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Background: Lactoferrin is a natural multifunctional protein known to have antitumor,
antimicrobial, and anti-inflammatory activity. Apart from its antimicrobial effects, lactoferrin
is known to boost the immune response by enhancing antioxidants. Lactoferrin exists in vari-
ous forms depending on its iron saturation. The present study was done to observe the effect
of lactoferrin, isolated from bovine and buffalo colostrum, on red blood cells (RBCs) and
macrophages (human monocytic cell line-derived macrophages THP1 cells).

Methods: Lactoferrin obtained from both species and in different iron saturation forms were
used in the present study, and treatment of host cells were given with different forms of lactofer-
rin at different concentrations. These treated host cells were used for various studies, including
morphometric analysis, viability by MTT assay, survivin gene expression, production of reac-
tive oxygen species, phagocytic properties, invasion assay, and Toll-like receptor-4, Toll-like
receptor-9, and MDR1 expression, to investigate the interaction between lactoferrin and host
cells and the possible mechanism of action with regard to parasitic infections.

Results: The mechanism of interaction between host cells and lactoferrin have shown various
aspects of gene expression and cellular activity depending on the degree of iron saturation of
lactoferrin. A significant increase (P<<0.05) in production of reactive oxygen species, phago-
cytic activity, and Toll-like receptor expression was observed in host cells incubated with iron-
saturated lactoferrin when compared with an untreated control group. However, there was no
significant (P>0.05) change in percentage viability in the different groups of host cells treated,
and no downregulation of survivin gene expression was found at 48 hours post-incubation.
Upregulation of the Toll-like receptor and downregulation of the P-gp gene confirmed the
immunomodulatory potential of lactoferrin protein.

Conclusion: The present study details the interaction between lactoferrin and parasite host
cells, ie, RBCs and macrophages, using various cellular processes and expression studies. The
study reveals the possible mechanism of action against various intracellular pathogens such as
Toxoplasma, Plasmodium, Leishmania, Trypanosoma, and Mycobacterium. The presence of
iron in lactoferrin plays an important role in enhancing the various activities taking place inside
these cells. This work provides a lot of information about targeting lactoferrin against many
parasitic infections which can rule out the exact pathways for inhibition of diseases caused by
intracellular microbes mainly targeting RBCs and macrophages for their survival. Therefore,
this initial study can serve as a baseline for further evaluation of the mechanism of action of
lactoferrin against parasitic diseases, which is not fully understood to date.

Keywords: lactoferrin, phagocytosis, cytotoxicity, morphometric analysis

Introduction
Lactoferrin is a multifunctional glycoprotein belonging to the transferrin family. These
proteins are capable of transferring and accepting iron ions from the surrounding
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environment depending on the iron content of the protein.!
There are three forms of lactoferrin, according to its iron
saturation: apolactoferrin (iron-free), a monoferric form
(containing one ferric ion), and hololactoferrin (containing
two iron ions).? Lactoferrin was first isolated by Sorensen
and Sorensen from bovine milk in 1939.> The protein is
naturally present in large amounts in colostrum and milk.
Lactoferrin performs many biological functions, and has
antimicrobial, antitumor, antioxidant, antitumor, and
immunomodulatory activity.* The ability to keep iron bound
even at low pH is important, especially at sites of infection
and inflammation where, due to the metabolic activity of
bacteria, the pH may fall under 4.5. In such a situation,
lactoferrin also binds iron released from transferrin, which
prevents its further use for bacterial proliferation.’ Lacto-
ferrin is known to inhibit the growth of various tumor cell
lines through production of oxidative stress, such as in the
case of leukemia cell lines.®

Earlier studies have shown the effect of lactoferrin on
macrophages, blood cells, and tumor cell lines. This protein
has been known to kill tumors when given orally to mice.”
There has been very little research on the inhibitory effect of
lactoferrin protein against parasitic diseases, for which we
choose the most popular host cells for parasitic infections.
Red blood cells (RBCs) are host cells for Plasmodium and
Babesia, and macrophages have been targeted by Leish-
mania, Toxoplasma, and Mycobacterium. Previous studies
have shown that lactoferrin protects human RBCs from
oxidative stress in its monoferric form, and macrophages
show increased levels of reactive oxygen species (ROS)
after treatment with bovine lactoferrin.® These studies have
yielded interesting results and created enthusiasm for fur-
ther indepth study of the various biological reactions taking
place inside lactoferrin-treated cells as well as normal cells.
Therefore, the present study was undertaken in an attempt to
understand the mechanism of interaction between lactofer-
rin and host cells by studying various parameters on human
RBCs and macrophages, treated as host cells. Treatment of
host cells with lactoferrin and its interaction with parasitic
infections has been detailed in the present paper.

