In Vitro Cell.Dev.Biol.—Animal
DOI 10.1007/s11626-008-9136-7

Bioactive recombinant human lactoferrin, derived from rice,
stimulates mammalian cell growth
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Abstract Today there is a concern about the use of animal
source proteins and peptides in cell culture applications due
to potential contamination by adventitious infectious
pathogens. Recombinant production of these proteins using
a plant host provides a safe and cost effective alternative. In
this paper, we tested the effect of rice-derived recombinant
human lactoferrin (thLF) on mammalian cell growth. The
purified rhLF was partially (about 50%) iron-saturated (pis-
rhLF). Chemical modification of pis-rhLF generated apo-
rhLF (<10% iron saturation) or holo-thLF (>90% iron
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saturation). All three forms of rhLF (pis, apo, holo)
promoted growth of intestinal cells (HT-29) measured as
[*H]-thymidine incorporation or viable cell count, but holo-
rhLF was most effective. Holo-thLF was further tested on
hybridoma, osteoblast, and human embryonic kidney cells.
Results showed that holo-rhLF promoted cell growth and
reduced cell doubling time. The concentration of holo-rhLF
in media was critical in promoting cell growth and each cell
line had different concentration dependence with the most
effective range from 5 to 200 mg/L. The effect of thLF on
antibody production was determined using a hybridoma cell
line. Significantly, more antibodies were produced by cells
grown with holo-rhLF than cells grown without holo-rhLF.
We also compared the effect of holo-rhLF to that of human
transferrin, a component commonly used in cell culture
media as an iron source. Holo-thLF was as effective as
human transferrin in promoting cell growth and antibody
production. Considering all the data obtained, we conclude
that thLF from rice is effective in promoting mammalian
cell growth and increasing cell productivity.

Keywords Growth factor- Growth enhancement -
Serum-free media - Animal-free protein - Apoptosis

Introduction

Human lactoferrin (hLF) is an 80-kD glycoprotein
expressed in milk, tears, and other fluids of the human
body. Lactoferrin (LF) consists of two lobes, each binding
one ferric iron molecule. It has been shown that LF is an
antimicrobial protein playing a key role in the first line of
defense against pathogenic invasion. LF has also demon-
strated antiinflammatory and immuno-modulation effects
(see Lonnerdal and Iyer 1995 for a review).
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Studies have suggested that LF might function as a
growth factor. LF enhances, in a dose-dependent manner,
DNA synthesis and cell growth of neonatal rat hepatocytes
(Kohno et al. 1993), primary rat and human osteoblast cells
(Cornish et al. 2004) and human endometrial stroma cells
(Yanaihara et al. 2000). Furthermore, LF has a synergistic
effect with other growth factors such as epidermal growth
factor (Hagiwara et al. 1995) and insulin (Kohno et al.
1993), as well as an effect on delaying apoptosis (Cornish
et al. 2004; Baumrucker et al. 2005). For industrial
application, LF has a stimulatory effect on hybridoma cell
growth and production of immunoglobulin M (Yamada et
al. 1990). However, the data from the literature are not
consistent. Hashizume et al. demonstrated that LF promoted
the growth of human B cells and T cells but had no effect
on the growth of mouse B cells (Hashizume et al. 1983).
Nichols et al. showed that [°H]-thymidine incorporation
into DNA of crypt enterocytes (small intestinal cells of rats)
was enhanced by approximately 35% in the presence of
hLF (Nichols et al. 1987; Nichols et al. 1989) and Hagiwara
et al. showed a positive effect of LF on the proliferation of
rat intestinal epithelial cells (Hagiwara et al. 1995).
However, Amouric et al. did not see the same effect of
hLF on human colon adenocarcinoma cell line (HT29)
(Amouric et al. 1984). Azuma et al. showed that hLF
stimulated growth of fibroblast cells from mouse embryo
(Azuma et al. 1989), but Nichols et al. (Nichols et al. 1987)
did not observe the same effect. While one study showed
that LF increased the cell cycle and delayed apoptosis of
bovine epithelial cells (Baumrucker et al. 2005), another
study showed that LF inhibited the growth of bovine
mammary epithelial cells (Hurley et al. 1994). Therefore,
the positive effect of lactoferrin as a general growth factor
is not agreed on in the scientific community (Lonnerdal and
Iyer 1995).

