs
against bmil.
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Figure 4. Knockdown of PcG gene expression and cell function in vivo. When no small interfering RNA (siRNA) agents were applied and equal numbers of
Ly5.1 and Ly5.2 cells were transplanted, the percentages of Ly5.1- and Ly5.2-derived cells in the peripheral blood were equal. Equal numbers of the bmil
knockdown and mel-18 knockdown cells (2 x 10° cells) were transplanted into mice irradiated with a dose of 9 Gy. Peripheral blood was collected 16 weeks
after transplantation, The representative fluorescein-activated cell sorting profiles are shown. We observed a large percentage of cells derived from the mel-18

knockdown marrow cells. BMT = bone marrow transplantation.

Figure 3C. As shown in Figure 3D, there were no signifi-
cant differences between the numbers of primary colonies
formed. However, the number of secondary colonies
formed from mel-18 knockdown cells was significantly
higher than those formed from bmil knockdown cells
(0.51 = 0.18 vs 0.23 = 0.17 colonies per 1,000 primary
CFCs). The effect of secondary colony-forming activity in
the mel-18 knockdown cells was not restored by the addi-
tion of siRNAs against bmil. Because the effects of gene
knockdown by siRNA do not persist for more than a few
days, we considered that the fate of the bone marrow cells
was decided during the 48-hour incubation with siRNAs.
For functional evaluation of HSCs, murine bone marrow
cells that were exposed to siRNAs against bmil and/or mel-
18 for 48 hours were transplanted into irradiated recipient
mice. The Ly5.1 and Ly5.2 mice and the F1 mice, which
are hybrids of the Ly5.1 and Ly5.2 mice, have been used
for HSC-transplantation experiments [20-23]. F1 mice
were used as the recipient mice. After transplantation, we
determined the number of blood cells derived from the
mice. Peripheral blood samples were collected 16 weeks
after transplantation, and the percentage of donor cells

was evaluated using flow cytometry. The representative
fluorescein-activated cell sorting profiles are shown in
Figure 4. When equal numbers of Ly5.1 and Ly5.2 cells
exposed to control siRNA were transplanted, similar
percentages of LyS5.1- and Ly5.2-derived cells were de-
tected in the peripheral blood. However, the transplantation
of PcG-knockdown cells yielded intriguing data. When the
bone marrow cells exposed to siRNAs against bmil were
transplanted, we observed a small percentage of cells
derived from the bmil knockdown cells. In contrast, when
the bone marrow cells exposed to siRNAs against mel-18
were transplanted, we observed a relatively large
percentage of cells derived from the mel-18 knockdown
cells. These results suggest that expression of the PcG
genes—bmil and mel-18—is involved in the reconstitution
activity of hematopoietic cells.

Balance in Bmil and Mel-18
in human bone marrow cells
Expression of Bmil and Mel-18 proteins in human bone
marrow cells obtained from healthy volunteers was exam-
ined by flow cytometry. Figure SA shows a representative
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Figure 5. Balance between Bmil and Mel-18 expression in human bone marrow cells. (A) Typical flow-cytometric profiles of human bone marrow cells
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cells were distinguishably separated from the Mel-18—positive and Bmil-negative cells.

flow-cytometric analysis of human bone marrow cells
stained with Bmil-PE and Mel-18-Alexa Fluor 488. We
observed that only a few human cells were positive for
both Bmil and Mel-18, which was similar to the observa-
tions in case of mice cells. To study the expression of
Bmil and Mel-18 in primitive hematopoietic cells, the
human bone marrow cells were gated for CD34-positive
cells. As shown in Figure 5B, the CD34-positive cells had
* either Bmil or Mel-18. In the CD34-positive fraction, the
percentages of double-positive cells and double-negative
cells were quite low.

Expression of bmil and mel-18 genes in each lineage

It has been reported that bmil expression is upregulated in
the earlier stages of human and murine hematopoietic cell
differentiation, while the expression of mel-18 increases

in the later stages of differentiation [24,25]. We examined
the expression of bmil and mel-18 in each stage of hemato-
poietic cell differentiation by using real-time RT-PCR. As
indicated in the previously mentioned reports, the expres-
sion of bmil increased in primitive hematopoietic cells,
and the expression of mel-18 increased in the differentiated
hematopoietic cells (Fig. 6A).

In order to determine the clinical application of these
results, we examined the expression ratio of bmil and
mel-18 in the hematopoietic transplantation source. We
used the residual cells in the blood bags obtained in 22
cases of allogeneic bone marrow transplantation at our
hospital. Each case is summarized in Table 1. The expres-
sion patterns of bmil and mel-18 indicated that use of trans-
plantation sources with a low bmil to mel-18 ratio was
associated with significantly early hematopoietic recovery
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(p = 0.0015) (Fig. 6B). According to our data, expression
patterns of the PcG genes are more reliable than the number
of CD34-positive cells for predicting hematopoietic

recovery (Suppl. Fig. S2).

Discussion

The mel-18 and bmil genes are members of the mammalian
PcG gene family, and their protein products, together with
M33, Rae28/Mph-1, and Scmhl, are constituents of
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Table 1. The diseases and conditioning regimens of the patients who
received bone marrow transplantation®.

Diseases n %o Conditioning

Aplastic anemia 6 27 Flu, CPM, ATG, TLI

Acute lymphocytic leukemia 6 27 L-PAM, AraC, CPM, TB1

Acute myeloid leukemia 3 14 L-PAM, TBI

Chronic granulomatous disease 4 8 Flu, CPM, ATG, TLI

Familial hemophagocytic 1 5 Flu, L-PAM
lymphohistiocytosis

Myelodysplastic syndrome 1 5 Fly, L-PAM

Rhabdomyosarcoma 1 5 TEPA, L-PAM

Total 22 100

AraC = cytarabine; ATG = antithymocyte globulin; CPM = cyclophospha-
mide; Flu = fludarabine; L-PAM = melphalan; TBI = total body irradiation;
TEPA = triethylene thiophosphoramide; TLI = total lymphoid irradiation.
"Median age: 13 years (range, 0 —29 years); gender: 13 male and
8 female.

