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Soluble lactoferrin (LTF) is a versatile molecule that not only regulates the iron homeostasis, but also harbors direct microbicidal and
immunomodulating abilities in mammalian body fluids. In contrast, little is known about the function of membrane-bound LTF
(mbLTF), although its expression on human polymorphonuclear leukocytes (huPMNs) has been reported for decades. Given that
LTF/anti-LTF antibodies represent a potential diagnostic/prognostic biomarker and a therapeutic target in patients with immune
disorders, we wished, in the present study, to generate a novel human LTF- (huLTF-) specific mAb suitable for detailed analyses on
the expression and function of mbLTF as well as for deciphering the underlying mechanisms. By using the traditional hybridoma
cell fusion technology, we obtained a murine IgGl (kappa) mAb, M-860, against huLTE. M-860 recognizes a conformational epitope
of huLTF as it binds to natural, but not denatured, huLTF in ELISA. Moreover, M-860 detects mbLTF by FACS and captures
endogenous huLTF in total cell lysates of huPMNs. Functionally, M-860 induces the activation of huPMNss partially through TLR4
but independently of phagocytosis. M-860 is thus a powerful tool to analyze the expression and function of human mbLTFE, which

will further our understanding of the roles of LTF in health and disease.

1. Introduction

Lactoferrin (LTF) is an 80 kDa glycoprotein of the transferrin
family with iron-binding capabilities. In adult mammalians,
LTF is mainly synthesized by glandular epithelial cells and
secreted into the mucosal fluids that bathe the body surfaces
(1, 2]. In addition to the evolutionally conserved iron-binding
capacity, LTF plays diverse physiological roles as well. It reg-
ulates cellular growth/differentiation and represents a first-
line host defense molecule against a broad range of microbial
infections. Likewise, soluble LTE, through a variety of surface
and/or intracellular receptors, modulates the functions of
many immune cells and thereby influences the innate as well
as the adaptive immunities [2-5]. Therefore, LTF has been
considered as a diagnostic biomarker as well as a therapeutic
target in many inflammatory and infectious diseases [5, 6].
Polymorphonuclear leukocytes (PMNs), or neutrophils,
are the most abundant circulating leukocytes (constituting >
50%) in the bloodstream. Upon receiving appropriate signals,

they leave the blood and migrate into the sites of infec-
tion/inflammation within hours, where they combat the
invading microorganisms and eventually die. In the site of
inflammation, activated PMNs are the main producers of
LTE, which is normally stored in the secondary granules but
released, together with other contents, during the degranu-
lation process. Moreover, it has been reported that anti-LTF
polyclonal Abs or purified IgGs from anti-neutrophil cyto-
plasm antibodies- (ANCA-) positive patients were capable
of inducing the activation of human PMNs (huPMNs) in
vitro [7-10]. Given the fact that huPMNs express membrane-
bound LTF (mbLTF) as well, these data pointed out the pres-
ence of a previously unappreciated “reverse outside-in signal”
mediated by mbLTF in modulating the function of huPMNs
[11]. In this scenario, it is conceivable that this LTF-mediated
activation of huPMNs will amplify local inflammation and
thereby exacerbate tissue damage in vivo [12, 13]. As such, it
is of importance to perform a systemic and detailed analysis
on the expression and function of LTF on (immune) cells as



well as to decipher the underlying mechanisms. To achieve
this, a monoclonal antibody (mAb) targeting huLTF is far
superior to polyclonal ones due to its high homogeneity and
specificity. However, to our knowledge, no functional studies
employing current commercially available anti-LTF mAbs
have been reported [11].

In the present study, we, by using the traditional
hybridoma technology, generated a novel mouse IgGl (k)
mAb (herein referred to as M-860) against huLTE Unlike
other anti-LTF Abs targeting a linear epitope, M-860 appears
to recognize a conformational epitope of huLTF while show-
ing little cross-reactivity to bovine/murine LTF. In addition,
it detects mbLTF on huPMNs by FACS analysis. More
importantly, soluble M-860 is capable of triggering the acti-
vation of huPMNs, which is phagocytosis independent but
partially abrogated by TLR4 inhibition. These data indicate
that mbLTF, upon binding to its ligand, is capable of initiating
signal transductions partially through TLR4 to modulate the
function of huPMNs. Therefore, M-860 provides a powerful
tool to analyze the expression and function of mbLTF on
human cells.

2. Materials and Methods

2.1. Human Blood Samples. Human fresh blood was obtained
from healthy adult donors with no sickness/medication
during the past 10 days. Informed consent was provided in
accordance with procedures approved by the local human
ethics committee. Blood samples were immediately subjected
to PMNs purification by Polymorphprep gradient centrifu-
gation (Axis-Shield, Norseland) according to the manufac-
turer’s protocol. PMNs were suspended in desired medium
for downstream assays, and the purity/viability was typically
>90% as evaluated by flow cytometry.

2.2. Mice and Immunization. Female BALB/c mice, 8-10
weeks of age, were purchased from the Model Animal
Research Center (Nanjing, China). All animals were main-
tained under specific-pathogen-free (SPF) conditions and
animal usage was conducted according to protocols approved
by the Soochow University Institutional Animal Care and Use
Committee.

