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Abstract Bactericidal activities of neutrophils occur by
two distinctive mechanisms that are oxygen-dependent and
-independent. Human cathelicidin antimicrobial peptide
18 (hCAP18), also known as LL-37/FALL-39, is a neutrophil-specific granule protein. We compared the content
of hCAP18 and neutrophil gelatinase-associated lipocalin
(NGAL), another neutrophil-specific granule protein, in
neutrophils of both neonates and adults by flow cytometry.
The percentage as well as fluorescence intensity ratio of
hCAP18 and NGAL expression in neonate neutrophils
were significantly lower than in adults. Expression of
hCAP18 in monocytes, however, was not significantly
different between neonates and adults. Both hCAP18 and
NGAL expression increased in an age-dependent fashion.
Plasma concentration of these peptides measured by
enzyme-linked immunosorbent assay was not significantly
different between neonates and adults. Oral intake of 1a
hydroxy vitamin D3 (1a(OH)D3) in rickets patients for
4 weeks significantly increased hCAP18 expression in
neutrophils compared to age-matched healthy controls
without 1a(OH)D3, indicating the potential of vitamin D3
as a regulator of the innate immune response of neonates.
Keywords

Human  Neutrophils  Phagocytosis

Y. Misawa  A. Baba  M. Tanaka  M. Shiohara (&)
Department of Pediatrics, Shinshu University School
of Medicine, 3-1-1, Asahi, Matsumoto 390-8621, Japan
e-mail: shiohara@shinshu-u.ac.jp
S. Ito
Research Center for Human and Environmental Sciences,
Division of Instrumental Analysis, Shinshu University School
of Medicine, 3-1-1, Asahi, Matsumoto 390-8621, Japan

1 Introduction
Bacterial infections are important causes of neonatal
morbidity and mortality [1, 2]. Both preterm and term
neonates are immunocompromised after birth compared
with older children and adults. Moreover, the proportion of
low-birth-weight (LBW) and very low-birth-weight
(VLBW) infants was 4.2 and 0.1% in 1980, but increased
to 8.3 and 0.6% in 2000 in Japan [3]. LBW infants have
improved survival, but have more chance of being exposed
to a continuous risk of bacterial infections. Neonates are
susceptible to systemic infections, including group B
streptococcus (GBS), Escherichia coli, or Listeria monocytogenes as early onset bacteremia [4, 5]. Moreover,
Enterococci and Staphylococcus aureus cause nosocomial,
late-onset infection in neonates [2]. The mortality rate of
late-onset sepsis caused by Gram-negative bacteria in
VLBW infants is up to 36% [6]. It is an important and
urgent problem to reduce or prevent severe bacterial
infection among neonates.
Neutrophils play an important role in innate immune
defense against microorganisms. Neutrophils migrate from
peripheral blood into infection sites, recognize microorganisms, and initiate antimicrobial activities. In addition to
oxygen-dependent bactericidal systems, neutrophils have
oxygen-independent antimicrobial proteins or peptides
(AMP) [7]. These include primary, secondary (specific) or
tertiary granule AMP [8]. The combination of AMP,
including primary AMP a- or b-defensin and secondary
AMP cathelicidin, is one of the major components of this
defense system against microbial infection in humans [7–9].
Human cathelicidin antimicrobial peptide of 18 kDa
(hCAP18), also called LL-37 or FALL-39 [10–12], is the
only known human cathelicidin [13]. hCAP18 is transcribed and translated in promyelocyte to myelocyte stages
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of myeloid differentiation in bone marrow (BM). The
precursor of cathelicidin consists of an N-terminal signal
peptide, cathelin domain, and C-terminal antimicrobial
peptide (LL-37), which is activated by cleavage from the
cathelin portion [12, 14], and is stored in secondary or
specific granules of neutrophils [15]. hCAP18 is also
expressed in the squamous epithelia [16], epididymis [17]
and lungs [18]. Expression of hCAP18 in epithelial cells is
inducible by infection and inflammation [19]. Neutrophil
gelatinase-associated lipocalin (NGAL) is also a specific
granule protein [8, 9]. Cationic AMP, including hCAP18,
bind to the microbial cell membrane, change its permeability, disrupt the metabolism of bacteria and fungi, and
kill them [20]. NGAL exerts its antimicrobial activities by
binding bacterial catecholate-type ferric siderophores,
leading to iron depletion [21, 22]. hCAP18 shows antimicrobial activities against herpes simplex virus and human
immunodeficiency virus (HIV) [23, 24]. AMP quickly kill
microbes and are supposed to be effective in killing antibiotic-resistant bacteria. In addition to antimicrobial
actions, hCAP18 has been shown to regulate inflammatory
and immune responses. Some of these activities include
neutralization of lipopolysaccharide [10], chemoattraction
of neutrophils, T cells [25] or mast cells [26], induction of
differentiation of dendritic cells [27] and suppression of
neutrophil apoptosis [28]. Specific-granule deficiency
(SGD), which showed inactivation mutations of myeloidspecific transcription factor, CCAAT/enhancer binding
protein (C/EBP) e, and was deficient in neutrophil granular
proteins, including hCAP18, showed immunodeficiency
against bacteria and fungi from infancy [29, 30].
One reason why neonates are at high risk for bacterial
infections is that they show developmental delay in maturation of the innate immune system, including chemotaxis
and killing activities of neutrophils [31, 32]. From the aspect
of killing activities, reactive oxygen species (ROS) production by nicotinamide adenine dinucleotide phosphate oxidase is the main oxygen-dependent bactericidal action and
plays an important role, but the ability of ROS production of
neutrophils in neonates is reported to be a similar level to
adults [33]. Reports on oxygen-independent antimicrobial
activities in neutrophils of neonates are limited. In this study,
we focused on neutrophil secondary granule peptide,
hCAP18 expression, in neonates, which plays an important
role in oxygen-independent antimicrobial activities.