It is not clear why different results were obtained.
Variation in media and differences in cell lines could
contribute to the inconsistencies in the results. It is also
possible that variations in the LF preparations contributed
to the inconsistencies. These variations could be from
different sources of LF or different methods of LF
purification (see Wakabayashi et al. 2006 for a review of
LF preparations). Thus, a consistent source of LF will help
resolve some of the issues.

Recombinant human lactoferrin (rhLF) provides a
foundation for producing a consistent product. We have
expressed rhLF in rice at a high level (0.5% flour weight or
25% of total soluble protein) (Nandi et al. 2002).
Biochemical and biophysical analyses indicate that rhLF
is similar to native human lactoferrin (nhLF). The thLF has
the same isoelectric point, iron binding capacity, pH
stability, thermal stability, and antimicrobial activity as
nhLF. Furthermore, an efficient procedure to purify rthLF
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from rice has been developed (Nandi et al. 2005), which
provides the basis for consistent large-scale manufacturing
of thLF for various applications.

In this report, we describe the use of rthLF from rice as a
cell culture component to enhance the growth of intestinal
cells, hybridoma cells, human embryonic kidney cells and
osteoblasts. In some experiments, holo-transferrin (holo-
TF) was used for comparison since holo-TF is commonly
used in cell culture media such as serum-free medium for
hybridoma cell growth in the cell culture industry (Kovar
and Franek 1985). TF and LF are similar in molecular
weight, structure and iron-binding (Testa 2002); thus, we
expect that holo-thLF will have similar effect on cell
growth as holo-TF.

Materials and Methods

Preparation of rhLF for use in cell culture. A detailed
description of rhLF expression and purification from rice
has previously been described (Nandi et al. 2002; Nandi et
al. 2005). The rhLF purified from rice, with no iron content
modification, was partially iron-saturated (pis-rhLF). Apo-
rhLF was generated by the procedure as described (Nandi et
al. 2002). Iron-saturated rhLF (holo-rhLF) was prepared by
a modification of the procedure in Nandi et al. (2005).
Briefly, rice flour containing thLF was extracted with
neutral pH buffer and then clarified by removal of solids.
The clarified extract was loaded on to a sulfopropyl (SP)
Sepharose column. After washing with loading buffer, rhLF
was eluted with loading buffer plus 1 M sodium chloride. The
purified rhLF from the SP Sepharose resin was approxi-
mately 50% iron saturated and termed as pis-thLF. To
generate holo-rhLF, the pis-thLF was mixed at 4°C with
ferric nitrate solution at a molar ratio of 1:6 (1 rhLF:6 iron).
The holo-rhLF was concentrated and desalted using
Millipore S10 membrane with 30,000 nominal molecular
weight cutoff. During this concentration and desalting step,
any excess unbound iron was also removed. The protein
solution was centrifuged to remove any precipitate and
filtered through 0.45 um and 0.2 pm filters prior to
lyophilization. The resulting holo-rhLF has iron saturation
level greater than 90% or >1.26 mg iron/gram rhLF. Holo-
rhLF is being marketed as Lacromin™ by InVitria.
Analysis of thLF via gel electrophoresis, Western blot,
enzyme-linked immunosorbent assay (ELISA), and total
protein assay was carried out as previously described
(Nandi et al. 2002; Nandi et al. 2005). Bound iron in LF
was determined by Ajgo/Ases ratio (Nandi et al. 2002).
Total iron in LF samples was determined by the method of
atomic absorption in National Food Lab (Dublin, CA).
Effects of vhLF on HT-29 cell growth. To examine the
effect of thLF on cultured cell proliferation, [*H]-thymidine
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incorporation was used as a marker of cell growth
following the same procedure as in Playford et al. (2006).
Briefly, cells that were actively dividing would increase
their uptake of [*H]-thymidine for incorporation into DNA
in the preparatory stage of cell division. The human colon
cancer cell line, HT-29, was maintained in Modified
Eagles’ Medium (MEM) containing 10% fetal calf serum
(FCS). LF in all three forms (iron saturation levels) and at
different concentrations was tested under serum-free con-
ditions (MEM without FCS supplementation). To assess the
rate of DNA synthesis, [*H]-thymidine (2 uCi/well) was
added 24 h after the addition of rhLF and cells were
maintained for an additional 24 h, then [*H]-thymidine
incorporation was determined. Each test condition was
performed in duplicate in six-well plates. Cell viability was
greater than 90% as measured by the ability to exclude
trypan blue (0.2%).

