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Abstract
Lung cancer remains the leading cause of cancer death worldwide. Despite the recent advances in cancer treatment, only 
a subset of patients responds to targeted and immune therapies, and many patients developing resistance after an initial 
response. Lactoferrin (Lf) is a natural glycoprotein with immunomodulatory and anticancer activities. We produced a novel 
recombinant human Lf (rhLf) that exhibits glycosylation profile compatible with the natural hLf for potential parenteral 
therapeutic applications. The aim of this study was to evaluate the anticancer effects of this novel rhLf in human lung adeno-
carcinoma cells and its mechanisms of action. The results showed a concentration-dependent inhibition of A549 cancer cell 
growth in response to rhLf. Treatment with 1 mg/ml of rhLf for 24 h and 72 h resulted in a significant inhibition of cancer 
cell growth by 32% and 25%, respectively. Moreover, rhLf increased fourfold the percentage of early and late apoptotic cells 
compared to the control. This effect was accompanied by increased levels of caspase-3 activity and cell cycle arrest at the S 
phase in rhLf-treated cancer cells. Furthermore, rhLf significantly attenuated A549 cell migration. Importantly, treatment 
of normal human bronchial epithelial (NHBE) cells with rhLf showed the cell viability and morphology comparable to the 
control. In contrast, chemotherapeutic etoposide induced cytotoxicity in NHBE cells and reduced the cell viability by 40%. 
These results demonstrate the selective anticancer effects of rhLf against lung adenocarcinoma cells without cytotoxicity 
on normal human cells. This study highlights a potential for clinical utility of this novel rhLf in patients with lung cancer.
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Introduction

Cancer is a growing public health issue and is still one of the 
greatest medical challenges worldwide (Bray et al. 2018). 
Lung cancer is the most frequently diagnosed malignant 
tumor and it is also the leading cause of cancer death among 
both men and women, with an estimated 1.8 million deaths 
occurred in 2020 (Ferlay 2020; Sung et al. 2021). Despite 
the recent major advances in cancer treatment by applying 

targeted and immune therapies, clinical studies have shown 
that only a subset of patients respond to checkpoint block-
ade treatment and targeted therapy has benefit for selected 
patients with specific molecular subtypes of lung cancer 
(Qiao et al. 2018; Yoneda et al. 2018). While the cytotoxicity 
of current chemotherapeutics is still a major clinical issue, a 
standard chemotherapy remains the most common treatment 
for lung cancer patients (Carbone et al. 2015). Thus, there 
is an urgent need to develop alternative therapeutics that 
would discriminate the cytotoxic effects between cancer and 
normal cells to minimize adverse events and improve clini-
cal outcome. In fact, research on the development of novel, 
non-toxic therapeutics has been one of the most actively 
pursued priorities in this area (Guedes et al. 2018).

Lactoferrin (Lf) is a natural iron-binding glycoprotein, a 
member of the transferrin family that was first isolated from 
bovine milk (Sorensen and Sorensen 1940). In humans, this 
glycoprotein is produced by exocrine glands of mucosal epi-
thelium and exists in several biological secretions, including 
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tears, saliva, milk, and is also a component of the second-
ary granules of neutrophils (Dinauer et al. 2000; Lönnerdal 
and Iyer 1995; Metz-Boutigue et al. 1984). It has multiple 
biological activities, often pleiotropic, that are essential for 
proper development of newborns and protective effects in 
adults, including antiviral, antibacterial, antiparasitic, and 
antioxidant properties (Chung et al. 2012; Li et al. 2017; 
Neville and Zhang 2000; Okubo et al. 2016; Redwan et al. 
2016; Safaeian et al. 2015). In addition, this glycoprotein 
modulates the immune system and regulates the inflamma-
tory responses (Baveye et al. 1999; Kruzel et al. 2017) by 
influencing myelopoiesis (Sawatzki and Rich 1989; Zimecki 
et al. 2013) as well as cytokine and chemokine production 
(Elass et al. 2002; Guillén et al. 2002; Kimber et al. 2002). 
In fact, Lf is deeply involved in many critical physiological 
functions, namely immune regulatory and the redox homeo-
stasis (Zimecki et al. 2021).

Importantly, Lf emerges as a promising anticancer agent 
due to its well-demonstrated anticancer and anti-metastatic 
activities against a range of human cancers in vitro and 
in vivomodels (Arias et al. 2017; Cutone et al. 2020b; Gib-
bons et al. 2015; Zhang et al. 2015). In addition to direct 
effects on cancer cells, Lf has influence on immune cells. For 
example, culture of T lymphocytes isolated from cervical 
cancer patients in the presence of Lf increased expression 
of zeta-chain in T cells (Frydecka et al. 2002).