2 Materials and methods
2.1 Samples and cell culture
This study was approved by the Committee for Medical
Ethics of Shinshu University School of Medicine.
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Samples from normal healthy volunteers were obtained
after receiving informed consent from them or their parents. Twenty-five neonates and adults were studied. Neonate samples were obtained from 0 to 5 days after birth
(median 2 days, male n = 13, female n = 12), and adult
samples were from 21- to 46-year-olds (median 28 years
old, male n = 12, female n = 13).
Human cord blood cells (CB) were obtained following
informed consent, and incubated in a-minimum essential
medium (a-MEM; Sigma-Aldrich, St. Louis, MO, USA)
containing 10% fetal calf serum (FCS; HyClone, Logan,
Utah, USA).
Human myeloid leukemia cell line U937 was cultured
in a-MEM containing 10% FCS either with or without
10-7 M of 1a,25 dihydroxy vitamin D3 (VD) or its
derivative 1a,25 dihydroxy-22-oxacalcitriol (OCT)
(Chugai Pharmaceutical Co., Ltd, Tokyo, Japan) for 24
or 48 h.
2.2 Flow cytometric analysis and cell sorting
Monoclonal antibodies (mAb) for fluorescein isothiocyanate (FITC)-CD13, phycoerythrin (PE)-CD11b, peridinin
chlorophyll protein (PerCP)-CD45, and hCAP18, NGAL
were purchased from BD immunocytometry systems
(Mountain View, CA, USA) and HyCult Biotechnology
(Uden, The Netherlands), respectively. For the analysis of
cytoplasmic hCAP18 or NGAL expression in peripheral
blood (PB) neutrophils, CB, or cell line, 1–2 9 106 whole
blood cells or U937 cells were collected in polystyrene
tubes and incubated with appropriately diluted PerCPCD45, FITC-conjugated goat anti-mouse IgG and hCAP18
or NGAL mAbs, in the same method as described previously [34]. The cells were washed twice and analyzed with
a FACScan flow cytometer, using the Lysis II software
program (BD Immunocytometry Systems). Viable cells
were gated according to their forward light-scatter characteristics (FSC) and side-scatter characteristics (SSC). For
cell sorting, BM, and CB mononuclear cell were stained
with FITC-CD13 and PE-CD11b. CD13?CD11b- population was sorted by FACSVantage (BD Immunocytometry
Systems).
2.3 Analysis of protein expression
Western blot analysis was performed essentially as
described previously [35]. Total cell lysates were electrophoresed through 12% polyacrylamide–sodium dodecyl
sulfate (SDS) gels. hCAP18 (HyCult Biotechnology),
C/EBPe (C-22; Santa Cruz Biotechnology, Santa Cruz, CA,
USA) or b-actin (C-2; Santa Cruz Biotechnology) antibodies were used at 0.2 lg/ml.