Cell number was also measured as a function of rhLF on
the same HT-29 cell line. Similarly, HT-29 was maintained in
MEM containing 10% fetal calf serum (FCS). To pre-
condition the cell line, the cells were seeded at 5x10° cells
per well, in MEM + 5% FCS in 24-well plates. This resulted
in >95% attached cells per well 24 h later (as assessed by
trypsinization and direct counting using an improved
Neubauer hemocytometer). At that time, the medium was
changed to one set containing MEM + 5% FCS and three
sets containing MEM + 5% FCS plus the three forms of
rhLF at a concentration of 1,000 mg/L. After 48 h, the cell
numbers were assessed. To ensure that any cells present in
the supernatant were included in the total cell count,
supernatants were collected, centrifuged to collect cells,
which were added to the wells following trypsinization.

Culture of hybridoma L243 cells. The hybridoma 1243
cell line (ATCC HBS55) was maintained in AFM6 media
(KC Bio, Kansas City, MO), which was a serum-free media
containing an iron compound as a replacement for
transferrin. The special formulation (AFM6-Fe) was pre-
pared without the iron compound as basal medium, which
was also used to test the effect of various concentrations of
holo-rhLF or human transferrin (hTF). The concentration of
either protein ranged from 5 to 100 mg/L for these studies,
and AFM6-Fe was also supplemented with 5% FCS as a
positive control. Hybridoma 1243 cells were seeded at 2 x
10° cells/mL and cultured as a stationary suspension. Each
test point was performed in triplicate and at day 4, the cells
were sub-cultured, and a total of four passages (sub-
culturing) were performed. At each subsequent passage,
the same seeding density and the same media was used
as in the original seeding. At day 4 of each passage,
samples were removed to determine cell viability and IgG
production.

Osteoblast cell culture. Primary rat osteoblast cells were
examined for stimulation by holo-rhLF measured by [*H]-

thymidine incorporation. The same procedure as in Cornish
et al. (Cornish et al. 2004) was followed. The cell culture
was performed with supplementation of holo-rhLF at
concentrations of 0.1, 1, 10, and 100 mg/L. The basal
medium was serum-free supplemented with 1% BSA, and
this medium, without holo-rhLF, was used as the negative
control.

Culture of HEK cell. Two experiments were carried out
with human embryonic kidney cells (HEK293) in serum-
free medium. In the first experiment, HEK293 were
cultured in serum-free media supplemented with either
250 mg/L hTF or 250 mg/L holo-thLF. The selection of
hTF concentration was based on a prior study (C. Card,
unpublished data) that indicated 250 mg/L hTF was the
optimal concentration for HEK293 growth in the specified
serum-free medium. Six passages (three to 4 d in length)
were conducted, using three different lots of holo-rhLF, in
the same media with the same supplements. At the seventh
passage, the cells were allowed to grow for 8 d with
viable cells being counted at various time points. A second
experiment was carried out to determine the optimal
concentration of holo-rthLF to be used for HEK293 cells.
Six concentrations of holo-rhLF were used ranging from 10
to 200 mg/L. Eight passages were performed with each
passage lasting three to 4 d. Cells in the ninth passage
were allowed to grow for 7 d and viable cells were counted
at various time interval.

Measurement of antibody production. At each subculture
of hybridoma cells, samples were removed from each of
three flasks and pooled as an average for antibody
production. The samples were centrifuged to remove cells
and the supernatants were stored frozen for determination
of IgG production.

Enzyme-linked immunosorbent assay (ELISA) kits were
used to quantitatively measure murine IgG production by
hybridoma L[243 cells (cat no.E90-105; Bethyl Labs,
Montgomery, TX). According to the manufacturer’s specifi-
cation, each well of a 96-well plate (Nunc, Rochester, NY)
was coated with 100 pL of a 1:100 dilution of 1 mg/mL goat
anti-mouse IgG in coating buffer (0.05 M carbonate-
bicarbonate, pH 9.6) for 60 min at room temperature (RT).
The wells were then rinsed three times with a wash solution
(50 mM Tris, 0.14 M NaCl, 0.05% Tween 20, pH 8.0). A
blocking solution consisting of 50 mM Tris, 0.14 M NaCl,
and 1% bovine serum albumin (BSA), pH 8.0, was applied
to the wells and incubated for 30 min at RT, followed by the
wash procedure stated above. One hundred microliters of the
standards (0-1,000 ng/mL) and samples (the frozen super-
natants from above, diluted 1:1000 in blocking solution
containing 0.05% Tween 20) was applied to the wells and
incubated for 60 min at RT. All standards and samples were
analyzed in duplicate. After incubation, standards and
samples were removed and the wells were washed and
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Table 1. Characteristics of the three forms of recombinant human lactoferrin prepared from transgenic rice flour