mammalian PRC1 [9-13,26]. Studies on early develop-
ment in Drosophila have suggested that a transition from
PRC2 to PRCI1 may occur during development [27]. The
PcG complexes are associated with and directly involved
in the modification of the histone tails and the chromatin
structure [28]; further, they play a role in the silencing
and stabilization of chromatin [29,30]. While PcG regulates
the inactive state of the homeotic gene, the Trithorax group
(TrxG) regulates the active state of the gene [31-33]. In
other words, TrxG and PcG act reciprocally in the transcrip-
tional regulation of gene function in cells, with the former
performing a positive function and the latter, a negative
function. Bmil is the direct biological counterpart of the
mixed lineage leukemia gene, which is a member of the
TrxG group. When the Bmi-knockout mice are crossed
with mixed lineage leukemia—heterozygote mice, the hap-
loinsufficiency phenotype is completely reverted [34].
Bmil is essential for HSC self-renewal. The expression of
inkda and arf is increased in the hematopoietic cells of bmil-
deficient mice [5]. In a previous study, double deletion of
bmil and ink4alarf partially rescued the phenotypes observed
in bmil-deficient mice [18], suggesting that Inkda, Arf, and
p53 are downstream effectors of Bmil that are involved in regu-
lating the proliferation and survival of HSCs during self-renew-
ing cell divisions [35]. Moreover, the bmil/ink4a/arf-mutant
mice exhibit substantial recovery of hematopoietic cells [36].
In contrast, it is known that Mel-18 regulates cell cycle in breast
cancer cells via cyclin D2 [37]. Recently, it has been reported
that although Mel-18 is a PRC1 component similar to Bmil,
it regulates the cell cycle without associating with the Ink4a/
Arf signals [38]. Moreover, in our study, a decrease in bmil
expression in murine bone marrow cells, which was induced
by the addition of siRNAs against bmil, was associated with
an increase in ink4a expression, but a decrease in mel-18 expres-
sion did not lead to any changes in the ink4a expression. Mel-18
is an important molecule involved in the differentiation of
HSCs, and HSC differentiation is limited to mel-18—deficient
mice [8]. Bmil and Mel-18 share the same structure, including

the RING finger motif [14]. Bmil and Mel-18 may compete
when they are incorporated in complexes. Recently, it has
been reported that Mel-18 is a physiological regulator of
Bmil expression in fibroblasts and epithelial cells [39]. The
authors have suggested that this relationship between Bmil
and Mel-18 expression may persist in other cell types. In the
present study, we noted the existence of areciprocal relationship
between Bmil and Mel-18 in HSCs.

In addition to these transcriptional regulators, several
systems with important factors, such as the Wnt, bone
morphogenetic protein, Sonic hedgehog, and Notch path-
ways, have been proposed to be involved in the regulation
of HSC self-renewal [40—43]. Signal transduction from the
extracellular molecules is an indispensable factor in the
self-renewal of HSCs. A partial crosslink may exist
between the Notch and Wnt pathways [44]. In addition,
there may be several other unknown cross-links in cellular
signal transduction. We believe that the reciprocal expres-
sion of PcG proteins and the abovementioned signal trans-
ductions from extracellular molecules overlap at some point
and regulate the fate of HSCs.

The findings of PcG gene balance in human bone marrow
cells have considerable clinical significance. These findings
can form the basis for assessments of hematopoietic recovery
after bone marrow transplantation. For example, ahigh Bmil
to Mel-18 ratio of the sample cells will increase the time
required for complete engraftment. This could be attributed
to the comparatively higher number of undifferentiated cells
and the lower number of differentiating cells in such a sample.
Conversely, a low Bmil to Mel-18 ratio in the bone marrow
cells will correspond to early hematopoietic recovery
because of the relatively higher number of differentiated
cells. Thus, regular examination of PcG gene expression in
transplantation sources may provide crucial information for
clinical bone marrow transplantation.

Acknowledgments

This work was supported by a Grant-in-Aid for Scientific Research
(17790706) from the Ministry of Education, Culture, Sports,
Science and Technology of Japan (T. K.). We thank S. Nishimura
and T. Sato for their helpful discussion. We thank the Analysis
Center of Life Science, Hiroshima University, for allowing the use
of their facilities. No financial interest/relationships with financial
interest relating to the topic of this article have been declared.

References

1. Antonchuk J, Sauvageau G, Humphries RK. HOXB4 overexpression
mediates very rapid stem cell regeneration and competitive hemato-
poietic repopulation. Exp Hematol. 2001;29:1125-1134.

2. Antonchuk J, Sauvageau G, Humphries RK. HOXB4-induced expan-
sion of adult hematopoietic stem cells ex vivo. Cell. 2002;109:39-45.

3. Kros! J, Austin P, Beslu N, Kroon E, Humphries RK, Sauvageau G.
In vitro expansion of hematopoietic stem cells by recombinant
TAT-HOXB4 protein. Nat Med. 2003;9:1428-1432.

4. Ohta H, Sawada A, Kim JY, et al. Polycomb group gene rae?8 is
required for sustaining activity of hematopoietic stem cells. J Exp
Med. 2002;195:759-770.



866

5.

6.

11,

12.

18.

20.

21.

22,

23.

24.

25.

T. Kajiume et al./ Experimental Hematology 2009,37:857-866

Park I-K, Qian D, Kiel M, et al. Bmi-1 is required for maintenance of adult
self-renewing haematopoietic stem cells. Nature. 2003;423:302-305.
Iwama A, Oguro H, Negishi M, Kato Y, Nakauchia H. Epigenetic
regulation of hematopoietic stem cell self-renewal by Polycomb group
genes. Int J Hematol. 2005;81:294-300.

. Twama A, Oguro H, Negishi M, et al. Enhanced self-renewal of hema-

topoietic stem cells mediated by the Polycomb gene product Bmi-1.
Immunity. 2004;21:843-851.

. Kajiume T, Ninomiya Y, Ishihara H, Kanno R, Kanno M. Polycomb

group gene nel-18 modulates the self-renewal activity and cell cycle
status of hematopoietic stem cells. Exp Hematol. 2004;32:571-578.

. Alkema MJ, Bronk M, Verhoeven E, et al. Identification of Bmil-

interacting proteins as constituents of a multimeric mammalian
Polycomb complex. Genes Dev. 1997;11:226-240.

. Gunster MJ, Satijn DPE, Hamer KM, et al. Identification and charac-

terization of interactions between the vertebrate Polycomb-group
protein BMI1 and human homologs of polyhomeotic. Mol Cell Biol.
1997;17:2326-2335.

Hashimoto N, Brock HW, Nomura M, et al. RAE28, BMI1, and M33 are
members of heterogeneous multimeric mammalian Polycomb group
complexes. Biochem Biophys Res Commun. 1998;245:356-365.

Shao Z, Raible F, Mollaaghababa R, et al. Stabilization of chromatin
structure by PRCI, a Polycomb complex. Cell. 1999;98:37-46.

. Francis NJ, Saurin AJ, Shao Z, Kingston RE. Reconstitution of a func-

tional core Polycomb repressive complex. Mol Cell. 2001;8:545-556.

. Freemont PS, Hanson IM, Trowsdale J. A novel cysteine-rich

sequence motif. Cell. 1991;64:483-484.

. Tkuta K, Weissman IL. Evidence that hematopoietic stem cells express

mouse c-kit but do not depend on steel factor for their generation. Proc
Natl Acad Sci U S A. 1992;89:1502-1506.

. Li CL, Johnson GR, Murine hematopoietic stem and progenitor cells, I:

enrichment and biologic characterization, Blood. 1995;85: 14721479,

. Li CL, Wu L, Antica M, Shortman K, Johnson GR. Purified murine

long-term in vivo hematopoietic repopulating cells are not prothymo-
cytes. Exp Hematol. 1995;23:21-25.

Jacobs 11, Kieboom K, Marino S, et al. The oncogene and Polycomb-
group gene bri-/ regulates cell proliferation and senescence through
the ink4a locus. Nature. 1999;397:164-168.