To generate monoclonal Abs against human LTF (huLTE
purified from human milk, Sigma), female BALB/c mice were
inoculated subcutaneously (s.c.) with 50 yg huLTF which was
dissolved in 50 uL PBS and subsequently emulsified with an
equal volume of complete Freund’s adjuvant (CFA, Sigma,
St. Louis, MO). Two weeks later, a booster injection was
administered with 25ug huLTF emulsified in incomplete
Freund’s adjuvant (IFA, Sigma, St. Louis, MO). After 7 days,
blood samples were taken by tail bleeding for the detection
of huLTF-specific Abs. Animals with high anti-LTF Ab titers
were boosted twice further with 25 yg antigen in IFA at an
interval of two weeks.

2.3. Cell Fusion and Hybridoma Selection. Three days after
the last injection, splenocytes from immunized mice were
isolated and fused with SP2/0 murine myeloma cells at a
5:1 ratio using PEG 1500, followed by culture in 96-well

BioMed Research International

plate at 10° cells/well with splenocytes from naive BALB/c
mice as feeders (10°/well) in DMDM medium (Hyclone)
supplemented with antibiotics and 10% FBS (Hyclone). After
one week, supernatants were screened by ELISA and wells
positive for anti-huLTF production were cloned and sub-
sequently subcloned by limited dilution in HAT medium
(Sigma). On day 14, hybridomas positive for anti-huLTF were
further cultured by limited dilution in HT medium (Sigma),
and from day 21 onwards, selected cells were cultured in
DMEM medium. Eventually, a stable clone (hereafter referred
to as M-860), exhibiting strong binding to huLTF in ELISA,
was obtained.

2.4. LTF-Based ELISA. ELISA plate wells were coated with
2 ug/mL recombinant human/bovine LTF (Sigma), murine
LTF (lacking the first 27 amino acids, Sino Biological Inc.),
or denatured huLTF (obtained by treatment with 1% f-
mercaptoethanol for 2 hrs or 95°C for 10 mins) in carbonate
coating buffer (pH 9.6) overnight at 4°C. After five washes
with PBST (PBS supplemented with 0.05% Tween 20), wells
were blocked with 2% BSA (Amresco) in PBS for 2hrs
at 37°C before the incubation with serially diluted mouse
sera or 1pug/mL purified Abs in PBS containing 0.1% BSA
for 2 hrs at 37°C. After washing, wells were incubated with
HRP-conjugated goat Abs against mouse/rabbit total IgGs
(SouthernBiotech, Birmingham, USA), diluted 1:4000 in
PBS with 0.1% BSA, at 37°C for 1 hr. Alternatively, goat Abs
specific for mouse IgGl, IgG2a, IgG2b, or IgG3 (all from
SouthernBiotech, Birmingham, USA) were used as indicated.
Finally, a substrate solution containing o-phenylenediamine
(OPD, Sigma) was added and signals were visualized at
492 nm by an ELISA plate reader.

2.5. Purification of M-860. BALB/c mice were injected
intraperitoneally with pristine (0.5mL/mouse) followed by
the implantation of hybridoma cells (5 x 10°/100 uL/mouse)
7-10 days later. After 7-12 days, ascites were collected,
centrifuged, filtered, and subjected to purification of
immunoglobulin G by protein G-sepharose affinity columns
(GE Healthcare). The purity, specificity, and sensitivity of
purified IgG were analyzed by SDS-PAGE electrophoresis or
LTF-based ELISA, respectively.

2.6. Sequencing Analysis of the Variable Regions of the Heavy
(VH) and Light (VL) Chains of M-860. Total RNA was
isolated from 10’ hybridoma cells using RNAiso Plus and
cDNA was synthesized with the oligo(dT) priming method
(Takara). Primers used were as follows: VH, 5'-GGTBAA-
RCTGVWGSAGTCTGG-3' and 5'-TGGAGTTAGTTT-
GGGCAGCAG-3; VL, 5'- ATGAGGTKCYYTGYTSAG-
YTYCTGRGG-3' and 5'- TAACTGCTCACTGGATGG-
TGG-3'. PCR reactions were performed using pfu DNA
polymerase (Takara). The amplification condition was 95°C
for 5min, followed by 35 cycles of 95°C for 30s, 56°C for
1min, and 72°C for 1 min, with a final extension of 10 min
at 72°C. PCR products were electrophoresed through 1.5%
agarose gels, and bands of interest were sliced out for DNA
extraction followed by sequencing analysis.
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2.7. Immunoprecipitation and Western Blot Analysis. Cells
were washed with PBS and total proteins were extracted
with RIPA buffer. Cell lysates were incubated with M-
860, L3262 (a rabbit polyclonal Ab against LTE, Sigma), or
corresponding controls (1 ¢g) overnight at 4°C. Subsequently,
protein G-sepharose was added followed by a further 1hr
incubation at 4°C. The precipitated proteins were subjected
to SDS-PAGE in the presence of f-mercaptoethanol (2-ME).
After transfer, the PVDF membrane was blotted with 13262
(5 ug/mL) overnight at 4°C. After washing, the membrane
was incubated with goat anti-rabbit IgG-HRP, followed by
detection with ECL plus Western Blotting Detection system.

2.8. Conjugation of Antibodies with FITC. FITC-labeled Abs
were prepared following the instructions provided by Sigma
(St. Louis, MO). Briefly, 250 uL of FITC (1:20 diluted in
0.1M carbonate-bicarbonate buffer) was added dropwise
to 1mL antibody solution (5.0 mg/mL in 0.1M carbonate-
bicarbonate buffer, pH 9.0) while stirring the reaction
vial, followed by incubation at room temperature for 2 hrs
with gentle stirring. Unincorporated FITC molecules were
removed through a 10 mL Sephadex G-25M column.

