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A B S T R A C T

Lactoferrin is a non-heme iron-binding glycoprotein with multiple health-beneficial functions including anti-
microbial, antioxidant, anticarcinogenic, and immunomodulatory effects. There is emerging evidence that
neutrophils may serve as targets of lactoferrin in vivo, and here we show how recombinant human lactoferrin
(rhLf) can contribute to this regulation. Indeed, our results demonstrate that rhLf binds efficiently to human
neutrophils and induces a variety of early cellular responses such as mobilization of intracellular Ca2+, re-
modeling of actin cytoskeleton, and degranulation (release of lysozyme and myeloperoxidase). In addition, rhLf
facilitates lectin-induced H2O2 production and stabilization of lectin-induced cellular aggregates. The role of
calcium signaling seems to be essential for rhLf-induced activation of neutrophils, as Ca2+-chelators inhibit
degranulation response while lectin-induced H2O2 production correlates significantly with cytoplasmic Ca2+

elevation. Taken together, our findings justify that rhLf can activate neutrophil functions in a calcium-dependent
manner and hence, can potentiate innate immune responses.

1. Introduction

Lactoferrin (Lf) is a cationic iron-binding glycoprotein (M~78 kDa)
of the transferrin family, which is found at high concentration in exo-
crine fluids (e.g. breast milk) and specific granules of neutrophils (~15
μg/106 neutrophils) [1,2]. Although the homeostatic concentration of
Lf in blood is relatively low (0.2–0.6 μg/ml), it increases under in-
flammation conditions up to 200 μg/ml due to secretion from activated
neutrophils [3–5]. As such, Lf is a multifunctional protein, which is not
only involved in regulation of iron homeostasis but also has many

health-beneficial functions including antimicrobial, antioxidant, antic-
arcinogenic, and immunomodulatory effects [1,2,6–8]. These functions
depend on Lf binding to specific receptors on the surface of many ef-
fector cells (neutrophils, monocytes, macrophages, lymphocytes, epi-
thelial and endothelial cells) and the subsequent transmembrane sig-
naling [9,10].

Neutrophils are the major class of white blood cells that play a key
role in innate immune responses and, among other functions, can both
secrete and bind Lf [11–14]. Earlier findings demonstrated that neu-
trophils exposed to human Lf (from colostrums) exhibited an increase in

https://doi.org/10.1016/j.abb.2019.108122
Received 25 June 2019; Received in revised form 13 September 2019; Accepted 28 September 2019

Abbreviations: Lf, lactoferrin; rhLf, recombinant human lactoferrin; EDTA, ethylenedinitrilotetraacetatic acid; HRP, horseradish peroxidase; fMLP, N-formyl-Met-
Leu-Phe; o-DA, o-dianisidine; PMA, phorbol 12-myristate 13-acetate; GlcNAc, N-acetyl-D-glucosamine; BAPTA-AM, 1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tet-
raacetic acid tetrakis(acetoxymethyl ester); PNA, Arachis hypogaea agglutinin; Con A, Canavalia ensiformis agglutinin; CABA, Caragana arborescens agglutinin; SBA,
Glycine hispida agglutinin; PHA-L, Phaseolus vulgaris agglutinin; SNA, Sambucus nigra agglutinin; STA, Solanum tuberosum agglutinin; VSA, Vicia sativa agglutinin;
WGA, Triticum vulgaris agglutinin; PBS, phosphate-buffered saline; MPO, myeloperoxidase; [Ca2+]i, cytoplasmic Ca2+; HSR contacts, haptenic sugar resistant
contacts; ROS, reactive oxygen species

∗ Corresponding author. Department of Biophysics, Faculty of Physics, Belarusian State University, Minsk, 220030, Belarus.
E-mail address: irinagorudko@gmail.com (I.V. Gorudko).