hCAP18 expression in newborn neutrophils

2.4 Measurement of plasma concentration of LL-37
and NGAL by enzyme-linked immunosorbent
assay (ELISA)
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was drawn at 4-week intervals, and hCAP18 expression
was analyzed by flow cytometry.
2.7 Statistical analysis

Plasma concentrations of LL-37 and NGAL were analyzed
using the Human hCAP18/LL-37 ELISA test kit (Hycult
Biotechnology) and the NGAL ELISA kit (Antibodyshop,
Gentofte, Denmark), respectively. We followed the assay
procedures recommended by each manufacturer.

A non-parametric test using the Bonferroni/Dunn method
was used to evaluate the age-dependent expression of
AMP. The Mann–Whitney U test was applied for other
experiments using StatView software (version 5.0; Cary,
NC).

2.5 Real-time reverse-transcribed (RT)-polymerase
chain reaction (PCR)
3 Results
Total RNA was extracted from CB cells treated with
10-7 M of VD for 48 h, or BM and CB CD13?, CD11bcells using Isogen reagent (Nippon Gene, Tokyo, Japan)
following the manufacturer’s instructions. RNA (200 ng)
was reverse-transcribed using random-hexamer primers
and avian myeloblastosis virus (AMV)-reverse transcriptase (Takara, Tokyo, Japan). The quantitation of mRNA
levels used a real-time fluorescence detection method
according to the manufacturer’s protocol. The specific
primer pair and probe for hCAP18, C/EBPe, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) genes,
respectively, were from the TaqMan Gene Expression
Assay (Applied Biosystems, Foster City, CA). Real-time
PCR was performed in an ABI PRISM 7700 Sequence
Detection System (Applied Biosystems), using the primer
pair and an oligonucleotide probe with a 50 fluorescein
reporter dye (FAM), and a 30 non-fluorescent quencher
conjugated with a 30 minor groove binder (MGB). In each
experiment, duplicates of cDNA from samples in a 50-ll
reaction mixture containing 19 Universal PCR Master Mix
(Applied Biosystems), 900 nM of the primer pair, 250 nM
of an oligonucleotide probe with a 50 fluorescent reporter
dye, and a 30 quencher dye, were used. Relative gene
expression was determined based on the threshold cycles of
the genes for C/EBPe, hCAP18, and GAPDH. Comparative
Ct method was applied for VD experiment and CB cells
without VD treatment were used as the standard. The
assays were performed in triplicate, and mean values of the
three experiments are given.
2.6 1a(OH)D3 administration in patients with rickets
of prematurity
Neonates with roentgenographic findings with flaring and
cupping in the distal region of the radius and ulnal bones
were diagnosed with rickets, and oral administration of
0.1 lg/kg/day of 1a(OH)D3 (alfacalcidol; Chugai Pharmaceutical Co., Ltd) was started after diagnosis. PB was
drawn from patients before and after 4-week 1a(OH)D3
administration. Simultaneously, PB from control babies

