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Lactoferrin (Lf) is a multifunctional iron-binding 
glycoprotein that is specifically produced by exo-
crine glands and it is also expressed at high levels in 
neutrophils in mammals. Since this cationic protein 
was first isolated from bovine milk in 1939 and sub-
sequently shown to be the main ferric iron-binding 
protein in human milk (Sorensen and Sorensen 1939; 
Groves 1960), it has been demonstrated that Lf can 
be involved in numerous distinct physiological pro-
cesses. Many of the biological functions that are 
attributed to the protein are related to host-defence. 
Intriguingly, this set of properties is unique to Lf and 
it is not shared with the closely related iron-bind-
ing transferrin protein. Today, PubMed lists nearly 
10,000 papers that focus on different aspects of the 
Lf protein. Every two years, researchers from widely 
different scientific fields and backgrounds, that are 
interested in understanding the biological roles and 

the potential applications of Lf, meet and exchange 
information. To date, a total of fifteen such meetings 
have been held successfully since the first Interna-
tional Conference on Lactoferrin Structure, Function 
and Applications was convened in Honolulu in 1993. 
The XVth Lf conference was held for the second time 
in Beijing, running from December 6 to 10, 2021 (the 
first Lf meeting in Beijing was organized in 2009, 
see Wang and Tian 2010). Because of the COVID-19 
pandemic it was organized as the first virtual Lf meet-
ing. More than two hundred attendees from twenty-
eight different countries, covering six continents, 
overcame the obvious time zone challenges that are 
inherent in such international virtual gatherings. 
Nonetheless, all the participants enjoyed the zoom-
communications on lactoferrin with enthusiastic par-
ticipation in the discussions and in some instances the 
new virtual format actually allowed for even better 
information exchange as the previous in-person meet-
ings. The program was made up of a total of seventy-
six oral and eleven poster presentations covering 
widely distinct LF topics. To start off the meeting, 
the basic biochemistry of Lf and its effects on coro-
navirus were discussed during the opening session by 
Dr. Hans Vogel and Dr. Piera Valenti, respectively. A 
total of sixteen Young Scientist Awards were handed 
out, and the Genevieve Spik Award, for the overall 
trainee winner, was presented to Dr. Carmen Mira-
belli from the of University of Michigan by Dr. Bo 
Lönnerdal at the closing ceremony. A total of twenty-
two articles, related to the science presented at the 
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meeting, are now collected in this issue of the Bio-
Metals journal, and their key findings will be briefly 
introduced here.

Lf is widely distributed in the body fluids of 
mammals and its levels are especially high in milk 
with concentrations around 5  g/L in human colos-
trum and 1 g/L in mature human milk (Vogel 2012; 
Demmelmair et al. 2017; Lönnerdal et al. 2021; Hao 
et al. 2021; Ochoa and Vogel 2021). As a highly con-
centrated whey protein in human milk, it has been 
reported that Lf could play an important role for the 
development of the infant (Lönnerdal 2003). In utero, 
the infant is rarely exposed to antigens, and hence Lf 
may become a major driver to promote rapid matu-
ration of the intestinal immune system and the asso-
ciated gut microbiome. As such, the protein would 
exert important effects on intestinal cells (Demmel-
mair et  al. 2017). Bovine Lf (bLf) possesses high 
amino acid sequence homology (69%) and it displays 
in many cases a similar bioactivity when compared 
to human Lf (hLf). Consequently, many researchers 
make use of bLf in their studies, as it is more readily 
available than hLf. For example, Kubo et  al. (2022) 
demonstrated the effects of bLf on the immune sys-
tem, which significantly upregulated the expression 
levels of IFN-α, HLA-DR, and CD86 in plasmacy-
toid dendritic cells (pDCs), which in turn promoted 
pDC activation upon viral recognition. Various previ-
ous studies have demonstrated that oral application 
of Lf can affect the immune system (Wang 2000; De 
la Rosa et al. 2008). Piglets are usually considered as 
an excellent preclinical model for the study of certain 
human diseases (Guilloteau et al. 2010). At the meet-
ing Ma et  al. (2022) reported that bLF can play an 
important role in neonatal health by dietary supple-
mentation of bLF to piglets. In these model target ani-
mals, bLf enhanced the growth performance, reduced 
the rate of diarrhea in weaning piglets, and improved 
intestinal immunity, morphology and barrier func-
tion, while balancing the intestinal microbiota. In 
child health, the immunomodulatory functions of Lf 
could represent a basic mechanism of suppressing 
diarrhea and regulating the microbiome (Miyakawa 
et  al. 2022). Therefore, bLF could be widely used 
as a functional food ingredient (Tomita et al. 2009). 
In addition, Lf can prevent infection of cervical tis-
sue in pregnant women, thus inhibiting preterm birth 
(PTB) and improving the prognosis for the offspring. 
As a prebiotic contained in breast milk, the first ever 