2.9. Culture of huPMNs. Human PMNs were cultured
in RPMI-1640 (Hyclone) supplemented with 10% FBS
(Hyclone) in the absence/presence of 10 ug/mL LPS (Sigma),
10 ng/mL phorbol-12-myristate-13-acetate (PMA, Sigma), or
different concentrations of antibodies at 37°C. After 1hr,
cells were collected and stained with a PE-coupled antibody
recognizing an activated epitope of human CDI1b (clone
CBRML1/5, eBioscience) before FACS analysis. In some cases,
PMNs were pretreated with phagocytosis inhibitor Dansylca-
daverine (MDC, Sigma) for 30 mins or TLR4 inhibitor (CLI-
095, InvivoGen)/CD14 neutralization Ab (clone 134620, R&D
Systems) for 3 hrs before the addition of stimuli. After further
incubation of 3 hrs, supernatants were harvested and stored at
—20°C for the measurement of IL-8 by ELISA (Biolegend).

2.10. Measurement of Reactive Oxygen Species (ROS) by
Flow Cytometry. ROS production by huPMNs was mea-
sured as described before [14]. Briefly, cells suspended
in HBSS buffer with calcium, magnesium, and 5mM D-
glucose (5 x 10°/100 4L in Eppendorf tubes) were incubated
with 1M dihydrorhodamine 123 (DHR123, Sigma) in the
absence/presence of PMA (10 ng/mL) or M-860/L3262 as
well as control Abs (50 ug/mL) at 37°C for 1hr. The reaction
was stopped by placing the tubes in ice and cells were
analyzed by conversion of fluorogenic substrate DHRI123 to
the fluorescent Rhodamine 123 (R123) in FACSCalibur (BD
Biosciences).

2.11. Phagocytosis Assay. Human PMNs were incubated with
LPS (10 ug/mL) or M-860/control Abs (50 ug/mL) at 37°C
for 30 mins before the addition of FITC-labeled zymosan
particles (Sigma). One hour later, samples were placed on ice
for 5mins followed by washing with ice-cold PBS. Percents
of PMNs that had phagocytosed zymosan particles were
analyzed by FACSCalibur. The analysis gate was restricted to

PMNs based on their forward- and side-scatter properties to
exclude free zymosan particles.

2.12. Confocal Microscopy. Human PMNs (5 x 10°/well) were
incubated in chambers for live cell imaging precoated with
0.1% poly-L-lysine at 37°C for 60 mins to allow for cell
adhesion. Cells were subsequently stained with optimally
diluted antibodies against surface markers on ice for 60 mins,
followed by fixation with 4% paraformaldehyde in PBS
at room temperature for 20 mins before analysis by laser
scanning confocal microscopy (Nikon).

2.13. Statistical Analysis. The Mann-Whitney paired test was
used to compare the differences among groups by using
GraphPad Prism 5.00 software (GraphPad, San Diego, CA),
and values at P < 0.05 were considered significant.

3. Results

3.1. Generation of huLTF-Specific Hybridoma Clone M-860.
To generate monoclonal Abs against huLTF, splenocytes
from huLTF-immunized mice were fused with SP2/0 murine
myeloma cells and cells were subsequently cultured in 96-
well plates. Upon screening for the production of huLTF-
targeting Abs by ELISA followed by cloning and subcloning
by limited dilution, a stable hybridoma clone, termed M-860,
was obtained.

3.2. Purified M-860 Is a Mouse IgGl (k) mAb That Recognizes
huLTF with High Affinity. The obtained M-860 hybridoma
cells were implanted into the peritoneum of mice for in vivo
expansion and Ab enrichment. Seven to twelve days later,
immunoglobulin G was purified from the ascites by protein
G-agarose. As shown in Figure 1(a), the purified IgG exhibits
high homogeneity in SDS-PAGE analysis as evidenced by the
appearance of only two bands, corresponding to the heavy
and light chains of mouse IgG, respectively (Figure 1(a)).
Next, purified M-860 was incubated in ELISA wells precoated
with huLTE followed by detection with HRP-coupled goat
Abs recognizing mouse IgGl, IgG2a, IgG2b, or IgG3 to
identify its subtype. A vivid signal was only observed in wells
containing both M-860 and goat anti-mouse IgG1 detection
Abs (Figure 1(b)). We thus concluded that M-860 is a mouse
IgGl mAb capable of recognizing huLTF in ELISAs.