Characteristics Apo-thLF Pis-thLF Holo-rhLF
Appearance Off-white powder Pinkish powder Pinkish powder
Protein content >90% >90% >90%

rhLF purity >90% >90% >90%

Iron saturation (%) <10 40 to 70 >90

Bound Iron (mg/gm) <0.14 0.6 to 1.0 >1.26

Total Iron (mg/gm) <0.2 0.5-1.5 <2.0

incubated with 100 puL of goat anti-mouse IgG-horseradish
peroxidase conjugate (1 mg/mL) at 1:100,000 dilution in
diluent (50 mM Tris, 0.14 M NacCl, 1% BSA, 0.05% Tween
20, pH 8.0) and incubated for 60 min at RT. Following the
final wash, the HRP activity was detected by incubating with
100 puL of a hydrogen peroxide solution containing 3,3',5,5'-
tetramethylbenzidine substrate solution (TMB, Bethyl Labs,
Inc.) until the color turned blue. To stop the TMB reaction,
100 pL of 2 M H,SO, was applied to the wells. The
absorbance at 450 nm was measured by an ELISA plate
reader (BioRad Microplate Reader Model 3550, Hercules,
CA) and the concentration of the samples was determined
from the standard curve.

Result

Recombinant hLF for use in cell culture study. The rhLF
purified from rice flour was partially iron-saturated and
designated pis-thLF. The iron saturation level of pis-thLF
was between 40% and 70%; the iron content ranged from 0.6
to 1.0 mg/g rhLF. Iron removal resulted in apo-rhLF with an
iron level of less than 10% saturation or <0.14 mg/gram rhLF.
Iron addition increased the iron saturation level to over 90%,
or greater than 1.26 mg/gram rhLF which is called holo-thLF
(Table 1). Total saturation of lactoferrin with two molecules
of iron for each molecule of LF results in 1.4 mg iron/gram
of protein. Total iron was also measured to determine the
level of unbound iron. As seen in Table 1, very little
unbound iron was present in rhLF preparation. To examine
the kinetics of iron uptake by pis-rhLF, a time course of iron
saturation was studied (Fig. 1). After 120 min incubation
time, iron saturation was reached. Breakpoint analysis
indicates that rhLF reaches a full saturation level at 126 min
under the conditions studied.

All three forms of thLF were analyzed for total protein
(Bradford), purity (sodium dodecyl sulfate polyacrylamide
gel electrophoresis) and LF content (ELISA). All of them
have similar protein content and protein purity was greater
than 90% (Table 1). For easy storage and shipping, rhLF
was lyophilized after a 0.2-um filtration. Apo-rhLF has an
off-white color due to the decreased amount of iron, while
both pis-thLF and holo-rhLF powders are pinkish. The
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rhLF is now being used in cell culture industry as
Lacromin™ and parameters in Table 1 are used as
specifications of the products. Stability studies show that
rhLF can be stored at 4°C for over 2 y without visible
degradation measured by gel electrophoresis and ELISA
(data not shown).

Effect of rhLF on HT-29 cell growth measured by
thymidine incorporation and viable cell count. As is often
seen of compounds with growth factor activity, proliferation
assays of HT-29 cells with rhLF reveal a typical ‘bell shaped’
dose response curve. Figure 24 shows that the maximal
stimulatory effect is at a concentration of 1,000 mg/L for all
three forms of thLF when cultured in serum-free media. Of
the three rhLF forms, holo-rhLF showed the greatest
proliferate activity with [*H]-thymidine incorporation, ap-
proximately 3.5 times greater than that of other forms.