clinical application of Lf was to suppress PTB in 
humans (Otsuki and Imai 2017; Otsuki et  al. 2022). 
However, an excess of Lf in the body could also cause 
side effects. For example, in this issue of Biometals, 
Estefanía et  al. (2022) demonstrated that high con-
centrations of Lf, as caused by intraperitoneal injec-
tions, will give rise to a declining pregnancy rate in 
rats. It was suggested that the changes of the Lf levels 
could influence the reproductive process, favoring it 
or perhaps interfering with it, in different physiologi-
cal or pathological situations. Also, Kaufman et  al. 
(2023) studied the acceptable limits for Gram-nega-
tive bacterial LPS (lipopolysaccharide) contamina-
tions originating from bLf fortification as one of the 
key ingredients in certain formula preparations; such 
studies are necessary to secure it is safe to include Lf 
in infant formulas.

Lf is an important contributor to mammalian 
innate immunity, as it can inhibit the growth of many 
pathogens. With the outbreak of the COVID-19 pan-
demic, studies on the effects of Lf on COVID-19 
have sharply increased. Given the well-documented 
antiviral properties of Lf (e.g. Berlutti et  al. 2011) 
we believe that experiments in this direction should 
be highly encouraged. Lf is well-known to block viral 
entry by interacting with heparan sulfate proteogly-
cans of the host cells and/or with surface components 
of viral particles (Burckhardt et al., 2009; Rosa et al. 
2022). The study by Sokolov et al. (2022) focused on 
the binding of recombinant hLf to the receptor-bind-
ing domain (RBD) of the Spike protein of the SARS-
CoV2 virus. Competition between hLf and the RBD 
of the Spike protein for binding with ligands of the 
transferrin receptor (TfR1) can prevent TfR1-medi-
ated endocytosis of SARS-CoV-2 coronavirus and 
inhibit SARS-CoV-2 replication. Natural Lf and the 
well-characterized N-terminal synthetic peptide of 
Lf, known as lactoferricin (for a review see Gifford 
et  al. 2005), both inhibited the proteolytic priming 
of the viral spike protein by transmembrane protease 
serine 2, thereby blocking the virus from entering the 
cell (Ohradanova-Repic et  al. 2022). In addition, a 
specific recovery effect for COVID-19 patients upon 
Lf administration was observed via immunoregula-
tion, anti-hypoxic and anti-anemic functions. Thus, 
Lf was reported as possessing a potential role in the 
prevention, treatment, and recovery from COVID-19 
infections. Navarro et al. (2022) evaluated the effects 
of bLf on COVID-19 infections in hospital settings 
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in a clinical trial, but their results showed no sig-
nificant effects of bLF on COVID-19 infection inci-
dence, severity and symptoms in hospital personnel. 
However, liposomal bLf was used through oral and 
intranasal administration in COVID-19 in patients 
with mild-to-moderate disease and in COVID-19 
asymptomatic patients; this work suggested a poten-
tial role for bLf as significant decreases in serum fer-
ritin, IL-6, and D-dimers levels were seen (Campione 
et  al. 2021). Be that as it may, a recent report on a 
placebo-controlled clinical trial, where bLf was given 
to more than 200 hospitalized patients as an additive 
to regular COVID-19 therapy, showed no differences 
in the primary outcomes (Matino et al. 2023). From 
these conflicting results, it seems clear that further 
studies with larger sample size are needed to deter-
mine whether there is any future role for bLf in the 
treatment of COVID-19. It is worth noting that these 
different experimental results may to some extent be 
related to differences in the dosage, the interval of the 
administration, the iron saturation of bLf, and to other 
conditions that were used during the purification, 
storage and administration of bLf.

