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The effects of lactoferrin (LF), an iron binding protein, on myelopoiesis have been studied extensively in vitro
and in vivo in human and murine models over the past three decades. Due to the lack of high-quality ho-
mologous LFs, however, the conclusions are still unequivocal. Recently, both human and murine LFs have
become available as recombinant products expressed in Chinese hamster ovary (CHO) cell lines showing
mammalian type of glycosylation, thus apparently species compatible. In this study, we present the effects of
homologous recombinant mouse LF (rmLF) on myelopoiesis in CBA mice. The myelocytic lineage has been
assessed by their appearance in circulating blood and bone marrow, and induction of relevant mediators of
inflammation. Intravenous injection of rmLF (100 mg/mouse) resulted in a significantly increased number of
myelocytic cells in the circulating blood after 24 h. Mouse serum transferrin, used as a control protein, showed no
stimulatory effect. The increase in output of neutrophil precursors, neutrophils, and eosinophils was correlated
with a twofold increase of leukocyte concentrations. The analysis of the bone marrow sections confirmed
increased myelopoiesis. The alterations in the bone marrow cell composition were statistically significant re-
garding mature neutrophils (10.8% vs. 27.7%), metamyelocytes (11.4% vs. 16.0%), and myelocytes (2.4% vs.
4.0%). The mobilization of the myelocytic cells in the bone marrow and the increased output of these cells into
circulation were accompanied by elevated serum concentrations of interleukin-6 at 6 h and haptoglobin at 24 h
following administration of rmLF. In conclusion, the homologous LF elicits significant and transient myelo-
poiesis in experimental mice.

Introduction

Myelopoiesis is a dynamic process dependent on a va-
riety of mediators, which may stimulate or inhibit the

proliferation and maturation of granulocyte and macrophage
progenitors. The mutual interactions of many cell types and
factors secreted by these cells maintain the number of gran-
ulocytes and monocytes/macrophages at constant levels in-
herent to the physiological state. These cells represent the first
line of defense against pathogens; therefore, the regulation of
their recruitment and release into the circulation is of major
importance. Particularly meaningful is the regulation of
granulopoiesis, since the complete differentiation of granu-
locytes lasts relatively long (10–14 days), although these cells
live only 4–6 h after being released from bone marrow [1].
Thus, the cells must be continuously generated and released
into the circulation. The demand for neutrophils significantly
increases during infection [2], endotoxemia [3], and trauma
[4]. The presence of endogenous glucocorticoids [5–7] plays

an important role in triggering myelopoiesis. Cells of myeloid
origin are recruited from pluripotential hematopoietic stem
cells in the bone marrow [8]. Myelopoiesis is promoted by a
number of cytokines, including interleukin (IL)-1 [9], IL-6 [10],
granulocyte-macrophage colony-stimulating factor (GM-
CSF), granulocyte CSF (G-CSF), and macrophage CSF (M-
CSF) [11]. These cytokines are produced by various cell types
(monocytes/macrophages, fibroblasts, endothelial cells, epi-
thelial cells, osteoblasts, and lymphocytes) from many tissues
and organs, including cells of the bone marrow microenvi-
ronment [12]. Interestingly, mice lacking the ability to pro-
duce CSFs were still able to generate macrophages and
neutrophils in response to an inflammatory stimulus indi-
cating that the requirement for CSFs in this process is not
essential [13].

Lactoferrin (LF) is an iron-binding protein, contained in
excretory secretions of mammals and secondary granules
of neutrophils [14]. It constitutes an important element of
the innate immunity system by regulating host immune
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responses to invading pathogens and also providing an en-
vironment for the development of adaptive immune re-
sponses. LF functions at the check points of many immune
responses and provides homeostatic effects for a variety of
stress-induced immune imbalances due to infection, trauma,
and burns, showing prophylactic and therapeutic properties
[15–17]. The involvement of LF in controlling the process of
myelopoiesis has been a matter of controversy for the last
three decades (reviewed in [18,19]). There are two opposing
assessments of the LF role in myelopoiesis; the first view
postulates a negative regulation [20–22], and the second one
suggests the stimulatory function of LF in granulopoiesis in
response to an infectious signal (a demand model) [23,24]. In
addition, there are reports that LF has no effect on myelo-
poiesis [25,26]. Nevertheless, due to a variety of experimental
models and lack of homologous LF, the controversy could
not be satisfactorily resolved. Recently, a new protocol for
the production of recombinant mouse LF (rmLF), bearing the
mammalian glycosylation pattern, was developed in the
Chinese hamster ovary (CHO) cell line and its biological
potency was confirmed in protection of methicillin-resistant
Staphylococcus aureus infected mice (M.L. Kruzel, pers.
comm., May, 2013). This novel rmLF is fully homologous
with the native mouse LF and became a valuable tool to
verify the role of homologous LF in myelopoiesis. Although
the effect of milk-derived mouse LF on myelopoiesis has
been previously reported [23], here we also compare this
effect with nonhomologous LFs, including bovine and hu-
man species.