However, the majority of research on Lf-induced anti-
cancer effects was conducted using bovine Lf (bLf) (Chea 
et al. 2019; García-Montoya et al. 2012; Guedes et al. 2018; 
Jiang and Lönnerdal 2017; Zhang et al. 2015). bLf shares a 
69% amino acid sequence homology with human Lf (hLf) 
(Pierce et al. 1991) and displays a different glycosylation 
pattern (García-Montoya et al. 2012; Rascón-Cruz et al. 
2021). Glycosylation is an important post-translational mod-
ification which directly affects both protein structure and 
biological functions (Marth and Grewal 2008; Ohtsubo and 
Marth 2006; Shental-Bechor and Levy 2009). Importantly, 
the oligosaccharide component of glycoprotein is critical for 
determination of its pharmacological activity and pharma-
cokinetics as well as immunogenicity and antigenicity (Wor-
mald et al. 2002). For these reasons, bLf does not mimic all 
the biological roles of hLf and cannot be used for systemic 
administration in humans (Parc et al. 2017).

Given many beneficial effects and a potential clinical util-
ity of hLf, several forms of recombinant hLf (rhLf) have 
been produced in different expression systems (Conesa et al. 
2010). A few expression systems were expanded to industrial 
scale to produce rhLf from fungus Aspergillus niger (Agen-
nix, Houston, TX, USA), rice (Bioscience, Sacramento, CA, 
USA) and transgenic cows (Pharming, Leiden, Netherlands) 
(Conesa et al. 2010). While the primary and secondary 
structures of most rhLfs are identical with the natural hLf, 
the glycosylation process associated with each expression 

system generated a final product that is not fully compat-
ible because of significant alterations in the glycan profile. 
Several studies have shown anticancer activity of different 
forms of rhLf expressed in rice (Bezault et al. 1994), fungus 
Aspergillus niger (Xiao et al. 2004) and yeast Pichia pasto-
ris (Iglesias-Figueroa et al. 2019). However, rhLfs derived 
from fungi and yeast expression systems display high levels 
of mannose N-linked glycan, which may be immunogenic 
and antigenic, limiting a potential for parenteral therapeutic 
administrations (Gerngross 2004; Kruzel et al. 2013).

Therefore, we developed a production of a novel rhLf that 
is compatible with the natural hLf and suitable for parenteral 
applications, including intravenous and intratumoral injec-
tions, or inhalation (Kruzel et al. 2013). Expression of rhLf 
in Chinese hamster ovary (CHO) cell system allows mam-
malian glycosylation of the protein generating glycoform of 
rhLf that is comparable with Lf isolated from human milk 
(Kruzel et al. 2013), providing optimal structure for hLf 
pleiotropic activities and safety (biocompatibility) upon its 
parenteral therapeutic use.

In this study, we investigated the effects of this novel rhLf 
on human lung adenocarcinoma cell growth and migration 
as well as its mechanisms of action. We also examined the 
effect of this rhLf on cytotoxicity in normal human bronchial 
epithelial (NHBE) cells compared to etoposide. Here, we 
demonstrate for the first time the selective anticancer activi-
ties of this novel rhLf against human lung cancer cells with 
no cytotoxic effect on NHBE cells. These results provide a 
potential clinical utility of this rhLf for treatment of patients 
with lung cancer.

Materials and Methods

Recombinant Human Lactoferrin

Human rhLf was expressed in CHO cells and purified as 
described by Kruzel et al. (2013). It was supplied by Phar-
maReview Corporation (Houston, Texas, USA) as lyophi-
lized powder (< 15% iron-saturated; < 0.5 endotoxin units 
mg–1) and reconstituted in culture medium to prepare a stock 
solution at concentration 1 mg/ml before experiments.

Cell Culture

The human lung adenocarcinoma cell line (A549) was 
obtained from the European Collection of Cell Cultures 
(ECACC, cat.no. 86012804). The A549 cells were cultured 
in DMEM (Biowest, France) containing 10% heat-inacti-
vated fetal bovine serum (FBS, Biowest, France) and 100 
units/ml penicillin and 100 μg/ml streptomycin (Biowest, 
France). NHBE cells (cat. no. C-12640) were purchased 
from PromoCell and cultured in Airway Epithelial Cell 
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Growth medium (PromoCell, Germany) supplemented with 
FBS and growth factors. Both cells were cultured in standard 
cell conditions (37 °C, 5% carbon dioxide and 90% humid-
ity) in an incubator (HeraCell iVios160, ThermoFisher Sci-
entific, USA).

Cell Viability Assay

Cell viability was determined by performing colorimetric 
WST-1 assay (Takara, Japan) according to the manufacture’s 
instruction. To evaluate effect of rhLf on cancer cell growth, 
A549 cells were seeded in 96-well plate at the density of 
5,000 cells per well and cultured for 24 h. The cells (about 
50% confluence) were treated with rhLf at different concen-
trations (0.1, 0.2, 0.5 and 1 mg/ml). The number of live cells 
was measured after 24 h and 72 h of treatment.