To support the results and methodology validation, another
study was carried out with thLF at a concentration of 1,000
mg/L in MEM media containing 5% FCS (Fig. 2B). FCS was
needed to maintain basic cell viability for longer experimen-
tal time (72 h). Viable cell counts were used to determine the
growth effect. These results confirmed those seen in Fig. 24
and also showed that all three forms of rthLF promoted cell
proliferation (Fig. 2B), with the strongest proliferate activity
using holo-thLF. There are twice as many cells in the
medium with holo-thLF as in the baseline (MEM + 5%
FCS).
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Figure 1. Iron absorption by recombinant human lactoferrin. Pis-rhLF
was mixed with free iron. At various time points, thLF samples were
taken and bound iron contents (mg Fe/gram rhLF) were determined.
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Figure 2. Effect of rhLF on intestine (HT-29) cell growth. 4. HT-29
cells were grown in MEM serum-free media with rhLF at concentra-
tion of 0 to 50,000 mg/L. After a 24-h incubation time with
radioisotope, [*H]-thymidine incorporation (3H thymidine uptake) in
media containing different levels of rhLF was determined as count per
minute (cpm). B. HT-29 cells were grown in MEM + 5% (baseline) or
plus supplementation of rhLF at concentration of 1000 mg/L. At the
end of experiment (72 h), viable cell count (cell count) was
determined with Neubauer hemocytometer.

Effect of rhLF on hybridoma cell growth and monoclonal
antibody production. The studies using HT-29 cells with
three forms of rhLF indicated that holo-rhLF was the most
effective on cell growth. This was true with other cell lines,

and thus only studies using holo-rhLF are reported. Holo-
transferrin (holo-TF) is commonly used in cell culture
media in cell culture industry, and since LF is similar in
structure and iron-binding to TF, some studies included
holo-TF for comparison.

Table 2 shows the effect of holo-rhLF and holo-hTF on
hybridoma cell growth. Hybridoma cell line, L243, grew
moderately in animal-free medium without iron supple-
ment (control). The cell number reached 0.39x10° cells
per milliliter after growth for 4 d (Table 2). With the
addition of holo-rhLF or holo-hTF, the cell numbers were
significantly increased to 0.7 or 0.8x10° cells per
milliliter. The cell numbers were similar but slightly less
than the same medium, but supplemented with 5% FCS.
Three concentrations of holo-rhLF and holo-hTF (5, 25
and 100 mg/L) were used in this study. When comparing
LF and TF under the same concentrations, the cell
numbers were approximately the same. There was a slight
reduction in cell number in 5 mg/L holo-rhLF but not
statistically significant, indicating that 5 to 25 mg/L of
holo-rhLF is sufficient to promote growth of L243 cells.

To examine the effect of holo-rhLF and holo-hTF on IgG
production in L.243 hybridoma cells, samples were removed
and analyzed for IgG concentrations. The average concentra-
tion of IgG from four passages is shown in Table 2. Similar to
cell growth data, there was a significant increase of IgG
production in all treatments with holo-thLF or holo-hTF
compared to that in animal-free medium without iron
supplement (control) (Table 2). The highest IgG level
(43 pg/ml) was seen at 5 mg/L of holo-thLF and was
significantly higher than that of the 5 mg/L of holo-hTF (P<
0.05). For concentrations of 25 and 100 mg/L, the level of
IgG was the similar between holo-thLF and holo-hTF.
Given variability in cell culture, further studies are needed to
confirm the effect of 5 mg/L holo-thLF on IgG production.
The level of IgG in the positive control (with 5% FCS) was
lower than all treatments though higher than that in animal-

Table 2. Effect of holo-hTF and holo-rhLF on hybridoma, 1243, growth and monoclonal antibody production (n=4)

Treatment® hTF/thLF® Cell count (x10°) 1gG level (pg/ml)
(mg/L) Mean SD Mean SD

Control 0 0.39 0.18 15.78 5.63
Holo-hTF 5 0.70 0.25 34.10 8.44
Holo-rhLF 5 0.63 0.10 43.58 8.24
Holo-hTF 25 0.78 0.24 31.93 7.10
Holo-rhLF 25 0.81 0.20 36.10 7.54
Holo-hTF 100 0.86 0.33 28.58 5.82
Holo-rhLF 100 0.78 0.26 29.73 428
5% FCS 0 0.98 0.12 23.88 5.50

* Control is animal-free medium without supplement. Others contain animal-free medium supplemented with LF, TF, or FCS.

® Supplements (hTF or rhLF) are in holo-form.
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free medium without iron supplement (control), indicating
LF promotes IgG production more than FCS (Table 2).

