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To date, the biological activity of granulocyte macrophage-colony stimulating factor (GM-CSF) has been
investigated by using mostly Escherichia coli- or yeast cell-derived recombinant human GM-CSF
(erhGM-CSF and yrhGM-CSF, respectively), However, Chinese hamster ovary cell-derived recombinant
human GM-CSF (crhGM-CSF), as well as natural human GM-CSF, is a distinct molecule that includes
modifications by complicated oligosaccharide moieties. In the present study, we reevaluated the bioac-
tivity of crhGM-CSF by comparing it with those of erhGM-CSF and yrhGM-CSF. The effect of short-term

’ézwérgs'. stimulation (0.5 h) on the activation of neutrophils/monocytes or peripheral blood mononuclear cells
TF_{ cells (PBMCs) by crhGM-CSF was lower than those with erhGM-CSF or yrhGM-CSF at low concentrations (under
CHO cells 60 pM). Intermediate-term stimulation (24 h) among the different thGM-CSFs with respect to its effect on
Sialic acid the activation of TF-1 cells, a GM-CSF-dependent cell line, or PBMCs was not significantly different. In

Oligosaccharide contrast, the proliferation/survival of TF-1 cells or PBMCs after long-term stimulation (72-168 h) was
higher at low concentrations of cthGM-CSF (15~30 pM) than that of cells treated with other GM-CSFs.
The proportion of apoptotic TF-1 cells after incubation with crhGM-CSF for 72 h was lower than that of
cells incubated with other rhGM-CSFs. These effects were attenuated by desialylation of crhGM-CSF.
Clearance of crhGM-CSF but not desialylated-crhGM-CSF by both TF-1 cells and PBMCs was delayed com-
pared with that of erhGM-CSF or yrhGM-CSF. These results suggest that sialylation of oligosaccharide moi-
eties delayed the clearance of GM-CSF, thus eliciting increased long-term bioactivity in vitro.

© 2014 Elsevier Ltd. All rights reserved.
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a hematopoietic growth factor that regulates the growth, differen-
tiation, and maturation of myeloid precursor cells and promotes
the function of mature neutrophils, eosinophils, and monocytes
[1-4]. It elicits these diverse effects through interaction with a un-
ique dodecameric receptor complex on cells, which consists of o
and common B chains [5-7]. GM-CSF signaling induces phosphor-
ylation of Janus kinase 2 (JAK2) and the common B chains, followed
by activation of signal transducers and activators of transcription
(STATs) [5,7,8]. Upon immune stimulation, it is produced by a vari-
ety of cell types, including T cells, macrophages, endothelial cells,
and fibroblasts. Although GM-CSF is produced locally |3], it can
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act in a paracrine fashion to recruit circulating neutrophils,
monocytes, and lymphocytes to enhance their function in host
defense [9,10]. GM-CSF is used clinically to prevent neutropenia
and associated infections by promoting the proliferation of hema-
topoietic progenitor cells after chemotherapy, by promoting the
differentiation of myeloid cells, and by enhancing the antibacterial
activities of neutrophils and macrophages [10~14].

Natural human GM-CSF (hGM-CSF) has been purified from sev-
eral sources, including medium conditioned with placenta cells or
activated blood lymphocytes [15~19]. It is a glycoprotein that con-
sists of 127 amino acid residues, with four cysteines involved in
two disulfide bonds, forming a compact globular structure that
comprises four o-helices joined by loops. It is found extracellularly
as a homodimer [6,7] with two N-glycosylation sites at Asn27 and
Asn37 and three O-glycosylation sites at Ser7, Ser9, and Thr10[15].
The most heavily glycosylated hGM-CSF, with a molecular weight
of 28-32 kDa, has two N-linked carbohydrate moieties, whereas
the partially glycosylated hGM-CSF, with a molecular weight of
23~25 kDa, contains one N-linked carbohydrate moiety. A mini-
mally glycosylated hGM-CSF with molecular weight of 16-18 kDa
consists of only one O-linked carbohydrate [15,20].

Cells from various species can produce recombinant hGM-CSF
(rhGM-CSF) {21,22]. However, only commercial preparations
produced from Escherichia coli and Saccharomyces cerevisiae are
available for clinical use. Commercial E. coli-derived recombinant
hGM-CSF (erhGM-CSF), Molgramostim, is non-glycosylated, con-
sists of 127 amino acid residues, has a molecular weight of
14.5 kDa, and is methylated at the N-terminal end [23]. Commer-
cial Saccharomyces-derived recombinant hGM-CSF (yrhGM-CSF),
Sargramostim, is a glycoprotein of 127 amino acids composed of
three primary molecular species having molecular weights of
19.5, 16.8, and 15.5 kDa [23]. Its amino acid sequence differs from
hGM-CSF by a substitution of leucine at position 23 [23]. On the
other hand, rhGM-CSF derived from Chinese hamster ovary
(CHO) cells (crhGM-CSF) has a molecular weight of 15-32 kDa with
the same N-glycosylation and O-glycosylation sites as those of
hGM-CSF, although the carbohydrate moieties added are probably
different. Forno et al. demonstrated that the N-glycan terminal
contains mono- and disialic acid residues, but has predominantly
tri- or tetrasialic acid residues with and without N-acetyllactos-
amine repeat units. N-glycans contain more than 90% a-1,6-linked
fucose at the proximal end [20].

The pattern of glycosylation on GM-CSF is known to affect its
biological activity. Proliferation of a human monocytic leukemia
cell line incubated with the heavily glycosylated hGM-CSF (28~
32 kDa) was reduced six fold compared with proliferation after
treatment with non-glycosylated erhGM-CSF, while neutrophil
superoxide anion production was reduced by up to 10-fold. Par-
tially glycosylated hGM-CSF (23-25 kDa) and minimally glycosyl-
ated hGM-CSF (16-18 kDa) have biological activity similar to that
of erhGM-CSF. The binding capacity of these hGM-CSFs for the
rhGM-CSF receptor on neutrophils decreases with increasing
molecular weight [15]. Similarly, most studies on mammalian
cell-derived, glycosylated GM-CSF (including crhGM-CSF) demon-
strate that glycosylation of GM-CSF prolongs the in vivo half life
by stabilizing the protein, but reduces its binding avidity to the
GM-CSF receptor and decreases its biological activities such as col-
ony-forming activity of bone marrow cells and neutrophil superox-
ide anion production {15,24].

In contrast to previous studies [15,24], we showed in the pres-
ent study that glycosylated rhGM-CSF produced by CHO cells
exhibited increased proliferationfsurvival of TF-1 cells, PBMCs
and monocytes at low GM-CSF concentrations compared with that
of erhGM-CSF and yrhGM-CSF in vitro. Desialylation of crhGM-CSF
attenuated this effect, indicating that the sialyl residue is crucial
for augmenting the long-term activity of GM-CSF. Moreover, we

examined the mechanism of this effect by measuring the clearance
of ThGM-CSF by cells.

2. Materials and methods
2.1, Material

2.1.1. Cells

TF-1, a GM-CSF-dependent cell line, was kindly provided by
Kitamura et al. [22].

Peripheral blood mononuclear cells (PBMCs) and monocytes
were isolated from the peripheral blood of healthy donors as
described previously {8]. Written informed consent was obtained
under protocols approved by the institutional review boards of
the Niigata University Medical Dental Hospital.