Survivin is a gene that is expressed only in live tumor
cells and was included in the present study through analysis of
various gene expression and metabolic processes to check the
survival of THP1 cells after lactoferrin treatment. Survivin
expression has been studied in tumor cells treated with higher
doses of lactoferrin and was found to be downregulated due
to treatment of tumor.’

The immunomodulatory and anti-inflammatory activity
of lactoferrin protein has been shown to occur via signaling
pathways including various Toll-like receptors (TLRs).!!!
TLR-2, TLR-4, and TLR-9 are activated in many infections
involving virus, parasites, and bacteria. Lactoferrin has
been shown to reduce the activity of Epstein Bar virus'? via
interaction with its coreceptor. It is also known to activate
macrophages through TLR-4, involving direct and indirect
signaling pathways.!* TLR signaling in macrophages that
have lactoferrin on their surface can activate different TLRs
against various parasitic infections, so it is necessary to study
the expression of different TLRs after stimulation of the host
cell with lactoferrin.

MDRI1 is used to investigate the expression of P-gp,
a resistance marker gene in tumor cells. As there are a lot of
problems related to antibiotic drug resistance in infectious
diseases, we wanted to check the expression of this gene
in the presence of lactoferrin. Therefore, it is important to
determine whether it is helpful in normal conditions and also
if it is helpful in resistant tumor cells whether to enhance the
resistance or down regulate it.

Lactoferrin protein has been isolated from five types of
mammals, namely, human, cow, buffalo, goat and mare,
and comparative studies have been done to differentiate
between the various origins.'"* The main difference lies in
the structural domain, which is different from one species
to another. Many studies have used the bovine and human
lactoferrins, but no studies have been done using buffalo
lactoferrin. This is the first study investigating the interac-
tion between buffalo lactoferrin and host cells. How we can
target this protein in parasitic diseases by studying the basic
mechanism of action, and whether it differs from human
lactoferrin and bovine lactoferrin has been tried to determine
in the present study.

Materials and methods
The bovine lactoferrin used in this study was obtained
from Jagat Kanwar, Deakin University, Australia, and the
buffalo lactoferrin was purified from buffalo colostrum
using an ion exchange chromatography method described
elsewhere.!s

Three types of lactoferrin proteins of bovine and buf-
falo origin were prepared on the basis of their different
iron saturations. Iron-saturated lactoferrin was prepared
according to a method previously described by Bates et al.'
Iron estimation for all forms of lactoferrin was done using
a previously described method with minor modifications.!”
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Apolactoferrin was prepared using the method devised by
Feng et al with minor modifications,'® and was found to be
8%—10% saturated with iron; the monoferric form was found
to be 40%—65% saturated and the holo form was found to be
85%—-95% saturated.

Host RBCs and macrophages

The RBCs were obtained from a healthy human donor
(Rotary and Blood Bank Society, Sec-37C Chandigarh,
India). Use of human RBCs was approved by the institu-
tional ethics committee, Postgraduate Institute of Medical
Education and Research, Chandigarh, India. The THP1 cell
line was purchased from National Cell Culture Science,
Pune, India. Cell line was maintained in culture medium
(Roswell Park Memorial Institute [RPMI] 1640 and 10%
fetal bovine serum supplemented with L-glutamine, 25 mM
HEPES buffer, and penicillin-streptomycin) at 37°C with
5% CO, and 90% humidity. The THP1 cells were differ-
entiated to macrophages with the assistance of phormol
myristate-13 acetate at a final concentration of 10 nM for
48 hours.

Preparation of RBCs

Fresh blood is collected from donor and collected in an
anticoagulant blood collection bag. The whole blood was
dispensed in aliquots into glass bottles. A small quantity of
blood from each glass bottle was transferred into centrifuge
tubes and spun at 1,500 rpm for 10 minutes. The plasma
and buffy coat were removed aseptically. The remaining
white blood cells and platelets were removed by washing
with medium twice. The final blood volume was mixed
with growth medium containing AlbuMAX® and stored at
4°C for further use.

Treatment of RBCs and macrophages

with lactoferrin

Differentiated THP1 cells and fresh RBCs at a concentra-
tion of 1x10%mL were incubated with lactoferrin in 24-well
tissue culture plates and 96-well plates, respectively.
Concentrations ranging from 10, 20, 40 and 50 pg/mL
were used, and cells were incubated for 24 and 48 hours
for initial dose standardization. Optimum concentrations
were selected and RBCs and macrophages were subjected
to various parameters, ie, morphology by Giemsa staining,
production of ROS, capacity of phagocytosis, and survivin
gene expression by real-time polymerase chain reaction.
Expression studies of TLR and drug resistance by MDR1

were studied for better understanding the mechanism of
action of lactoferrin.

Morphometric analysis by Giemsa
staining

After 48 hours of incubation, the macrophages and RBCs
were fixed with 100% methanol and stained with Giemsa for
30 minutes, and then observed by morphometric analysis.