To determine cytotoxicity, NHBE cells were plated in 
96-well plate at the density of 10,000 per well. The cells 
(100% confluence) were treated with rhLf (1 mg/ml) or 
etoposide (100 µM) (Sigma-Aldrich, USA). The number of 
viable cells was measured after 72 h of treatment.

At the end of experiments, 10 µl of WST-1 solution was 
added to each well and the absorption of formazan was 
measured after 1 h incubation using a microplate reader 
(iMARK, Bio-Rad) at 450 nm. The number of live cells in 
response to different treatments was expressed as a percent-
age of the control cells which constituted 100%.

Cell Morphology

The influence of rhLf on cell morphology was examined 
using an inverted microscope with phase contrast (Opta-
Tech, software OptaView 7). A549 and NHBE cells 
were photographed after indicated time of treatment at 
100 × magnification.

Annexin V/PI Assay

Apoptotic cell populations in control and rhLf-treated cells 
were quantified by a double-staining of cells with Annexin V 
and propidium iodide (PI) using the AnnexinV/PI apoptosis 
detection kit (Biolegend, USA) according to the manufac-
ture’s instruction.

A549 cells were seeded in six-well plates at density of 
300,000 cells per well and culture for 24 h. Next, cells were 
treated with rhLf at different concentrations for 24 h and 
48 h. Cells were collected and washed with Cell Staining 
Buffer (Biolegend, USA). Then, cells were stained with 
Annexin V and PI in Annexin Binding Buffer for 15 min at 
room temperature in the dark. Apoptotic cells were analyzed 
by flow cytometry using CytoFlex cytometer (Beckman 
Coulter, USA). The acquired results were quantified using 
Kaluza 2.1 software (Beckman Coulter, USA). Cells were 

gated according to PI and Annexin V staining. Cells posi-
tive for Annexin V only were considered as early apoptotic, 
cells positive for PI only were considered necrotic and cells 
double positive were taken as late apoptotic cells.

Caspase‑3/7 Activity Assay

The Caspase-Glo 3/7 Assay (Promega, USA) was used to 
determine cell apoptosis according to the manufacturer’s 
instruction. A549 cells were plated on 96-well plate at a 
density of 8000 cells per well. After 24 h culture, cells were 
treated with rhLf at three different concentrations. Caspase 
activity was determined after 24 h and 48 h incubation. 
Luminometer readings were taken one hour after adding the 
Caspase-Glo 3/7 Reagent to cells at ratio 1:1. Luminescence 
was recorded on microplate reader (Synergy H1, Bio-Tek, 
USA) at gain 100. The amount of luminescence produced is 
proportional to the number of apoptotic cells in the sample.

Cell Cycle Analysis

A549 cells were seeded in six-well plates at density of 
200,000 cells per well and cultured for 24 h. Next, cells were 
treated with rhLf at indicated concentrations for 24 h. Then, 
the cells were collected, washed with cold DPBS (Biowest, 
France) and fixed in 70% ethanol at 4 °C overnight. After 
washing in DPBS, the cells were incubated with ribonucle-
ase (Sigma-Aldrich, USA) at final concentration of 100 µg/
ml at 37 °C for 30 min. Next, PI (Sigma-Aldrich, USA) solu-
tion was added to the cells at final concentration of 50 µg/
ml prior to analysis. The stained cells were analyzed by 
flow cytometry using CytoFlex cytometer (Beckman Coul-
ter, USA). Cell cycle distributions were assessed in 20,000 
cells collected from each sample and the percentage of cells 
in each cell cycle phase was calculated.

Migration Assay

Cancer cell migration was visualized and measured by 
wound healing assay. A549 cells were seeded on 12-well 
plates at density of 40,000 cells per well and incubated for 
24 h. The wound space was scratched with 100 μl pipette tip 
and cells were rinsed with fresh medium to remove detached 
cells. Next, cells were treated with rhLf at indicated con-
centrations. Wound closure in response to treatment was 
monitored under inverted microscope (Opta-Tech, Poland) 
and photographed to assess cell migration at time intervals 
of 0 h, 24 h and 48 h. Images were analyzed by Image J 
software by measuring of the width of the scratch area at 
different time intervals to calculate wound closure. The area 
of wound at 0 h time point was expressed as a 100%.
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Statistical Analyses

All results were expressed as mean ± standard deviation 
(SD). Data were obtained from at least three separate experi-
ments. Statistical analysis was performed using Statistica 
13.3 software (StatSoft). The normal distribution of con-
tinuous variables was verified with the Shapiro–Wilk test. 
Statistical comparisons for all variables with a normal dis-
tribution were made using paired t test. The variables with 
non-normal distributions were compared using the Wilcoxon 
signed rank test. A level of p less than 0.05 was considered 
statistically significant (*p < 0.05).