Given the high homology (~70%) among bovine, murine,
and human LTFs, we wondered whether M-860 cross-reacts
with bovine/murine LTE. To this end, titrated amounts of
purified M-860 or mlIgGl were added to wells precoated
with human, bovine, or murine LTE After incubation and
washing, the capture of Abs by precoated LTF was detected
by HRP-conjugated goat anti-mouse IgG secondary Abs. In
contrast to the dose-dependent binding of M-860 (0.03-
1ug/mL) to huLTF-coated wells, no positive signals were
detected in wells containing M-860 and bovine or murine
LTF (Figure 1(c), data not shown). As expected, L3262, a
rabbit polyclonal Ab against LTE, cross-recognizes human,
bovine, and murine LTFs (Figure 1(c), data not shown). As
the murine LTF used for coating here lacks the first 27
amino acids at the N-terminal, we could not exclude the
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FIGURE I: The purity, subtype, and specificity/affinity of M-860. Seven to twelve days after the implantation of hybridoma cells, ascites from
BALB/c mice were collected and immunoglobulin G was purified by protein G-sepharose affinity columns. The purified IgG, M-860, was
dialysed against PBS overnight at 4°C before the analysis for purity, subtype, and specificity/affinity by SDS-PAGE (a) or LTF-based ELISAs
(b and c). (a) SDS-PAGE showing the purity of isolated M-860 antibody. Lane M: marker; Lane I1: purified M-860. (b) M-860 belongs to
mouse IgGl subtype and binds to huLTF in ELISA. M-860 (1 g/mL) or total mouse IgG (Ctrl) was incubated in ELISA wells precoated with
huLTF for 2 hrs at 37°C. After washing, HRP-coupled goat Abs recognizing mouse IgGl, IgG2a, IgG2b, or IgG3 (indicated in x-axis) were
added and incubated for 1hr. Signals were visualized at OD 492 nm by an ELISA reader after the addition of OPD. (c) Line graphs showing
the specificity and affinity of M-860 for huLTF. Different concentrations (as indicated in x-axis) of M-860, L3262, and their corresponding
control Abs were incubated in ELISA wells precoated with huLTF (left panel) or bovine LTF (boLTF, right panel). Signals were visualized at
OD 492 nm by an ELISA reader after sequential incubation with HRP-coupled goat anti-mouse/rabbit total IgG and then with OPD.

possibility that M-860 targets an epitope located in this region
of murine LTE Nonetheless, our data indicate that M-860
is highly specific for huLTF with little cross-reactivity to
bovine/murine LTE.

To further characterize M-860, its VH and VL were
amplified by RT-PCR and sequenced, followed by alignment
to the International MunoGeneTics Information System
(IMGT; http://www.imgt.org/) data base. Figure 2 shows the
complementarity-determining region (CDR) sequence of VH
and VL of M-860. Additionally, the alignment demonstrated
that M-860 harbors « light chain (data not shown). Based on

these data, we concluded that M-860, a mouse IgG1 (x) mAb,
displays high specificity and avidity for huLTE.

3.3. M-860 Targets a Conformational Epitope of huLTF. In
addition to ELISA, flow cytometry and western blot analyses
are two most commonly used techniques in protein studies;
we thus tested the behaviors of M-860 in these assays. In line
with previous reports showing the expression of mbLTF on
huPMNs [11], huPMNs were positively stained with M-860
or L3262, while gated T lymphocytes were negative for both
in parallel experiments (Figure 3(a)). Similar results were
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FIGURE 2: Sequencing analysis of the VH and VL of M-860. The variable regions of the heavy (VH) and light (VL) chains of M-860 were
amplified by PCR as described in Section 2.6. After electrophoresis, bands of interest were sliced out for DNA extraction and sequencing
analysis. Amino acid residues of the three complementarity-determining regions (CDR) were marked with underlines.

obtained on purified huPMNs with or without further in vitro
stimulation by PMA (data not shown). These data indicate
that M-860, like L3262, recognizes mbLTF on huPMNs. As
such, M-860 is suitable for FACS analysis on the expression
of mbLTF on cell surfaces.

Surprisingly, no positive signals were obtained with M-
860 in western blot analysis using total huPMNs lysates,
recombinant human, bovine, or murine LTFE, while clear
bands were visualized when the membrane was blotted with
L3262 (Figure 3(b)). As the SDS-PAGE was conducted in
reducing conditions (with 2-ME), we reasoned that denatu-
ration of the protein may destruct the epitopes targeted by
M-860 present in recombinant soluble huLTF (Figures 1(b)
and 1(c)) as well as mbLTF on cell surface (Figure 3(a)). To
test this, we first treated huLTF with heating or 2-ME before
coating and then measured the ability of M-860 to recognize
these denatured huLTF in ELISAs. In striking contrast to
the dose-dependent binding of M-860 to natural huLTF
(Figure 1(c), left panel), no binding of M-860 to wells coated
with heat/2-ME-treated huLTF was observed (Figure 3(c)).
As expected, the polyclonal Ab L3262 recognizes natural as
well as denatured huLTF (Figures 1(c) and 3(c)). We thus
concluded that treatment with heating or 2-ME destructs the
epitope targeted by M-860 in huLTE

To further confirm the capability of M-860 to capture
huLTF, we incubated the total cell lysates of huPMNs with M-
860, L3262, or control Abs overnight at 4°C in nonreducing
buffers, followed by incubation with protein G-sepharose.
The precipitated proteins were subsequently subjected to
SDS-PAGE and detected by L3262. As shown in Figure 3(d),
huLTF was visualized in proteins precipitated by M-860 or
L3262, but not by control Abs (Figure 3(d)). We concluded
that M-860 is capable of capturing endogenous huLTF in
total cell lysates and thus can be used in immunoprecipitation
assays.

So far, we have demonstrated that M-860 binds to natural
(but not denatured) huLTF in ELISAs (Figures 1(c) and
3(c)), detects mbLTF on huPMNs (Figure 3(a)), and captures
huLTF in total lysates in nonreducing conditions (Figures
3(b) and 3(d)). Together, our data indicate that M-860, a
novel mouse mAb we generated, recognizes a conformational
epitope of huLTE

3.4. M-860 Induces the Activation of huPMNs. Given that
M-860 recognizes mbLTF on cells (Figure 3(a)), we next
wished to test the functional relevance of this interaction.
Human PMNs were isolated from peripheral blood by gra-
dient centrifugation and then immediately cultured with
soluble M-860, L3262, or corresponding isotype control Abs
at 37°C before the measurement of surface CDIIb levels
as well as the production of ROS/IL-8 by FACS or ELISA.
Mild but significantly increased production/expression of
ROS/CD11b was observed in/on cells cultured with M-860
or L3262 (Figures 4(a)-4(c)). Moreover, coculture with M-
860 resulted in greatly increased production of IL-8 by
huPMNs (Figure 5(a)). Comparable percents of apoptosis
were observed in cells incubated with medium, isotype
controls, or M-860 for up to 24 hrs (data not shown).