Production of reactive oxygen species

The standard protocol was followed, with slight
modifications.!” The treated macrophages and RBCs were
investigated for production of ROS, detected by 2—7, dichlo-
rofluorescein (DCFH) dye used at a final concentration of
5 uM for all experiments. The cells were incubated with the
dye for 15 minutes at 37°C, washed twice to remove the extra
dye, and then fixed with 4% paraformaldehyde for 1 hour at
4°C. The cells were washed twice with phosphate-buffered
saline (PBS) and acquired by flow cytometery analysis using
FACS Caliber. Fluorescein isothiocyanate laser at 485 nm
was acquired for ROS dye. Before starting the experiment,
cytometry setup tracking was run, and the voltage was set
up accordingly. Macrophages were acquired in a forward-
scattered light plot, fluorescence was measured in each
experiment, and was calculated in all experiments.

Viability of macrophages by MTT assay

The treated macrophages were incubated with MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
solution (5 mg/mL) at 44 hours of incubation. After 48 hours
of incubation, all medium was removed from the wells and
50-100 pL of dimethyl sulfoxide was added to each well.
The violet crystals were dissolved by keeping the plates at
37°C for 15-20 minutes, and reading was taken at 595 nm.
Percent viability was calculated following a standard protocol
described elsewhere.?

Measurement of phagocytic capacity
Treated and untreated macrophages were incubated with latex
beads to investigate their phagocytic properties. Phagocytosis
is the process by which macrophages engulf intracellular
microbes/particles. How different forms of Lactoferrin
show different degree of phagocytosis has been studied in
this section.

The macrophages were incubated with 1 um fluorescent
latex beads (Sigma, St Louis, MO, USA) at a concentration
of 5x10%beads/mL for 15 minutes at 37°C. Extra nonengulfed
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beads were removed by two washes in PBS, and the cells
were fixed with paraformaldehyde and observed by light
microscopy. The intensity of fluorescence of the engulfed
macrophages was also measured by flow cytometry to con-
firm the light microscopy results. The mean fluorescence
intensity of the targeted macrophages was further confirmed
with confocal images.

Survivin, MDR1,and TLR gene expression
The effect of lactoferrin on macrophages was investigated
by studying the expression of various genes using
real-time polymerase chain reaction (LC 480 Roche, Basel,
Switzerland). The cells were incubated with different types of
lactoferrin at optimum dose for 48 hours. After incubation, the
cells were detached from the plates using Accutase enzyme
solution. Total RNA was extracted using TRIzol reagent and
complementary DNA was prepared (Thermo Fisher cDNA
kit, Loughborough, UK). Complementary DNA was ampli-
fied for the survivin,?» MDR1,” TLR 4, and TLR 9 genes to
check the fold increase or decrease in expression relative to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH),? the
housekeeping gene. The TLR inhibitor OXPAPC was used
to inhibit TLR signaling for 24 hours. Expression studies
was then conducted using the method described earlier to
demonstrate the effect of lactoferrin. Primer sequences with
the annealing temperatures are given in Table 1.

Assay for intracellular invasion

by Toxoplasma gondii

After treatment with the different lactoferrins, macrophages
were infected with Toxoplasma gondii tachyzoites at a ratio
of 1:5 (one macrophage and 5 tachyzoites), and after 5 hours,
the number of intracellular tachyzoites were used to calculate
the mean number of invasive events.

Table |
different genes

Primer sequences and annealing temperature for

Gene Primer sequence Annealing
temperature
Survivin forward GCCCAGTGTTTCTTCTGCTT 60°C

CC GGACGAATGCTTTTTATG
CCAGTGAGGATGATGCCAGAAT 55°C
GCCATGGCTGGGATCAGAGT

Survivin reverse
TLR-4 forward
TLR-4 reverse

TLR-9 forward GGACCTCTGGTACTGCTTCCA  55°C
TLR-9 reverse AAGCTCGTTGTACACCCAGTCT

MDRI forward GCTGG TGCTGCTTACATTC 55°C
MDRI reverse =~ GCTGACAGTCCAAGAACAGG

GAPDH forward AGCCACATCGCTCAGACAC 56°C
GAPDH reverse GCCCAATACGACCAAATCC

Abbreviations: GADPH, glyceraldehyde-3-phosphate dehydrogenase; TLR, Toll-
like receptor.

Statistical analysis

The size variation, phagocytic capacity, ROS production,
and number of invasive parasites between different treat-
ment groups were compared with the untreated group; for
expression studies the difference between each group was
determined by Student’s 7-test and between the groups in
case of MTT assay by one-way analysis of variance test.
Differences between groups were accepted as being sta-
tistically significant at p<<0.05, p<<0.05, and p<<0.005. All
results are average of three experiments when performed in
duplicates.