Results

rhLf Inhibits Lung Cancer Cell Growth

First, we examined the effect of rhLf on human lung adeno-
carcinoma cell growth. A549 cells were treated with four 
different concentrations of rhLf at the range 0.1–1 mg/ml 
and cancer cell growth was monitored for 72 h. The num-
ber of live cells was determined by WST assay. The results 
showed that rhLf induced a concentration-dependent inhi-
bition of A549 cell growth after 24 h treatment (Fig. 1A) 
and this anticancer effect was observed for the next 72 h 
(Fig. 1B). For example, cell exposure to 1 mg/ml of rhLf for 
24 h and 72 h significantly decreased lung cancer cell growth 
by 32.1 ± 2.8% (p = 0.0001) and 25.0 ± 4.9% (p = 0.0024), 

respectively (Fig. 1A and B). In addition, the cancer cell 
images after 24 h treatment visualized the lower density of 
cells cultured in the presence of rhLf as compared to cell 
density in the control (Fig. 1C).

rhLf Induces Apoptosis in Lung Cancer Cells

The inhibition of cancer cell growth may result in initia-
tion of apoptosis process. Therefore, to evaluate whether 
the suppression of A549 cell growth by rhLf is associated 
with an induction of apoptosis, we detected apoptotic cells 
by Annexin V and PI staining. The representative cytograms 
showed changes in the percentage of live (Annexin–/PI–), 
early apoptotic (Annexin+/PI–), late apoptotic (Annexin+/
PI+) and necrotic cells (Annexin–/PI+) in response to rhLf 
treatment at indicated concentrations after 24 h (Fig. 2A) 
and 48 h (Fig. 2B). The quantitative analysis illustrated a 
concentration-dependent increase in the percentage of early 
and late apoptotic cells in A549 cells cultured in the pres-
ence of rhLf as compared to the control (Fig. 2C and D). For 
example, the 24 h exposure of A549 cells to 1 mg/ml of rhLf 
increased 4.5-fold the percentage of early apoptotic cells 
(9.1 ± 0.9% vs control 2.2 ± 0.3%, p = 0.0028) and 4.3-fold 
the percentage of late apoptotic cells (22.3 ± 1.6% vs con-
trol 5.1 ± 0.8%, p = 0.0014) (Fig. 2C). Similarly, we detected 
about 2.5- and 3.5-fold higher the percentage of early and 
late apoptotic cells in A549 cells treated with 1 mg/ml of 
rhLF for 48 h (6.8 ± 1.1 vs control 2.6 ± 1.3%, p = 0.0011 and 

Fig. 1   rhLf inhibits human lung cancer cell growth. A 549 cells were 
cultured in the presence of rhLf at indicated concentrations for 24 h 
(A) or 72 h (B) and the number of live cells was quantified by a WST 
assay. The results were calculated as a percentage of the control cells 

and expressed as mean ± S.D. of n = 6. *p < 0.05 compared to the 
control (0). Visualization of the effect of rhLf on cancer cell growth 
and morphology (C). Representative phase-contrast cell images are 
shown after 24 h of treatment (100 × magnification)
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16.7 ± 4.2% vs control 4.7 ± 2.0%, p = 0.011, respectively) 
(Fig. 2D).

Caspase-3 is a well-known downstream executor of the 
apoptotic pathway, through its ability to cleave several cel-
lular substrates. Therefore, to evaluate whether rhLf-induced 
an increase in apoptotic cells is associated with activation of 
this enzyme, we measured the caspase-3 activity. As shown 

in Fig. 3, the treatment of A549 cells with rhLf for 24 h 
resulted in a significant increase in the activation of cas-
pase-3 in a concentration-dependent manner. We observed 
about threefold higher levels of caspase activity in A549 
cells exposed to 1 mg/ml of rhLf as compared to the control 
cells (Fig. 3). The significantly elevated levels of caspase-3 
activity were also detected in cancer cells exposed to rhLf 

Fig. 2   rhLf induces apoptosis in lung cancer cells. Representative 
plots of flow cytometry analysis of Annexin V and PI staining of the 
control and cells treated with rhLf at indicated concentrations for 
24 h (A) or 48 h (B). Cell populations in four quadrants: viable cells 
(Annexin–/PI–), early apoptotic cells (Annexin+/PI–), late apoptotic 

cells (Annexin+/PI+), necrotic cells (Annexin–/PI+). Quantification of 
early and late apoptotic cells in response to rhLf treatments after 24 h 
(C) and 48  h (D). Values represent mean ± S.D. of n = 3. *p < 0.05 
compared to the control (0)
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Fig. 3   rhLf increases activity of caspase-3 in lung cancer cells. A549 
cells were treated with rhLf at indicated concentrations. The levels of 
caspase-3/7 activity in cells were measured as a luminescence light 

unit after 24 and 48  h of treatment. Data are expressed as relative 
luminescence units (RLU), mean ± S.D. of n = 3. *p < 0.05 compared 
to the control (0)
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at concentrations of 0.5 mg/ml and 1 mg/ml after 48 h of 
treatment (Fig. 3). Overall, the data demonstrated that rhLf 
induced apoptosis in human lung adenocarcinoma cells by 
activation of caspase-3.