Archives of Biochemistry and Biophysics 675 (2019) 108122

Available online 30 September 2019
0003-9861/ © 2019 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00039861
https://www.elsevier.com/locate/yabbi
https://doi.org/10.1016/j.abb.2019.108122
https://doi.org/10.1016/j.abb.2019.108122
mailto:irinagorudko@gmail.com
https://doi.org/10.1016/j.abb.2019.108122
http://crossmark.crossref.org/dialog/?doi=10.1016/j.abb.2019.108122&domain=pdf


random motility and were primed to produce more superoxide anion
radicals [15]. Iron-unsaturated human Lf was noticed to inhibit spon-
taneous apoptosis of human neutrophils at the earliest events of this
process [3,16]. Moreover, it was found that Lf secreted from specific
neutrophil granules is localized to the plasma membrane of neutrophils
and markedly suppressed NETs release [17]. In addition, purified bo-
vine Lf was reported to enhance the phagocytic activity of human
neutrophils [18], while human Lf promoted neutrophil adherence to
endothelial cells [19].

Health-beneficial properties of Lf promote clinical trials of this
protein and large-scale production using recombinant technologies due
to limitations of natural sources of Lf in bovine or human milk [1,2,6].
As the biological activity of recombinant proteins should be validated
before their application, this study was conducted to investigate the
properties of new recombinant human Lf (rhLf) obtained from milk of
transgenic goats, bred as a part of the national scientific program in
Belarus. Biochemical characterization of the rhLf was thoroughly con-
ducted and showed high similarity/identity to Lf from human milk
[20]. Here, we report that rhLf from transgenic goats binds efficiently
with human neutrophils and activates or facilitates, in a calcium-de-
pendent manner, several early responses of neutrophils (degranulation,
respiratory burst, and cell-cell adhesion), which are essential for innate
immunity.

2. Materials and methods

2.1. Reagents

Cytochalasin B, DAPI, ethylenedinitrilotetraacetatic acid (EDTA),
Fluoromount™ aqueous mounting medium, genistein, HEPES,
Histopaque-1077, horseradish peroxidase (HRP), (± )-methoxyver-
apamil, Micrococcus lysodeikticus, NaN3, N-formyl-Met-Leu-Phe (fMLP),
NiCl2, o-dianisidine (o-DA), phorbol 12-myristate 13-acetate (PMA),
poly-L-lysine, polymyxin B, scopoletin, triton X-100, trypan blue,
U73122, and wortmannin were purchased from Sigma-Aldrich (St.
Louis, MO, USA). N-acetyl-D-glucosamine (GlcNAc) was from Roth
(Karlsruhe, Germany). Chitin hydrolysate was from Vector Laboratories
(Burlingame, CA, USA). Alexa Fluor 488 phalloidin, fura-2AM, and 1,2-
bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis(acetox-
ymethyl ester) (BAPTA-AM) were purchased from Molecular Probes
(Leiden, Netherlands). All plant lectins were obtained from Lectinotest
(Lviv, Ukraine) and included agglutinins from Arachis hypogaea (PNA),
Canavalia ensiformis (Con A), Caragana arborescens (CABA), Glycine
hispida (SBA), Phaseolus vulgaris (PHA-L), Sambucus nigra (SNA),
Solanum tuberosum (STA), Vicia sativa (VSA), and Triticum vulgaris
(WGA).

2.2. Isolation of recombinant human lactoferrin

Milk of transgenic goats was used to isolate rhLf as described pre-
viously [20,21]. Briefly, milk was centrifuged at 20,000xg for 30min at
4 °C to remove the fat and then was acidified to pH 4.6 by adding 1M
HCl at 37 °C for 30min to precipitate casein. The precipitate was re-
moved by centrifugation (20,000xg for 30min), the pH of the super-
natant was adjusted to 7.0 by adding 1M NaOH, and the second step of
centrifugation was performed to collect final rhLf-enriched supernatant.
The supernatant was loaded onto a TOYOPEARL SP-550 cation ex-
change column (“Tosoh Bioscience”, Griesheim, Germany), which was
equilibrated and washed with a buffer containing 20mM sodium
phosphate, 0.4 M NaCl, pH 7.0. A linear gradient of 0.4–1.0M NaCl was
used to elute cationic proteins and the fractions with rhLf were pooled,
and after diafiltration concentrated by ultrafiltration using Sartorius
Vivaflow-200 crossflow cassette with 30 kDa MWCO membrane, and
lyophilized. The purity of rhLf was verified by sodium dodecyl sulfate
polyacrylamide gel electrophoresis, which showed a single band of
~80 kDa. The percentage of rhLf purity was not less than 99%, iron

saturation - not more than 10% [21].
Lf eluted from TOYOPEARL SP-550 column was subjected to an

additional cation exchange chromatography on Mono S column
(“Amersham Pharmacia Biotech”, Uppsala, Sweden) to separate rhLf
from goat Lf. The concentration of rhLf in the milk of transgenic goats
ranged from 2 g/l to 16 g/l, which exceeded significantly the con-
centration of native goat Lf in the milk of various goat breeds
(0.073–0.089 g/l) [22].