The aim of this study was to analyze the effects of rmLF on
cell compositions in the circulating blood and bone marrow,
and the appearance of myelopoiesis relevant mediators in

CBA mice. Based on this study, we postulate that the actual
action of LF on myelopoiesis is regulatory leading to in-
creased protection against potential microbial infection by
alteration of distorted balance between the myeloid and
lymphoid cell populations.

Materials and Methods

Mice

CBA female mice, 8 weeks old, from the Animal Facility in
Ilkowice, Poland, were used in the study. The mice were fed
granulated food and filtered tap water ad libitum. The study
was approved by the local ethics committee.

Reagents

Low endotoxin rmLF and human recombinant lactoferrin
(rhLF), ( < 1.0 EU/mg) were obtained from PharmaReview
Corporation. Bovine milk-derived LF (bLF) was purchased
from Sigma Chemical. Mouse transferrin (ChromPure Mouse
Transferrin, code: 015-000-050) was from Jackson Im-
munoResearch Laboratories. The ELISA kit for mouse IL-6
was obtained from eBioscience and the mouse haptoglobin
ELISA kit was purchased from GenWay.

Treatment of mice with LF

LFs and transferrin (a control protein) were dissolved in
0.9% NaCl, filtered through 0.2-mm Millipore filters, and
injected intravenously into mouse retro-orbital plexus
(200 mL). Control mice were given 0.9% NaCL intravenously.

FIG. 1. Analysis of circulating blood cell composition 24 h following administration of LFs. Mice were given LF (1 mg). The
results are presented as the mean value of five mice per group. Statistics: Bands: control versus bLF, P = 0.0001; control versus
rmLF, P < 0.0002; control versus rhLF, P < 0.0005; neutrophils: control versus bLF, P < 0.005; control versus rmLF, P < 0.01;
control versus rhLF, NS (P = 0.75); eosinophils: control versus bLF, NS (P = 0.06); control versus rmLF, P < 0.025; control versus
rhLF, NS (P = 0.3); lymphocytes: control versus bLF, P < 0.0002; control versus rmLF, P < 0.0005; control versus rhLF, NS
(P = 0.4); monocytes: control versus bLF, P < 0.02; control versus rmLF, NS (P = 1.0); control versus rhLF, P < 0.0005. B, bands;
Ne, neutrophils; E, eosinophils; L, lymphocytes; M, monocytes; NS, not significant; LF, lactoferrin; rmLF, recombinant mouse
LF; rhLF, human recombinant lactoferrin; bLF, bovine milk-derived LF.
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FIG. 2. Analysis of bone marrow cell types 24 h following administration of LFs. Mice were given LF (1 mg). The results are
presented as the mean value of five mice per group. Statistics: Neutrophils: control versus bLF, NS (P = 0.1699); control versus
rmLF, P < 0.0005; control versus rhLF, NS (P = 0.12); bands: control versus bLF, P < 0.05; control versus rmLF, NS (P = 0.94);
control versus rhLF, NS (P = 0.5); metamyelocytes: control versus bLF, P < 0.01; control versus rmLF, NS (P = 0.08); control
versus rhLF, NS (P = 0.22); myelocytes: control versus bLF, NS (P = 0.5); control versus rmLF, NS (P = 0.16); control versus
rhLF, NS (P = 0.2); other: control versus bLF, P < 0.0002; Control versus rmLF, P < 0.02; control versus rhLF, NS (P = 0.98). Ne,
neutrophils; B, bands; Me, metamyelocytes; My, myelocytes; O, other.