rhLf Alters Cell Cycle of Lung Cancer Cells

To better understand the mechanisms responsible for rhLf-
induced cancer cell growth suppression, we also investigated 
the effect of rhLf on cancer cell cycle distribution. Separa-
tion of A549 cells in G0/G1, S and G2/M phase was per-
formed by flow cytometry analysis based on fluorescence 

intensity of cells stained with PI. Figure 4A shows repre-
sentative profiles of cell cycle distribution in the control 
cells and cells exposed to rhLf at indicated concentrations 
for 24 h. When A549 cells were treated with 1 mg/ml and 
0.5 mg/ml of rhLf, we observed a significant decrease in the 
percentage of cells at G0/G1 phase, with a corresponding 
increase in the percentage of cells at S phase. For exam-
ple, with respect to the control cells, the cell population in 
the G0/G1 phase decreased from 49.5 ± 3.2 to 42.2 ± 3.1% 
(p = 0.0133) in the presence of 1 mg/ml rhLf (Fig. 4B). 
This was associated with increased percentage of cells in 
the S phase from 31.4 ± 1.8 to 36.0 ± 1.7% (p = 0.0524) in 

Fig. 4   rhLf alters lung cancer cell cycle progression. A549 cells were 
treated with rhLf at indicated concentrations for 24 h. DNA content 
was assessed by flow cytometry analysis of cells stained with PI. Rep-
resentative histograms of the cell cycle distribution at G0/1, S and 
G2/M phase in the control and cells treated with rhLf are shown (A). 

Bar graph shows the percentage of cells at each phase of cell cycle in 
the control cells (0) and cells treated with rhLf at indicated concentra-
tions (B). Data are expressed as mean ± S.D. of n = 3. *p < 0.05 com-
pared to the control (0)
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rhLf-treated cells as compared to the control (Fig. 4B). The 
results suggested that rhLf induced growth arrest of lung 
cancer cells at the S phase.

rhLf Inhibits Cancer Cell Migration

Metastasis is the primary cause of mortality in most cancer 
patients. Therefore, the repression of the metastatic process 
has been an important strategy in cancer therapy. Since cell 
migration is an important process involved in the metasta-
sis formation (Valster et al. 2005), we performed a wound 
healing assay to evaluate the effect of rhLf on cancer cell 
migration. Figure 5A displays the representative images of 
the wound area photographed at 0 h, 24 h and 48 h after 
treatment at indicated concentrations of rhLf. The quantita-
tive analysis of wound closure in the control and rhLf-treated 
cells showed that treatment of A549 cells with rhLf resulted 
in a significant attenuation of cancer cell migration in all 
tested concentrations (Fig. 5B). For example, the calculated 
wound closure was 54.9 ± 6.6% in the control cells after 
48 h, where in rhLf-treated cells at 0.2 mg/ml and 0.5 mg/

ml was only 27.6 ± 5.6% (p = 0.0017) and 22.6 ± 5.0% 
(p = 0.0019), respectively (Fig. 5B). Moreover, exposure of 
A549 cells to 1 mg/ml of rhLf almost completely inhibited 
cell migration (Fig. 5A and B). These results demonstrated 
that rhLf was effective in attenuation of lung cancer cell 
migration.

rhLf Has No Cytotoxic Effect on NHBE Cells

In general, the effectivity of chemotherapy in patients is 
restricted by its inevitable side effects. Therefore, it was an 
important to evaluate whether rhLf has a cytotoxic effect 
on normal human lung cells. Confluent of NHBE cells was 
cultured in the presence of rhLf at the highest tested con-
centration and monitored for 72 h. The results showed that 
the viability of NHBE cells exposed to 1 mg/ml of rhLf was 
comparable to the control (Fig. 6A). In addition, the NHBE 
cell images visualized confluent of healthy epithelial cells 
with cell–cell junctions in the presence of rhLf similar to 
confluent of the control cells (Fig. 6B). In contrast, expo-
sure of NHBE cells to 100 μM of etoposide significantly 

Fig. 5   rhLf attenuates lung 
cancer cell migration. Cell 
migration was evaluated by a 
wound healing assay. Conflu-
ent of A549 cells was wounded 
and treated with or without 
rhLf at indicated concentrations 
(A). Cells were photographed 
at time zero (t = 0 h), after 
24 h (t = 24 h) and after 48 h 
(t = 48 h). The graph represents 
the percentage of wound closure 
during 48 h of cell exposure 
to different concentrations of 
rhLf (B). Data are expressed as 
mean ± S.D. of n = 4. *p < 0.05 
compared to the control
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decreased the cell viability by 38.2 ± 10.1% (p = 0.0164) 
(Fig. 6A). Moreover, NHBE cell images after 24 h, 48 h 
and 72 h treatment with etoposide showed profound mor-
phological changes characterized by disruption of epithe-
lial cell confluent, completely loss of cell–cell contact, and 
overall decrease in the number of attached cells as compared 
to confluent cells observed in the control and rhLf-treated 
cells (Fig. 6B).