2.3. Determination of endotoxin content in rhLf sample

The endotoxin content in rhLf samples was controlled using a LAL
(Limulus amebocyte lysate) Chromogenic Endpoint Assay kit from
HyCult Biotech (Uden, The Netherlands) according to the manufac-
turer's instructions. Serial dilutions of LPS from Escherichia coli (150, 50,
17, 6, 2, 0 pg/ml) were used as calibration standards. All tested samples
of rLf, which were used in this study, showed the bacterial endotoxin
content less than 17 pg per 10 μg of the protein.

2.4. FITC labeling of rhLf

A sample of rhLf (10 μM in 0.1M Na-carbonate buffer, pH 9.0) was
mixed with few drops of FITC (40 μM in DMSO) to have a molar ratio of
1:4 (rhLf:FITC) and kept on ice for 2 h. The reaction mix was dialyzed
twice against 100-fold excess of phosphate-buffered saline (PBS, pH 7.4,
10mM Na2HPO4/KH2PO4, 137mM NaCl, 2.7mM KCl) for 12 h and
used for flow cytometry experiments to study rhLf binding with human
neutrophils [23].

2.5. Isolation of human neutrophils

Venous blood samples were obtained from healthy donors at the
Republican Scientific and Practical Center of Transfusiology and
Medical Biotechnologies (Minsk, Belarus). The blood was collected in
tubes containing 3.8% (w/v) trisodium citrate as an anticoagulant at a
ratio of 9:1. Neutrophils were isolated at room temperature by cen-
trifugation in a Histopaque-1077 density gradient as described else-
where [24]. Cells were resuspended and stored in a cold (4 °C) PBS,
containing 11mM D-glucose. The cell viability was not less than 95% as
per trypan blue exclusion test and 95% of the cell population were
neutrophils as per the segmented morphology of cell nuclei stained with
DAPI.

2.6. Analysis of rhLf binding to human neutrophils

Binding of rhLf to surface of neutrophils was assessed by flow cy-
tometry using reagents and equipment from Beckman Coulter (Brea,
California, USA). Briefly, a sample of whole blood (100 μl) was in-
cubated with FITC-labeled rhLf (250 μg/ml) for 10min and with CD45-
PC5 antibody for 15min at ambient temperature. Next, erythrocytes
were lysed with 1ml of VersaLyse lysing solution for 10min and the
resulting cell suspension was analyzed using the Navios flow cytometer.
The subpopulation of human neutrophils was selected based on CD45-
PC5 fluorescence intensity in combination with lateral light scattering.

2.7. Measurement of H2O2 production by human neutrophils

H2O2 production by neutrophils was measured using the scopoletin/
HRP fluorescence technique [25,26]. Briefly, a suspension of neu-
trophils (2× 106 cells/ml in PBS supplemented with 1mM CaCl2 and
0.5 mMMgCl2) was mixed with 1 μM scopoletin (a fluorescent substrate
of HRP), 20 μg/ml horseradish peroxidase, and 1mM NaN3 (catalase
and myeloperoxidase inhibitor). The cell suspension was incubated for
5min at 37 °C in a cuvette of a fluorimeter CM 2203 (SOLAR, Minsk,
Belarus) and then test reagents were added as required. A decrease in
fluorescence of scopoletin was monitored at 460 nm (excitation at
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350 nm) and the maximal slope of the recorded traces was used to
quantify the rate of H2O2 generation by cells.