. Buske C, Feuring-Buske M, Abramovich C, et al. Deregulated expres-

sion of HOXB4 enhances the primitive growth activity of human
hematopoietic cells. Blood. 2002;100:862-868.

Sudo K, Ema H, Morita Y, Nakauchi H. Age-associated characteristics
of murine hematopoietic stem cells. J Exp Med. 2000:;192:1273-1280.
Ema H, Takano H, Sudo K, Nakauchi H. In vitro self-renewal division
of hematopoietic stem cells. J Exp Med. 2000;192:1281-1288.

Ema H, Nakauchi H. Expansion of hematopoietic stem cells in the
developing liver of a mouse embryo. Blood. 2000,95:2284-2288.
Larsson J, Blank U, Klintman J, Magnusson M, Karlsson S. Quiescence
of hematopoietic stem cells and maintenance of the stem cell pool is not
dependent on TGF-8 signaling in vivo. Exp Hematol. 2005;33:592-596.
Lessard ], Baban S, Sauvageau G. Stage-specific expression of Polycomb
group genes in human bone marrow cells, Blood. 1998;91:1216-1224.
Hosen N, Yamane T, Muijtjens M, Pham K, Clarke MF, Weissman L.
Bmi-1-green fluorescent protein-knock-in mice reveal the dynamic
regulation of bmi-1 expression in normal and leukemic hematopoietic
cells. Stem Cells. 2007;25:1635-1644.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

43,

44.

Tagawa M, Sakamoto T, Shigemoto K, et al. Expression of novel
DNA-binding protein with zinc finger structure in various tumor cells.
J Biol Chem. 1990;265:20021-20026.

Schumacher A, Faust C, Magnuson T. Positional cloning of a global
regulator of anterior-posterior patterning in mice. Nature, 1996;383:
250-253.

Orlando V. Polycomb, epigenomes, and control of cell identity. Cell.
2003;112:599-606.

Orlando V, Paro R. Chromatin multiprotein complexes involved in the
maintenance of transcription patterns. Cuir Opin Genet Dev. 1995;5:
174-179.

Pirrotta V. Chromatin complexes regulating gene expression in
Drosophila. Curr Opin Genet Dev. 1995;5:466-472.

Lewis EB. A gene complex controlling segmentation in Drosophila.
Nature. 1978;276:565-570.

Kennison JA, Tamkun JW. Dosage-dependent modifiers of Polycomb
and Antennapedia mutations in Drosophila. Proc Natl Acad Sci U S A,
1988;85:8136-8140.

Paro R. Imprinting a determined state into the chromatin of
Drosophila. Trends Genet. 1990;6:416-421.

Hanson RD, Hess JL, Yu BD, et al. Mammalian Trithorax and poly-
comb-group homologues are antagonistic regulators of homeotic
development. Proc Natl Acad Sci U § A. 1999;96:14372-14377.
Park I-K, Morrison SJ, Clarke MF. Bmil, stem cells, and senescence
regulation. J Clin Invest. 2004;113:175-179.

Oguro H, Iwama A, Morita Y, Kamijo T, van Lohuizen M, Nakauchi
H. Differential impact of Ink4a and Arf on hematopoietic stem cells
and their bone marrow microenvironment in Bmil-deficient mice.
J Exp Med. 2006;203:2247-2253.

Chun T, Rho SB, Byun HJ, Lee JY, Kong G. The Polycomb group
gene product Mel-18 interacts with cyclin D2 and modulates its
activity. FEBS Lett. 2005;579:5275-5280.

Lee TY, Jang KS, Shin DH, et al. Mel-18 negatively regulates INK4-
alARF-independent cell cycle progression via Akt inactivation in
breast cancer. Cancer Res. 2008;68:4201-4209.

Guo WI, Daua S, Band V, Dimri GP. Mel-18, a Polycomb group
protein regulates cell proliferation and senescence via transcriptional
repression of Bmi-1 and c-Myc oncoproteins. Mol Biol Cell. 2007;
18:536-546.

Reya T, Duncan AW, Ailles L, et al. A role for Wnt signalling in
self-renewal of haematopoietic stem cells. Nature. 2003;423:409-414.
Bhardwaj G, Murdoch B, Wu D, et al. Sonic hedgehog induces the
proliferation of primitive human hematopoietic cells vie BMP regula-
tion. Nat Immunol. 2001;2:172-180.

. Zon LI Self-renewal versus differentiation, a job for the mighty

morphogens. Nat Immunol. 2001;2:142-143.

Stier S, Cheng T, Dombkowski D, Carlesso N, Scadden DT. Notchl
activation increases hematopoietic stem cell self-renewal in vivo and
favors lymphoid over myeloid lincage outcome. Blood. 2002;99:
2369-2378.

Espinosa L, Ingles-Esteve J, Aguilera C, Bigas A. Phosphorylation by
glycogen synthase kinase-38 down-regulates Notch activity, a link for
Notch and Wnt pathways. J Biol Chem. 2003;278:32227-32235.

Supplementary data associated with the article can be found
in the online version, at doi:10.1016/j.exphem.2009.04.011



T. Kajiume et al.! Experimental Hematology 2009;37:857-866 866.¢1

A B Lineage— Sca1t1t

sorted cells
fresh BM by magnetic sorting

<«
B 8
o 2-
F ] | o]
I v
< = J
28- g:'n
g £3
og- 83-
8] 83
e o]
P R T 1o DR AR TR LSK cells
Som—-- ———-
Lineage Lineage
“:°-- v ‘54 ' §-
%
287
]
S8
o~
2]
e T T T e T T T
10 0! 102 100 et 100 10! 162 108 1o¢

cKit cKit
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Supplementary Figure S2. Relationship between the number of infusion
cells and hematopoietic recovery after transplantation. The number of
infused marrow cells or infused CD34-positive cells is plotted on the x-
axis, and the day of hematopoietic recovery from hematopoietic stem
cell transplantation is plotted on the y-axis. There was no significant corre-
lation. Although the use of a large number of transplantation source cells is
advantageous, the expression patterns of the PcG genes are more reliable
for predicting hematopoietic recovery.
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Ela2 Mutations and Clinical Manifestations in Familial
Congenital Neutropenia
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Purpose: Three familial cases of each of severe congenital
neutropenia (SCN) and cyclic neutropenia (CN) in addition to 3
sporadic cases of SCN were analyzed for neutrophil elastase (Ela2)
gene mutation. The contents of the neutrophil-specific granule
proteins cathelicidin antimicrobial peptide and neutrophil gelati-
nase-associated lipocalin were also analyzed in SCN.

Methods: Genomic DNA was extracted from the patients’
peripheral blood or bone marrow, and the coding sequence of
the Ela2 gene was amplified by polymerase chain reaction and
subjected to direct sequencing. The contents of antimicrobial
peptides were analyzed by flow cytometry.

Results; Three cases of familial SCN (P13L, R52P, and S97L), 2 of
familial CN (W212stop and P1IOL), and | of sporadic SCN
(V72M) were shown to have heterozygous mutations in the Ela2
gene. W212stop found in a familial CN case was a novel mutation
of Ela2. Prophylactic treatment for growth factors or antibiotic
prophylaxis against bacterial infection was useful for lowering the
frequency of infectious episodes. Adult patients tended to have less
frequent infections compared with minors in the same family. The
contents of both cathelicidin antimicrobial peptide and neutrophil
gelatinase-associated lipocalin were significantly reduced in SCN
compared with healthy controls.