Effect of rhLF on osteoblast growth. Recently, LF was
shown to promote osteoblast growth (Cornish et al. 2004).
To examine if holo-rhLF from rice had cell growth
promoting activity, primary osteoblast cultures from rats
were examined for growth stimulation by holo-rhLF in dose
response at 0.1, 1, 10 and 100 mg/L as measured by [*H]-
thymidine incorporation (Fig. 3). At a concentration of
100 mg/L, [*H]-thymidine incorporation was approximately
two times higher than in the same culture media without
supplementation of holo-rhLF. A significant increase in cell
growth, as measured by [*H]-thymidine incorporation, was
also observed in 10, 1 and even 0.1 mg/L. This strong
stimulatory effect is similar to that observed with other LF
(Cornish et al. 2004).

Effect of holo-rhLF on HEK293 cell growth. At
concentration of 250 mg/L, both hTF and holo-rhLF are
able to support HEK293 cell growth over six passages. On
the seventh passage, HEK293 cells reached maximal cell
density of 7.0 to 9.3x10° cells per milliliter in media
supplemented with holo-rhLF (Fig. 44). Within the same
study using the same cells and the same media but
supplemented with holo-hTF, the maximal cell density is
only 50% of that supplemented with holo-rhLF (Fig. 44).
The cell doubling time is 23 h for cells cultured with holo-
rhLF, which is shorter than that with holo-hTF, indicating
that holo-rhLF is capable of promoting HEK293 cell
growth better than holo-hTF.

To determine the optimal concentration of holo-rhLF, a
dose response study was carried out using concentrations
from 10 to 200 mg/L and HEK293 cells were cultured for
eight passages. All concentrations were capable of support-
ing HEK293 cell growth except at 10 mg/L; the cells with
10 mg/L were collapsed at the fourth passage. In the final
ninth passage, maximal cell densities were similar for
concentrations ranging from 50 to 200 mg/L holo-rhLF
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Figure 3. Effect of holo-rhLF on rat osteoblast growth. [*H]-
thymidine incorporation in basal medium containing no rhLF is set
as 1. Media containing various concentration of holo-rhLF is
presented as compared to basal medium control, no holo-rhLF control.
The basal medium was serum-free media supplemented with 1% BSA.
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Figure 4. Effect of holo-rhLF on human embryonic kidney cell
(HEK293) growth. 4. HEK293 was cultured in serum-free media
supplemented with three lots of holo-rhLF at 250 or 250 mg/L of
holo-hTF. Viable cells were determined at time as indicated in the
graph. B. HEK293 was cultured in serum-free media supplemented
with various concentrations of holo-thLF. Viable cells were deter-
mined at the time indicated in the graph.

(Fig. 4B). Cell doubling time was also similar within these
concentrations. On the other hand, at 25 mg/L, maximal
cell density is much lower. This study indicated that the
optimal concentration of holo-rhLF for use in HEK293 cell
culture was between 50 and 100 mg/L.

Discussion

In the present paper, we describe the production of rhLF
and show that rhLF has a strong stimulatory effect on
various cell lines, including intestinal cells, hybridoma
cells, osteoblast cells, and embryonic kidney cells. Since
these cell lines represent very different cell types, the
stimulatory effect by rhLF is not cell-specific. The growth-
promoting effect of thLF over the negative control was very
significant when measured by [*H]-thymidine incorporation
or cell proliferation, with holo-rhLF having the strongest
stimulatory effect of all three forms of thLF on cell growth.
Table 3 provides a summary of holo-thLF effects on cell
growth. Overall, a 200% cell growth were seen for all four
cell lines tested in medium supplemented with holo-rhLF
compared to that in the same medium without holo-rhLF
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Table 3. Effect of holo-thLF on mammalian cell growth

Cell line Holo-rhLF (mg/L) Growth increase® (%)
HT-29 1,000 205
Osteoblast 100 181
HEK293 250 200
L243 100 220

 Indicates increase of cell numbers in percentage over that grown in
the same media without supplementation of holo-rhLF.

supplementation. Our observations of the effect of thLF on
cell growth agrees with some studies with nLF (Hashizume
et al. 1983; Nichols et al. 1987; Azuma et al. 1989; Loo et
al. 1989; Nichols et al. 1989; Hagiwara et al. 1995;
Yanaihara et al. 2000; Cornish et al. 2004). However, not
all studies in the literature support the concept that LF is a
growth factor (Amouric et al. 1984; Hurley et al. 1994).
Even within the same study, the results vary from cell line
to cell line (Hashizume et al. 1983). The variations in these
studies can be complicated; the source of lactoferrin might
be a major factor, along with the method of preparation.
Different preparations of LF have different qualities as they
are prepared by various methods and from various sources.
Some LF preparations are purified by the use of chroma-
tography media while others are not. Some LF is dried by
lyophilization while other preparations are spray-dried (see
Wakabayashi et al. 2006 for a review of LF production).
Different methods of LF preparation could impact the
stimulatory effect on cells. Recombinant hLF provides a
consistent preparation of lactoferrin and thus expect to
generate a more consistent result.