FIG. 3. Release of myeloid lineage cells into circulation–determination of optimal dose of rmLF. Mice were given rmLF in
the following doses: 25, 100, 500, and 2,500mg. Samples of blood were taken 24 h after administration of LF. The results are
presented as the mean value of five mice per group. Statistics: Bands: control versus rmLF 25, P < 0.02; control versus rmLF
100, P < 0.0002; control versus rmLF 500, P < 0.0002; control versus rmLF 2,500, P < 0.01; neutrophils: control versus rmLF 25,
NS (P = 0.99); control versus rmLF 100, P < 0.002; control versus rmLF 500, P < 0.05; control versus rmLF 2,500, NS (P = 0.9);
eosinophils: control versus rmLF 25, P < 0.02; control versus rmLF 100, P < 0.02; control versus rmLF 500, P < 0.0005; control
versus rmLF 2,500, P < 0.0002; lymphocytes: control versus rmLF 25, NS (P = 0.24); control versus rmLF 100, P < 0.0002; control
versus rmLF 500, P < 0.0002; control versus rmLF 2,500, P < 0.0005; monocytes: control versus rmLF 25, NS (P = 1.0); control
versus rmLF 100, NS (P = 1.0); control versus rmLF 500, NS (P = 0.083); control versus rmLF 2,500, NS (P = 0.083). B, bands; Ne,
neutrophils; E, eosinophils; L, lymphocytes; M, monocytes.
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Analysis of peripheral blood
and bone marrow compositions

The mice were anesthetized with isoflurane and blood was
obtained from the retro-orbital plexus. Then, the mice were
sacrificed by cervical dislocation, femurs were isolated, and
bone marrow was obtained by eluting the bone content with
a syringe equipped with 0.45-mm needle. The blood and
bone marrow smears were prepared on microscopic slides.
After drying, the smears were stained with Giemsa and May-
Grünwald reagents. The smears were subsequently evalu-
ated at 1,000 · magnification (in immersion oil) in a Leica
ATC 2000 microscope. Up to 100 cells were counted per
slide. The results were presented as a percentage of cell types
in the peripheral blood (mature neutrophils, neutrophil
precursors—bands, eosinophils, lymphocytes, and mono-
cytes). In the bone marrow, the following cell types were
identified: myelocytes, metamyelocytes, bands, and mature
neutrophils. The unidentified cells were classified as other.
Mean values for each group are shown.

Determination of cytokines and haptoglobin
in serum

The mice were anesthetized with isoflurane and blood was
collected at 2, 6, and 24 h after intravenous injection of LF.
The blood samples were centrifuged, the supernatants were
collected, and subsequently frozen at - 80�C. The levels of
the examined factors were determined using commercial
ELISA kits.

Preparation of histological sections

Mouse femurs were fixed in a 4.0% formalin solution for
24 h. Sections of femur were subjected to demineralization
using a mixture of sodium citrate and formic acid at a 1:1
ratio, followed by dehydration and paraffin embedding.
Fragments of the preparations were subsequently serially cut
(6- to 7-mm sections) and stained with hematoxylin and eosin
(H&E). The sections were evaluated using a light microscope
Nikon Eclipse 80i at 1,000 · magnification; the histologist

FIG. 4. Blood cell composi-
tion (A) and numbers of cir-
culating leukocytes (B) at 24
and 48 h after administration
of rmLF. Mice were given
rmLF (100mg). The results are
presented as the mean value of
five mice per group. Statistics:
(A) Bands: control 24 h versus
rmLF 24 h, P < 0.001; control
48 h versus rmLF 48 h, P <
0.05; rmLF 24 h versus rmLF
48 h, NS (P = 0.17); neutro-
phils: control 24 h versus rmLF
24 h, P < 0.0005; control 48 h
versus rmLF 48 h, P < 0.01;
rmLF 24 h versus rmLF 48 h,
NS (P = 0.069); eosinophils:
control 24 h versus rmLF 24 h,
P < 0.0005; control 48 h versus
rmLF 48 h, NS (P = 0.20); rmLF
24 h versus rmLF 48 h,
P < 0.005; lymphocytes: con-
trol 24 h versus rmLF 24 h,
P < 0.0002; control 48 h versus
rmLF 48 h, P < 0.005; rmLF
24 h versus rmLF 48 h, P < 0.02;
monocytes: control 24 h versus
rmLF 24 h, P < 0.0005; control
48 h versus rmLF 48 h, NS
(P = 0.16); rmLF 24 h versus
rmLF 48 h, P < 0.005. (B) Con-
trol 24 h versus rmLF 24 h,
P < 0.001; control 48 h versus
rmLF 48 h, P < 0.05; rmLF 24 h
versus rmLF 48 h, NS (P =
0.17). There were no statistical
differences between control
24 h and 48 h—in figure only
24 h control was shown. B,
bands; Ne, neutrophils; E, eo-
sinophils; L, lymphocytes; M,
monocytes.
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(P.K.) viewing and interpreting the slides was blinded to the
type of experiment and treatment.