Conclusions: Prophylaxis by growth factor or antibiotics is useful
for decreasing risks of bacterial infections in SCN and CN. Adults
were likely to have less frequent infections than children in familial
cases of SCN and CN with the same mutation of Ela2.

Key Words: neutropenia, neutrophil elastase, neutrophil-specific
granule protein

(J Pediatr Hematol Oncol 2009;31:319-324)

C ongenital neutropenia consists of several disorders with
or without other symptoms and signs. Severe con-
genital neutropenia (SCN, OMIM no. 202700) and cyclic
neutropenia (CN, OMIM no. 162800) are the 2 major
primary genetic types where neutropenia is the main
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component.’? Peripheral blood (PB) neutrophil count is
< 500/pL in the most severe type of SCN. Granulocytic
maturation is usually arrested at the promyelocyte to
myelocyte stage and numbers of more mature cells are
severely reduced in bone marrow (BM) in SCN. In CN, the
neutrophil count is not reduced except in the neutropenic
period, which occurs at approximately 21-day intervals. In
many cases, slight anemia and also thrombocytosis,
probably as a consequence of infection, are observed.’
Severe and frequent bacterial infections are inevitable from
infancy in both diseases. Linkage analysis of families with
CN led to identification of the neutrophil elastase gene
(Ela2) (GenBank accession number: Gene ID 1991, cDNA
NM_001972.2) as a cause of CN.* A subsequent study
revealed Ela2 mutations to be involved in about 60% of
sporadic and autosomal dominant SCN.># It has not been
clearly elucidated how heterozygous mutations in the Ela2
gene cause both CN and SCN.

Bacterial infection is usually severe from infancy in
both diseases, but the transition of clinical manifestations
from childhood to adulthood is unclear. Familial cases with
the same genetic alterations will provide useful insight into
these diseases. In this study, 6 familial cases of SCN and
CN and 3 sporadic SCN were analyzed for Ela2 mutation.
Clinical characteristics, including the effects of prophylaxis
against bacterial infection or differences in the frequency of
infectious episodes in familial cases, are discussed. Further-
more, the contents of neutrophil antimicrobial peptides
(AMPs) in SCN were also analyzed.

PATIENTS AND METHODS

Patients

Three cases of each of familial (SCN-1: brothers;
SCN-2 and SCN-3: father and daughter) and sporadic SCN
(SCN-4, SCN-5, and SCN-6) and 3 cases of familial CN
(CN-1: father and daughter; CN-2, and CN-3: father and
son), a total of 15 samples, were analyzed (Tables 1, 2). The
diagnosis of SCN was made according to the following
criteria: an absolute neutrophil count of < 500/uL and
granulocytic maturation arrested at promyelocyte to
myelocyte stage in BM. CN was diagnosed when an
approximately 21-day cycle of neutropenia (absolute
neutrophil count < 500/uL) was observed. Neutrophil
count was normal between the neutropenic periods in
CN. Some patients had additional complicating diseases
and SCN or CN: father of SCN-2, Crohn disease; SCN-4,
leiomyoma; SCN-5, immunoglobulin A deficiency and
chorea; father of CN-2, hyperthyroidism; and CN-3, febrile
convulsions. None of the patients in the present study
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TABLE 1. Primer Sequence of ELa2, Gfi-1, and Hax-1 Genes

Genes Forward Primer Product Size Reverse Primer
ELa2
Exon 2 cggaggegcagagaccecgga 760 agaccgggacgeggggteega
Exon 3 ctcgageaccttegeectcag 452 tcaacggeccatggegggtat
Exon 4 tggtgacggeteecactctacagat 557 ctageceggtgeetgttgetgeag
Exon § gactgcagcacaggeaccgtggetag 462 acaaaacagagaatgtttattgtge
Gfi-1
Exon 2 cacgtctccacctggttttc 363 aaaaacagcagcaaaaggga
Exon 3 ccttcagcaccctcagacic 423 agctgtccaagtcccagaga
Exon 4 geacgeagtgttctacaage 713 agagagaaggecgetgagag
Exon 5§ ctctcageggecttetetet 415 tctcgaggcetcacagtggt
Exon 6 tttagggtcagetgaggggt 456 tggetctggggagaattatg
Exon 7 aacacgtcaccctccaagtt 481 gaggtaaggcgaaggaggag
Hax-1
Exon 1 tcgaaatcgettttcgtac 500 gegacttetgtectetetg
Exon 2 ctecgacecteteectage 529 atgggaaaggactigggce
Exon 3 gegttggtgggteaaataaa 457 ctctggtgatctgeceac
Exon 4, 5 caggaaggagtgtgtaaat 580 agtccccaccatattecg
Exon 6, 7 tggggtgagttgaaagaaa 619 tgaaatcaggttttagatg

developed myelodysplastic syndrome or acute myeloid
leukemia. Methods of prophylaxis against bacterial infec-
tion were trimethoprim -sulfamethoxazole (TMP-SMX,
0. lg/kg/d maximum 3.0g/d), 4 SCN and 5 CN; erythro-
mycin (250 mg/d), 1 SCN; and no prophylaxis, 3 SCN and |
CN. Granulocyte colony-stimulating factor (G-CSF) treat-
ment (2 pg/kg by subcutaneous injection, 2 to 3 times/wk)
was given simultaneously with TMP-SMX in SCN-1, SCN-
4, CN-1, and CN-2. Early treatment given to all the patients
in cases of bacterial infection consisted of intravenous
administration of antibiotics. SCN-6 received cord blood
transplantation because of neutropenia refractory to
G-CSF and life-threatening bacterial pneumonia. Informa-
tion regarding infections was obtained from both ques-
tionnaires and patient records, and the data were analyzed
retrospectively.

Mutational Analysis of Ela2 Gene

This study was approved by the Institutional Review
Board for Human Genome Research of Shinshu Univer-
sity. Genomic DNA was extracted from the patients’ PB or
BM mononuclear cells using standard techniques. Four
exons covering the coding sequence of the Ela2 gene were
amplified by polymerase chain reaction (PCR). Each

product was prepared in a 25-pL reaction with 0.5U of
Taq DNA polymerase (Takara, Tokyo, Japan), PCR
buffer, 200mM dNTPs, and 0.5mM of each primer. PCR
was performed with an initial denaturation step at 94°C for
2 minutes followed by 35 cycles of 94°C for 30 seconds,
60°C for 30 seconds, and 72°C for 1 minute, with a final
extension step at 72°C for 5 minutes. PCR products were
run on 1.5% agarose gels, excised, and purified using a
commercial kit (Geneclean II; Qbiogene, Carlsbad, CA).
Direct sequencing was performed in both directions using
the same primers. An ABI Prism 310 Genetic Analyzer
(Applied Biosystems, Foster City, CA) using BigDye
version 2 terminator chemistry was used for all sequencing.
Sequencing of the coding region of growth factor indepen-
dence (Gfi)-1 genes (GenBank accession number: Gene ID
2672, cDNA NM_005263)° or Hax-1 (GenBank accession
number; Gene ID 10456, cDNA NM_006118.3)!%!! was
also performed. Primer sequences used for PCR and
sequencing for Ela2, Gfi-1, and Hax-1 genes in this study
are listed in Table 1.