2.8. Assays for degranulation of human neutrophils

Two assays were used to assess degranulation of neutrophils based
on the detection of myeloperoxidase (MPO) and lysozyme releasing into
extracellular medium from cells (3× 106 cells/ml in PBS supplemented
with 1mM CaCl2 and 0.5 mM MgCl2) treated with rhLf (250 μg/ml) for
15min at 37 °C. Samples for testing MPO release were additionally
treated with cytochalasin B (2.5 μg/ml). The degranulation reaction
was stopped by placing the samples on ice and subsequent centrifuga-
tion for 8min at 2,500xg. Lysozyme activity in supernatants was mea-
sured by detecting the lysis of the bacterial cells M. lysodeikticus using
light transmission assay as described elsewhere [27,28]. MPO activity
in the supernatants was measured spectrophotometrically using o-DA
and H2O2 substrates as previously described [29]. To examine calcium-
dependent regulation of degranulation responses, neutrophils were
maintained at 37 °C and pretreated with either EDTA (1mM) for 5min,
or with BAPTA (10 μM) and EDTA for 30min before adding rhLf.

2.9. Measurements of cytoplasmic calcium

Measurements of cytoplasmic Ca2+ ([Ca2+]i) in human neutrophils
were performed using the fluorescent Ca2+ indicator fura-2AM as de-
scribed elsewhere [24,30]. Neutrophils were resuspended in isotonic
HEPES-buffered saline containing 120mM NaCl, 4.7mM KCl, 1.2mM
KH2PO4, 4.4 mMMg2SO4, 1.7 mM CaCl2, 11mM D-glucose, and 20mM
HEPES, pH 7.4 (HEPES buffer) and loaded with 2 μM fura-2AM for
40min at 37 °C. The cells were then washed 3 times in HEPES buffer
without CaCl2, resuspended at a concentration of 107 cells/ml, placed
on ice, and used within 3 h. To measure fluorescence, cells were re-
suspended in 1ml HEPES buffer with or without calcium at a con-
centration of 106 cells/ml and preincubated at 37 °C for 5min prior to
adding test reagents. All fluorescence measurements were performed
using a spectrofluorimeter CM 2203 (SOLAR, Minsk, Belarus) in cell
samples undergoing constant gentle stirring. Fluorescence kinetics were
recorded at 510 nm (excitation at 340 nm and 380 nm) and changes in
[Ca2+]i were assessed based on the ratiometric calibration method
[31]. To be sure that the effects of rhLf are not related to endotoxin
contamination, rhLf sample was preincubated with polymyxin B
(10 μg/ml).

2.10. Staining of the actin cytoskeleton

The coverslips used in actin cytoskeleton staining assay were
cleaned with 70% alcohol. To prepare human neutrophils for staining
the actin cytoskeleton structures, cells were fixed with 4% paraf-
ormaldehyde in PBS for 10min and attached to poly-L-lysine-coated
glass slides over a 15min drying step. Next, the attached cells were
permeabilized for 5min with 0.1% Triton X-100 in PBS and rinsed three
times with PBS. To visualize F-actin, cells were stained with Alexa Fluor
488 phalloidin (0.17 μM) in the dark for 40min at room temperature
and washed two times with PBS and once with distilled water before
mounting the slides using Fluoromount™ aqueous mounting medium.
Images were acquired using a laser scanning confocal microscope
NanoFinder30 (Tokio Instruments, Japan) and processed using the
NanoFinder Data Viewer.

2.11. Lectin-induced adherence junctions

Plant lectins are strong inducers of cell aggregation [32], which is
often associated with formation of relatively stable cell-cell contacts or
specific adherence junctions being resistant to inhibitory haptenic su-
gars (HSR contacts) [33,34]. To induce the formation of HSR contacts,
human neutrophils in suspension (2×106 cells/ml in PBS

supplemented with 1mM CaCl2 and 0.5 mM MgCl2) were treated with
either STA (50 μg/ml) or WGA (2.5 μg/ml) and the cell aggregation was
recorded at 37 °C for 3–4min using an optical aggregometer AP2110
(SOLAR, Minsk, Belarus). Next, inhibitory haptenic sugars of STA (1.6%
chitin hydrolysate) or WGA (100mM GlcNAc) were added to induce
dissociation of cell aggregates. A stationary light transmission of cell
aggregates in the presence of haptenic sugars was used as an indicator
of HSR contacts and calculated as a percentage of the initial light
transmission of lectin-induced cell aggregates.