Together, the data indicated that this novel rhLf did not 
affect the viability of normal human epithelial cells at the 
concentration that induced the anticancer effects in human 
lung cancer cells.

Discussion

Here, we aimed to ascertain the anticancer activity of a 
novel rhLf that displays glycosylation profile comparable 
with the natural hLf, against human lung adenocarcinoma 
cells. Our study demonstrated that rhLf exhibits the antican-
cer effects in human lung adenocarcinoma cells and has no 
cytotoxic effect on NHBE cells. These findings are clinically 
significant because demonstrate a therapeutic potential of 
this CHO-derived rhLf for parenteral applications, includ-
ing intratumoral and intravenous injections in patients with 
lung cancer.

Malignancy has become a major public health issue, with 
an estimated 19.3 million new cases and almost 10 million 
cancer deaths worldwide occurred in 2020 (Ferlay 2020; 
Sung et al. 2021). Lung cancer is still the leading cause of 
cancer death. Non-small cell lung cancer (NSCLC) becomes 
the most common subtype, accounting for approximately 

85% of cases. Lung adenocarcinoma is the most preva-
lent and aggressive form of NSCLC and its frequency of 
occurrence is increasing rapidly (Duma et al. 2019; Lu 
et al. 2019). Over the past several years, targeted therapy 
and immune checkpoint inhibitors have been revolutionized 
cancer treatment. However, despite these advancements in 
clinical care, the majority of patients do not respond to these 
therapies or develop acquired resistance (Qiao et al. 2018; 
Wang et al. 2020; Yoneda et al. 2018). Although, they are 
generally well tolerated, but they are not without toxicities 
(Bertrand et al. 2015; Remon et al. 2018; Wang et al. 2017). 
Thus, standard chemotherapy is the only option for the most 
patients with advanced lung cancer (Carbone et al. 2015). 
Overall, the main limitation of standard chemotherapy is 
profound side effects resulted in drug-induced cytotoxicity 
on normal cells (Carbone et al. 2015).

Therefore, the major therapeutic challenge has been to 
develop more effective treatments that discriminate between 
normal and cancer cells to minimize adverse events. For this 
reason, the use of non-toxic natural products has been one 
of the current strategies for cancer therapy.

Lf, a natural iron-binding protein, has attracted scientific 
interest because of its immunomodulatory and pleiotropic 
functions (Kane et al. 2003; Kruzel et al. 2017; Legrand 
et al. 2006), including anticancer activities (Bezault et al. 
1994; Kirkpatrick et al. 1971). Some studies indicate that the 
iron-binding ability of Lf as well as the interaction between 
Lf and its specific receptors expressed on different cells are 
responsible for the diverse biological properties (Adlerova 
et al. 2008). Depending on its iron content, Lf possesses 
two opposite conformational states, the open iron-free form 
(apo-Lf) and the closed iron-binding form (holo-Lf) (Baker 
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and Baker 2012). The native form of Lf, produced in physi-
ological conditions, has low iron saturation rate between 10 
and 20%, leading to the prevalence of apo- and monoferric 
Lf. In contrast, the holo-form is mostly present in inflam-
mation and infection sites characterized by high levels of 
free iron (Rosa et al. 2018). It was demonstrated that cancer 
cells demand higher concentrations of iron to grow and over-
express the genes implicated in iron uptake (Kazan et al. 
2017). Lf is able to inhibit cancer cell growth by scavenging 
free iron and decreasing the availability of iron to cancer 
cells. Additionally, Lf could be implicated in an iron-related 
mechanism of cancer cell death via ferroptosis (Dixon et al. 
2012; Yang et al. 2014). Moreover, depending on the iron 
saturation rate, Lf can exert dissimilar functions by activat-
ing specific signaling pathways (Cutone et al. 2020a; Jiang 
and Lönnerdal 2012). In this respect, holo-bLf has been 
demonstrated to be more efficient in inhibition of glioblas-
toma cell migration than the native bLf. This effect was cor-
related with higher internalization of iron-saturated bLf as 
compared with the native form (Cutone et al. 2020a).