Flow Cytometric Analysis

Monoclonat antibodies (mAbs) for phycoerythrin-
CD16, peridinin chlorophyll protein (PerCP)-CD45, and

TABLE 2. Clinical Details of SCN and CN Patients

Neutrophil Count x10°/L

Patient Family Member Sex Age () Before G-CSF Maturation Arrest
SCN-1 B M, M 21, 18 0,0 mbl, pro
SCN-2 Fa, D M, F 39,6 0,0 mye, mye
SCN-3 Fa, D M, F 35,5 03,0 ND, pro
SCN-4 — F 31 0 mye

SCN-5 — M 19 0.1 mye
SCN-6 — M 5 0 pro

CN-1 Fa, D M, F 51,9 0, ND mye, mye
CN-2 Fa, S M, M 42,6 0,0 ND, ND
CN-3 Fa, S M, M 40, 9 0.5, 0.1 ND, ND

B indicates brother; CN, cyclic neutropenia; D, daughter; Fa, father; F, female; G-CSF, granulocyte colony-stimulating factor; M, male; mbl, myeloblast
mye, myelocyte; ND, not determined; pro, promyelocyte; S, son; SCN, severe congenital neutropenia; —, sporadic.
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isotype-matched mouse immunoglobulin were purchased
from BD Immunocytometry Systems (Mountain View,
CA). Cathelicidine antimicrobial peptide (CAMP) and
neutrophil gelatinase-associated lipocalin (NGAL) were
purchased from HyCult Biotechnology (Uden, the Nether-
lands). For analysis of cytoplasmic CAMP or NGAL
expression in PB neutrophils, samples of 1 to 2 x 10° whole
blood cells were collected in polystyrene tubes and
incubated with appropriately diluted PerCP-CD45, control
mouse immunoglobulin, CAMP or NGAL monoclonal
antibodies, and secondary fluorescein isothiocyanate-goat
antimouse immunoglobulin, as described previously.!? The
cells were washed twice and analyzed with a FACScan flow
cytometer using the Lysis IT software program (BD
Immunocytometry Systems). Viable cells were gated
according to their forward light-scattering characteristics
and side-scattering characteristics (SSC), and then the
neutrophil population was gated according to their SSC
and CD45 expression. The Mann-Whitney U test was used
for statistical analysis using StatView software version 5.0
(SAS Institute, Cary, NC).

RESULTS

Ela2 mutations were found in all patients of familial
SCN, 1 of 3 sporadic SCN, and 2 of 3 familial CN cases
(Table 3), which spanned all coding exons of the Ela2 gene.
Five of 6 cases were missense mutations (P13L, R52P,
S97L., V72P, and P110L) and 1 was a nonsense mutation
(W212stop). Adult family members who also had histories
of frequent bacterial infections had the same mutation of
Ela2 found in each proband. All missense mutations found
in this study have been reported previously, whereas the
nonsense mutation W212stop found in CN-1 was a novel
Ela2 mutation and has not been reported elsewhere.

All cases analyzed in this study had preventive
medications or intravenous administration of antibiotics
in case of bacterial infections, except for SCN-6 treated
with cord blood transplantation. Prophylaxis included
regular G-CSF injection and TMP-SMX administration
in 3 SCN and 4 CN cases, TMP-SMX administration in |
SCN and 1 CN, erythromycin administration in 1 SCN,
and no prophylaxis in 3 SCN and 1 CN. The efficacy of
these methods was analyzed by comparing the frequencies
of various symptoms caused by infection before and after
the establishment of strategies against bacterial infections.
Manifestations of infection were divided into 4 groups: (1)

stomatitis, tonsillitis, or lymphadenitis; (2) skin infections,
including pyoderma or cellulitis; (3) pneumonia; and (4)
sepsis or other life-threatening infections. Each episode was
scored according to its frequency: 4, always present; 3, 2 to
4 times/mo; 2, 2 to 4 times/y; 1, once every 2 to 4 years; and
0, no episode. Each score was expressed as a number of
boxes, as shown in Figure 1. Left and right pillars show the
frequencies of infectious episodes before and after prophy-
laxis or early management against bacterial infection,
respectively. The frequencies of infectious episodes de-
creased after prophylactic or early management in all cases
except SCN-1. Next, the frequency of infectious episodes
was compared at present time between adults (more than
20y of age) and children ( < 20y of age) with familial SCN,
who had the same background of gene mutations. The right
pillars in each column of SCN-1, SCN-2, SCN-3, CN-1,
CN-2, and CN-3 represent infection frequencies in adults
and children in each family (Fig. 1). Adults were likely to
have less frequent infectious episodes than children.

Next, the expression of neutrophil AMPs, including
CAMP and NGAL, which play important roles in oxygen-
independent bactericidal activities of neutrophils and in
innate immune responses, were analyzed in SCN patients
by flow cytometry.!*> Whole PB cells were stained with
PerCP-conjugated CD45 antibodies and fluorescein iso-
thiocyanate-conjugated CAMP or NGAL antibodies.
Stained cells developed according to SSC characteristics
and fluorescence intensities of PerCP, and the cell popula-
tion of neutrophils was gated and analyzed for expression
of each peptide. These cell populations were positive for
CD16, which is a type III low-affinity Fc y receptor
expressed in neutrophils (data not shown). Figure 2A shows
typical results of this analysis. As shown in Figure 2B,
CAMP was positive in 85.4% of neutrophils in an average
of 26 healthy controls. In contrast, 45.9% of neutrophils of
8 SCN patients were positive for CAMP (2 = 0.0021).
NGAL was positive for 93.2% and 46.0% of neutrophils in
an average of 26 controls and 8 SCN, respectively
(P = 0.0018). These results indicated that the contents of
neutrophil secondary granule peptides, both CAMP and
NGAL, were significantly lower in SCN than in normal
controls.

DISCUSSION
Germline mutations were found in the Ela2 gene in 3
(3/3, 100%) cases of familial SCN, 1 (1/3, 33%) of sporadic

TABLE 3. Results of Mutation Analysis in SCN and CN

Ela2
Predicted Protein ~ Mutation in Family
Patient Intron/Exon Base Change Change (Father/Brother) Gfi-1 Hax-1
SCN-1 Exon 2 CCC-CTC PI13L P13L (B) — ND
SCN-2 Exon 3 CGG-CCG R52P R52P (F) — ND
SCN-3 Exon 4 TCG-TTG S97L S97L. (F) — ND
SCN-4 Exon 3 GTG—-ATG V72M ND — ND
CN-1 Exon 5 TGG—-TGA W212stop W212stop (F) — ND
CN-2 Exon 4 CCG-CTG PI1IOL PIIOL (F) ND ND
SCN-5 No mutation — ND — —
SCN-6 No mutation — ND —— —
CN-3 No mutation — — — —

B indicates brother; CN, cyclic neutropenia; F, father; ND indicates not determined; SCN, severe congenital neutropenia.