2.1.2. rhGM-CSF

Molgramostim and Sargramostim were purchased from
Amoytop Biotech Co., Ltd. (Xiamen, Fujian, PRC) and Genzyme
Corporation (Cambridge, MA, USA), respectively. crhGM-CSF was
kindly provided by JCR Pharmaceuticals Co., Ltd. (Ashiya, Hyogo,
Japan).

2.1.3. Desialylation of crhGM-CSF

crhGM-CSF (1 mg/ml) was incubated with neuraminidase
agarose from Clostridium perfringens (0.05 U/ml, Sigma-Aldrich,
MQ, USA) in 100 mM sodium acetate buffer with CaCl, (pH 5.0)
for 60 min at 37 °C. After the agarose was removed, the solution
was dialyzed against PBS overnight at 4 °C.

2.2. Mass spectrometry

Protein (10 juf) was mixed with 90 pl of 0.1% trifluoroacetic acid
(TFA) and 0.5 pl of MB-HIC8 magnetic €8 beads (Bruker Daltonics,
Hercules, MA, USA) in a PCR tube and then incubated for 5 min at
room temperature. The tube was subsequently placed in a mag-
netic beads separator and the supernatant was removed by using
a pipette. The magnetic beads were then washed three times with
100 pl of 0.1% TFA. The bound proteins were eluted from the mag-
netic beads by using 4.5 pl of 60% acetonitrile (ACN) in 0.1% TFA.
Two microliters of the eluate was mixed with 1 pl of matrix solu-
tion (10 g/l sinapinic acid in 70% ACN, 0.1% TFA) and was spotted
on a polished steel plate. The mass spectra were obtained on an
Ultraflex TOF/TOF mass spectrometer (Bruker Daltonics, Hercules,
MA, USA) operated in positive-ion linear mode.

2.3. Phosphorylated STAT5 detection assay

Heparinized fresh whole blood was incubated with 15, 30, 60,
or 500 pM rhGM-CSF, for 30 min at 37 °C and fixed, and then red
blood cells were lysed in Fix/Lyse buffer (BD Biosciences, Franklin
Lakes, New Jersey, USA) for 20 min at 37 °C. White blood cells were
collected by centrifugation and fixed in ice-cold methanol at
—20°C for 1 h. After centrifugation, the cells were resuspended in
3% FCS/0.01% NaN3/PBS solution and incubated with Alexa Fluor
647-1abeled anti-pSTATS5 (BD Biosciences, San jose, CA, New Jersey,
USA). Cells with phosphorylated STATS5 in granulocytes/monocytes
detected by flow cytometry (Cell Analyzer, Sony, Tokyo, Japan).

2.4, Neutrophil CD11b stimulation index assay

The neutrophil CD11b assay was performed as described
previously [25]. Aliquots of heparinized fresh whole blood were
incubated with rhGM-CSF, and cell-surface CD11b levels were
quantified by flow cytometry (Sony, Tokyo, Japan). The CD11b
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stimulation index was calculated as the mean fluorescent intensity
of stimulated neutrophils minus the mean fluorescent intensity of
unstimulated neutrophils divided by the mean fluorescent
intensity of unstimulated neutrophils and multiplied by 100.

2.5. Measurement of GM-CSF-induced MIP-1a in PBMCs

To evaluate GM-CSF-induced MIP-1o production in normal
PBMCs, 1 x 10° cells were incubated with or without GM-CSF in
macrophage-serum-free medium (GIBCO BRL, Palo Alto, CA, USA).
MIP-1a levels in the supernatant were measured by ELISA
(Quantikine, R&D Systems, Mincapolis, MN, USA) according to the
manufacturer’s instructions [26].

2.6, Cell proliferationfsurvival assay

TF-1 cells, PBMCs and monocytes (2 x 10% cellsjwell) were
incubated with various concentrations of GM-CSF in macrophage
serum free medium (GIBCO BRL, Palo Alto, CA, USA) for 3 and
7 days, respectively [27]. At the end of the incubation, 10 pl of
100 pl (5-{2,4-bis(sodiooxysulfonyl)phenyl-3-(2-methoxy-4-nitro-
phenyl)-2-(4-nitrophenyl)-2H-tetrazole-3-ium]) CCK-8, Doujindo,
Kumamoto, Japan) was added to each well. Cells were further incu-
bated at 37 °C under 5% CO, for 4 h, and formazan formation was
measured as absorbance at 450 nm by using a microplate reader
(Bio-Rad, CA, USA).
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Fig. 1. Mass spectra of rhGM-CSFs. (A) E. coli-derived recombinant human GM-CSF.
(B) Yeast-derived recombinant human GM-CSF. (C) CHO cell-derived recombinant
human GM-CSF. The horizontal axis is the molecular weight (Da) and the vertical
axis is the intensity.

2.7. Inhibition of TF-1 cell growth by antibodies

A cell proliferation/survival assay was performed in the pres-
ence or absence of 500 ng/ml goat anti-GM-CSF antibody (R&D
Systems, Mincapolis, MN, USA), which was purified from the serum
of a goat immunized with erhGM-CSF.

2.8. Morphology and cell-survival assay

TF-1 cells (1x10° cells) incubated with rhGM-CSF were
cytocentrifuged at 200 rpm for 2 min by using a Cytospin (Thermo
Scientific, Waltham, MA, USA) and were then stained with
Diff-Quick (Sysmex, Hyogo, Japan). The sizes of five hundred cells
were measured under a high magnification field by using a microm-
eter (MeCan Imaging, Saitama, Japan). The percentage of living cells
was determined by flow cytometry (Sony, Tokyo, Japan) using
staining with propidium iodide solution (Annexin-V-FLUOS Stain-
ing Kit, Roche, Basel, Switzerland) according to the manufacturer’s
instructions.

2.9, SDS-PAGE

rthGM-CSFs (6.5 ng) were subjected to SDS-PAGE under
reducing conditions. The gel was stained by using gel stain solution
(ORIOLE Fluorescent Gel Stain, Bio-Rad, CA, USA), and the banding
pattern was visualized under an image analyzer (MiniLlumi,
Berthold Technologies, Bad Wildbad, Germany).

2.10. Detection of apoptosis

2.10.1. FITC-Annexin V preparation
TE-1 cells (1 x 10% cells) were stained with FITC-labeled
anti-Annexin-V antibody (Annexin-V-FLUOS Staining Kit, Roche,
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Fig. 2. Effect of short-term stimulation (0.5 h) by E. coli-, yeast-, and CHO cell-
derived rhGM-CSF. The phosphorylation of STAT5 (A) and CD11b expression of
neutrophils and monocytes (B). Whole blood cells were incubated for 0.5 h with 15,
60, or 500 pM of each rhGM-CSF for in (A) and 15 or 60 pM in (B). The vertical axis is
STAT5 phosphorylation index (A) and CD11b stimulation index (B) is defined as
described in Section 2.
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Basel, Switzerland) for 15 min at 4 °C, and the stained cells were
detected by flow cytometry (Sony, Tokyo, Japan). FITC-labeled
mouse IgG isotype was used as the control.

2.10.2. DNA fragmentation assay

TF-1 cells (2 x 10° cells/ml) were incubated with 15pM of
rhGM-CSF for 3 days [27].