We next determined whether M-860 could also augment
the phagocytosis ability of huPMNs. Purified huPMNs were
preincubated with M-860 or LPS for 30 mins at 37°C before
the addition of FITC-labeled zymosan particles. After a
further incubation of 1hr at 37°C, the percent of PMNs
positive for FITC signal was measured by FACS. As shown in
Figure 4(d), pretreatment with M-860 or LPS, but not mIgGl,
significantly increased the ability of PMN to take up zymosan
particles. Moreover, M-860 slightly increased the formation
of neutrophil extracellular traps (NETs) by huPMNs (data
not shown). Based on the data presented in Figures 4 and
5(a), we concluded that soluble M-860 is capable of activating
huPMNes.
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FIGURE 3: M-860 recognizes a conformational epitope of huLTE. (a) Representative histograms showing the staining of FITC-labeled M-
860/1L3262 on gated T lymphocytes or huPMNSs. After lysis of erythrocytes, total leukocytes in human peripheral blood were stained with
FITC-labeled M-860/L3262 before FACS analysis. FITC-labeled mIgG1/RbIgG were included as negative controls. Lymphocytes and huPMNs
were gated according to their distinct forward- and side-scatter properties. (b) M-860 does not recognize huLTF in western blot analysis. Total
cell lysates of huPMNs (2 pg, Lane 1), recombinant human (50 ng, Lane 2), murine (200 ng, Lane 3), or bovine (200 ng, Lane 4) LTF were
subjected to SDS-PAGE in the presence of 2-ME. After the transfer to a PVDF membrane, the membrane was blotted with M-860 or L3262
overnight at 4°C, followed by incubation with proper HRP-coupled secondary antibodies. (c) M-860 does not recognize denatured huLTF in
ELISA. Serially diluted M-860/L3262 or corresponding control Abs (indicated in x-axis) were incubated in wells precoated with 2-ME-treated
(1% 2-ME for 2 hrs, upper panel) or heat-treated (95°C for 10 mins, lower panel) huLTF, followed by routine ELISA procedures. (d) M-860
pulls down huLTF from total huPMNss lysates. Total cell lysates of huPMNs were incubated overnight with 1 4g mIgG1 (Lane 1), M-860 (Lane
2), RbIgG (Lane 3), or L3262 (Lane 4) at 4°C, followed by incubation with protein G-sepharose. The precipitated proteins were subjected to
western blot analysis with L3262 as the detection Ab. Recombinant huLTF (50 ng, Lane 5) was included as a positive control.

3.5. M-860 Activates huPMNs in a Phagocytosis-Independent
Manner. We next set out to elucidate the mechanisms

LTE In the latter case, M-860 needs to be internalized by
huPMNs first before binding to granular LTF to initiate

underlying the activation of huPMNs by M-860. Given that
huPMNs contains both membrane and granular LTF [11], we
wished to determine whether M-860 induces the activation
of huPMNs through binding to mbLTF and/or intracellular

signal transductions. Therefore, we first explored whether
inhibiting the phagocytosis activity of huPMNs attenuates
the production of IL-8 induced by M-860. Our data showed
that pretreatment of huPMNs with different concentrations
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or mIgGl at 37°C for 30 mins before the addition of FITC-labeled zymosan particles. After 1hr, cells were collected and the percent of PMNs
phagocytosed zymosan particles was analyzed by FACS. Results were expressed as mean + SEM of 9 (b) or 6 (c) different individuals. P < 0.05
versus M/mlIgG; *P < 0.05 versus M/RblgG; SBP < 0.05 versus M; “* P < 0.01 versus M/mlgG; #p < 0.01 versus M/RbIgG; $$P < 0.01 versus

M.

of a potent phagocytosis inhibitor, MDC, had no effect on
IL-8 levels induced by M-860 or PMA (Figure 5(a), data not
shown). The ineffectiveness of MDC in this assay could not be
attributed to its inability in blocking phagocytosis as confocal
microscopy analysis revealed that MDC greatly reduced the
uptake of FITC-labeled M-860 by huPMNs (from 70% to
20%, Figures 5(b) and 5(c)). Together, these data indicate that
mbLTF, but not intracellular LTE, mediates the activation of
huPMNs induced by soluble M-860.