© 2009 Lippincott Williams & Wilkins
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SCN-1

SCN-2 SCN-3 SCN-4 SCN-5

familymember B YB
neatrophil#(X10°1)  0/0.30/0.3 0 0 0/1.5 0.1
prophylaxis G+TG+T - - - E G+T T
CN3
]
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prophylaxis G+T G+TG+T G+T - T

FIGURE 1. Changes of clinical manifestations by prophylaxis or early intervention against bacterial infection. Diagnoses are indicated as
follows: MM, stomatitis, tonsillitis, or lymphadenitis; B, pyoderma; [F], pneumonia; and [7], sepsis or other life-threatening infections.
The frequencies of each manifestation are presented by the number of boxes: 4 boxes, always present; 3 boxes, 2 to 4 times/mo; 2
boxes, 2 to 4times/y; and 1 box, once every 2 to 4 years or less. Categories and frequencies before and after prophylaxis or early
intervention are presented in the left and right pillars in each column, respectively. Affected family member, the neutrophil count
without G-CSF/with G-CSF, and prophylactic methods of each patient are described below the schema. The dose of G-CSF was 2 ug/kg,
2 to 3 times/wk. D indicates daughter; E, erythromycin; EB indicates elder brother; F, father; G+T, G-CSF plus TMP-SMX; S, son; T, TMP-
SMX; YB, younger brother; —, no prophylaxis. G-CSF indicates granulocyte colony-stimulating factor; TMP-SMX, trimethoprim-

sulfamethoxazole.

SCN, and in 2 (2/3, 66%) familial CN cases. Five of 6
mutations have already been characterized, and 1 found in
CN-1 (W212stop) was novel.” W212stop was localized to
the final exon of the Ela2 gene, and was expected to yield a
transcript and a shortened protein that may act via a
dominant negative or loss-of-function mechanism on the
genes. The nonsense mutation of Ela2 in CN detected in the
present study is the first such mutation reported to date.
Inheritance was suggested to be autosomal dominant, as
reported previously.” Mutation analysis of the Ela2 gene is
useful in differential diagnosis of SCN and CN with other
chronic neutropenias, especially in infancy.

Gfi-1° and Hax-1'%'" had also been reported to be
mutated in a limited number of SCN patients. Gfi-J
mutations were not found in the 13 cases examined, except
CN-2 that was not analyzed. Hax-] mutations were not
found in 4 cases without either Ela2 or Gfi-] mutations.

The data reported here demonstrated the efficacy of
treatment by G-CSF and prophylaxis against bacterial
infection. SCN-1, with increased frequency of infectious
episodes despite prophylaxis with TMP-SMX and G-CSF
treatment, was refractory to G-CSF in neutrophil number.
Pediatric patients SCN-2 (R52P) and SCN-3 (S97L)
tolerated the prophylactic antibiotics well. In particular,
the usefulness and safety of TMP-SMX in prophylactic use
in autoimmune neutropenia in infancy was reported.'* No
side effects, including anemia, thrombocytopenia, or liver
dysfunction, were observed in the present study.

Adult SCN or CN patients had a tendency to show less
frequent bacterial infection than those <20 years old in

322 | www.jpho-online.com

each family. The severity of each infectious episode was
also lower in adults than in younger family members (data
not shown). Four out of 7 adult patients had G-CSF
treatment compared with patients under 20 years old all of
whom received prophylaxis or early management against
bacterial infection. There were few differences in the
neutrophil or monocyte count in the PB of each family
member (data not shown). The reason for the improvement
of symptoms with transition from childhood to adulthood
is unknown. The adult patients had experienced similar
infection frequencies during childhood as their counter-
parts, and received similar prophylaxis or treatment
between the present and in childhood. Intrafamilial
variations observed in diseases inherited in an autosomal
dominant fashion, such as Marfan syndrome!s or long QT
syndrome,'¢ were not obvious in this study. An alternative
phagocytic function, including the monocyte/macrophage
system, may develop. This study was not designed as a
prospective randomized control analysis, and criteria for
prophylaxis or treatment were not followed as a protocol.
Efficacy of treatment or prophylaxis or improvement of
symptoms by transition may not be significant, but merely
represent a tendency. Therefore, these results must be
interpreted carefully.

AMPs in neutrophils have a broad spectrum of
antimicrobial activities against fungi and viruses and
Gram-positive and Gram-negative bacteria.!” Neutrophil
AMPs are classified into primary, secondary (specific), and
tertiary granular proteins. Both CAMP and NGAL are
classified as secondary granule proteins. Neutrophil-specific

© 2009 Lippincott Williams & Wilkins
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FIGURE 2. Flow cytometric analysis of CAMP expression in
neutrophils derived from peripheral blood (PB) of control (left) or
SCN patients (right). A, PB cells were stained with CD45-PerCP,
CD16-PE, and FITC-conjugated CAMP Ab, followed by flow
cytometric analysis. The upper panels show dot blots of total PB
cells developed with intensities of CD45-PerCP and SSC.
Neutrophil population was gated in rectangles indicated as R1.
The lower panels show dot blot analyses of cells gated as R1
stained with CD16 and CAMP Ab, respectively. Figures show
representative results of flow cytometric analyses. B, Percentages
of CAMP or NGAL expression in neutrophils derived from 26
healthy controls and 7 SCN revealed by flow cytometric analysis
are shown as dot blots, and the mean percentage of each sample
was calculated. Statistical analysis was performed and P values are
indicated at the bottom of each figure. Ab indicates antibody;
CAMP, cathelicidin antimicrobial peptide; FITC, fluorescein
isothiocyanate; NGAL, neutrophil gelatinase-associated lipocalin;
PE, phycoerythrin; PerCP, peridinin chlorophyll protein; SCN,
severe congenital neutropenia; SSC, side-scattering characteris-
tics.

granule deficiency, which is associated with defects in the
expression of several AMPs, shows frequent and severe
bacterial infection from infancy.!®!'” CAMP and NGAL
contents were significantly lower in SCN than in healthy
controls, indicating that bactericidal defects of neutrophils
were another cause of frequent infection in SCN in addition
to the decrease in number. Plasma levels of pro-LL-37 have

© 2009 Lippincott Williams & Wilkins

also been reported to be useful in diagnosis of SCN, in
which pro-LL-37 was deficient.2°