Statistics

The results are presented as mean values – standard error.
The Brown–Forsyth’s test was used to determine the homo-
geneity of variance between groups. When the variance was
homogenous, analysis of variance (one-way ANOVA) was
applied, followed by post hoc comparisons with the Tukey’s
test to estimate the significance of the difference between
groups. Nonparametric data were evaluated with the Krus-
kal–Wallis’ analysis of variance, as indicated in the text. Sig-
nificance was determined at P < 0.05. Statistical analysis was
performed using STATISTICA 6.1 for Windows.

Results

Effects of administration of selected LFs on blood
and bone marrow cell composition

In a preliminary experiment, LFs from three different
species (bovine milk-derived, recombinant mouse and re-

combinant human) were used. The homology of rmLF with
the native mouse LF has been confirmed by the amino acid
sequence (accession no. AAH06904), sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE), and west-
ern blot analysis. LFs were given intravenously at 1 mg dose
per mouse and after 24 h, the cell type compositions in the
circulating blood and bone marrow were analyzed. bLF,
which has already been shown to elicit myelopoiesis in mice
[6] and humans [27], induced a significant rise in the content
of myelocytic cells (bands, neutrophils, and eosinophils) in
the circulating blood. A significant increase in the content of
respective cell types of the myelocytic lineage also occurred
upon administration of rmLF. However, in the case of hu-
man rhLF, the increase was less pronounced and did not
regard the mature neutrophil pool (Fig. 1). Treatment of mice
with LFs also affected the composition of bone marrow (Fig.
2). Interestingly, bLF proportionally augmented the content
of each cell type of the myelocytic lineage (neutrophils,
bands, metamyelocytes, and myelocytes) and overall, the
increase in the content of these cells was the highest among
the LFs studied. On the other hand, rmLF predominantly

FIG. 5. Composition of the
peripheral blood cell picture at
24 h (A) and 48 h (B) following
administration of rmLF and
mTF—a control protein. Mice
were given rmLF and mTF
(100mg). The results are pre-
sented as the mean value of
five mice per group. Statistics:
(A) Bands: control versus mTF,
NS (P = 0.62); control versus
rmLF, P < 0.0002; mTF versus
rmLF, P < 0.0005; neutrophils:
control versus mTF, NS
(P = 0.98); control versus rmLF,
P < 0.0005; mTF versus rmLF,
P < 0.002; eosinophils: control
versus mTF, NS (P = 0.07);
control versus rmLF,
P < 0.0002; mTF versus rmLF,
P < 0.0002; lymphocytes: con-
trol versus mTF, NS (P = 0.73);
control versus rmLF,
P < 0.0002; mTF versus rmLF,
P < 0.0002; monocytes: control
versus mTF, NS (P = 1.0); con-
trol versus rmLF, NS (P = 0.12);
mTF versus rmLF, NS
(P = 0.12). (B) Bands: control
versus rmLF, P < 0.002; neu-
trophils: control versus rmLF,
P < 0.002; eosinophils: control
versus rmLF, NS (P = 0.31);
lymphocytes: control versus
rmLF, P < 0.0002; monocytes:
control versus rmLF, NS
(P = 0.85). B, bands; Ne, neu-
trophils; E, eosinophils; L,
lymphocytes; M, monocytes;
mTF, mouse serum transferrin.
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increased the pool of mature neutrophils with a concomitant
decrease of less mature cell types, in particular, metamye-
locytes and myelocytes. The total content of the myelocytic
cells was not significantly changed by treatment with the
rhLF. In this case, the percentage of neutrophils was elevated
similarly as by bLF, but the content of less mature cells was
diminished.