3.6. M-860 Activates huPMNs Partially through TLR-4. It
has been reported that soluble LTF could bind to CD14 and
signal via TLR-4 [15-17]. To test the possible involvement of
TLR-4 in M-860 triggered huPMNss activation, we pretreated
huPMNs with different concentrations of a specific TLR-4
signaling inhibitor, CLI-095, before the addition of M-860. As
shown in Figure 6(a), addition of CLI-095 partially abrogated
(~50% reduction at 8 uM) the increased levels of IL-8 induced
by M-860. Moreover, pretreatment of cells with an anti-CD14
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FIGURE 5: Phagocytosis-independent activation of huPMNs by M-860. (a) No effect of MDC on M-860-induced IL-8 production by PMNss.
Cells were preincubated at 37°C with or without phagocytosis inhibitor MDC (25 yM) for 30 mins before the addition of PMA, M-860, or
mlgGl. Three hours later, levels of IL-8 were measured by ELISA. (b and ¢) MDC significantly inhibits the uptake of FITC-labeled M-860
by huPMNs. After the pretreatment with/without MDC (25 uM) for 30 mins, FITC-coupled M-860 was added and cells were cultured for
1hr further. Cells were fixed, stained with APC-coupled anti-CD11b (shown in red color, to visualized the cell membrane) before analysis by
confocal microscopy. The percent of cells with intracellular FITC signal was quantified. Results were expressed as mean + SEM of triplicates

and represented at least two independent experiments.

neutralization Ab greatly reduced the binding of M-860 to cell
surface (unpublished data) and thereby almost completely
abolished M-860-induced productions of IL-8 (Figure 6(b)).
It is unlikely that the stimulating effect of M-860 on huPMNs
is mediated by contaminated LPS as the same batch of M-
860 displays no stimulatory effect on murine macrophages
and human THP-1 cells, both of which are very sensitive to
LPS-mediated activation (unpublished data). In conclusion,
our data indicate that mbLTF is associated with CD14 on the
cell surface and consequently, upon occupation by its ligands
like M-860, initiates signal transductions at least partially via
TLR-4.

4. Discussion

In sharp contrast to the large body of reports on soluble LTF
[2-4, 18-22], little has been advanced about the expression
and function of mbLTF since its expression on huPMNs
was reported decades ago [11, 23]. Here, by using M-860,
an in-house generated novel mouse IgGl (x) mAD targeting
a conformational epitope of huLTF, we demonstrated that
mbLTF is capable of transducing a reverse outside-in signal
partially through surface TLR-4 to modulate the function of
huPMNs. Considering the increased levels of anti-LTF Abs
in some patients with inflammatory disorders [12, 13], our
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FIGURE 6: M-860 activates huPMNs through CDI4 and TLR-4. Cells were preincubated at 37°C with different amounts of TLR-4 signaling
blocker CLI-095 (a) or CDI14 neutralization Abs (b) for 3 hrs before the addition of M-860. After further incubation for 3 hrs, levels of IL-8
were measured by ELISA. Levels of IL-8 in wells without CLI-095/anti-CD14 Ab were set as 100%. No inhibitions were observed with mIgGl
(isotype controls for anti-CD14, data not shown). PMA (10 ng/mL) and/or LPS (3 ug/mL) were included as positive or negative controls.
Results were expressed as mean + SEM of triplicates and represented at least two independent experiments.

study pointed out the presence of a previously unappreciated
vicious circle mediated by mbLTF-anti-LTF interactions in
exacerbating/perpetuating inflammatory reactions and tissue
destructions in these patients. These data thus not only
indicate that the expression and function of mbLTF on other
human (immune) cells are worth further investigations, but
also provide a powerful tool, mAb M-860 generated, for such
studies.

In the hematopoietic system, LTF is mainly produced
by PMN:s. It is normally stored in the secondary granules
of PMNs and is released upon degranulation. Accordingly,
the mobilization of intracellular LTF to the cell surface of
activated, but not resting, huPMNs was first observed by
immunohistochemistry [23]. However, Deriy et al. detected
mbLTF on both resting and activated huPMNs, but not
monocytes, by FACS analysis using two different mAbs
against huLTF [11]. By using the novel mAb M-860 generated
in-house, we confirmed the expression of mbLTF on huPMNs
with or without in vitro stimulation (Figure 3(a), data not
shown). Given that huLTF does not possess transmembrane
and cytoplasmic domains and is secreted from the cell after
removal of the signal peptide [24, 25], it is conceivable that
mbLTF is anchored to the cell surface via other membrane
proteins, such as nucleolin and CD14 [26, 27]. Indeed, only a
single band, identical to the molecular weight of recombinant
huLTE was detected in whole cell lysates of huPMNs by anti-
LTF Abs in western blot analysis (Figure 3(d)). Furthermore,
preincubation of cells with an anti-CD14 neutralization Ab
greatly reduced, possibly by steric hindrance and/or induc-
ing conformational changes of mbLTF, the binding of M-
860 to cell surface, indicating that CD14 participates in
the anchoring of mbLTF to the cell surface (unpublished
data).

Soluble LTF is a multifunctional protein and participates
in diverse pathophysiological processes. In addition to its
well-known roles in iron homeostasis, LTF or its derivatives
in body fluids exert a direct antimicrobial activity by binding
to invading pathogens and/or cleaving arginine-rich bacterial
sequences through a serine protease catalytic domain in
its N-terminal [2, 20, 28]. Interestingly, LTF may blunt
the anti-infectious immune responses by functioning as a
decoy receptor for pathogen-associated molecular patterns
(PAMPs), such as LPS and unmethylated CpG bacterial
DNA, to diminish their immunostimulatory activities [2, 20].
Moreover, soluble LTF modulates the survival, growth, and
function of many cells through a variety of surface and/or
intracellular receptors [2-5, 13, 16, 17, 19-22, 29]. Our study
revealed that huLTF exerts biological functions beyond its
soluble form as mbLTF itself could serve as a surface receptor
to modulate the function of huPMNs (Figures 4 and 5). In
line with previous reports showing that soluble LTF binds
to the CD14 molecule and could signal via TLR-4 [15-17],
our data demonstrate that mbLTF is capable of transducing
signals through complexing with CD14 and TLR-4, at least
partially, to modulate the cellular function upon occupation
by its ligands like M-860 (Figure 6). Given that soluble LTF
binds to a panel of PAMPs derived from microorganisms,
it is conceivable that the mbLTF interacts with PAMPs
as well, and this interaction would facilitate the clearance
of invading pathogens via augmenting the activation and
function of huPMNs. Likewise, the occupation of mbLTF
by anti-LTF Abs in ANCA-positive patients enhances the
activation of huPMNs and thereby amplifies and perpetuates
local inflammatory responses [12, 13, 30, 31]. Therefore,
our data not only expand our knowledge on LTE but also
indicate that the expression and function of mbLTF merit
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further investigations, especially in patients with infectious
or inflammatory diseases.