At the end of the incubation, DNA was extracted from TF-1 cells
by using a QlAamp DNA Mini Kit (QIAGEN, Valencia, CA, USA). DNA
(3.5 ug) was loaded on 1% agarose gel and electrophoresed for
25 min at 100 V (constant voltage). After the gel was stained with
ethidium bromide solution (10 mg/ml, Nippon Gene, Tokyo, Japan),
the banding pattern was visualized under an image analyzer (Mini-
Lumi, Berthold Technologies, Bad Wildbad, Germany).

2.11. GM-CSF clearance assay

GM-CSF clearance assay was performed as described previously
[8]. To assess receptor-mediated binding and uptake of exogenous
GM-CSF, 1 x 10° PBMCs or 4 x 10° TE-1 cells per well in a 24-well
culture plate were incubated in RPMI 1640 (GIBCO BRL, Palo Alto,
CA, USA) containing 10% FCS (Nichirei, Bioscience Inc, Tokyo,
Japan) 100 mg/ml streptomycin and 100 U/ml penicillin under 5%
CO, at 37 °C. thGM-CSF was added at concentrations of 5 and
15 pM to PBMCs and TF-1 cells, respectively, The concentration
of rhCM-CSF in the supernatant of each well was then measured
at 5, 10, 24, and 48 h by ELISA.

2.12. Statistical analysis

Numerical data were evaluated for normal distribution by using
Shapiro-Wilk tests. Parametric data are presented as means (+SE).
Parametric data were analyzed by using one-way factorial ANOVA
measurements. Multiple comparisons were performed through a
Bonferroni-adjusted t-test, with non-significance set at p> 0.05.
All tests were two-sided and p values <0.05 were considered statis-
tically significant. Data were analyzed by using JMP (10.0.0) soft-
ware (SAS, Cary, NC, USA).

3. Results
3.1. Molecular weight of rhGM-CSF

In this study, the bioactivity of rhGM-CSF derived from E. coli,
yeast, and CHO cells was evaluated and compared. The mass spec-
trum of each GM-CSF shows distinct characteristic peaks: a single
peak at 14.5 kDa for erhGM-CSF; peaks at 14.2, 14.4, and 15.0 kDa
for yrhGM-CSF corresponding to a mean molecular weight of
14.7 kDa; and a number of peaks ranging from 16-28 kDa for
crhGM-CSF corresponding to mean molecular weight of 19.0 kDa
(Fig. 1A). The molar concentration of each rhGM-CSF was calcu-
lated from the original weight and volume, and then dividing by
each mean molecular weight.

3.2. Short-term biological activity of rhGM-CSF

To compare the short-term bioactivity of the three rhGM-CSFs,
we first evaluated the phosphorylation of STAT5 in monocytes and
neutrophils stimulated for 0.5 h with the rhGM-CSFs. At both 15
and 60 pM rhGM-CSF, the percentage of pSTATS-positive cells
was significantly lower in crhGM-CSF-treated cells than in
erhGM-CSF- or yrhGM-CSF-treated cells; whereas at 500 pM, this
percentage was similar among the three rhGM-CSFs (Fig. 2A).
Maximal values of CD11b stimulation indices at 60 pM of rhGM-
CSF were 425 £ 15%, 576 +27%, and 625 +33%, for crhGM-CSF,

erhGM-CSF, and yrhGM-CSF, respectively (Fig. 2B). These results
indicate that the short-term effect of stimulation with crhGM-
CSF was smaller than that with erhGM-CSF and yrhGM-CSF.

3.3. Intermediate-term biological activity of rhGM-CSF

When TF-1 cells were incubated with 30-120 pM rhGM-CSF for
24 h, the proliferation/survival was similar after treatment with
crthGM-CSF, erhGM-CSF, and yrhGM-CSF (Fig. 3A). Likewise,
MIP-1e production in PBMCs was not different among the three
rhGM-CSFs at both 15 and 500 pM (Fig. 3B).

3.4. Long-term biological activity of rhGM-CSF

We then investigated the long-term biological effect of GM-CSF
on TF-1 cells, monocytes, and PBMCs incubated for 72, 168, and
168 h, respectively. The effect on the proliferation/survival rate of
TF-1 cells was significantly greater in cells incubated with 15 pM
crhGM-CSF than that on cells incubated with the same concentra-
tion of erhGM-CSF or yrhGM-CSF. However, the effects were equiv-
alent among the three thGM-CSFs at 60 pM. The EDsy of each
rhGM-CSF was 21 and 24 pM for erhGM-CSF and yrhGM-CSF,
respectively, whereas it was 3.9 pM for cthGM-CSF (Fig. 4A). When
monocytes were incubated with the GM-CSFs, the proliferation/
survival rate was higher at 4 pM crhGM-CSF than that of cells incu-
bated with the same concentration of other GM-CSFs. The EDsq was
10.7, 4.9, and 1.8 pM for erhGM-CSF, yrhGM-CSF, and crhGM-CSF,
respectively (Fig. 4B). Similarly, the proliferation/survival rate of
PBMCs was higher with 2-4 pM cthGM-CSF compared with that
with other GM-CSFs (Fig. 4C). Proliferation/survival in the presence
of goat anti-GM-CSF antibody was comparable, whereas the
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ELISA as described in Section 2.
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inhibitory effect of the antibody was highest in cthGM-CSF, These
data suggested that the effect of crhGM-CSF on the proliferation/
survival of TF-1 cells was not due to oligosaccharide moieties but
rather due to the GM-CSF peptide (Fig. 4D). After 3-day incubation
with 30 pM erhGM-CSF, yrhGM-CSF, or crhGM-CSF, the number of
viable TF-1 cells increased by multiples of 1.95+ 0.5, 2.0+ 0.7, and
6.45 + 0.25, respectively, compared with the number of viable cells
before incubation (Fig. 4E). The size histogram of TF-~1 cells incu-
bated with cthGM-CSF displays a bimodal pattern with a mean va-
lue of 24.09 um, which is larger than that of erhGM-CSF-treated
cells (22,09 pm) and yrhGM-CSF-treated cells (22.0 pm) (Fig. 4F).
The viability of cthGM-CSF-stimulated TF-1 cells was significantly
higher than that of TF-1 cells stimulated with other rhGM-CSFs.
These results demonstrate that low concentrations of crhGM-CSF
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not only promote proliferation/survival but also stimulate the
growth of these cells more efficiently than do erhGM-CSF and
yrhGM-CSF, and that the long-term effect of rhGM-CSF differs from
the short- and intermediate-term outcomes, The long-term effects
of erhGM-CSF and yrhGM-CSF for each condition were similar.