Results
No morphometric changes in RBCs

after treatment with lactoferrin

After treatment of the human RBCs with the different types
of lactoferrin, no color was observed in cultured supernatants,
indicating no hemolysis of RBCs. No significant differ-
ence in the morphology of RBCs was observed on Giemsa
staining at concentrations of 1040 pg/mL on comparison
with the untreated control group (Figure 1A). The results of
morphological analysis by Giemsa staining were analyzed,
and 40 pg/mL concentration of protein was chosen and
used for further experiments, such as measurement of ROS
production (Figure 1B).

Iron-saturated lactoferrin showed
increased ROS production in RBCs

Lactoferrin showed different amounts of ROS produc-
tion depending on its degree of iron saturation. When
treated with lactoferrins at a concentration of 40 pug/mL,
RBCs showed a different pattern of ROS production. The
apolactoferrin form used at this concentration showed sig-
nificantly decreased levels of ROS production compared
with the untreated control group, whereas iron-saturated
bovine lactoferrin showed a significant 2-fold increase in
ROS level compared with the untreated group at 48 hours
post-incubation (Figure 2).

THP| macrophage cells survived

in a dose-/time-dependent manner

The viability of the treated macrophages were observed
using MTT viability assay. There was no significant differ-
ence observed in percent cell viability when compared with
untreated macrophages at 10, 20, 40 and 50 pg/mL 48 hours
posttreatment (Figure 3A). Morphological changes in the
macrophages, including size and diameter, were observed
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Figure | (A) Giemsa stain microscopy of red blood cells treated with different forms of lactoferrin at different concentrations (100x) and the untreated group. This
experiment was repeated in triplicate. Morphological characteristics, ie, shape, size, and diameter, were the same in the different treated red blood cells compared with the
untreated group. (B) Morphometric analysis of RBCs treated for 48 hours with the different proteins at a concentration of 40 pg/mL. No significant difference was found

between the treated and untreated groups.

Abbreviations: BLf, bovine lactoferrin; BLf Fe, bovine apolactoferrin; BLf Fe, iron-saturated bovine lactoferrin; BuLf, buffalo lactoferrin; BuLf Apo, buffalo apolactoferrin;

BulLf Fe, iron-saturated buffalo lactoferrin; RBSs, red blood cells.

after treatment with the lactoferrins, and no significant dif-
ference in size was found between the treated and untreated
macrophages (Figure 3B and C).

Iron-saturated lactoferrin enhanced
ROS production, phagocytic capacity,
and expression of TLR and survivin

in macrophages

When concentrations ranging from 10 to 40 ug/mL were
used from all types of proteins, there was a significant
increase in ROS production from a lower to a higher dose,

with a 2—4-fold increase in intensity (Figure 4A and B).
Iron-saturated lactoferrin protein has been shown to generate
many free radical ions which can be helpful for inhibiting a
variety of tumors, intracellular parasites, and microbes. After
investigation of these parameters, the dose was standardized
and the 20 pg/mL concentration was chosen to evaluate
further parameters on the macrophages.

After treatment with the different lactoferricin at a
concentration of 20 pug/mL, the phagocytic capacity of
the macrophages was measured (Figure 5A). Interestingly
there was a higher mean fluorescence intensity in iron-
saturated lactoferrin-treated macrophages compared with
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Figure 4 (A) Significant fold increase in ROS production at increasing dose concentrations ranging from 10 to 50 pg/mL of the various lactoferrins. (B) Significant
(P<<0.005) fold increase in ROS production when used at 20 pg/mL compared with the untreated group and within the group (*P<<0.05) shown by bar diagram. Each value

is the replicate of three experimental values. *P<<0.05; **P<<0.005.

Abbreviations: Lf, lactoferrin; ROS, reactive oxygen species; BLf, bovine lactoferrin; BLf Apo, bovine apolactoferrin; BLf Fe, iron-saturated bovine lactoferrin; BuLf, buffalo

lactoferrin; BuLf Apo, buffalo apolactoferrin; BuLf Fe, iron-saturated buffalo lactoferrin.

the apolactoferrin-treated and native lactoferrin-treated
groups (Figure 5B). The fluorescence intensity results were
confirmed by confocal microscopy, where greater numbers
of'beads were found to be engulfed by macrophages treated
with iron-saturated lactoferrin compared with the untreated
control and other lactoferrin groups. The phagocytic capac-
ity of the macrophages was further confirmed by an inva-
sion assay. The maximum number of infected macrophages
and intracellular tachyzoites per macrophage were found
in the iron-saturated lactoferrin-treated group and the
minimum number were found in the apolactoferrin group
(Figure 5C). The mean number of intracellular tachyzoites
were found to be higher in the iron-saturated lactoferrin
group when compared with the other groups (Figure 5D).