2.12. Statistical analysis

Statistical analysis was performed using Origin 7.0 (OriginLab,
Northampton, Massachusetts, USA) and included unpaired Student's t-
test or one-way ANOVA and post hoc Tukey's HSD test as indicated to
analyze differences between means and Pearson's correlation coefficient
to measure the statistical relationship between our variables. Values of
p < 0.05 were considered to indicate statistically significant differ-
ences. All data were presented as mean ± standard error of the mean
(SEM).

3. Results

3.1. Binding of rhLf to human neutrophils and calcium responses

Flow cytometry analysis revealed efficient binding of rhLf-FITC to
human neutrophils, as evidenced by a significant shift in the fluores-
cence intensity of the labeled cells (Fig. 1A). To explore a functional
context of this binding, we examined the effects of rhLf on cytosolic
calcium as an indicator of early receptor-mediated responses of neu-
trophils [35–37]. As shown in Fig. 1B, treatment of neutrophils with
rhLf (250 μg/ml) in calcium-containing medium caused an increase in
[Ca2+]i lasting for 30–60 s. This effect was sustained in the presence of
10 μg/ml polymyxin B ([Ca2+]i rise was 278 ± 38 nM in control versus
241 ± 24 nM in polymyxin B-treated cells, n= 5) excluding a pre-
sence of endotoxin contamination of our protein samples. The calcium
response of neutrophils to rhLf also showed a dose-dependent increase,
reaching a plateau at concentrations of rhLf above 250 μg/ml (Fig. 1C).

Extracellular calcium contributed significantly to rhLf-induced cy-
toplasmic calcium increase because the response in calcium-free
medium containing Ca2+-chelator EDTA (1mM) was much weaker in
comparison with Ca2+-containing medium (Fig. 1B and D). Accord-
ingly, subsequent addition of CaCl2 (2mM) to the cell suspension in-
duced a further increase in cytoplasmic Ca2+ levels in rhLf-treated
neutrophils (Fig. 1B). In addition, treatment of cells with 2 μM thapsi-
gargin (an inhibitor of sarco/endoplasmic reticulum Ca2+-ATPase [38])
induced Ca2+ increase on 105 ± 31 nM due to its leakage from the ER,
however, no response to rhLf was observed in this case. As the elevation
of cytoplasmic calcium can be due to Ca2+-release from the in-
tracellular depot and/or Ca2+-entry from the extracellular medium
[39,40], we suggest that binding rhLf to human neutrophils and sub-
sequent transmembrane signaling may involve the store-operated Ca2+

entry (SOCE) pathway and Ca2+ ATP-powered P-pumps of the en-
doplasmic reticulum [41,42]. To gain more insights into this regulation,
we used a pharmacological approach and treated neutrophils with
drugs affecting specific Ca2+-channels or signal transduction enzymes.
We observed that in the Ca2+-containing medium NiCl2 (an inhibitor of
T-type Ca2+ channels), genistein (an inhibitor of tyrosine kinases), and
U73122 (phospholipase C inhibitor) significantly inhibited the Ca2+-
inducing effect of rhLf whereas (± )-methoxyverapamil (an inhibitor of
voltage-dependent Ca2+ channels) and wortmannin (an inhibitor of
phosphatidylinositol-3-kinases) had no effects. Considering all limits of
biochemical inhibitors, these findings suggest that tyrosine kinases and
phospholipase C are likely associated with rhLf-induced calcium sig-
naling in human neutrophils.

Calcium signaling is important for many inherent functions of
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neutrophils in innate immunity including the production of toxic re-
active oxygen species (ROS) (respiratory burst), degranulation or exo-
cytosis of granular enzymes, and cell adhesion [43–45]. Considering
this conceptual point, we examined the role of intracellular calcium in
mediating the effects of rhLf on the functional responses of neutrophils.