Determination of optimal dose of rmLF

For subsequent experiments, it was important to establish
the optimal dose of rmLF, which would induce the highest
output of myeloid-derived cells to the circulation. The fol-
lowing doses of rmLF (per mouse) were tested: 25, 100, 500,
and 2,500mg. The best effect was achieved at 100mg dose (40%
of myelocytic cells vs. 17.6% in NaCl control). Significant in-
creases of the respective cell types in the peripheral blood
were registered: bands (0.8% vs. 6.2%), neutrophils (14.6% vs.
29.4%), and eosinophils (2.2% vs. 4.0%). Higher doses were
less effective with exception of the eosinophil levels (Fig. 3).

LF-induced myelopoiesis is correlated with increase
of blood leukocytes

In the next experiment, we demonstrated that the in-
creases in the myelocytic cell-type content in blood after 24
and 48 h following administration of the optimal rmLF dose
(100 mg/mouse) (Fig. 4A) were closely correlated with a
significant rise in the leukocyte numbers (Fig. 4B).

Changes in blood and bone marrow cell
composition 24 and 48 h following administration
of the optimal dose of rmLF

After establishing the optimal dose of rmLF for the in-
duction of myelopoiesis, we compared the effects of rmLF on
blood and bone marrow cell composition at 24 and 48 h
following administration of the protein. In addition, we ap-
plied mouse serum transferrin (mTF), due to its close func-
tional relation, as a control. The results are shown in Figures
5A, B and 6A, B. It appeared that the total content of the

FIG. 6. Cellular composi-
tion of the bone marrow 24 h
(A) and 48 h (B) following
rmLF treatment. Mice were
given rmLF and mTF
(100 mg). The results are pre-
sented as the mean value of
five mice per group. Statis-
tics: (A) Neutrophils: control
versus mTF, NS (P = 0.89);
control versus rmLF, NS
(P = 0.06); mTF versus rmLF,
P < 0.01; bands: control versus
mTF, NS (P = 0.99); control
versus rmLF, NS (P = 0.61);
mTF versus rmLF, NS
(P = 0.45); metamyelocytes:
control versus mTF, NS
(P = 0.97); control versus
rmLF, NS (P = 0.11); mTF
versus rmLF, P < 0.05; mye-
locytes: control versus mTF,
NS (P = 0.19); control versus
rmLF, NS (P = 0.44); mTF
versus rmLF, NS (P = 0.98);
other: control versus mTF, NS
(P = 0.38); control versus
rmLF, P < 0.02; mTF versus
rmLF, P < 0.0005. (B) Neu-
trophils: control versus rmLF,
P < 0.001; bands: control ver-
sus rmLF, P < 0.02; metamye-
locytes: control versus rmLF,
NS (P = 0.21); myelocytes:
control versus rmLF, NS
(P = 0.48); others: control ver-
sus rmLF, P < 0.0002. Ne,
neutrophils; B, bands; Me,
metamyelocytes; My, myelo-
cytes; O, other.
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myelocytic cell lineage in the circulating blood at 24 h rose
from 18.5% in the control to 43.33% in rmLF-treated mice
(Fig. 5A) However, 48 h following the rmLF injection, the
increase was somewhat lower (from 19.25% to 34.57%) (Fig.
5B). mTF exerted nonsignificant changes in the blood and
bone marrow cell compositions (Figs. 5A and 6A) after 24 h.
Due to the lack of myelopoietic activity of mTF after 24 h, the
48-h measurement was not performed in this group. Con-
trary to the blood cell composition, the total content of the
myelocytic cell lineage in the bone marrow after 48 h was
higher (Fig. 6B) than after 24 h (Fig. 6A) (increase from 42.5%
to 67.67% vs. 45.2% to 57.0%). More specifically, the highest,
relative increase was observed in cases of mature neutrophils
(15.80% vs. 27.71%) followed by metamyelocytes (10.00% vs.
16.00%) and bands (16.43% vs. 19.29%).