The production of specific granule proteins started at
the myelocyte stage of myeloid differentiation.?! Matura-
tion arrest occurred at a similar differentiation stage of
myeloid cells in SCN. Piitsep et al?? reported that primary
granules, a-defensins, and CAMP contents in neutrophils
were also reduced in morbus Kostmann, which is inherited
in an autosomal recessive manner. SCN-5, who did not
have Ela2 mutation, showed normal CAMP and NGAL
contents as revealed by flow cytometry (Fig. 2B). It has
been reported that G-CSF treatment of SCN did not
correct abnormal expression of AMPs despite improvement
of neutrophil number.? In contrast, vitamin D3 induced
pro-LL-37 expression in neutrophil progenitors in SCN.24
These findings indicated that defects in AMPs were not a
direct effect of a mutated gene, but were the result of an
impaired myeloid differentiation pathway. Recently, we
found that the expression of neutrophil primary granule
protein, bactericidal/permeability-increasing protein, was
inducible by all-trans-retinoic acid in cord blood cells in
vitro.'? Furthermore, vitamin D3 was reported to induce
CAMP expression in myeloid progenitors in SCN and
normal human cells.?»?5 These agents may have effects in
increasing the content of neutrophil AMPs and may be
useful in prophylactic or therapeutic approaches against
bacterial infection in SCN.
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suMMARY. Chronic granulomatous disease (CGD) is
an inherited immunodeficiency disorder caused by
defects in NADPH oxidase and characterized by
recurrent life-threatening bacterial and fungal infec-
tions. Although CGD has been considered to be a target
for gene therapy, bone marrow transplantation (BMT)
is now selected as the radical treatment in most cases.
We performed BMT in a patient with CGD with severe
infections and experienced respiratory complications of

diffuse alveolar haemorrhage and/or infection-associated
alveolar haemorrhage. We suggest that attention be
paid to signs of onset of alveolar haemorrhage during
BMT in CGD patients.

Key words: chronic granulomatous disease, diffuse
alveolar haemorrhage, haematopoietic stem cell trans-
plantation.

Most of the chronic granulomatous disease (CGD)
patients experience recurrent infections since infancy.
The most frequent infections for CGD cases include
pneumonia (Aspergillus sp.), purulent lymphadenitis
(Staphylococcus sp.), subcutaneous abscess (Staphylo-
coccus sp.), liver abscess (Staphylococcus sp.), osteo-
myelitis (Serratia sp.) and sepsis (Salmonella sp.);
these infections often prove fatal to the patients
(Winkelstein et al., 2000). It is reported that in one
third of the CGD patients who were administered
interferon-y as a treatment, the effectiveness of pre-
vention against severe infection was demonstrated
(International Chronic Granulomatous Disease
Cooperative Study Group, 1991). Following the recent
advances in post-transplantation management and
the prevalent use of transplantation with a non-
myeloablative conditioning regimen, haematopoietic
stem cell transplantation (HSCT) is becoming the
standard radical treatment for CGD (Horwitz et al.,
2001). In this study, we present a case of a | 7-year-old
male CGD patient whom we treated. As he was
suffering from a severe infection, the only treatment
option for him was HSCT. Generally, most CGD
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patients are still infectious when they undergo HSCT.
In our case too, HSCT was performed in the patient
while he was still infectious. Our patient died of an
associated complication such as diffuse alveolar
haemorrhage (DAH) and/or infection-associated alve-
olar haemorrhage (IAH). Therefore, we suggest that it
is necessary to consider the complication of alveolar
haemorrhage for CGD patients undergoing bone
marrow transplantation (BMT).

CASE REPORT

Our patient was a 17-year-old male with a positive
family history; his older brother had been diagnosed
with CGD and had died of severe pneumonia 2 years
before the patient was referred to our hospital. There-
fore, our patient was promptly diagnosed with CGD
(deficiency of gp91; a subunit of NADPH oxidase) at
birth itself. He has been repeatedly hospitalized for
a skin abscess, severe pneumonia and aspergillosis since
infancy. We selected HSCT as the radical treatment for
CGD. He demonstrated certain infectious symptoms
when he was admitted to our hospital. In particular,
severe damage to his right lung because of aspergillosis
was identified (Fig. 1a). Therefore, a variety of anti-
biotics along with amphotericin B were used for treating
the patient before the transplantation to reduce the
number and intensity of infectious foci.
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b Engraftment

Fig. 1. Chest computed tomography (CT) changes over time
and bronchoscopy findings. (2) High-density areas were found
all over the lungs more than a year before BMT. A cavity was
also identified in the right upper lobe. The lungs appeared to
worsen with time; however, a day before the transplantation,
a temporary improvement was observed. On day 26, ground-
glass opacity was observed in both lungs covering each lung. (b)
A small amount of bronchial haemorrhage was observed before
engraftment. Although bleeding from the right bronchial tube
was also identified, this haemorrhage was arrested within a few
days (left panel). Bronchial haemorrhage started again after
engraftment. At this time, a blood clot (indicated by arrow)
was deposited in the bifurcation of the trachea, and active
bleeding was identified in the right S6 area (right panel).

As he did not have an human leukocyto antigen (HLA)
full-match sibling donor, he received reduced-intensity
stem cell transplantation from an unrelated one-locus
HLA-mismatched donor. Briefly, the patient received
conditioning therapy (3 Gy of total body irradiation,
750 mg m~2 day™! cyclophosphamide for 4 days,
25 mg m~ 2 day~' fludarabine for 5 days, 70 mg m™>
melphalan for I day and 15 mg kg™! day™" antithymo-
cyte globulin for 4 days) before transplantation.

Although the patient did not show any symptoms
for the first few days after HSCT, his haematopoietic
recovery was gradually delayed and the signs of
infection became worse, particularly his respiratory
status progressively deteriorated. Blood gas analysis
showed that the CO;, levels were extremely high on day
26. When the respiratory status became worse, 3-8
L min~! of oxygen was given to patient with oxygen
mask. Therefore, mechanical ventilation was used to
alleviate the respiratory failure in the intensive care
unit. As shown in Fig. la, worsened pneumonia was
identified on day 26. On day 33, the white blood cell
count from peripheral blood was 70 pL~", and his
haematopoietic recovery was considered to have
begun. Around the same time, bloody secretions were
suctioned through the intubation tube, and we
identified the cause as a small tracheal haemorrhage.

Meanwhile, the FiO, was observed to be 0-4, and the
SpO, was 100%. On day 44, although the white blood
cell count from peripheral blood was above 500 pL~!
and engraftment was identified, he had extensive
tracheal haemorrhage with progressive worsening of
his respiratory status. Bronchoscopy demonstrated
haemorrhage from the right upper and lower lobes
(Fig. 1b). His respiratory status further worsened; it
was not possible to maintain 90% of SpO, with 1.0 of
FiO,. Furthermore, CO, accumulation occurred, and
acidosis was observed. On day 54, his blood pressure
decreased and ventricular tachycardia appeared. His
heart rate rapidly slowed down, and death occurred
soon after. Figure 2 shows the summary of the process.
Any bacteria and fungi had been not detected by blood
cultures or through bronchoscope.

The autopsy showed traces of haemorrhage all over
the lungs; there was no air infiltration area (Fig. 3a—).
Based on these findings, we diagnosed it as a case of
DAH and/or IAH. Figure 3d shows the cavity in the
right upper lobe from which Aspergillus was isolated
(Fig. 3e-g).