3.1 Comparison of hCAP18 expression
in neutrophils of neonates and adults
We compared the percentages of hCAP18 expression in
peripheral blood (PB) neutrophils of neonates and adults
by flow cytometry. Whole PB was stained with PerCPconjugated CD45 Ab and FITC-conjugated hCAP18 Ab.
Stained cells were developed according to side-scattered
characteristics (SSC) and fluorescence intensities of PerCP,
and the cell population of neutrophils was gated and analyzed for hCAP18 expression. These cell populations were
positive for CD16, which is a low-affinity Fc gamma
receptor (FccRIII) [36] (data not shown). Figure 1a and b
show typical analysis results. In neonates, neutrophils
stained with isotype-matched IgG control Ab or hCAP18
Ab were positive for hCAP18 expression in 1.3 and 6.4%,
respectively (Fig. 1a). In adults, IgG control or hCAP18
Ab-stained neutrophils were positive for hCAP18 expression in 1.2 and 99.3%, respectively (Fig. 1b). Figure 1c
shows the results of 25 samples of PB from neonates and
adults, respectively. The mean percentage of neonates was
37.1% [95% confidence interval (CI) 30.1–44.2] with a
median of 35.4% [interquartile range (IQR) 21.6–43.7].
The mean percentage of adults was 85.2% (95% CI: 79.5–
90.9) with a median of 89.9% (IQR 82.4–94.4)
(P \ 0.0001). We also compared the expression of another
neutrophil secondary granule protein, NGAL [21, 37], in
the same manner (Fig. 1c, right panel). The mean percentage of neonates was 49.9% (95% CI 40.8–59.1) with a
median of 45.8% (IQR 29.9–58.8). In adults, the mean
percentage was 93.0% (95% CI 90.4–95.5) with a median
of 96.1% (IQR 89.4–97.2) (P \ 0.0001). These data
showed that the expression of neutrophil secondary granule
proteins hCAP18 and NGAL was significantly reduced in
neonates compared to adults.
Next, we compared the expression of hCAP18 and
NGAL in neutrophils using the mean fluorescence intensity
(MFI) ratio (MFI of each granular protein divided by that
of IgG control) in 25 samples of neonates and adults,

123

564

Y. Misawa et al.

A

B
R1

R1

SSC

SSC

R1

CD45

CD45
6.41%

1.30%

IgG control

99.32%

1.15%

IgG control

hCAP18

netanoe

C

(%)

hCAP18

100

75

75

50

50

25

25

neonate

NGAL

(%)

100

0

hCAP18

atlud

adult

P<0.0001

0

neonate

adult

P<0.0001

Fig. 1 Comparison of percentages of hCAP18 and NGAL expression
in neutrophils derived from 25 neonates and adults, respectively. PB
cells derived from neonates (a) or adults (b) were stained with CD45PerCP and FITC-conjugated IgG control Ab or hCAP18 Ab. Flow
cytometric analysis was then performed. Upper panels show dot blots
of total PB cells developed by intensities of CD45-PerCP and SSC.
Neutrophil population was gated in circles as indicated by R1. Lower
panels show dot blot analysis of cells gated as R1 stained with IgG
control Ab (left) or hCAP18 Ab (right), respectively. Figures show

representative results of flow cytometric analysis. Percentages of
positive cells are indicated in upper left of each panel. c Percentages
of hCAP18 or NGAL expression in neutrophils derived from 25
neonates and adults revealed by flow cytometric analysis are shown
by box and whisker plot. Values are expressed as the median
(horizontal line in each box), with the quartiles (top and bottom of the
box) and range (I bar). Statistical analysis was performed and P values
indicated at the bottom of each figure

respectively. MFI showed relative levels of hCAP18 content per neutrophil. Figure 2a shows typical analysis
results. The mean MFI ratio in hCAP18 expression of
neonates was 3.33 (95% CI 2.82–3.83) with a median of
3.20 (IQR 2.45–4.13). In adults, the mean MFI ratio was
6.63 (95% CI 5.67–7.59) with a median of 6.11 (IQR 3.01–
7.54) (P \ 0.0001) (Fig. 2b). The mean MFI ratio in
NGAL expression of neonates was 8.88 (95% CI 6.73–
11.04) with a median of 8.11 (IQR 5.09–10.78). In adults,
the mean MFI ratio was 38.52 (95% CI 33.21–43.83) with