3.5, Modified bioactivity of crhGM-CSF after treatment with sialidase

To investigate the effect of sialyl residues located at the distal
end of the oligosaccharide moieties [20] on cell proliferation/sur-
vival, we studied sialidase-treated crhGM-CSF. After treatment,
mass spectrometry revealed a drastic reduction in the intensity
of peaks corresponding to mono-, di-, tri-, and tetra-sialyl carbohy-
drates (Fig. 5A). This is also consistent with the banding pattern
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Fig. 4. Effect of long-term stimulation with various concentrations of rhGM-CSFs on the proliferation/survival of TF-1 cells, monocytes, and PBMCs. (A) Proliferation/survival
of TF-1 cells incubated for 72 h with various concentrations (0-60 pM) of thGM-CSF derived from E. coli (N), yeast (j ), and CHO (d ) was measured as described in Section 2.
(B) Proliferation/survival of monocytes incubated for 168 h with various concentrations (0-15 pM) of rhGM-CSF derived from E. coli (N ), yeast (j ), and CHO (d ) was measured
as described in Section 2. (C) Proliferation/survival of PBMCs incubated for 168 h with various concentrations (0-15 pM) of rhGM-CSF derived from E. coli (N ), yeast (j ), and
CHO (d ) was measured as described in Section 2. (D) Effect of neutralizing goat anti-E. coli-derived GM-CSF antibody on the proliferation/survival of TF-1 cells incubated with
15 pM rhGM-CSFs. The vertical axis is the proliferation/survival of TF-1 cells (OD at 450 nm). (E) Magnification of proliferation was measured by enumerating viable TF-1 cells
under a phase contrast microscopy before and after 72 h incubation with 30 pM rhGM-CSFs. (F) Size distribution of TF-1 cells incubated with 15 pM rhGM-CSFs for 72 h. The
horizontal axis is the largest diameter of cells and the vertical axis is the number of cells.
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obtained by SDS-PAGE, in which several bands characteristic for
crhGM-CSF are absent or weaker (Fig. 5B). Desialylation of cthGM-
CSF markedly reduced the proliferation/survival rates to levels
observed with erhGM-CSF- or yrhGM-CSF-treated cells (Fig. 5C).
These results suggest that the up-regulated proliferation/survival
induced by crhGM-CSF is likely due to its sialyl residues.

3.6. The effect of GM-CSF on apoptosis of TF-1 cells

The effect of GM-CSF on the apoptosis of TF-1 cells was evalu-
ated by Annexin V expression with flow cytometry. When TF-1
cells were incubated with 30 pM crhGM-CSF for 3 days, 8.8% of
the cells were apoptotic. In contrast, 17.0%, 21.4%, and 15.9% of
cells were apoptotic upon incubation with erhGM-CSF, yrhGM-
CSF, and sialidase-treated crhGM-CSF, respectively (Fig. 6A). TF-1
cells incubated with crhGM-CSF had fewer vacuolated nuclei and
coagulated chromatin than those of cells incubated with other
GM-CSFs (Fig. 6B). TF-1 cell apoptosis was also confirmed by
DNA ladder formation via agarose gel electrophoresis (Fig. 6C).
These results suggested that apoptotic TF-1 cells were less
frequently observed in the presence of low concentration of
¢rthGM-CSF than erhGM-CSF, yrhGM-CSF and sialidase-treated
crh GM-CSF as TF-1 cells are GM-CSF dependent cell line, It is
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Fig. 5. Sialidase treatment of CHO-cell-derived rhGM-CSF and its biological activity.
(A) Mass spectra of CHO cell-derived rhGM-CSF before (blue line) and after (red
line) treatment with sialidase. (B) SDS-PAGE appearance of CHO cell-derived GM-
CSF, CHO cell-derived GM-CSF after sialidase treatment, E. coli-derived GM-CSF, and
yeast-derived GM-CSF. (C) The effect of sialidase treatment on the proliferation/
survival of TF-1 cells after 72 h incubation with E. coli-, yeast-, CHO cells-derived
rhGM-CSF or CHO cells-derived rhGM-CSF after sialidase treatment.

plausible that GM-CSF bioactivity is likely to remain in culture
supernatant of the cells incubated with crhGM-CSF compared with
other rhGM-CSFs.

3.7. Clearance of rhGM-CSF by TF-1 cells and PBMCs

The clearance of crhGM-CSF by TF-1 cells and PBMCs was
delayed compared with that of other GM-CSFs. After 24 and 48 h
clearance assays, 13% and 9.5% of the initial cchGM-CSF concentra-
tion remained in the culture supernatant of PBMCs, whereas only
4,5% and 1.1% of erhGM-CSF, and 3.1%, 1% of yrhGM-CSF and
5.6% and 2.7% of sialidase-treated crhGM-CSF remained, respec-
tively (Fig. 7A). On the other hand, after 24 and 48 h clearance
assays, 7.5% and 3% of the initial crhGM-CSF concentration
remained in the culture supernatant of TF-1 cells, whereas only
1.3% and 1.1% of erhGM-CSF, 1.1% and 1.0% of yrhGM-CSF and
2.9% and 2.7% of sialidase-treated c¢rhGM-CSF remained,
respectively (Fig. 7B). After 48 h incubation with erhGM-CSF, .
yrhGM-CSF, and sialidase treated crhGM-CSF, 15 pM of the same
rhGM-CSF was except for cthGM-CSF added into each well. As
shown in Fig, 7C, addition of each rhGM-CSF improved the prolif-
eration/survival of TF-1 cells in the next 24 h reaching a similar
level of those incubated with original 15 pM of crhGM-CSF for
three days. Taken together with the data of proliferation/survival
assay, it is likely that delayed clearance crhGM-CSF might prolong
its biological activity in vitro (Fig. 7C).

4. Discussion

A number of studies have reported the expression of human
GM-CSF by using natural or recombinant cells. These studies
revealed that mammalian cells secrete GM-CSF proteins with
variable molecular masses [20]. It has also been shown that its
properties such as pharmacokinetics, binding affinity to the
GM-CSF receptor, bioactivity, and immunogenicity are affected
by glycosylation. In the present study, we demonstrated that com-
pared with erhGM-CSF or yrhGM-CSF, cthGM-CSF promoted more
efficiently the proliferation/survival of TF-1 cells, especially at low
concentrations. In contrast to the results of the present study, nat-
ural hGM-CSF is thought to have lower biological activity with
increasing glycosylation [15,24]. The pattern of glycosylation on
GM-CSF has been found to affect its specific biological activity.
Non-human expression systems such as yeast-, CHO celi-, or COS
cell-derived rhGM-CSFs have distinct carbohydrate moieties and
show different biological activities [18,28]. The half-life of hGM-
CSF injected into rats decreases upon deglycosylation, indicating
that the carbohydrate moieties influence the clearance, increase
the stability, or alter the distribution of hGM-CSF. The carbohy-
drate structure of hematopoietic growth factors may therefore be
important in determining their effective half-life in vivo. In this
regard, we confirmed that in vitro GM-CSF clearance was also
affected largely by the carbohydrate moieties of GM-CSF, especially
its sialyl residues at the distal end of the oligosaccharide moieties.

The significance of the glycosylation of hematopoietic growth
factors has been investigated previously. First, it is important for
the secretion of glycoproteins. Erythropoietin secretion is pre-
vented by site-directed mutagenesis of the N- or O-linked glycosyl-
ation sites [29-31]). As tunicamycin does not interfere with
secretion of hGM-CSF, the N-linked carbohydrate is not crucial
for this process [32]. Second, the N-linked carbohydrate influences
the biological activity and receptor binding of other glycoprotein
hormones and cytokines [29,33]. The in vitro activity of erythropai-
etin requires oligosaccharide moieties, but N-linked carbohydrates
markedly reduce the in vitro activity of calcitonin. Glycosylation of
luteinizing hormone is required for signal transduction, although
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Fig. 6. Apoptosis of TF-1 cells incubated with 30 pM rhGM-CSFs for 72 h. (A) Flow cytometry results for apoptotic TF-1 cells incubated with rhGM-CSF derived from E. coli (a),
yeast (b), CHO cells (¢), or sialidase-treated CHO cells (d). The horizontal axis is the fluorescence intensity of Annexin V-FITC and the vertical axis is the fluorescence intensity
of propidium iodide. {B) Morphology of TF-1 cells incubated with GM-CSF derived from CHO cells (a), yeast {b), and E. coli (c) at high magnification (1000x). Cells were
cytocentrifuged and stained with Diff-Quick stain. (C) Agarose gel electropherogram of DNA extracted from TF-1 cells incubated with E. coli-, yeast-, CHO cells-derived rhGM-

CSF or CHO cells-derived rhGM-CSF after sialidase treatment.

deglycosylated luteinizing hormone has higher receptor binding
affinity [33]. Similarly, deglycosylation of hGM-CSF increases the
receptor binding affinity [15]. However, in contrast to hGM-CSF,
the most active forms are heavily glycosylated in luteinizing
hormone [32].