3.2. Inhibition of rhLf-induced degranulation of human neutrophils by
Ca2+-chelators

Treatment of human neutrophils for 15min with rhLf (250 μg/ml)
induced the release of enzymes from two different types of intracellular
granules (exocytosis) including MPO (component of azurophilic

granules) and lysozyme (component of specific granules) (Fig. 2A and
B). In both cases, these functional responses were inhibited by a cell-
permeable Ca2+-chelator BAPTA (10 μM) and non-permeable Ca2+-
chelator EDTA (1mM). The general requirement of calcium for rhLf-
induced degranulation of human neutrophils questioned the involve-
ment of the actin cytoskeleton as a well-known factor in this regulation
[46–48]. Therefore, we examined the effects of rhLf (250 μg/ml) on F-
actin distribution in cells stained with Alexa Fluor 488 phalloidin using
confocal fluorescence microscopy. Indeed, a significant remodeling of
the actin cytoskeleton was evident in rhLf-treated human neutrophils
within 10min so that a strong overall cortical actin staining in control
changed to a clustered staining only at one site, indicated cell

Fig. 1. Binding of rhLf to human neutrophils and calcium responses. A, Histogram of fluorescence intensity of rhLf (baseline) and rhLf-FITC, bound to neu-
trophils (fluorescence excitation – 488 nm, emission – 525 nm). Experiments were carried out in Ca2+-containing medium and at least 5000 neutrophils were
analyzed in each sample. Data are shown for one of three independent experiments. B, rhLf induces a transient increase of Ca2+ concentration in the cytoplasm of
neutrophils that depends on the presence of extracellular Ca2+. Fura-2-loaded neutrophils (1×106 cells/ml) were incubated for 3 min at 37 °C and then treated with
rhLf (250 μg/ml) in medium containing 1.7 mM CaCl2 (dashed line) and in Ca2+-free medium containing 1mM EDTA (solid line). The arrows indicate the moments
of rhLf or CaCl2 (2 mM) addition to the suspension of neutrophils. C, dose-dependent effects of rhLf on the cytoplasmic calcium increase. Neutrophils were stimulated
by different concentrations of rhLf (62.5–500 μg/ml) in Ca2+-containing medium. D, Effects of biochemical inhibitors on rhLf-induced [Ca2+]i increase in human
neutrophils. Cells were pre-incubated for 5min at 37 °C with EDTA (1mM), NiCl2 (1mM), (± )-methoxyverapamil (100 μM), genistein (10 μM), wortmannin
(100 nM), or U73122 (620 nM) followed by adding rhLf (250 μg/ml). All experiments were performed in Ca2+-containing medium except for the assay with EDTA
conducted in a Ca2+-free medium. All data are presented as means ± SEM, n = 5–7. *p < 0.05, **p < 0.01 versus control cells untreated with inhibitors (by one-
way ANOVA and post hoc Tukey's HSD test).
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polarization (Fig. 2C and D, Supplementary Materials, Fig. S1).

3.3. Effects of rhLf on neutrophil respiratory burst

Respiratory burst of neutrophils (production of ROS by the phago-
cyte NADPH-oxidase) can be induced by many soluble stimuli such as
fMLP, A23187, and plant lectins, the efficiency of which depends on
cytoplasmic calcium [49–52]. Treatments of human neutrophils with
rhLf (250 μg/ml) alone failed to induce H2O2 generation as per HRP-
mediated scopoletin oxidation. However, rhLf modified neutrophil re-
sponses to well-known H2O2-inducing agonists as exemplary shown for

WGA in Fig. 3A. More specifically, rhLf augmented H2O2 production by
neutrophils in response to fMLP, WGA, and PHA-L, inhibited in re-
sponse to Con A, VSA, SNA, PNA, SBA and STA, and showed no effects
on PMA and CABA responses (Fig. 3B). All these agonists have different
biochemical properties (Supplementary Materials, Figs. S2 and S3) and
might use different mechanisms for activating the phagocyte NADPH-
oxidase. Indeed, fMLP, WGA, Con A, PHA-L, and CABA induced sig-
nificant increase of [Ca2+]i, while no [Ca2+]i changes were observed in
the presence of PMA, VSA, PNA, SBA and STA (Fig. 3C). However,
Pearson's coefficient showed a significant correlation (R=0.878,
p < 0.001, n=11) between the [Ca2+]i and H2O2 production in the