a median of 36.45 (IQR 28.79–45.67) (P \ 0.0001)
(Fig. 2b). These results also showed reduced expressions of
hCAP18 and NGAL in neutrophils of neonates compared
with adults. In contrast, the MFI ratio of neutrophil primary
granule protein, myeloperoxidase (MPO), was not significantly different between neonates and adults. The mean
MFI ratio of neonates was 6.20 (95% CI 5.57–6.80) with a
median of 6.08 (IQR 5.15–6.95). In adults, the mean MFI
ratio was 7.18 (95% CI 6.42–7.94) with a median of 7.06
(IQR 5.98–7.94) (P = 0.0523) (Fig. 2b, right panel).
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Fig. 2 Comparison of mean
fluorescence intensity (MFI)
ratio of hCAP18, NGAL and
MPO in 25 neonates and adults,
respectively. Neutrophils were
stained with anti-hCAP18 Ab
and secondary FITC-conjugated
anti-mouse IgG, and flow
cytometric analysis was
performed. Upper panels show
histograms of mean
fluorescence intensities of
hCAP18 expression in neonates
(left panel) and adults (right
panel) (a). Solid line and bold
line indicate control IgG- and
anti-hCAP18 Abs-treated cells,
respectively. Figures showed
representative result of flow
cytometric analysis. Lower
panels show the ratios between
MFI derived from hCAP18,
NGAL or MPO Abs-stained
cells, and IgG control
Ab-stained cells of neonates and
adults, respectively, are shown
by box and whisker plot in each
panel (b). Statistical analysis
was performed and P values
indicated at the bottom of each
figure
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3.2 Comparison of hCAP18 expression
in monocytes of neonates and adults
hCAP18 is also expressed in PB monocytes as well as in
neutrophils [38]. Next, we examined the expression of
hCAP18 in monocytes of neonates and adults of the same
individuals used in Figs. 1 and 2 (Fig. 3). The mean percentage of neonates was 19.0% (95% CI 14.5–23.4) with a
median of 17.5% (IQR 9.8–25.4). In adults, the mean
percentage was 22.6% (95% CI 17.6–27.7) with a median
of 20.9% (IQR 15.5–30.4) (P = 0.2646). The mean MFI
ratio of neonates was 1.41 (95% CI 1.25–1.57) with a
median of 1.32 (IQR 1.13–1.68). In adults, the mean MFI
ratio was 1.37 (95% CI 1.12–1.62) with a median of 1.40
(IQR 0.89–1.69) (P = 0.5936). These results showed that
hCAP18 was expressed at the same level in PB monocytes
of neonates and adults.
3.3 Age-dependent expression of hCAP18 and NGAL
The results that hCAP18 and NGAL expressions in adults
were more abundant than in neonates suggested the agedependent increase of these peptide expressions. We
therefore compared hCAP18 and NGAL expressions in
neutrophils according to age (Fig. 4a, b). PB from five
generations was separated by age as follows: (1) days 0–7
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Fig. 3 Comparison of percentages and MFI ratio of hCAP18 and
NGAL expression in PB monocytes derived from neonates and adults,
respectively. Percentage and MFI ratios of hCAP18 expression in
monocytes revealed by flow cytometric analysis are showed by box
and whisker plot. Statistical analysis was performed and P values
indicated at the bottom of each figure

after birth, (2) 1 week to 1 month, (3) 1 month to 1 year,
(4) 1 year to 15 years, and (5) over 15 years, and examined
these peptide expressions, and expression levels were
compared with (1) days 0–7 after birth. Mean percentages
of hCAP18 expression in each generation were 37.1, 48.6
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Fig. 4 Age dependence of
hCAP18 and NGAL expression
in neutrophils. Neutrophils
derived from each generation of
(1) days 0–7 after birth, (2) days
8–31, (3) 1 month to 1 year, (4)
1–15 years, and (5) 15–48 years
old, were analyzed for the
percentage (left panel) and MFI
ratio (right panel) of hCAP18
(a) and NGAL (b) expression.
Statistical analysis was
performed and P values
indicated in each panel