We found that rhLF can function as cell growth factor
for various cell lines, but the concentration of rhLF required
can be cell-line dependent. We observe that the optimal
concentration for intestinal cells is between100 and 1,000
mg/L (Fig. 24), while the optimal concentration for
HEK293 is between 50 and 100 mg/L, with little variation
between 100 and 200 mg/L (Fig. 4B). In hybridoma cell
culture, using L.243, the difference between 5 and 100 mg/L
is not obvious (Table 2). On the other hand, concentrations
of 200 to 250 mg/L seem necessary for another hybridoma
cell line, AE1, to achieve a proliferative effect (unpublished
data). Thus, when a new cell line is tested, it is critical to
test a wide range of thLF concentrations (from 5 to 1,000
mg/L) for optimal cell growth and production of either
antibody or protein.

Two hypotheses have been proposed to explain the cell
growth stimulatory property of LF: the iron-nutrient
hypothesis and the regulation of gene expression hypoth-
esis. As we observed (Fig. 2), many studies mentioned
above show that holo-LF has a stronger growth-promoting

effect than apo-LF. Growth promoting activity of LF is
possibly associated with its iron-binding and transport
ability. Holo-rhLF had higher proliferate activity than pis-
rhLF, which in turn had higher proliferative activity than
apo-rhLF, indicating that iron content plays a critical role
(Fig. 24). Typical mammalian cell culture media contains
holo-TF as an iron source. LF is structurally similar to TF
but has a stronger iron binding constant. In the human
body, LF is responsible for iron uptake via intestinal cells
and TF brings the iron into circulation. It is believed that
through LF’s ability to bind and deliver iron, cells are
stimulated to proliferate (Kohno et al. 1993).

The second hypothesis is based on the fact that apo-LF
also promotes cell growth (Fig. 2) (Shinoda et al. 1994)
and LF binds to receptors on the cell surface, enters the
cell cytoplasm, and enters the nuclei to interact with DNA
(Grey et al. 2004; Baumrucker et al. 2005; Naot et al.
2005). It is proposed that LF acts in a signal transduction
pathway to regulate gene expression and cell development
via LF receptors. It is important to note that the
stimulatory effect of LF might not require the entry of
LF into cells or nuclei (Baumrucker et al. 2005). The
actual molecular signal transduction of this gene-expression
regulation hypothesis remains to be studied. It is possible
that both mechanisms, iron-nutrient hypothesis and gene-
expression regulation hypothesis, act simultaneously to
promote cell growth. The mechanism of LF stimulation of
cell growth is different from that of epidermal growth factor
(EGF) and basic fibroblast growth factor (bFGF) because LF
has a synergistic effect on cell growth with both EGF
(Hagiwara et al. 1995) and bFGF (Shinoda et al. 1994).
Finally, recent studies indicate that LF not only promotes cell
growth, but also reduces apoptosis, resulting in a higher
percentage of viable cells (Comish et al. 2004; Baumrucker
et al. 2005).

Recombinant human lactoferrin from rice provides a
consistent, non-animal source of lactoferrin and is likely to
find broad applications in cell culture to promote cell
growth and production. Hybridoma cells have been used to
produce monoclonal antibodies used in therapeutics, and
rhLF can be used to obtain faster cell growth and increased
antibody production as illustrated in Table 2. Human
embryonic kidney cells are often used to produce vaccines;
the use of rhLF in the media could enhance vaccine
production. With the testing of other cells, tissues or organs,
rhLF will find applications in stem cell culture, in vitro
fertilization, skin substitute, tissue engineering, and auto-
logous transplantation. With the increased concern of viral,
prion, and other infectious agents in animal-derived
products, our effort in generating potent and cost-effective
rhLF (Lacromin™) as a non-animal growth factor will
contribute to a safer environment and products for
consumers.
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