After treatment with the iron-saturated lactoferrins, higher
expression of survivin, TLR-4, and TLR-9 with respect to the
housekeeping gene, GAPDH gene, was observed at 48 hours
post-incubation (Figure 6). After inhibition of TLRs, less
expression of TLR-4 and TLR-9 was found, indicating that
lactoferrin is essential for stimulation of the TLR signaling
pathways to activate against microbes or immunomodulatory
action (Figure 6). However, the real mechanism of action is
not known and needs to be detailed out. These expressions
showed function of lactoferrin protein in their activation,
which will help in further recognition of pathogens. The

signaling pathway has not been studied; however, our pres-
ent results suggest that lactoferrin activates macrophages via
TLR-4 signaling.?* Further, TLR-9 has been known to attach
to the malarial parasite, and its activation by lactoferrin may
help to destroy the parasite.

Whereas MDR1 showed slightly low expression when
treated with iron-saturated lactoferrin compared with
untreated group. Low expression may help in decreasing
drug resistance of pathogens which express its alteration in
normal function.

This can be a helpful criteria in drug resistance pathogens
which will lead to a decrease in the resistance mechanism.
This might be due to the inhibitory properties of iron-satu-
rated lactoferrin and therefore will be helpful in retaining the
drug inside the cell. The exact mechanism of downregula-
tion of the MDRI1 gene was not identified and needs to be
investigated further.

It was concluded from the above results that macrophages
become activated after treatment with iron-saturated lac-
toferrin and perform various metabolic activities leading
to recognition and binding, engulfment, and inhibition of
pathogens through phagocytosis. These cellular processes
have clarified the mechanism of action of lactoferrin proteins
with different degrees of iron saturation. Whereas, the above
activation will not be observed in normal macrophage cell

submit your manuscript

3828

Dove

Drug Design, Development and Therapy 2015:9


www.dovepress.com
www.dovepress.com
www.dovepress.com

Effect of lactoferrin protein on red blood cells and macrophages

Dove

‘ULIIBJ0IVE| 4] ‘BunJos |92 pareAlnde
-32U3253.40N}} ‘SDV/ ‘ULII9JOIDE| O[eyNq paleinies-uodl ‘94 jng ‘uliidjoidejode ojeynqg ‘ody Jng ‘uliiaj013e| Ofeynq ‘ng ‘ULLISJOIDE| DUIAOG PAILIMIES-UO.I ‘D4 J]g ‘ULLIdj01dej0de duIA0q ‘ody Jq ‘UILIBJOIDE| BUIAOQ ‘g SUOIIRIARIQQY

‘sdnoug Jayio pue dno.d paaes.aaun
yam paJedwod usym saseydousew Jad se110zAYdel Jo Jaquuinu aya Ul (G§0'0>ds) PUNO) Sea 2duaJayip Juedyiudis (@) ‘dno.s paiea.l 94 usamiaq SUOp sem uosiiedwod uaym s|j9d Jo Adeded onkooSeyd ul punoj sem (G0'0>dx) SdUaJayIp
9ouedyIuBIS “sdnous JusuayIp uIyIM (§0°0>>ds) PuUe dnoud paiea.aun 03 paJedwod (S00°0>>d) SI|92 Pa3Iea.3 94 Ul punoy Jaquinu 3saydiy se saSeydo.dew pa1ddul JO JSGUINU BY3 Ul PUNO) SBM G('0>dss DIUDJBYIP Juedlyiusis & pamoys sdnoud
pa3e3.13 APUSISHIP B3 U0} $9310ZAYDE) DWSD|JOX0] JO ABSSE UOISBAU| (D) 'S||92 Pa1ea.3-Uodl Ul punoy sem Alisuaaul 2nkd03eyd GOQ'Q>dx IUBILIUSIS "uonegndul-1sod sinoy gf 1e We.Selp Jeq & ul umoys sadeydo.adew pajes.aun pue pajea.n
Jo Aianoe onkoBeyq (g) (x00|) Adodsoudiw [ed0ju0d AQ pawaiyuod suio.dd Jo suoneanies uodl ualaylp aya ul Aveded onkdodeyd jo uasined sy Suimoys sisAjeue 21139W0IAd Mo|4 () “Aesse uoiseaur pue Adeded dnkdodeyq § a4nsig

s9}10zAyoe} jo Jaquinu :Aesse uoiseAu| sabeydoioew pajoajul jo Jaquinu :Aesse UoiseAu| S9Vv4 Aq painseaw Aysuajul annAosobeyd
>
z F
3 2 .
o [1] (1]
@ Qo a
= w K m. (1]
3 2 8 2 3
% _- I3} o
L o L «Q
29 S @ o
5 5 g
o, @a o
I3 ]
(7]

.