Fig. 2. rhLf induces human neutrophil degranulation in calcium-dependent manner and remodels of actin cytoskeleton. A and B, Effects of rhLf on MPO and
lysozyme release from human neutrophils in Ca2+-containing medium (PBS supplemented with 1mM CaCl2 and 0.5 mM MgCl2) and in Ca2+-exhausted medium
(supplemented with Ca2+ chelators, 1 mM EDTA or 10 μM BAPTA-AM). Data (means ± SEM, n=3–5) represent the levels of the secreted enzymes in cell-free
supernatants at 15min exposure of human neutrophils (3× 106 cells/ml) to rhLf (250 μg/ml) as described in Material and Methods. *p < 0.05 versus control cells
(by one-way ANOVA and post hoc Tukey's HSD test). C and D, Changes in morphology of the actin cytoskeleton in human neutrophils treated with rhLf. To visualize
F-actin, the cells were treated and stained with Alexa Fluor 488 phalloidin as described in Material and Methods. С – a control cell, D – a cell exposed to rhLf (250 μg/
ml) for 10min at 37 °C. The middle cross-section profiles of F-actin staining are shown below the microphotographs. Scale bars, 2 μm.

D.V. Grigorieva, et al. Archives of Biochemistry and Biophysics 675 (2019) 108122

5



presence of rhLf (Fig. 3D).

3.4. Effects of rhLf on adherence junctions in neutrophils

Activation and adhesion of neutrophils to the endothelium near the
sites of inflammation or infection is an important aspect of innate im-
munity [53,54]. Lectin-induced aggregation of neutrophils mimics,
with some limitations, this process based on the formation of HSR-
contacts between cells [30,33,55,56]. Two GlcNAc-specific plant lectins
STA (50 μg/ml) or WGA (2.5 μg/ml) induced neutrophil aggregation
and the formation of HSR contacts, which were evident in the presence
of chitin hydrolysate (1.6%) or GlcNAc (100mM), respectively (Fig. 4A
and B). We observed no cell aggregation induced directly by rhLf

(100 μg/ml), however the lectin-induced HSR-contacts were sig-
nificantly enhanced by rhLf (Fig. 4C). The similar stabilizing effect of
rhLf was observed in an alternate model of neutrophil aggregation in-
duced by fMLP (Fig. 4D). Thus, rhLf promotes the formation of ad-
herence junctions in neutrophils activated with different types of ago-
nists.

4. Discussion

Lf is a multifunctional molecule with many health-beneficial prop-
erties justifying therapeutic and nutraceutical uses of this protein
[57,58]. Different types of Lf are available for applied purposes in-
cluding native forms isolated from milk and recombinant forms from

Fig. 3. Calcium-dependent effects of rhLf on agonist-induced generation of Н2О2 by human neutrophils. A, Typical kinetics of scopoletin oxidation by human
neutrophils in response to WGA (50 μg/ml) in the absence (solid line) or in the present (dashed line) of rhLf (250 μg/ml). The suspension of neutrophils in PBS with
1mM CaCl2 and 0.5 mM MgCl2 (2× 106 cells/ml) contained 1 μM scopoletin, 20 μg/ml HRP, and 1mM NaN3. Measurements were performed as described in
Material and Methods by measuring fluorescence intensity at 460 nm (excitation was at 350 nm). B, Effects of rhLf on H2O2 production by human neutrophils induced
by different agonists. The rate of H2O2 production was calculated based on scopoletin oxidation kinetics similar to those shown in A. The agonists were used at
concentrations of 10 nM (PMA), 100 nM (fMLP), and 50 μg/ml (all plant lectins). Data (means ± SEM, n = 3–5) represent the rates of scopoletin oxidation for each
agonist in the presence of rhLf (250 μg/ml) normalized to the relevant control without rhLf. *p < 0.05 versus control (one-sample t-test). C, The peak values of
[Ca2+]i rise in human neutrophils, activated by various agonists. Fura-2-loaded neutrophils (1× 106 cells/ml) in PBS containing 1.7 mM CaCl2 were stimulated at
37 °C with the same agonists as listed in B (100 nM fMLP, 10 nM PMA, or plant lectins at 50 μg/ml). All data are represented as the mean ± SEM, n = 3–5.
*p < 0.05 versus the basal level of cytoplasmic calcium level (by one-way ANOVA and post hoc Tukey's HSD test). D, Positive correlation between cytoplasmic
calcium and changes in H2O2 production by human neutrophils in the presence of rhLf (R=0.878, n= 11, p < 0.001). Combined data from B and C were used to
run the Pearson's correlation test.
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plant, mammalian cell, and yeast expression systems [59]. In this work,
we verified and attested biological activity of rhLf isolated from milk of
transgenic goats using human neutrophils as effector cells of innate
immunity.