Y. Misawa et al.

A

hCAP18
P<0.0001

(%)
100

P=0.0042

P<0.0001

80

85.2
69.2

60
40

P<0.0001

10

P<0.0001

71.5

8

P=0.1066

6

48.6

4

37.1

3.33

4.54

4.11

5.12

2

20
0

0
day0-7 day8-31 1mo-1yr 1yr-15yr adult

day0-7 day8-31 1mo-1yr 1-15yr

children
Percentage of expression

children

B

adult

MFI Ratio

NGAL
P<0.0001

P<0.0001
50

P<0.0001
P<0.0001

(%)
100
80
60

6.63

81.8

91.0

95.6

P<0.0001
P<0.0001

40

29.29

30

17.84

20

49.9

40

38.52
34.00

93.0

10

8.88

20
0

day0-7 day8-31 1mo-1yr 1yr-15yr adult

children
Percentage of expression

(P = 0.1462), 69.2 (P \ 0.0001), 71.5 (P \ 0.0001), and
85.2% (P \ 0.0001), respectively. Mean MFI ratios in each
generation were 3.33, 4.11 (P = 0.3215), 4.54 (P =
0.1066), 5.12 (P = 0.0042), and 6.63 (P \ 0.0001),
respectively. hCAP18 expressions in each generation of (3)
1 month to 1 year and (4) 1 year to 15 years, in addition to
(5) over 15 years, were significantly more abundant than in
(1) days 0–7 after birth, revealed by both percentage and
MFI ratio analysis. The expression of NGAL was also
shown to be an age-dependent increase, as observed in
hCAP18 (Fig. 4b). These results revealed that expressions
of both hCAP18 and NGAL in neutrophils had increased
significantly by 1 year after birth.
3.4 Plasma concentration of LL-37 and NGAL
hCAP18 and NGAL are known to be expressed in epithelial cells as well as in neutrophils and excreted in plasma,
urine, or salivary glands [39–41]. We measured plasma
concentrations of LL-37, an active form of hCAP18, and
NGAL in neonates and adults by ELISA (Fig. 5). Mean
concentrations of LL-37 in five neonates or adults were
1.08 and 1.38 lg/ml, respectively (P = 0.7511). Mean
concentrations of NGAL in five neonates or adults were
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93.55 and 94.05 ng/ml, respectively (P = 0.4647). These
results showed that plasma concentrations of LL-37 and
NGAL were not significantly different between neonates
and adults. There was no obvious correlation between
plasma concentration and neutrophil expression of both
AMP.
3.5 Oral 1a(OH)D3 induced hCAP18 expression
in neonatal neutrophils
VD has been shown to induce hCAP18 expression in acute
myeloid cell line HL-60 as well as in bone marrow (BM)derived macrophages and fresh BM cells independent of
C/EBPe [42–45]. We cultured a leukemic cell line, U937
cells, with 10-7 M of VD or a derivative of VD,
1,25(OH)2-22-oxacalcitriol (OCT), for 48 h, and analyzed
the expression of hCAP18 by flow cytometry. hCAP18
expression in U937 cells cultured with VD or OCT for 48 h
increased 2.2 and 2.1 times, respectively, compared to
those cultured without these reagents (Fig. 6a). Western
blot analysis of hCAP18 expression in U937 cells cultured
with VD or OCT for 24 and 48 h revealed the timedependent increase of hCAP18 expression compared to
before adding these reagents, in the same manner as

hCAP18 expression in newborn neutrophils
Fig. 5 Comparison of plasma
concentrations of LL-37 and
NGAL. Plasma concentrations
of LL-37 and NGAL in five
neonates and adults,
respectively, were measured by
ELISA, and shown by bars in
each panel. Ave, average levels
of LL-37 and NGAL
concentrations in five samples
of either neonates or adults
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observed by flow cytometric analysis (Fig. 6b). Expression
of C/EBPe was also observed in U937 cells cultured with
VD or OCT for 24 and 48 h. Expression of hCAP18
mRNA in five CB samples was revealed to be up-regulated
16.8-fold by culture with 10-7 M of VD for 48 h (Fig. 6c).
These results led us to examine whether 1a(OH)D3 (alfacalcidol) administration could induce hCAP18 expression
in neonatal neutrophils. Neutrophils of four patients with
premature rickets before and after treatment for 4 weeks
with 0.1 lg/kg/day of 1a(OH)D3 were analyzed for
hCAP18 expression by flow cytometry (Fig. 6d). As a
control, neutrophils from healthy babies without 1a(OH)D3
treatment were used. The percentages of hCAP18 expression in control or rickets babies before 1a(OH)D3 administration were 21.8 and 24.2%, respectively (P = 0.807).
hCAP18 expression in control neutrophils from healthy
babies after 4 weeks was 43.5%. On the other hand, that in
rickets patients treated with 1a(OH)D3 increased to 83.8%.
hCAP18 expression was significantly increased in babies
treated with 1a(OH)D3 compared to control babies without
1a(OH)D3 treatment (P = 0.014).