Lf is a highly glycosylated protein. Glycosylation plays 
a critical role in determining protein structure, biological 
function, stability and influence immunogenicity and anti-
genicity (Almond et al. 2013; Barboza et al. 2012; Wormald 
et al. 2002). hLf has a lot of sialylated structures and a high 
abundance of fucosylated oligosaccharides, and no signifi-
cant amounts of high-mannose structures (Parc et al. 2017). 
While bLf is commercially available, and used as a dietary 
supplement, it is not applicable for parenteral administra-
tions in humans due to high risk of antigenic incompatibility. 
rhLf has been expressed in different cell types (BHK cells, 
Sf9 insect cells), plants (rice, fungi, yeast), and transgenic 
animals (cow, goat, sheep, mouse) (Choi et al. 2008; Nandi 
et al. 2005; Ward et al. 1995, 1997; Yang et al. 2008; Zhao 
et al. 2006). Since protein glycosylation process is a species-
specific and tissue-specific modification system, rhLf may 
present some glycan patterns that are typical of glycome 
of a species that it was expressed. Despite the high amino 
acid sequence homology and structural similarity between 
rhLf and hLf, each form of rhLf exhibits a unique glyco-
sylation pattern that is not compatible with the natural hLf 
isolated from human milk. The anticancer effects of rhLf 
were examined using different rhLf expressed in yeast Pichia 
pastoris (Iglesias-Figueroa et al. 2019), fungus Aspergillus 
niger (Hayes et al. 2006, 2010; Jonasch et al. 2008; Xiao 
et al. 2004), and rice (Bezault et al. 1994). Glycan analysis 
showed that the expression of rhLf in yeast led to non-sia-
lylated protein. Moreover, no fucosylation was detected for 
any glycan and high-mannose structure was observed (Choi 
et al. 2008). Similarly, the expression of rhLf in Aspergillus 
resulted in highly mannosylated glycoproteins that are typi-
cal for fungi (Gerngross 2004). rhLf derived from rice also 
lacks sialic acid and contains xylose, which is consistent 

with plant post-translational modification patterns (Matsu-
moto et al. 1995). Therefore, none of these forms of rhLf that 
showed anticancer effects can be used for parenteral therapy 
in humans due to a lack of adequate glycosylation profile.

To address this problem, we have established produc-
tion of a novel rhLf that was expressed in CHO cells. This 
expression system has the advantage of incorporation 
mammalian type glycosylation in the recombinant protein. 
The mass spectrometry analysis of this new rhLf showed 
N-linked fucosylated and sialylated glycans at two glyco-
sylation sites that are comparable with the natural hLf (Kru-
zel et al. 2013). We previously have shown that this rhLf 
modulates gene expression profile in blood cells (Kruzel 
et al. 2021) and displays antioxidant and antibacterial func-
tions (Kruzel et al. 2013).

However, anticancer effects of this novel rhLf are 
unknown. Therefore, in the present study, the new rhLf was 
examined for its anticancer activity in A549 cells obtained 
from human lung adenocarcinoma that represents the most 
prevalent and aggressive subtype of NSCLC. The results 
showed that rhLf inhibits cancer growth in a concentration-
dependent manner. The highest tested concentration of rhLf 
(1 mg/ml) inhibited cancer cell growth by about 32% and 
25% after 24 h and 72 h treatment, respectively. Previous 
study has reported that bLf inhibited A549 cell growth 
(Tung et al. 2013). Moreover, our results showed the efficacy 
of rhLf was comparable to bLf in A549 cells.

Induction of apoptosis is one of the fundamental mecha-
nisms that impede cancer growth and proliferation. To evalu-
ate whether rhLf inhibited cancer cell growth by induction 
of apoptosis, we performed the double staining of A549 
cells with Annexin V-FITC and PI to detect early and late 
apoptotic cells, and necrotic cells. Flow cytometry analysis 
showed that 1 mg/ml of rhLf increased over fourfold the per-
centage of early and late apoptotic cells after 24-h exposure. 
Previous studies have demonstrated that bLf induced apop-
tosis by phosphatidylserine (PS) externalization in prostate 
PC-3, osteosarcoma MG-63, breast cancer MDA-MB-231, 
and oral squamous cell carcinoma (Chea et al. 2019; Guedes 
et al. 2018; Pereira et al. 2016; Zhang et al. 2015). Recently, 
it was reported that rhLf expressed in yeast Pichia pastoris 
activated apoptosis via PS externalization in breast cancer 
cells (Iglesias-Figueroa et al. 2019). Our study also demon-
strated externalization of PS in human lung cancer cells in 
response to rhLf derived from CHO cells. To further evalu-
ate the mechanism of rhLf-induced cancer cell death, we 
measured the levels of caspase-3 activity. Caspases play the 
key role in the initiation and execution of programmed cell 
death. Caspase-3 is a central executioner of apoptosis and 
is responsible for the proteolytic degradation of structural 
and signaling proteins that ultimately results in cell death (Ji 
et al. 2011). We found that treatment of A549 cells with rhLf 
resulted in a significant increase in the levels of caspase-3 
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activity in a concentration-dependent manner after 24 h. 
Together, our data showed rhLf-induced PS externaliza-
tion was concomitant with increased the levels of caspase-3 
activity in lung cancer cells.