Sialyl residues on carbohydrates in crhGM-CSF are considered
crucial to the upregulation of the proliferation/survival of TF-1 cells
because desialylation remarkably reduces this effect. Various sialy-
lated forms of GM-CSF are produced in various tissues of mice and
confer different physicochemical characteristics to murine GM-CSF
{34]. Molecular weights of GM-CSF purified from various
organs range from 37 to 200 kDa [32]; thus, it is possible that the
bioactivity of GM-CSF produced in different tissues is regulated
by the degree of sialylation. Since sialyl residues at the distal end
of oligosaccharides can affect the specific activity of hGM-CSF as

well as its isoelectric points and affinities to the GM-CSF receptor,
sialylation may alter the activity of hGM-CSF in a tissue-specific
manner. The aforementioned studies are clinically important
because therapy using hGM-CSF has been associated with side
effects, which may relate to its activities as a mediator of inflamma-
tion rather than to its function as a growth factor [15]. If different
glycosylation patterns allow hGM-CSF activity to be regulated,
manipulation of the carbohydrate moieties may enable reduction
of the inflammatory mediator effects of hGM-CSF without affecting
the stimulation of myeloid cell production.

GM-CSF exerts its biological activities by binding to specific
high-affinity cell-surface receptors. After binding, the ligand/
receptor complex is rapidly internalized in most hematopoietic
cells [35,36]. [tis not fully known whether the turnover time of this
internalization differs between different rhGM-CSFs. It is possible
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Fig. 7. GM-CSF clearance assay of TF-1 cells and peripheral blood mononuclear
cells. (A) Peripheral blood mononuclear cells were incubated for 0-48 h with each
15 pM of E. coli-, yeast-, CHO cells-derived thGM-CSF or CHO cells-derived rhGM-
CSF after sialidase treatment. (B) TF-1 cells were incubated for 0-48 h with each
15 pM of E. coli-, yeast-, CHO celis-derived rhGM-CSF or CHO cells-derived rhGM-
CSF after sialidase treatment. The horizontal axis is the time after the start of
incubation. The vertical access is percent each thGM-CSF concentration per initial
concentration at each time point in the culture supernatant. (C) After 48 h
incubation with E. coli-, yeast-, CHO cells-derived rthGM-CSF or CHO cells-derived
rhGM-CSF after sialidase treatment, 15 pM of the same rhGM-CSF was added into
each well. The vertical axis is the proliferation/survival of TF-1 cells (OD at 450 nm).

that the oligosaccharide sialyl residue of crhGM-CSF can attenuate
its binding to the low-affinity rhGM-CSF receptor o andfor
associate with the rhGM-CSF B chain, resulting in downregulation
of signal transduction and delayed clearance of the molecule [15].
The present study revealed that stimulation with low concentra-
tions of crhGM-CSF augmented STAT5 phosphorylation less
effectively than did low concentrations of erhGM-CSF and
yrhGM-CSF. The sialyl residue may prolong the turnover cycle
(known to be 40 s for erhGM-CSF) and thus maintain rhGM-CSF
bioactivity for a longer period {35]. In the future, it is necessary
to determine whether the sialyl residues of GM-CSF attenuate its
binding to low-affinity receptors on hematopoietic cells or delay
the process of its internalization into cells.

5. Conclusion

We have demonstrated for the first time that sialylated
oligosaccharide moieties prolong the proliferation/survival of
rhGM-CSF in vitro. Further studies are warranted to determine

the correlation of the oligosaccharide structure of crhGM-CSF with
both signal transduction and internalization.
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Abstract

Background: Secondary pulmonary alveolar proteinosis (sPAP) is a very rare lung disorder comprising
approximately 10% of cases of acquired PAP. Hematological disorders are the most common underlying conditions
of sPAP, of which 74% of cases demonstrate myelodysplastic syndrome (MDS). However, the impact of sPAP on the
prognosis of underlying MDS remains unknown. The purpose of this study was to evaluate whether development
of sPAP worsens the prognosis of MDS.

Methods: Thirty-one cases of sPAP and underlying MDS were retrospectively classified into mild and severe cases
consisting of very low-/low-risk groups and intermediate-/high-/very high-risk groups at the time of diagnosis of
MDS, according to the prognostic scoring system based on the World Health Organization classification. Next, we
compared the characteristics, disease duration, cumulative survival, and prognostic factors of the groups.

Results: In contrast to previous reports on the prognosis of MDS, we found that the cumulative survival probability
for mild MDS patients was similar to that in severe MDS patients. This is likely due to the poor prognosis of patients
with mild MDS, whose 2-year survival rate was 46.2%. Notably, 75% and 62.5% of patients who died developed fatal
infectious diseases and exacerbation of PAP, respectively, suggesting that the progression of PAP per se and/or
PAP-associated infection contributed to poor prognosis. The use of corticosteroid therapy and a diffusing capacity
of the lung for carbon monoxide of less than 44% were predictive of poor prognosis.

Conclusion: Development of sPAP during the course of MDS may be an important adverse risk factor in prognosis
of patients with mild MDS.

Keywords: Proteinosis, Myelodysplastic syndrome, GM-CSF, WPSS, Secondary pulmonary alveolar proteinosis, MDS,
PAP, Refractory anemia
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Background

Pulmonary alveolar proteinosis (PAP), a rare disorder
predominantly affecting the lungs, is characterized by
accumulation of surfactant lipids and proteins in the al-
veoli and terminal bronchioles {1]. PAP is clinically clas-
sified into three distinct forms, namely, autoimmune,
secondary, and congenital PAP [2]. Autoimmune PAP is
associated with disruption of granulocyte/macrophage
colony-stimulating factor (GM-CSF) signaling caused by
high levels of GM-CSF autoantibody in the lungs [3}.
Secondary PAP (sPAP) results from underlying diseases
that presumably impair surfactant clearance because of
abnormal numbers and functions of alveolar macrophages
(AMs). Of the 40 cases of sPAP previously reported by
our group [4], 88% (n=35) involved hematological disor-
ders as underlying diseases. The probability of survival at
two years was 46% in cases with sPAP complicating
hematological disorders. The median survival time for all
cases including 17 patients who died within two years of
the sPAP diagnosis was 16 months. Although myelodys-
plastic syndrome (MDS) is the most frequent underlying
disease of sPAP (n = 26, 65%), little information is available
on the prognostic impact of development of sPAP on pa-
tient outcome,