4 Discussion
In this study, we showed that the expression of neutrophilspecific granule protein hCAP18 as well as NGAL was
impaired in neonates compared to in adults, and that
1a(OH)D3 could induce hCAP18 expression in neonates.
Relative levels of hCAP18 or NGAL-containing neutrophils in neonates were both about 44 and 54%, respectively, compared to those in adults. Studies of neutrophil
function in neonates have focused on chemotaxis, adherence, or phagocytosis. Neutrophil adherence and chemotaxis were significantly impaired in neonates compared to
adults [31, 32]. Neutrophil phagocytosis in neonates was
almost equal to that in adults, but bactericidal ability
decreased with the amount of lactoferrin, which was
associated with the production of OH [33, 46]; however,
studies on oxygen-independent bactericidal mechanisms of

adult

0

1 2 3 4 5 Ave 1 2 3 4 5 Ave

neonate

adult

neonatal neutrophils are limited. One report on antimicrobial peptide stated that the content of bactericidal/permeability-increasing protein (BPI), which is a primary granule
peptide, is reduced in neutrophils of neonates [47].
hCAP18 and NGAL are synthesized and stored in secondary or specific granules of neutrophils and secreted into
phagosomes in which other bactericidal peptides, or ROS
are released against environmental microbes. Neutrophils
in neonates with less cellular hCAP18 and NGAL content
compared to those in adults are suggested to have disadvantages at inflammation sites and are predicted to be
associated with decreased activity against pathogens and
susceptibility to bacterial infection. Plasma concentrations
of LL-37 and NGAL, however, were not significantly
different in neonates and adults. One reason for the same
level of these proteins in plasma of neonates and adults
despite different peptide expression levels in neutrophils
might be that the neutrophil count in neonates was
approximately three times greater than in adults. Another
possible reason is that the expression and excretion of these
peptides in epithelial cells are not different between neonates and adults. Further studies are needed to ascertain the
differences in plasma levels of these AMP, using more
samples. Neutrophils function in innate immunity to bacterial infection, not in blood flow, but mainly in inflamed
tissues. Concentrations of antimicrobial peptide at inflammatory sites are more elevated than at non-inflammatory
sites [48]. It is suggested that more neutrophils are required
in neonates than in adults at inflammation sites to reach
sufficient hCAP18 or NGAL concentration to have antimicrobial activity. Interestingly, the level of hCAP18
expression in neonatal neutrophils varied. Three of 25
neonates had an equal amount of hCAP18 compared to
adults; however, 24% of neonate neutrophils were markedly deficient in hCAP18 expression (\20%). Furthermore,
hCAP18 expression in two of these six samples was less
than 10%. These neonates also had a low percentage of
NGAL expression. It is possible that neonates with a low
content of these antimicrobial peptides are at high risk for
severe bacterial infection.
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A