Induction of IL-6 and haptoglobin by rmLF

Determination of IL-6 serum levels (Fig. 7A) revealed
about fourfold increase of concentration of this cytokine at
2 h postinjection, compared to control mice. IL-6 concentra-

tions fell sharply at 6 h (no difference with the control) and
were not detectable after 24 h. There was no significant IL-1
and GM-CSF serum concentration increase at indicated time
intervals (not shown). In addition, 24 h after rmLF adminis-
tration, increased concentrations of plasma haptoglobin
(about fivefold above control) were determined (Fig. 7B).

Histological evaluation of the bone marrow

The analysis of bone marrow sections after 24 and 48 h
following administration of rmLF indicates induction of
myelopoiesis and to a lesser degree in relation to erythroid
lineages. Neither growth of adipocytes nor fibroblast lineage
cells was observed. After 24 h following rmLF administration
(Fig. 8C), an increase in the number of myelocytes and band
forms is observed in comparison to control bone marrow.
After 48 h (Fig. 8D), even higher mobilization of the myelo-
cytic cell lineage is registered, with a predominance of me-
tamyelocytes, bands, and neutrophils. In mice given mTF
(Fig. 8B), the composition of cell types resembled that of
control, saline-treated mice (Fig. 8A).

FIG. 7. IL-6 (A) and hapto-
globin (B) serum levels. IL-6
concentration was deter-
mined at: 2, 6, and 24 h and
haptoglobin level was mea-
sured at 24 h following rmLF
injection. The results are pre-
sented as the mean value of
seven mice per group. Statis-
tics: (A) Control 2 h versus
rmLF 2 h, P < 0.05; control 6 h
versus rmLF 6 h, NS
(P = 0.69); control 24 h versus
rmLF 24 h, UD. (B) Control
versus rmLF, P < 0.005. UD,
undetectable; IL, interleukin.
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Discussion

Investigations on the role of LF in regulation of myelo-
poiesis have a long history, yet there is no consensus and no
definite conclusions have been drawn [19]. The primary
obstacle was the difficulty in obtaining homologous LF, used
only in one study [23], to perform in vivo experiments with
confidence of species-specific responses.

In this investigation, we demonstrated that novel, fully
homologous rmLF given intravenously induced myelopoiesis
in mice. The homology of rmLF with the native mouse LF has
been confirmed earlier by the amino acid sequence, SDS-
PAGE, and western blot analyses and further supported by
use of the CHO expression system that provides mammalian
type of post-translational modifications, including glycosyla-
tion. Importantly, serum mouse transferrin used in this study
as a control protein showed no such effect. Although this re-
sult only confirmed the original finding [23] with a milk-
derived native mouse LF, our study added more information
on the kinetics of LF-induced myelopoiesis as well as pre-
sented histological examinations of the circulating blood and
bone marrow. In the original report [23], the authors showed
that intravenous injection of mouse LF (2 mg/mouse) led to
an increase of plasma colony stimulating factors after 12 h,
followed by the increase in bone marrow granulocyte-mac-
rophage progenitor cells at 48 h. Of particular importance in
our study is the fact that rmLF is not immunogenic in mice as

both amino acid sequence and the glycan portion of rmLF are
fully compatible with the host. Therefore, the signals trans-
mitted to cells of the mouse immune system by exogenous
rmLF could not be associated with antigen recognition, which
may occur upon injection of LF from other species.

The analysis of blood and bone marrow cell composition
confirmed that mouse bone marrow is a significant reservoir
of mature granulocytes [28] such that, at 24 h after rmLF
injection, a strong increase in the content of neutrophils and
their immediate precursors as well as eosinophils in the pe-
ripheral blood could be attained. Following 48 h, the histo-
logical analysis of femur bone marrow sections confirmed a
restoration of the neutrophil content, accompanied by in-
creases in the fractions of metamyelocytes and myelocytes. In
addition, a penetration of immature and mature neutrophils
into bone marrow blood vessels could be demonstrated in-
dicating the process of cell release into the circulation.