MDS, a group of clonal hematological stem-cell disor-
ders with ineffective myeloid hematopoiesis and varying
degrees of bone marrow failure, is associated with a
significant risk of progression to acute myeloid leuke-
mia (AML). Clinical manifestations are variable, from
indolent conditions with near-normal life expectancy
to forms that rapidly develop into AML [5]. Clari-
fying much of this heterogeneity, the World Health
Organization (WHQ) developed a classifications of MDS
based on the presence of unilineage or multilineage
dysplasia, bone marrow blast cell count, and cytogenetic
features: refractory anemia (RA), RA with ringed side-
roblasts (RARS), refractory cytopenia with multilineage
dysplasia (RCMD), RCMD with ringed sideroblasts
(RCMD-RS), RA with excess of blasts-1 (RAEB-1), and
RA with excess of blasts-2 (RAEB-2) [6]. In 2007,
Malcovati et al. developed a new prognostic scoring
system (WHO classification-based prognostic scoring
system (WPSS)) according to WHO subgroup, karyo-
type, and transfusion requirement. Through this system,
cases with MDS are classified into very low-, low-,
intermediate-, high-, or very high-risk groups [7]. WPSS
is a dynamic system that accurately predicts the survival
and risk of leukemic evolution in MDS patients at any
time during the course of their disease. This time-
dependent system seems particularly useful for lower-risk
patients and for implementing risk-adapted treatment
strategies,

Given the validation of WPSS criteria as a prognostic
indicator for the course of MDS, it is applicable in
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prognosis evaluation of MDS complicated by PAP
(MDS/sPAP). In the present study, we evaluated this
issue for the first time and found that development of
sPAP worsens the prognosis of patients with otherwise
low-risk MDS.

Methaods

Subjects

Thirty-one patients in Japan who were diagnosed with
sPAP with underlying MDS from July 1999 to June
2013 were evaluated. We obtained agreement from all
treating physicians for each identified case, according
to the Guidelines for Epidemiological Studies by The
Ministry of Health, Labour, and Welfare. This was a
retrospective cohort study approved by the Ethical
Board of Kyorin University (H23-085-01), Cases, part of
which were reported previously, were identified retro-
spectively [8-18].

Diagnosis

Diagnosis of MDS was made according to the 2002
WHO criteria [6]. One patient with unclassified MDS,
two patients with myelofibrosis, and two patients with
20% marrow blasts who were considered as having AML
were excluded from the study. MDS with isolated
chromosome 5 deletion (del(5q)) and marrow blasts
of <5% were included. Next, the patients were classified
into RA, RARS, RCMD, RAEB-1, and RAEB-2 groups.
Karyotypes were classified by using the International
System for Cytogenetic Nomenclature Criteria [19].
Diagnosis of PAP was based on the following criteria: 1.
histopathological findings from specimens obtained by
surgical biopsy or transbronchial lung biopsy, or milk-
like appearance with typical cytological findings from
bronchoalveolar lavage fluid (BALF); 2. typical high-
resolution computed tomography (HRCT) findings for
PAP, such as ground glass opacity, consolidation, and
interlobular septal thickening; and 3. negative result for
serum GM-CSF autoantibody.

Classification by WPSS

The WPSS score was calculated according to the
method of Malcovati ef al. [7] The score was calculated
from the data of WHO subgroups (RA/RARS/5¢-,
RCMD/RCMD-RS, RAEB-1, and RAEB-2), karyotype
abnormalities categorized according to the International
Prognostic Scoring System [20], and transfusion require-
ment. The same weight (score of 21) was assigned to
each variable for WHO subgroup, karyotype, and trans-
fusion requirement. Based on the score, patients were
classified according to the following five risk groups: very
low (score=0), low (score=1), intermediate (score = 2),
high (score =3 to 4), and very high (score =5 to 6). Trans-
fusion dependency was defined as having at least one
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red blood cell (RBC) transfusion every eight weeks over a
period of four months.

Statistical analysis

The cumulative probability of survival and risk of progres-
sion to leukemia were estimated by using the Kaplan—Meier
method. Patients undergoing transplantation treatment
were censored at the time of the procedure in order to
exclude any potential source of bias due to differential
treatment. Variable data were analyzed through Kaplan—
Meier methods to estimate the cumulative probabilities
of overall survival. The difference in the cumulative
probabilities within subcategories of patients was com-
pared by using two-sided log rank test. Survival analyze
was performed using Cox proportional model with
time-dependent covariates to assess the effect of the
variables of interest on overall survival.

Numeric data were evaluated for normal distribu-
tion and for equal variance by using the Kolmogorov—
Smirnov test and Levene’s median test, respectively.
Nonparametric data are presented as medians. Categor-
ical data are presented as a percentage of the total or
numerically, as appropriate. Statistical comparisons of
nonparametric data were compared through the Wilcoxon
test. Comparisons of categorical data were made with
chi-square or Fischer’s exact tests. All tests were two-
sided. Statistical significance was indicated by p values
of <0.05. Data were analyzed by using SPSS 17.0
software for Windows.

Results
From September 1999 to May 2013, we centrally ana-
lyzed for GM-CSF autoantibody in the sera of 619
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Japanese cases that had been diagnosed as PAP. Of those
cases, 561 were positive for the antibody and 58 were
negative. In the cases negative for GM-CSF antibody, 51
demonstrated obvious underlying diseases such as
hematological disorders, autoimmune diseases, and in-
fectious diseases. As shown in Figure 1, hematological
disorders were the most common underlying disease, 31
cases of which involved MDS. These cases were investi-
gated retrospectively in this study.

Demographic data are shown in Table 1. Diagnosis of
MDS was performed in accordance with WHO criteria;
19, 1, 5, 3, and 3 cases were RA, RARS, RCMD, RAEB-1,
and RAEB-2, respectively. Karyotyping revealed 2 cases of
“high-riskes of g e, 24 cases of “intermediate-riskmediatef,
and 5 cases of “low-risks disease. As previously reported
[10], there was over-representation of trisomy 8, as it was
present in 16 cases (51.6%). RBC transfusion dependency
was observed in 11 cases.

PAP was diagnosed on the basis of the BALF and
HRCT results in 23 cases and by surgical biopsy and
HRCT in eight cases. In 23 cases, diagnosis of MDS was
done before diagnosis of PAP, whereas eight cases were
diagnosed simultaneously.

According to the WPSS, the cases were classified into 2,
11,7, 9, and 2 cases of very low-, low-, intermediate-, high-
, and very high-risk groups, respectively. For statistical ana-
lysis, very low-/low-risk groups and intermediate-/high-/
very high-risk groups were categorized as “mild MDS”
and “severe MDS” DSere iz, respectively (Table 1).
There was no difference in sex and age at the diagnosis
of MDS and in hemoglobin concentration, absolute
neutrophil count, and platelet count between mild and
severe MDS cases. Then, the median age at diagnosis of

PAP diagnosed in Japan

N=619
GM-CSF autoantibody
I !
Positive : autoimmune PAP Negative
N= 561 (90.6% ) N =58(9.4% )

Underlying disease

i
)

secondary PAP (sPAP)

N = 51}(83% )

|
|

MDS APAP
N=31

presence or absence of an underlying disease known to cause PAP.