In conclusion, we have generated a novel mAb, M-
860, against huLTF. Unlike current commercial anti-LTF
Abs recognizing both natural and denatured huLTE M-
860 only binds to natural huLTF, indicating that it targets
a conformational epitope. Moreover, upon occupation by
soluble M-860, mbLTF is capable of triggering the activation
of huPMNs through, at least partially, TLR-4. Using M-860
as a tool Ab, we are currently investigating the expression and
function of mbLTF on other (immune) cells in humans.
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MDC:  Dansylcadaverine

ROS: Reactive oxygen species

DHRI23: Dihydrorhodamine 123
R123: Rhodamine 123
PAMPs: Pathogen-associated molecular patterns.

Conflict of Interests

The authors have no financial conflict of interests.

Authors’ Contribution

Xiao-Min Hu and Yan-Rui Xu contributed equally to this
work.

Acknowledgments

This study was financially supported by the National
Natural Science Foundation of China (31370871/31070781/
30890142/31200672/31300738); Priority Academic Program
Development of Jiangsu Higher Education Institutions
(PAPD); The Scientific Research Foundation for Returned
Overseas Chinese Scholars from State Education Ministry
to Jun Wang; Program for Cheung Kong Scholars and
Innovative Research Team (PCSIRT) (IRT1075); and Jiangsu
Provincial Innovative Research Team.

References

[1] N. Borregaard and J. B. Cowland, “Granules of the human
neutrophilic polymorphonuclear leukocyte,” Blood, vol. 89, no.
10, pp. 3503-3521, 1997.

[2] P. P. Ward, E. Paz, and O. M. Conneely, “Multifunctional roles
of lactoferrin: a critical overview;” Cellular and Molecular Life
Sciences, vol. 62, no. 22, pp. 2540-2548, 2005.

BioMed Research International

[3] D.Legrand and J. Mazurier, “A critical review of the roles of host
lactoferrin in immunity,” BioMetals, vol. 23, no. 3, pp. 365-376,
2010.

[4] D. Legrand, A. Pierce, E. Elass, M. Carpentier, C. Mariller, and
J. Mazurier, “Lactoferrin structure and functions,” in Bioactive
Components of Milk, vol. 606 of Advances in Experimental
Medicine and Biology, pp. 163-194, Springer, New York, NY,
USA, 2008.

[5] D. Legrand, “Lactoferrin, a key molecule in immune and
inflammatory processes,” Biochemistry and Cell Biology, vol. 90,
no. 3, pp. 252-268, 2012.

[6] C.Guillen,I. B. McInnes, D. Vaughan, A. B.]. Speekenbrink, and
J. H. Brock, “The effects of local administration of lactoferrin on
inflammation in murine autoimmune and infectious arthritis,”
Arthritis and Rheumatism, vol. 43, no. 9, pp. 2073-2080, 2000.

[7] R.Kettritz, ]. C. Jennette, and R. J. Falk, “Crosslinking of ANCA-
antigens stimulates superoxide release by human neutrophils,”
Journal of the American Society of Nephrology, vol. 8, no. 3, pp.
386-394, 1997.

[8] A. H. L. Mulder, P. Heeringa, E. Brouwer, P. C. Limburg, and
C. G. M. Kallenberg, “Activation of granulocytes by anti-neu-
trophil cytoplasmic antibodies (ANCA): a FcyRII-dependent
process,” Clinical and Experimental Immunology, vol. 98, no. 2,
pp. 270-278,1994.

[9] E. Peen, T. Sundqvist, and T. Skogh, “Leucocyte activation
by anti-lactoferrin antibodies bound to vascular endothelium,”
Clinical and Experimental Immunology, vol. 103, no. 3, pp. 403-
407,1996.

[10] B. Zweiman and C. Von Allmen, “Comparative effects of
antilactoferrin antibodies and tumor necrosis factor on neu-
trophil adherence to matrix proteins,” Clinical and Diagnostic
Laboratory Immunology, vol. 6, no. 3, pp. 364-368, 1999.

[11] L. V. Deriy, J. Chor, and L. L. Thomas, “Surface expression of
lactoferrin by resting neutrophils,” Biochemical and Biophysical
Research Communications, vol. 275, no. 1, pp. 241-246, 2000.

[12] E. Peen, S. Almer, G. Bodemar et al., “Anti-lactoferrin anti-
bodies and other types of ANCA in ulcerative colitis, primary
sclerosing cholangitis, and Crohn’s disease,” Gut, vol. 34, no. 1,
pp. 56-62, 1993.

[13] T. Skogh and E. Peen, “Lactoferrin, anti-lactoferrin antibodies
and inflammatory disease;” Advances in Experimental Medicine
and Biology, vol. 336, pp. 533-538, 1993.