In addition to the antiviral work, the León-Sicai-
ros team (Arredondo-Beltrán et  al. 2023) reported 
results for bLF and its derived peptides against cul-
tured HepG2 liver cancer cells and Jurkat leukemia 
cells. These workers showed that the bLF protein 
and some of its derived peptides displayed anticancer 
activity against such cultured cells. This work extends 
on earlier studies with bLf derived peptides acting on 
various other cultured cancer cells (e.g. Eliasson et al. 
2002, 2009; Arias et  al. 2017), which showed simi-
lar positive effects, although the mechanism by which 
these peptides cause cell death (necrosis versus apop-
tosis), seems to differ. In this regard it is interesting to 
point out, that the LTX-315 anticancer peptide, that 
appears to have successfully gone through initial clin-
ical trials, was originally inspired by a host-defence 
peptide that was modeled directly after part of the 
sequence of bLf (Eike et al. 2015).

The antibacterial properties of Lf were amongst 
the first discovered functions of the protein, but this 
is still an active area of research. In this special issue, 
Conte et al. (2022) demonstrated that bLf can effec-
tively inhibit cystitis caused by Escherichia coli, 
owing to competitive binding between the cationic 
bLf and anionic components of the host cells; this 
in turn may hide bacterial entrance sites and thereby 

inhibit bacterial invasion of the cells. Abad et  al. 
(2022) reported that in vitro gastrointestinal digestion 
of bLf actually promoted the antibacterial activity of 
infant formulas that were supplemented with lacto-
ferrin against Cronobacter sakazakii. This bacterium 
was selected for this study, as it is extremely resistant 
to dry conditions and it has been identified in previ-
ous studies as the source of infections in infants origi-
nating from contaminated powdered infant formula. 
Meanwhile, Lf can alleviate the Gram-negative bac-
terial LPS-induced acute inflammation response by 
suppressing the expression of the macrophage-associ-
ated chemokines CCL2 and CCL5 (Liu et al. 2022). 
Both hLf itself and hLf attached to an Fc domain of 
human IgG2 could treat Mycobacterium tuberculosis 
primary infections and modulate the immune related 
development of the pathology (Actor et  al. 2022). 
Taken together, these studies validate the potential of 
Lf as an antibiotic alternative against bacteria, espe-
cially for antibiotic-resistant pathogens.