Others
N=20

Figure 1 Disposition of patients with pulmonary alveclar proteinosis (PAP} who were enrolled into this study. Participants were stratified
according to the presence or absence of granulocyte/macrophage-colony stimulating factor (GM-CSF) autoantibody, and then according to the

!
=
unclassified PAP
N=7(1.1%)
, including
hereditary PAP (n=3)
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Table 1 Demographic data at diagnosis of MDS in each group classified according to the WPSS
<WPSS risk groups>
<Very low + low > <Inter— +high + very high>
Median (min,~max.) Total Mild MDS Severe MDS p value
(n=31) (n=13) (n=18)
Sex (M/F) 1912 7/6 12/6 0.71
Age at Dx of MDS 50 (27-75) 45 (30-67) 50 (27-75) 0.54
HbG {g/dh 94 (4.8-164) 114 (5.5-164) 9.0 (48-13.9) 0.06
ANC (< 10°/0) 1.84 (0.01-7.54) 146 (045-6.97) 2.74 (0.01-7.54) 068
PLT (x 10°A) 65 (6-219) 45 (14-219) 69 (6-196) 0.31
WHO subgroup: n (%)
RA/RARS 20 (65) 13 (100) 739 <0.001
RCMD 5(16) 0O 5(28) 0.058
RAEB-1,2 6(19) 0(0) 6 (33) 0.02
Karyotype*: n (%)
Good type 2(7 2(15) 0 0.16
Intermediate type 24 (77) 11 (85) 13(72) 0.66
Poor type 5 (16) 0(0) 5(28) 0,058
RBC transfusion dependency**: n (%) 11 (35) 0 11 1) <0001

(*) Cytogenetics was as follows. Good type: normal, =Y, del(5¢), del(20q); poor type: complex (2 three abnormalities), chromosome 7 anomalies; and intermediate

type: other abnormalities,

(*) RBC transfusion dependency was defined as having at least one RBC transfusion every eight weeks over a period of four months. ANC, absolute neutrophil
count; Dx, diagnosis; HbG, hemoglobin; MDS, myelodysplastic syndrome; PLT, platelets; RA, refractory anemia; RAEB, refractory anemia with blasts; RARS, refractory
anemia with ringed sideroblasts; RBC, red blood cell; RCMD, refractory anemia with multilineage dysplasia; WHO, World Health Organization; WPSS, WHO

classification-based prognostic scoring system.

Table 2 Clinical status at death (n=17)

WPSS at diagnosis ~ WHO criteria at diagnosis of MDS ~ AML progression Progression of PAP Pneumonia
No. 6 (35.3%) 11 (64.7%) 11 (64.7%)
Mild MDS 1 Very low + low RA @
2 RA ®
3 RA ® ®
4 RA ® ®
5 RA ®
6 RA ®
7 RA L]
Severe MDS 8 Intermediate RA [ ]
9 RA @ ®
10 RA ® ®
1 RA @ @ ®
12 RA ® ®
13 RCMD e
14 High + very high RA ® ®
15 RCMD @ @
16 RAEB-1 ® ®
17 RAEB-2 ® @

AML, acute myeloid leukemia; MDS, myelodysplastic syndrome; PAP, pulmonary alveolar proteinosis; RA, refractory anemia; RAEB, refractory anemia with blasts;

RCMD, refractory anemia with multilineage dysplasia; WHO, World Health Organization; WPSS, WHO classification-based prognostic scoring system.
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MDS/sPAP was 51 years, and 84% of cases were symp-
tomatic, with the most common symptoms being fever
(45%), dyspnea on effort (42%), and cough (42%). The
value of serum Krebs von den Lungen-6 (KL-6) and
surfactant protein-D (SP-D) were elevated, and the dif-
fusing capacities of the lung for carbon monoxide (%
DLco) were very low in the absence of ventilation dis-
order in pulmonary function tests. There was no differ-
ence in the frequency of respiratory symptoms between
patients with mild MDS and those with severe MDS.
Serum biomarkers and pulmonary function tests showed
no significant difference between the two groups.
Follow-up periods after diagnosis of MDS ranged
from five to 254 months (median, 40 months) in all
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patients (Additional file 1: Figure S§1 and Additional file
2: Figure S2). During the follow-up period, 7 patients
with mild MDS and 10 patients with severe MDS died,
and 2 patients with mild MDS and 4 patients with se-
vere MDS progressed to AML (Table 2). Two and five
patients in the mild MDS and severe MDS groups, re-
spectively, underwent transplantation therapies. They
were censored at the time of the procedure. The dur-
ation from diagnosis of MDS to diagnosis of sPAP was
variable, ranging from 0 to 168 months in the mild
MDS group and from O to 228 months in the severe
MDS group (Figure 2A). The median duration of MDS
prior to diagnosis of sPAP in the mild MDS group
was significantly longer than that in the severe MDS group

" R . N
[ Lo before b donihcase
— 1 |7 % : wansplantation
MildMDS | o e
(n=13) :“;m;'“—-_fF !
[ ————— !
— %
T
-1
“E -
. G i
I
==t ¢
e T : )
AR R S REE,
LA} i ]
Severe MBS | ey :
(n=18) ™) Epeeme

oy

Cumulative survival probability

B

- - e T
150 200 250 (months)
Mild MDS (n=13)
- — Severe MDS (n=18)
p=0.827
T t
o 2% a8 2 v 28

Time (months)

Figure 2 Disease duration of secondary PAP in patients with MDS. A: Duration of disease before or after the diagnosis of secondary
pulmonary alveciar proteinosis (SPAP). The horizontal axis indicates the month after the diagnosis of myelodysplastic syndrome. The open
column and closed column indicate the duration of disease respectively before and after the diagnosis of sPAP. The case that resulted in death is
marked by T and the case that underwent transplantation therapy is marked by *. B: Cumulative survival probability after diagnosis of secondary
PAP (sPAP) in patient groups with mild myelodysplastic syndrome (MDS) (n = 13) and severe MDS (n=18). The horizontal axis indicates the
month after the diagnosis of sPAP, and the vertical axis indicates the cumulative survival probability.
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(p=0.034), Three patients in the mild MDS group and
one in the severe MDS group survived for more than five
years after diagnosis of sPAP. Of those, spontaneous
remission of sPAP occurred in three cases.

A previous report [7] demonstrated that prediction of
survival was dependent on the severity of MDS (as de-
fined by WPSS) at any time of the disease. In contrast,
patients with mild MDS in our study had cumulative
survival probability similar to that of patients with severe
MDS (Figure 2B, p =0.827). This similarity may be due
to poor prognosis of mild MDS after diagnosis of PAP.
The cumulative survival probability curves of mild
and severe MDS groups with median survivals of 13 and
15 months, respectively, are comparable. Concerning
causes for the death of seven patients in the mild MDS
group were progression to AML in two cases, PAP ex-
acerbation in four cases, and fatal infectious disease in
three cases (Table 2). Concerning causes for the death of
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10 patients in the severe MDS group were progression
to AML in 4 cases, PAP exacerbation in 7 cases, and
fatal infectious disease in 8 cases. Fatal infectious dis-
eases consistently arose from severe pneumonia with
(n=4) or without systemic sepsis, suggesting that pro-
gression of PAP was the major cause of death in both
mild and severe MDS patients. These results suggest
that occurrence of sPAP principally reduced the survival
of patients with mild MDS. Pathogens isolated in the
fatal cases were identified as Aspergillus species (four
cases), Pseudomonas aeruginosa (four cases), and non-
tuberculosis Mycobacterium species (four cases).