o
2

&
i3

m

$1°d 41 9AlEeN S1199 pajeanun

-~

v-0l1Id Vv-0llId Vv-0l1ld Vv-0lId (000'v)  v-0S4d
0l w0l 0l 01 0l w0l <0l 01 0l w0l 0l 0l 0l +0b 0l 0l 0G¢ 00C¢ 0SL 00l 0S

u_::_ L1

-0 —0 by g 0 TR R B TS T R (TTh 0 TR NNaTE PR e A 0

Wow Hlom mlom 0s L iy ; 2 ”.mlom
C (%) s (%) 001 © oo Q@ [ 3 .EooL @
L ] o [] r o [e) : EEERE E (72}
C c - 00L € E ¢ = A PO
00k 2 S F sk 3 o5l 2 : -0t B

- - 051 - 002 _ : E 00z
—0S1 o E | 002 g %
L - - 00z | frosz 05z Fosz 8
/10 8an-gLL} 600 @an¥-gLLl 200 eany-glil ¥00 ©gn}-z00 UswIoadg 00 @9n}-Z00 uswioads =
ed J1 ody 471 9AleN S[|99 podjeanun auoje s||ad A"/

3829

submit your manuscript

Drug Design, Development and Therapy 2015:9

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Anand et al Dove
* *%k
A 0.10 " o B 0.10- t { | i
S - } i t i ST . Aa Q0
2T o0s] , . % D 0081, o5
0o @ m
e - = P 8 v
S 0067 o 50O 0.06-
S MY % v o e . A T e
[ -« —
o & 004 L * B cZouf{c = T
22 o 9> v
it —
5w 002 4 ° 82 0024 M
g° 25
000 1 1 1 ] T T 000 T T T T T T
X o @ 0N o ) 5 o) ) ) <) @
3 S M KK Q SUEERA SN SHEA
NP R R IO R NN
48 hours post-incubation 48 hours post-incubation
c 0.154 D 0.15-
c < *
2 & N S 25 |
o o104 " L ‘ s 0.10-
o g O A Q0 o g O A 0
SO :E. [ AL Vyy . ? %g . vy oa
53 T F g oo 52 T =
> = 0.05- . . > o0s5{ ** "= M
= - A = - | *
oy ol S
3 o s o
000 L] 1 T ] oI ] OOO 1 1 T T T
5 o <° X <@ 5 o & 5 o <%
> W&« RS SR ¥ SR N
\6/\‘7“ % ) \s/\?“ Q)‘\\'/ Q}"\v Q” 2 §,\ Qa\y
N N
48 hours post-incubation 48 hours post-incubation
E 0.0201
<X
S &
n < 0.0154
53 c & Y i
= . v
g A *
% 2 0.0104 % a¥ = % * %
0o © A
><
5 % 0.005-
o
x5
0.000 T T 7 T T T
LCAEFCER SR
Q N Q

Effect of TLR antagonist

Figure 6 Expression levels of the different genes. (A) All treated cells showed a significant difference (P<<0.005) in MDRI gene regulation (B) Survivin gene expression
compared with the untreated group and other groups at 48 hours post-incubation. (C) & (D) All the treated cells showed elevated levels of TLR4 and 9 expression
and significant high levels were observed in Fe-Lf treated cells when compared with untreated group and other groups. (E) The TLR antagonist achieved a 7-9-fold
downregulation of expression in the different groups. A significant difference (P<<0.05) was found between the iron-saturated lactoferrin-treated group compared with the

other groups. *=P<0.05; **=P<0.005.

Abbreviations: BLf, bovine lactoferrin; BLf Apo, bovine apolactoferrin; BLf Fe, iron-saturated bovine lactoferrin; BuLf, buffalo lactoferrin; BuLf Apo, buffalo apolactoferrin;
BuLf Fe, iron-saturated buffalo lactoferrin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; TLR, Toll-like receptor.

and no cellular processes will be observed, the proposed
mechanism of action has been shown in Figure 7.

Discussion
Lactoferrin is an iron-binding protein and is present natu-
rally in milk and colostrum in its native form (with one iron

molecule).” Lactoferrin can be isolated from many mammals,
including humans, cattle, buffalo, mare, camel, goat, horse,
and mouse.?*?’ There is 70% homology between human lac-
toferrin and lactoferrin isolated from other species.?® Human
and bovine lactoferrin proteins have been used extensively
in various studies, but buffalo lactoferrin has not been used
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Figure 7 (A) Normal cell showing less TLR expression, less free radical production, and less phagocytic capacity. (B) Lactoferrin-treated cell showing better phagocytosis,
more TLR signaling, more free radical production, and less MDR| gene expression after treatment with iron-saturated lactoferrin.
Abbreviations: ds RNA, double-stranded RNA; LPS, lipopolysaccharide; Lf, lactoferrin; P-gp, P-glycoprotein; TLR, Toll-like receptor.