Cell cycle arrest is an important signal for inhibition of 
cell proliferation (Qiu et al. 2013). Moreover, the induction 
of apoptosis might be mediated through cell cycle arrest 
(Goodell et al. 2008; Mantena et al. 2006). To determine 
whether rhLf inhibited cancer cell growth as a result of 
induction of cell cycle arrest, we examined the effect of rhLf 
on the cell cycle profile. Flow cytometry analysis suggested 
that rhLf induced A549 cell growth arrest at S phase of cell 
cycle. It was reported that rhLf expressed in fungus Asper-
gillus induced growth arrest at G1 phase in head and neck 
cancer cells (Xiao et al. 2004). Moreover, bLf exerted anti-
cancer effects by cell cycle arrest at G1 or G2 phase depends 
on cancer cell types and concentrations (Zhang et al. 2014). 
For example, this study showed that bLf caused cell cycle 
arrest of MDA-MB-231 cells at G2 phase (Zhang et al. 
2014). For comparison, treatment of MDA-MB-231 cells 
with rhLf derived from yeast resulted in the cell cycle arrest 
at S phase (Iglesias-Figueroa et al. 2019). This suggests that 
inhibition of MDA-MB-231 cell growth in response to rhLf 
and bLf may be mediated by different molecular mecha-
nisms. The cell cycle analysis of rhLf-treated breast cancer 
cells showed reduction of the percentage of cells at G0/G1 
phase that was accompanied by increment cells in S phase 
(Iglesias-Figueroa et al. 2019). Interestingly, A549 cells 
exposed to rhLf from CHO cells resembled the cell cycle 
arrest profile that was observed in these breast cancer cells 
treated with rhLf derived from yeast.

The increased migration ability of cancer cells plays an 
important role in tumor invasiveness and metastasis. Lung 
cancer cells have highly invasive and metastatic properties 
with an ability to migrate into surrounding tissues (Col-
lins et al. 2007). It has been reported that bLf diminished 
migration of breast cancer cells (Duarte et al. 2011). We 
also tested the effect of rhLf on migration of lung cancer 
cells. The exposure of A549 cells to rhLf resulted in a sig-
nificant attenuation of cancer cell migration in a concentra-
tion-dependent manner. Therefore, inhibition of cancer cell 
migration is an important aspect of anticancer activity of 
potential drugs, in addition to inhibition of cell proliferation 
and induction of apoptosis. Finding novel biotherapeutics 
that specifically exert cytotoxicity in cancer cells, with little 
or no activity on normal cells is highly desirable. To evaluate 
whether rhLf possesses selective cytotoxicity against lung 
cancer cells, we also examined its cytotoxicity in NHBE 
cells. We found that exposure of NHBE cells to the highest 
tested concentration of rhLf showed a similar cell viability 
and morphology that was detected in the control cells. Most 
of chemotherapeutic agents induce cytotoxicity in cancer 
cells, but they usually do not discriminate between normal 

and cancer cells. Etoposide is telomerase II inhibitor that 
is used in chemotherapy for lung cancer (Datta and Sinha 
2019; Liang et al. 2017). Thus, NHBE cells were treated 
with etoposide as positive control. In contrast to rhLf, etopo-
side induced cytotoxicity and decreased viability of NHBE 
cells by 40%. The selective cytotoxicity of rhLf from yeast 
was also demonstrated in breast cancer cells in comparison 
with non-cancerous breast epithelial cells (Iglesias-Figueroa 
et al. 2019). Similarly, bLf induced specific cytotoxicity in 
oral squamous cell carcinoma in contrast to normal human 
oral keratinocytes (Chea et al. 2019). The direct recognition 
of cancer cells and selection between cancerous and normal 
cells by Lf may involve a primary interaction with cancer 
cell surface receptors. Most cancerous cells have a high con-
tent of proteoglycans, glycosaminoglycans and sialic acids, 
and all these molecules have been shown to interact with Lfs 
(Damiens et al. 1998; Legrand et al. 2006). Binding of Lf 
to these specific receptors results in activation of different 
signaling pathways that may induce cancer cell apoptosis, 
cell cycle arrest or inhibition of migration (González-Chávez 
et al. 2009; Rodrigues et al. 2009). Thus, anticancer specific-
ity and selectivity of Lfs could be mediated by recognition 
of these receptors. The lack of cytotoxicity of this novel 
rhLf in normal human lung cells is very important for a 
potential development of the biotherapeutic for treatment 
of lung cancer.

Conclusion

Biotherapeutics containing glycoprotein must possess gly-
cosylation pattern comparable with natural protein to avoid 
potential immunogenicity and antigenicity during paren-
teral applications. This study showed the novel rhLf that 
resembles glycan structure of the natural hLf, exhibited the 
anticancer effects in human lung adenocarcinoma cells. 
Importantly, our results also demonstrated that this rhLf has 
no cytotoxic effects on normal human lung epithelial cells. 
The ability to specifically target cancer cells is one of the 
desired properties of an ideal anticancer drug. This unique 
rhLf provides a new opportunity for intratumoral injections, 
allowing for direct interaction of rhLf with cancer cells and 
tumor-infiltrating immune cells. Further preclinical study is 
needed to fully evaluate the efficacy and the precise mecha-
nisms of this rhLf on inhibition of tumor growth.
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