By performing univariate analysis using Cox propor-
tional model we then searched for potential prognostic
factors. Age, sex, respiratory symptoms, history of respira-
tory failure, diagnostic procedure for sPAP, and MDS
group (mild or severe), were not associated with survival
at the time of diagnosis of sPAP (Table 3). Treatment with

Table 3 Univariate analysis of overall survival after diagnosis of sPAP in MDS

Variable at diagnosis of sPAP (n) 75% of OS (months) 50% of 05 (months) HR (95% Ci) P value

Age: 51 yrs or younger 16 8 16
Older than 52 yrs 15 10 15 1.29 (0.48-341) 0607

Gender: Male 19 10 16
Female 12 " 21 1.12 (043-2.94) 0.804

MDS group: mild 13 10 15
severe 18 1 16 1.11 (042-2.95) 0.830

Symptoms: {—) 5 26 26
() 26 6 15 1.50 (0.33-6.65) 0592

Dx procedure: Bronchoscopy 23 1 13
Surgical biopsy 8 15 26 0.69 (0.23-2.04) 0.507

Respiratory failure: () 21 1 26
(+) 10 5 10 218 (0.77-6.22) 0.142

Use of corticosteroid: (=) 16 16 80
() 15 10 13 3.20 (1.09-9.38) 0.034

Serum KL-6 (U/mi): < 1960 16 13 26
1960 = 15 5 15 1.52 (0.58-4.00) 0.389

Serum SP-D (ng/ml): < 147 15 10 26
147 £ 15 8 15 1.80 (0.62-5.22) 0.278

Serum SP-A (ng/mi): < 79 16 1 26
9= 14 5 15 2.79 (0.965-8.06) 0.058

WVC: 87 = 1 15 34
< 87 1 8 15 327 (0.79-1352) 0.101

FEV1%: 86 = 12 8 16
< 86 10 13 34 052 (0.14-1.87) 0322

%DLeo: 44 = 9 21 34
< 44 8 5 13 998 (1.03-96.11) 0.046

Cl indicates confidence interval; OS, averall survival; DLco, diffusing capacity of the lung for carbon monoxide; Dx, diagnosis; FEV, forced expiratory volume; HR,
hazard ratio; KL-6, krebs von den lungen-6; MDS, myelodysplastic syndrome; SP-A, surfactant protein -A; sPAP, secondary pulmonary alveolar proteinosis; SP-D,

surfactant protein -D; VC, vital capacity.



Ishii et al. BMC Pulmonary Medicine 2014, 14:37
http//www biomedcentral.com/1471-2466/14/37

corticosteroids was associated with poor survival (p=
0.024) (Figure 3A). However, the number of patients
treated with steroid therapy did not differ between mild
and severe MDS groups. A %DLco of <44% (Figure 3B)
predicted poor prognosis (p = 0.019), whereas %vital ca-
pacity (%VC), forced expiratory volume (FEV) 1.0%, serum
KL-6, SP-D, and surfactant protein-A (SP-A) did not.

Discussion
For the first time, we evaluated the prognosis of MDS/
sPAP in a substantial cohort of patients, comparing mild

Page 7 of 10

and severe MDS as classified according to WPSS cri-
teria. Our data demonstrate that the duration from diag-
nosis of MDS to diagnosis of sPAP was longer in mild
MDS than that in severe MDS, but the survival probabi-
lity was similar after the diagnosis of sPAP regardless of
MDS severity. As a whole, occurrence of PAP appeared
to worsen the prognosis of patients with mild MDS. This
result is supported by the fact that the major cause
of death was not MDS-associated but rather sPAP-
associated respiratory failure or infections. Prior to our
report, 21 cases with MDS/sPAP have been reported
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Figure 3 Risk factors for the prognosis of secondary PAP in patients with MDS. A: Cumulative survival probability after diagnosis of
secondary PAP (sPAP) in myelodysplastic syndrome (MDS) cases with steroid therapy (n = 15) and in MDS cases without steroid therapy (n = 16).
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[8-18]. Most reports [9-18,21-24] describe a single case,
whereas only two publications report multiple cases
[8,25]. The clinical course described in these reports
suggest a poor prognosis for MDS/sPAP patients, but no
prior report clearly quantifies the outlook for these pa-
tients and compares this to a predicted outcome by
using validated prognostic scores such as WPSS, MDS/
sPAP is so rare a disease that neither pulmonologists
nor hematologists encounter such patients very often. In
fact, in more than 10 years, 2 to 5 cases were diagnosed
as MDS/sPAP annually in our analyses for serum GM-CSF
autoantibody in over 600 diagnosed PAP cases from
all over Japan; thus, we have finally reached cumula-
tive 31 cases with MDS/sPAP.

According to the WHO criteria, 20 of the 31 cases
were RA/RARS, 5 cases were RCMD, and 6 cases were
RAEB1-2. The proportion of the number for each sub-
type in the total number of cases was comparable to
literature data in terms of frequency and subtype distri-
bution, suggesting that the risk of PAP complicating
MDS is similar regardless of the subtype of MDS. It is
speculated that AMs in patients with MDS derive from
abnormal bone marrow precursor cells and are defec-
tive in both surfactant homeostasis and host defense,
hence the progression of PAP and PAP-associated in-
fections even in cases with mild MDS. Previous studies
reported that in the absence of complicating sPAP,
the five-year survival probability for patients with RA
and RARS was 74% [26], whereas our cases with RA
plus RARS had substantially inferior prognosis (0.69)
(Additional file 2: Figure S2).

It is noteworthy that treatment with corticosteroids
was associated with a markedly inferior prognosis. In
Japan, steroid therapy often has been used for PAP but
no evidence of its efficacy has been found. To our sur-
prise, 15 of 31 cases had undergone steroid therapy du-
ring the course of sPAP. Our data reveal that steroid-
treated patients had worse prognosis than did patients
without steroid therapy. Given that the predominant
cause of death was infective complications potentially
exacerbated by steroid-related immunosuppression, these
data clearly caution against the use of steroid therapy in
such patients.

Treatment of MDS/sPAP should be directed toward
the underlying malignancy, ie, MDS. It should also
aim at restoring hematopoietic function, either through
allogeneic bone marrow transplant, which has curative
potential for both MDS and sPAP, or through hypo-
methylating agent therapy for MDS, which can restore
numerical hematologic parameters. However, functional
cellular defects will likely remain, as such therapy does
not necessarily eradicate the underlying clone, but rather
enhances cellular differentiation [27,28]. Nevertheless,
seven cases with MDS/sPAP to date in our cohort
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had undergone transplantation therapy, Of those, three
patients died of pnewmonia within three months of
the transplantation therapy. Therefore, we do not have
any convincing evidence to recommend transplantation
therapy in the early stages of the disease. Although
whole-lung lavage and segmental bronchial lavage were
performed in 10 patients, only 3 cases showed the effi-
cacy of lung-lavage therapy.

Infection often coexists with MDS/sPAP, although the
causal relationship between PAP and infection is not
clear. Superimposed infection accounts for a significant
degree of morbidity and mortality in patients with sPAP.
In the present study, 11 among 17 cases with fatal out-
comes developed fatal infectious diseases. Considering
that this complication was observed in the mild MDS
and severe MDS groups, pneumonia accompanied with
sPAP might be the trigger of fatal infection. Neverthe-
less, the present number of cases (31) is too small for
accurate prognosis evaluation of MDS/sPAP; future
international collaboration may be necessary to over-
come this difficulty.

Conclusions
Complication of sPAP is an important risk factor in
the prognosis of MDS, We believe that the present
data will contribute to the management and treatment
of the disease.

Additional files

Additional file 1: Figure 51. Survival curves after diagnosis of MDS in
each mild and severe MDS,

Additional file 2: Figure S2. Survival curves in each MDS groups
classified by WHO-criteria.
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