hCAP18 and NGAL expressions were age-dependent.
The percentage of hCAP18 expression was low within
31 days after birth, but increased to the adult level after
1 month of age. Neutrophil primary granule protein, BPI, or
specific granule protein lactoferrin, are also reported to be
deficient in neonate neutrophils [46, 47]. These findings
suggest that the final differentiation, but not proliferation, of
myeloid cells in bone marrow is not completed in neonates.
Neutrophil granules are reported to be formed sequentially
along with myeloid differentiation. Primary granules
formed at the promyelocyte stage have a high content of
MPO. Secondary and tertiary granule formation, which is
peroxidase-negative, starts at myelocyte to metamyelocyte
stages and bands to segmented neutrophils, respectively, in
myelopoiesis. Bud and transport of vesicles containing
hCAP18 from Golgi might be incomplete in the bone marrow of neonates. As shown in prior studies [30, 49], myeloid-specific transcription factor C/EBPe is closely related to
the induction of hCAP18 and NGAL expression in human
neutrophils. Moreover, BPI and lactoferrin, the expressions
of which are regulated by C/EBPe, are also reduced in
neonates [34, 50]. On the other hand, primary granule protein MPO, which is regulated independently of C/EBPe, was
not reduced in neonates. These findings suggested that differences in the expression of C/EBPe in myeloid progenitors
between neonates and adults might cause different levels of
antimicrobial peptides, but expression levels of C/EBPe in
CD13?CD11b- cells, which were promyelocyte to myelocyte stages of myeloid differentiation in morphology, were
not different between CB and BM, as revealed by real-time
RT-PCR (data not shown). Translational levels of C/EBPe
might therefore be different between CB and BM. Further
studies are needed to reveal the mechanism of differences in
AMP expression between neonates and adults.
Plasma concentration of hCAP18 in SGD was extremely
low, even in sepsis, as well as in non-inflammatory conditions (data not shown). Plasma concentration of NGAL in
SGD under normal conditions was also low but increased
to 500 ng/ml in sepsis, the concentration which is usually
observed in inflammatory states of normal controls (data
not shown). These observations suggest that the regulatory
mechanism in the induction of hCAP18 and NGAL was not
identical and that alternative mechanisms other than
C/EBPe would induce NGAL expression in inflammatory
conditions.
Induction of hCAP18 expression in neutrophils of rickets
patients by 1a(OH)D3 administration is a direct effect of
immature myeloid progenitor cells in vivo. The etiology of
prematurity in rickets is mainly calcium and phosphorus
deficiency, but not VD deficiency [51]. Serum VD concentration in rickets at onset was not significantly different from
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Fig. 6 Effects of vitamin D on the expression of hCAP18. a U937
cells were treated with 1 9 10-7 M of 1a,25 dihydroxyvitamin D3
(VD) or its derivative 1a,25 dihydroxy-22-oxacalcitriol (OCT) for
48 h. Cells were stained with anti-hCAP18 Ab and secondary FITCconjugated anti-mouse IgG, and flow cytometric analysis was
performed. Solid line and bold line indicate untreated and VD- or
OCT-treated cells, respectively. b Total cell lysates of U937 cells
treated with 1 9 10-7 M of VD or OCT for 24 or 48 h were analyzed
by Western blotting for hCAP18 and C/EBPe expressions. Subsequent
probing of the same blot for b-actin demonstrated equivalent loading
of protein in each lane. c CB cells (1 9 107 cells per sample) from
five individuals were untreated or treated with 1 9 10-7 M of VD for
48 h. Real-time QS-PCR was performed using primers and probe for
hCAP18 and GAPDH. Each bar represented fold increase of relative
expression of hCAP18 in each cell treated with VD compared to
untreated cells. Bar on right side shows the mean and SD values of
fold increase derived from five CB samples. d Effects of 1a(OH)D3
treatment of rickets patients on hCAP18 expression in PB neutrophils
were analyzed as described in ‘‘Materials and methods’’. Percentage
of CAMP expression between rickets patients before or after
treatment with 0.01 lg/kg/day of 1a(OH)D3 for 4 weeks and agematched control healthy neonates without treatment was compared by
flow cytometric analysis. Statistical analysis was performed and P
values indicated in the panel
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that of control babies (data not shown). It is supposed that the
pharmaceutical, but not physiological, concentration of VD
worked on myeloid progenitors. The percentage of hCAP18positive neutrophils in rickets patients who had more than
50% of neutrophils with hCAP18 was not significantly
changed by 1a(OH)D3 administration (data not shown).
These data suggest that VD worked more efficiently on
neonates with immature neutrophils.
Neonates are susceptible to bacterial infections, including
Streptococcus, Escherichia coli, and Listeria [1, 2], which
can cause pneumonia, meningitis, and sepsis, leading to lifethreatening complications. Moreover, antibiotic-resistant
bacteria, such as Staphylococcus aureus and Klebsiella
pneumonia have caused serious and life-threatening infections in immunocompromised hosts, including neonates
[52, 53]. The development of novel therapeutic approaches
against drug-resistant bacterial infection is an urgent problem. The innate immune system of the human body is a
natural defense mechanism against invading microbes. Cationic antimicrobial peptides, including a-defensin, cathelicidin, and NGAL, play important roles in this system. Some of
these peptides have been commercially developed as natural
antibiotics [54, 55]. External administration or up-regulation
of endogenous hCAP18 expression by VD in neonates is a
potential prophylactic or therapeutic approach, contributing
to the decrease of severe bacterial infection among neonates.
Other compounds together with VD are reported to show
cooperative activities with hCAP18 expression; for example,
sodium butyrate, a histone deacetylase inhibitor, showed an
additive effect of hCAP18 expression by VD alone in U937
cells [44]. Using a reagent acting cooperatively with VD
will be beneficial for the effective induction of hCAP18.
Screening babies for a lower expression of hCAP18 will
be beneficial to identify high risks of infection and candidates for therapy with natural antibiotics.
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