till date. There are some differences in amino acid sequence,
glycolysation sites, and the superimposed structure of bovine,
buffalo, human, and mouse lactoferrins.?*!' These differences
can account for the different microbial properties of these
proteins. Previous studies have demonstrated the effect of

bovine lactoferrin on both macrophage cell lines and tumor
cell lines.®*>¥ The present study demonstrates the effects
of lactoferrin isolated from bovine and buffalo origin with
different degrees of iron saturation (ie, the apo, mono, and
holo forms) on RBCs and macrophages. To the best of
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our knowledge, the present study is the first to use buffalo
lactoferrin along with bovine lactoferrin to analyze the dif-
ferent parameters and undertake a morphometric analysis of
RBCs and macrophages. This study can guide us as to how
the different origins of lactoferrin can be used to investigate
the future aspect on either development of infectious disease
or its control.

The lactoferrin protein used in the present study was iso-
lated from bovine and buffalo colostrum using ion exchange
chromatography,’* and its purity was found to be 90%.
Lactoferrins with various degree of iron saturation and at
different concentrations were used for dose standardization.
RBCs and a leukemia cell line were used to test different
forms of lactoferrin because these cells mimic the function of
human cells (macrophages, cells of defense system). Among
the leukemia cell lines, THP1 is the best one to use when
studying any parameter mimicking human function, so this
cell line was selected.** Negligible differences were observed
in the sizes of RBCs and macrophages after treatment with
lactoferrins from both origins.

Production of ROS allows measurement of the respiratory
burst, oxidative stress and free radical production which are
different phenomenas used in cell biology. Production of ROS
inside macrophages indicates the ability of these cells to destroy
an intracellular microbe, and oxidative stress means that the cell
may die due to high levels of ROS, which are mainly observed
in brain cells, as in Alzheimer’s disease. Our study was mainly
focused on the killing effect generated by macrophages via
production of free radical ions. We found that the production of
ROS was dose-dependent in all types of treated macrophages.
However, iron-saturated lactoferrin-treated cells showed
enhanced production of ROS, which can be generated in live
cells only and these cells have shown enhanced phagocytic
activity. These cells therefore show high activation and more
killing activity against intracellular parasite.

Slightly different results for ROS production were found
between buffalo lactoferrin and bovine lactoferrin. Previous
studies using a lactoferrin concentration of 25-100 uM/mL
had confirmed production of ROS in RBCs.* In our study,
when RBCs were treated with the various lactoferrins at
40 uM/mL concentration and investigated for ROS produc-
tion, increased ROS was observed in the iron-saturated
lactoferrin group when compared with the untreated groups.
ROS in RBCs can be explained on the basis of various
metabolic reactions occurring inside these cells. RBCs are
known to have many surface receptors for lactoferrin.’’
Transferrin and lactoferrin may accept an electron while they
bind to their co-receptors on the surface of the membrane

and convert Fe3* to Fe?*. Therefore, lactoferrin can act as a
final acceptor and initiate oxidative phosphorylation at the
plasma membrane.

As we know, glycolysis in RBCs occurs through pentose
phosphate pathway, and many reactions during this process
may lead to generation of free radical ions. Further, the mono
form of lactoferrin is known to take up these ions, leading to
reduced ROS production in RBCs. When no iron is available
in lactoferrin (the apoferritin form), free metal ions can bind
and less ROS production is found. However, when there is
no free metal binding site present on the lactoferrin protein
(holo form), there is no binding of free metal ions, and
these ions ultimately lead to production of ROS on the RBC
membrane by lipid phosphorylation. Fenton’s reaction®*! is
the major reason for ROS production on RBCs, whereby an
iron molecule may combine with any free radical, leading
to production of Fe**and OH-ions that may contribute to
production of free radicals. The present study demonstrates
that iron-saturated protein, having no free site or free iron
molecule, may lead to higher ROS production.?

When these proteins were incubated with macrophages,
various cellular processes were observed. There was no mor-
phological difference in size of macrophages post-incubation
with these proteins. However, there was a 4-5-fold increase
level of ROS production in cells incubated with iron-saturated
lactoferrin protein compared with the untreated control
group. This 4-5-fold increase in production of ROS may be
due to the cellular respiratory burst due to more activation
of macrophages. This ROS production was confirmed by the
increased phagocytic capacity of the macrophages observed
through confocal microscopy when compared with other
lactoferrins and the untreated groups. Previous studies have
also shown increased phagocytic activity in peripheral human
macrophages to engulf intracellular microorganisms when
incubated with iron-saturated lactoferrin.*** However, the
investigators did not report any effect on the uptake of latex
beads, which we found in our study to be increased for iron-
saturated lactoferrin.