DISCUSSION

During the 1980s and 1990s, the incidence of pulmonary
complications after BMT was 30-60% (Cordonnier
et al., 1986; Jules-Elysee et al., 1992). Although most of
the complications involved infectious diseases such
as pneumonia, this incidence decreased considerably
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Fig. 2. Significant changes in laboratory results following
HSCT. The delay in the haematopoietic recovery is shown.
Because of the delay, the mycotic infection appears to have
worsened. Alveolar hemorrhage appeared following the
increase in the white blood cell (WBC) count. CRP, C-
reactive-protein; ICU, intensive care unit. T, death of patient.
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Fig. 3. Autopsy findings of the lungs. (a) The
entire [ungs are observed to be filled with
blood with a complete absence of air-
infiltrated areas. (b) All alveoli are also filled
with blood. (¢) A number of red blood cells
are identified in the alveoli under high
magnification. (d) There is a cavity in the
right upper lobe. (¢) Under high
magnification, stick-like Aspergillus can be
observed with haematoxylin and eosin
staining. () Aspergillus observed with
periodic acid-Schiff (PAS) staining. (g)
Aspergilius observed with Grocott staining.

because of the development of new medicines and
facilities. DAH is an associated complication in 5% of
BMT patients (Afessa et al., 2002b), and there is no
significant difference in incidence between adults and
children (Heggen et al., 2002). The frequency of alveolar
haemorrhage in our facility is 2-78%.

Non-infectious inflammation at the time of engraft-
ment following HSCT is known as engraftment
syndrome (ES) (Cahill er al, 1996; Moreb et al.,
1997; Marin et al., 1998; Ravenel et al., 2002), and
DAH is one of the typical findings of ES. Although the
causes of DAH are not completely known, angiopathy
because of conditioning therapy or radiation and
immunogenicity caused by graft-vs.-host disease have
been considered as causes. However, when symptoms
caused by infectious diseases are observed, the
condition is called TAH. Although it is difficult to
differentiate between DAH and 1AH, a case in which
no infection is identified within 7 days of the occur-
rence of alveolar haemorrhage is diagnosed as DAH,
and a case in which a pathogen is identified by either
a blood test or a bronchoalveolar lavage (BAL) is
diagnosed as TAH (Majhail et al., 2006). A previous
report has stated that high levels of certain types of
cytokines — such as 1L-18, IL-6, IL-8, TNFo, MIPla
and G-CSF — identified by BAL after BMT are char-
acteristic of DAH (Kharbanda et al, 2006). Our
patient already had a respiratory tract infection by
aspergillosis when he underwent BMT. However, the

© 2009 The Authors
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mycotic infection had improved a week before the
bronchial bleeding began (day 33), and when bronchial
haemorrhage was observed (day 44), all other in-
fections also showed improvement. For these reasons,
although we diagnosed the patient asa case of DAH, it
may be described as TAH because Aspergilli were
observed by the autopsy.

It has been reported that certain underlying diseases
are strongly associated with DAH; e.g. breast cancer
patients are categorized as a high-risk group for DAH
(Robbins et al., 1989), and myeloma patients are in
a higher risk group for DAH than are patients of
malignant lymphoma (Capizzi et al., 2001). HSCT has
not been reported for many immunodeficient patients
such as CGD patients, and few reports discuss this
treatment. It has been reported that a delay in
haematopoietic recovery and the administration of
amphotericin B are considered as risk factors for ES,
manifesting as DAH (Afessa et al., 2002b; Gorak et al.,
2005). In this case, our patient had several risk factors.
Most CGD patients are expected to undergo HSCT
while already having certain risk factors. Therefore,
caution should be exercised in patients who are con-
sidered to be at risk for ES. Although the administra-
tion of steroid hormones, particularly high doses of
methylprednisolone, is effective for treating DAH, the
patient outcome is not promising; the mortality rate is
approximately 80% (Afessa et al., 2002a,b; Robbins
etal., 1989; Lewis et al., 2000; Huaringa et al., 2000). In
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particular, 61% of the patients who died had an onset
of DAH 30 days or more after BMT (Afessa et al,,
2002a); the onset appears to be related to the delay in
haematopoietic recovery. Other than steroid hor-
mones, it has been reported that recombinant factor
VIla (Pastores et al., 2003) and aminocaproic acid
(Wanko et al., 2006) are also effective as treatments for
DAH. There are bound to be some cases where HSCT
is needed as an emergency procedure such as in
immunocompromised patients with CGD. However,
in the case of non-emergency patients, we strongly
suggest that the infectious disease that could delay the
haematopoietic recovery be cured or adequately
treated before HSCT.
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Abstract Early thrombocytopenia is a common hemato-
logical abnormality in sick neonates. Here, we examined
the relationship between early thrombocytopenia in neo-
nates and parameters associated with thrombopoiesis to
identify predictive factors at birth. Two hundred and forty-
four neonates admitted to the neonatal intensive care unit
were divided into thrombocytopenic (n = 55, 23%) and
non-thrombocytopenic (n = 189, 77%) groups based on
platelet counts, which were monitored within 72 h of birth.
Immature platelet fraction (IPF) and platelet count at birth
were determined simultaneously soon after phlebotomy
with an automated hematology analyzer. Megakaryocytes
and their precursors positive for CD41 in peripheral blood
were examined at birth by flow cytometry. The thrombo-
cytopenic group showed significantly higher IPF percent-
age and lower percentage of CD41" mononuclear cells
(MNCs) than did the non-thrombocytopenic group
(P < 0.01). Moreover, the percentage of CD41t MNCs
significantly differentiated neonates with platelet counts
>150 x 10%/uL. at birth and nadir platelet count
<150 x 10%/uL over the clinical course from neonates
without thrombocytopenia. These observations suggest that
the percentage of CD41% MNCs at birth and IPF
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percentage are useful predictors of early thrombocytopenia
in the majority of sick neonates.

Keywords Thrombocytopenia - Neonate - Immature
platelet fraction - Megakaryocyte

1 Introduction

Thrombocytopenia is one of the most common hemato-
logical abnormalities in newborn infants, affecting 22-35%
of neonates admitted to neonatal intensive care units
(NICUs) [1, 2]. Multiple disease processes can cause
neonatal thrombocytopenia, and these can be classified as
those inducing early thrombocytopenia (<72 h after birth)
and those inducing late-onset thrombocytopenia (>72 h).
The causes of early thrombocytopenia are well understood:
neonatal alloimmune thrombocytopenia [3], maternal
immune thrombocytopenic purpura (ITP) or lupus {4],
neonatal giant hemangioma [S], perinatal asphyxia, peri-
natal infection, congenital infection [6], inherited throm-
bocytopenia caused by reduced platelet production, and
congenital errors of metabolism [7]. However, the most
frequent cause of early thrombocytopenia is chronic fetal
hypoxia, which occurs in infants born to mothers with
pregnancy-induced hypertension (PIH) [8] or diabetes [9]
and in those who are small for gestational age (SGA) [10].
In the majority of such cases, thrombocytopenia occurs
within 3 days and resolves spontaneously within 10 days
[1]. The mechanism of transient thrombocytopenia in
neonates with these conditions has not yet been elucidated.
The method for quantifying reticulated platelets known as
the immature platelet fraction (IPF) has been utilized in a
variety of clinical conditions such as thrombocytopenic
disorders [11-13]. The percentage value and the absolute

@ Springer