[14] C. Elbim and G. Lizard, “Flow cytometric investigation of

neutrophil oxidative burst and apoptosis in physiological and

pathological situations,” Cytometry A, vol. 75, no. 6, pp. 475-481,

2009.

S. Baveye, E. Elass, D. G. Fernig, C. Blanquart, J. Mazurier, and

D. Legrand, “Human lactoferrin interacts with soluble CD14

and inhibits expression of endothelial adhesion molecules, E-

selectin and ICAM-1, induced by the CD14-lipopolysaccharide

complex;” Infection and Immunity, vol. 68, no. 12, pp. 6519-6525,

2000.

[16] C. S. Curran, K. P. Demick, and J. M. Mansfield, “Lactoferrin
activates macrophages via TLR4-dependent and -independent
signaling pathways,” Cellular Immunology, vol. 242, no. 1, pp.
23-30, 2006.

[17] K. Ando, K. Hasegawa, K.-I. Shindo et al., “Human lactoferrin

activates NF-kB through the Toll-like receptor 4 pathway

while it interferes with the lipopolysaccharide-stimulated TLR4

signaling,” The FEBS Journal, vol. 277, no. 9, pp. 2051-2066, 2010.

J. H. Brock, “The physiology of lactoferrin,” Biochemistry and

Cell Biology, vol. 80, no. 1, pp. 1-6, 2002.

(15

[18



BioMed Research International

(19]

(20]

(21]

(22]

[25]

(26]

(27]

(28]

(29]

(30]

(31]

I. A. Garcia-Montoya, T. S. Cendon, S. Arévalo-Gallegos, and
Q. Rascon-Cruz, “Lactoferrin a multiple bioactive protein: an
overview;, Biochimica et Biophysica Acta—General Subjects, vol.
1820, no. 3, pp. 226-236, 2012.

H. Jenssen and R. E. W. Hancock, “Antimicrobial properties of
lactoferrin,” Biochimie, vol. 91, no. 1, pp. 19-29, 2009.

B. Lonnerdal and S. Iyer, “Lactoferrin: molecular structure and
biological function,” Annual Review of Nutrition, vol. 15, pp. 93—
110, 1995.

T. Siqueiros-Cenddn, S. Arévalo-Gallegos, B. E Iglesias-
Figueroa, I. A. Garcia-Montoya, J. Salazar-Martinez, and Q.
Rascon-Cruz, “Immunomodulatory effects of lactoferrin,” Acta
Pharmacologica Sinica, vol. 35, no. 5, pp. 557-566, 2014.

L. A. Boxer, R. A. Haak, H. H. Yang et al., “Membrane-bound
lactoferrin alters the surface properties of polymorphonuclear
leukocytes,” The Journal of Clinical Investigation, vol. 70, no. 5,
pp. 1049-1057, 1982.

H. M. Baker and E. N. Baker, “A structural perspective on
lactoferrin function,” Biochemistry and Cell Biology, vol. 90, no.
3, pp. 320-328, 2012.

H.J. Vogel, “Lactoferrin, a bird’s eye view;” Biochemistry and Cell
Biology, vol. 90, no. 3, pp. 233-244, 2012.

D. Legrand, K. Vigié, E. A. Said et al., “Surface nucleolin
participates in both the binding and endocytosis of lactoferrin
in target cells,” European Journal of Biochemistry, vol. 271, no. 2,
pp. 303-317, 2004.

Y. Zheng, Z. Qin, Q. Ye et al, “Lactoferrin suppresses the
Epstein-Barr virus-induced inflammatory response by interfer-
ing with pattern recognition of TLR2 and TLR9,” Laboratory
Investigation, vol. 94, no. 11, pp- 1188-1199, 2014.

D. R. Hendrixson, J. Qiu, S. C. Shewry et al,, “Human milk
lactoferrin is a serine protease that cleaves Haemophilus surface
proteins at arginine-rich sites,” Molecular Microbiology, vol. 47,
no. 3, pp. 607-617, 2003.

S. H. Wong, N. Francis, H. Chahal et al., “Lactoferrin is a
survival factor for neutrophils in rheumatoid synovial fluid,
Rheumatology, vol. 48, no. 1, pp. 39-44, 2009.

H. Chikazawa, K. Nishiya, A. Matsumori, and K. Hashimoto,
“Immunoglobulin isotypes of anti-myeloperoxidase and anti-
lactoferrin antibodies in patients with collagen diseases,” Jour-
nal of Clinical Immunology, vol. 20, no. 4, pp. 279-286, 2000.
H. Locht, T. Skogh, and E. Kihlstrém, “Anti-lactoferrin antibod-
ies and other types of anti-neutrophil cytoplasmic antibodies
(ANCA) in reactive arthritis and ankylosing spondylitis,” Clin-
ical and Experimental Immunology, vol. 117, no. 3, pp. 568-573,
1999.

1



MEDIATORS

INFLAMMATION

The Scientific Gastroenterology Fou Journal of .
World Journal Research and Practice Diabetes Research Disease Markers

et
International Journal of

Endocrinology

Journal of
Immunology Research

Hindawi

Submit your manuscripts at
http://www.hindawi.com

BioMed
PPAR Research Research International

Journal u,f
Obesity

Evidence-Based p : _ {:

Journal of Stem Ce”S Complementary and 8 ' 1 3 Journal of
Ophthalmology International Alternative Medicine < ) Oncology

Parkinson’s
BINEENE

Computational and . z
Mathematical Methods Behavioural AI DS C dicine and

in Medicine Neurology Research and Treatment