Our findings indicate that rhLf from transgenic goat milk is a
priming agonist of human neutrophils, which binds to the cells and
induces or facilitates a variety of immediate functional responses in-
cluding the elevation of cytoplasmic calcium, cell degranulation (exo-
cytosis of MPO and lysozyme), modulation of H2O2 production, and
enhancement of cell junctions. Majority of these responses are well-
described for native human Lf. For example, human Lf translocated
from the specific granules to the neutrophil plasma membrane enhances
adherence of neutrophils to endothelial cells [19]. Lf from human co-
lostrum primes in a dose dependent manner superoxide production by
neutrophils in response to fMLP and opsonized zymosan [15]. Although
neutrophils are responsible for killing invading pathogens and im-
mediate host defenses during tissue infection, excessive production of
cytotoxic substances may have a deleterious effect in magnifying the
local inflammation [60]. In this context, rhLf is a mild regulator of
neutrophils functions, which mostly primes rather than directly

activates neutrophil adhesion and generation of ROS. It is essential that
the migration of neutrophils from circulation into an area of in-
flammation or infection is also accompanied by degranulation [61].
Here we demonstrated that rhLf at high concentrations that are char-
acteristic for foci of inflammation induced the exocytosis of MPO and
lysozyme. The ability of rhLf to activate neutrophils was supported by
the observation that this protein initiated calcium responses and F-actin
redistribution in cells. To the best of our knowledge, this is the first
report of calcium-inducing properties of rhLf which stimulates an in-
crease in neutrophil cytosolic calcium through both the release of Ca2+

from endoplasmic reticulum and Ca2+ entry across the plasma mem-
brane. Furthermore, our findings suggest that rhLf-induced calcium
signaling might be indispensable for mild priming of such essential
functional responses of neutrophils as H2O2 generation and de-
granulation. Calcium is a universal intracellular messenger [40] and
molecular mechanisms of the relevant rhLf-mediated regulation remain
to be elucidated. Considering the screening of several biochemical in-
hibitors in our study, the role of tyrosine kinases and phospholipase C
deserves further elaboration in the context of rhLf-induced calcium
mobilization in human neutrophils.

Fig. 4. Effects of rhLf on the formation of adherence junctions (HSR contacts) in human neutrophils. A and B, Typical kinetics of human neutrophil ag-
gregation induced by STA (50 μg/ml) and WGA (2.5 μg/ml). Cell aggregates were partially dissociated by relevant inhibitory sugars such as chitin hydrolysate (1.6%)
for STA and GlcNAc (100mM) for WGA, however rhLf (100 μg/ml) readily declined the dissociation response. All measurements were performed at 37 °C as
described in Material and Methods. C, HSR contacts of STA- and WGA-induced neutrophil aggregates in absence (control) and in the presence of rhLf (100 μg/ml and
250 μg/ml). *p < 0.05 versus control (Student's t-test for independent samples). D, Typical kinetics of human neutrophil aggregation induced by fMLP (100 nM) in
the absence and in the presence of rhLf (100 μg/ml).
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An important novel aspect of biological activity of rhLf is its ability
to stimulate adherens junctions (HSR contacts) between neutrophils in
lectin-induced cell aggregates. Apparently, this can occur either due to
increased ROS production or due to increased cytosolic Ca2+ in neu-
trophils, both of which are complementary agonists of cell adhesion
[30,56,62,63]. Another reason of the enhanced stability of neutrophil
aggregates could be the expression of additional adhesion receptors
such as CD11b/CD18 integrins [64] on the neutrophil surface as a result
of rhLf-induced degranulation. Further studies are required to examine
these mechanisms and the role of rhLf in enhancing homo- and het-
erotypic adhesion of human neutrophils.

In conclusion, our findings indicate that rhLf regulates a range of
neutrophil functions (degranulation, H2O2 generation, and cell adhe-
sion) and provide new insights into the contribution of rhLf to the in-
nate immunity. This protein binds to neutrophils and induces im-
mediate responses resulting from cytoplasmic calcium increase and F-
actin redistribution. As such, rhLf from transgenic goat milk represents
a fully functional protein in a model system of human neutrophils and
add to the line of new recombinant proteins for biomedical and bio-
technological applications.
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