To confirm phagocytic activity after treatment with the
different iron-saturated lactoferrins, we performed an invasion
assay using 7. gondii, a virulent parasite that resides inside
macrophages for its survival. Toxoplasma has a life span of
8-10 hours, therefore parasites were kept for only 5 hours
to calculate the number of engulfed intracellular parasites
(number of events). When the invasion study was performed,
few tachyzoites were found inside macrophages treated with
apolactoferrin, which may have been due to the low iron con-
tent in the cytoplasm as a result of chelation by apolactoferrin.
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On the other hand, macrophages treated with iron-saturated
lactoferrins contained more intracellular parasites. This may
be due to the nutritional factors provided by the cytoplasm
in macrophages, which helped the tachyzoites to invade.
Again, the phagocytic properties of iron-saturated lactoferrin-
treated cells were confirmed, with these cells engulfing more
tachyzoites. Previous reports have shown the effect of iron
chelation on macrophages from various mechanisms which
ultimately lead to reduced phagocytic capacity.* ¢ Iron has
been confirmed to be present in the cytoplasm, and has an
important role in phagocytosis.

Upregulation of the survivin gene confirmed the tendency
of the treated cells to survive, in a dose-dependent and time-
dependent manner, when compared with the untreated cells.
Survivin was found to be expressed in all the forms of lacto-
ferrin, and was consistent with the MTT viability assay. This
clearly highlights the beneficial properties of lactoferrin with
regard to drug-resistant microbial pathogen strains.

TLR receptors are known to stimulate many cytokines
via activation of the nuclear factor kappa B (NF-kB) com-
plex, which reaches the nucleus and starts the transcription
process. This transcription leads to binding of NF-xB with
DNA and production of various cytokines, chemokines,
free radicals, and various inflammatory factors involved in
the host defense system.?” Activation of natural host cells
with lactoferrin may lead to increased activation of the TLR
signaling pathways, given that it is already known from
previous studies that lactoferrin is a natural immune system
booster.*® In the present study, when cells were treated with
iron-saturated lactoferrin, they produced more free radical
ions, TLR expression, therefore these events may lead to
killing of pathogen. Whereas, TLR expression was found to
be down regulated in presence of its inhibitor. After bind-
ing of various microbial antigens to TLR, may lead to their
activation and damage to the pathogen.¥’

The MDRI1 gene is known to activate various resistant
strains through the P-gp promoter. In the present study, P-gp
was found to be expressed in lactoferrin-treated cells, but its
expression was decreased when compared with the house-
keeping gene, indicating the role of lactoferrin in reducing
drug after resistance.

In the present study, we found a correlation between
survivin expression, free radical production, a fold
increase in phagocytic properties, MDR1, and TLR
expression when cells were stimulated in the presence of
lactoferrin protein.

From the present study, the proposed mechanism
explained here, cells become activated after treatment with

iron-saturated lactoferrin when compared with untreated cells,
whereby various cellular processes take place both inside and
outside the cell. The findings reported here will help us to
understand the survival of microorganisms inside host cells,
and how iron-saturated lactoferrin, a natural milk protein,
helps to inhibit the microbes. The present study was performed
to investigate the mechanism of action in relation to vari-
ous intracellular parasites, such as Plasmodium falciparum,
Leishmania donovani, and Toxoplasma gondii. Iron-saturated
buffalo lactoferrin was used for the first time, and was shown
to have effects on ROS production that were different to those
of bovine lactoferrin. Buffalo apolactoferrin was associated
with reduced ROS production and also less phagocytic activity
when compared with bovine lactoferrin. The iron-saturated
forms of both these lactoferrins induced increased ROS pro-
duction and phagocytic activity, indicating that both proteins
shows slightly different action on host cells.

This difference in cell function may indicate further
changes in inhibiting the microbes. The present study yielded
significant results which can ultimately mimic the human
cell function. However, further studies of TLR expression in
the signaling pathway and protein expression are needed to
clarify the mechanism of interaction with host cells. Human
peripheral blood mononuclear cells should be used to study
the various mechanisms for better interaction mechanism.

By performing these experiments on host cells, one can
determine the mechanism by which lactoferrin destroys
intracellular microbes. Lactoferrin has been used as an
antiparasitic agent, but its effects have been studied in very
few parasitic infections and the detailed mechanism is still
not clearly understood. This study has contributed to our
understanding of the antiparasitic mechanism of lactoferrin.
Further research on the detailed mechanism is necessary to
conclude the stronger antiparasitic activity of lactoferrin
protein.

Conclusion

The present study shows the effect of natural multifunc-
tional lactoferrin protein on human host cells. The presence
or absence of iron in the protein helps to explain why the
host cells show enhanced phagocytosis, TLR expression,
and free radical production, which can be beneficial to host
cells or harmful to pathogens. The antiparasitic mechanism
of lactoferrin is as yet not well understood, but present study
has elaborated this mechanism by studying different param-
eters targeted on parasitic host cells. The pathways involved
should be studied further to gain a better understanding of
the antiparasitic mechanism of lactoferrin protein.
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