In addition, our study showed a difference in the ability of
mouse, bovine, and human LFs to induce myelopoiesis,
which could be due to the fine specificity in the reaction of
rmLF with target cells. The potent action of bovine milk LF in
this process was probably associated with a high content of
mannose in its glycan component [29], thus resembling the
sugar composition of yeast and bacteria [30], and with im-
munogenicity associated with only partial amino acid se-
quence homology with mouse LF. In bovine LF, the glycan
moiety constitutes 10% of the molecular weight and is

FIG. 8. Visualization of myelopoiesis in sections of femurs derived from mice treated under various protocols (1,000 ·
magnification, H&E staining). (A) Control mouse treated with 0.9% NaCl. In the bone marrow, colonies of all cell lineages are
seen with a not significant prevalence of the erythropoietic lineage. Within leukopoiesis, the most dominant is myelopoiesis.
(B) Control mouse treated with transferrin. The picture does not differ from the previous one. (C) Mouse treated with rmLF
after 24 h shows activation of the bone marrow. An increase of the myelocyte number and band forms in bone marrow
sinusoids as compared to control mice. (D) Mouse treated with rmLF after 48 h. Even more intense myelopoiesis; the
strongest for metamyelocytes, bands, and neutrophils. myelocyte, red arrow; band, orange arrow; neutrophil, green arrow; H&E,
hematoxylin and eosin. Color images available online at www.liebertpub.com/scd
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exceptionally rich in mannose [29]. Human LF contains a
smaller glycan component and a much lower amount of
mannose residues which are, in addition, not exposed for
interactions with potential cell surface receptors [31].

The sequence homology between human LF and bovine is
69% and between bovine and mouse is 64%. Therefore, pro-
viding similar amino acid sequence of these proteins seems
that the glycan characteristics could account for its potent
adjuvant properties in mice [32] as well as for the induction of
myelopoiesis in volunteers [27] and in mice [6,33].

The induction of myelopoiesis by LF resembles in some
respects the phenomenon of sterile inflammation, as in the
case of casein-induced neutrophilia [33]. In that model, casein
induced serum IL-6 and G-CSF, however, TNF-a, IL-1, IFN-g,
and GM-CSF were not detectable. In our investigation, the
appearance of IL-6 was evident, but we also could not dem-
onstrate the presence of IL-1 and GM-CSF. In addition, simi-
larly, as in the case of sterile inflammation [34], LF-induced
neutrophilia was protective against subsequent infection of
mice with Escherichia coli [33]. The elevation of haptoglobin
serum concentrations, one of the acute-phase proteins, could
be expected as IL-6 was shown to induce acute-phase protein
production in the liver [35]. In addition, haptoglobin may be
released from neutrophils upon activation [36].

It is obvious that endogenous LF, as an acute-phase pro-
tein, represents only one element in a chain of reactions in
response to septic [37] or sterile stimuli [38]. So, it is not
surprising that the administration of LF to normal healthy
animals may result in inflammatory-like phenomena [39,40].
Therefore, the actual immunoregulatory roles of LF may be
properly evaluated only in in vivo models, where animals
are subjected to pathologic conditions. In our in vivo ex-
perimental models, both up- and downregulatory actions of
LF, given orally or intraperitoneally, were documented. For
example, a stimulation of myelopoiesis by pretreatment of
mice with LF was demonstrated in bacteremia, which was
associated with protection [33]. Similarly, in mice subjected
to chemotherapy and bone marrow transplant, the bone
marrow was more rapidly repopulated in LF treated than in
control mice [41]. On the other hand, in mice given a sub-
lethal dose of cyclophosphamide (CP), LF inhibited a re-
bound in CP-induced neutrophilia and eosinophilia and led
to normalization of the blood picture (increased percentage
of lymphocytes) [42]. That action was also correlated with
decreased production of IL-6 in cultures of alveolar macro-
phages [43].

In summary, we demonstrated that mouse recombinant
LF can induce myelopoiesis, as evidenced by significant
changes in blood and bone marrow compositions, which
were accompanied by the release of IL-6 and haptoglobin
into the circulation. We propose that the physiologic role of
LF in myelopoiesis should be discussed in a broad context
taking into consideration the metabolic disturbances due to
trauma, infection, or therapeutic interventions. The under-
standing of the nature of LF has substantially evolved and at
present, the protein is commonly perceived as a sensor of
immune status. Thus, regarding the process of myelopoiesis,
LF may, in our opinion, inhibit or enhance that process, and
in both cases these actions serve as preventive or protec-
tive measures for the immune system against a wide range
of metabolic disturbances, including infection or therapy-
induced insults.
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