Lf, as a member of the transferrin family, can also 
play an important role in animal physiology in terms 
of its potent ferric iron-binding capabilities. In an 
intervention study in infants with a high risk of ane-
mia bLf could promote dietary iron absorption, lead-
ing to a lower prevalence of anemia and other related 
diseases (Miyakawa et al. 2022). Also, bLf can help 
to cure β-thalassemia in women through its ability to 
decrease IL-6 synthesis. Lf, as an important factor to 
maintain iron metabolism and homeostasis, possesses 
the property to regulate iron disorders that are asso-
ciated with different pathologies (Ianiro et al. 2022). 
Although holo- and apo-Lf often display similar bio-
activities, the different localization of holo- and apo-
Lf in the cell may suggest a different mode of action 
for Lf with different levels of iron saturation (Jens-
sen et  al. 2008). Also, it was reported that an FcLf 
adduct, created from hLf that was fused with an Fc 
domain of IgG, strongly induced expression of PI3K, 
with subsequent activation of the AKT/mTOR signal-
ing pathway (Zaczyńska et al. 2022). In addition, Lf 
not only provides ferric iron for mammals, but it can 
also be used as a donor by some pathogenic bacteria 
(Chan et al. 2022). These workers revealed molecular 
level details about the mechanism of iron transport in 
Moraxella catarrhalis by analyzing the crystal struc-
tures of the M. catarrhalis FbpA in the holo- and 
apo-conformations.
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After the original discovery of Lf, now more than 
80 years ago, at least twenty different biological func-
tions have been described in the scientific literature. 
New functions continue to be uncovered, for exam-
ple Lf was recently shown to be a natural inhibitor of 
plasminogen activation (Zwirzitz et al. 2018), indicat-
ing that the protein may actually play a role during the 
dissolution of blood clots. At the meeting Kraaij et al. 
(2022) presented new data to show that Lf appears 
to be involved in the formation of salivary stones, a 
condition that may lead to blockage of the salivary 
duct. In terms of applications, the purified Lf protein 
has been widely used in studies involving nutrition, 
animal husbandry and clinical treatments for various 
diseases. This wide range of applications has unfortu-
nately created some confusion in research and devel-
opment, as products of widely different origin (e.g. 
hLf or bLf), purity, stability and iron-saturation have 
been used. Thus, in future communications, Lf prod-
ucts should be better characterized, so that results 
may be more easily compared (Lönnerdal et al. 2021). 
The use of Lf should also be classified as accurately 
as possible: (a) As a nutraceutical food supplement to 
regulate immunity, iron storage, transport and release 
for special populations (neonates, infants, toddlers, 
children, adults, etc.); (b) As a feed additive for live-
stock, poultry and fish, improving the growth per-
formance and regulating intestinal flora (although at 
current prices the costs for such applications would 
be too high); (c) As a clinical drug candidate for the 
treatment of human diseases such as cancer or inflam-
matory and infectious diseases (Vogel 2012; Chen 
et al. 2022; Hopp et al. 2022; Nopia et al. 2022). As 
examples of potential future clinical applications of 
Lf, here Chen et al. (2022) discuss a role for Lf dur-
ing atherosclerosis, while Nopia et al. (2022) describe 
an interesting new albumin-hLf fusion protein that 
has improved pharmacokinetic properties for clini-
cal applications, particularly in the area of cancer. 
Finally, Hopp et al. (2022) delineate very careful pro-
teolysis and stability studies describing degradation 
of bLf in vaginal fluids, a bodily location where this 
protein may have strong antibacterial effects, through 
its potent iron-binding properties.

Purified bLf product is mainly obtained from milk 
whey by dairy producers using traditional biochemi-
cal separation and extraction techniques. Spray dry-
ing is sometimes used to create a dry and stable prod-
uct, but such processing techniques could affect the 

integrity of the protein. Clearly, different approaches 
used for the purification and storage of the protein 
can lead to significant differences in the product and 
its iron saturation levels, resulting in challenges for 
standard testing of the quality of the final Lf prod-
uct (Lönnerdal et al. 2021). Recombinant expression 
of Lf might be considered as a novel way forward to 
create a more consistent higher quality product (Lön-
nerdal 2002; Bai et  al. 2010; Zhao et  al. 2013), but 
at the moment this is not yet a commercially viable 
alternative. Short peptides derived from Lf as drug 
candidates are a promising avenue for some applica-
tions (Eike et al. 2015; Hao et al. 2017), and these can 
be obtained with different functional groups via trun-
cation, modification and other strategies by means 
of de-novo design, and biotechnological and chemi-
cal processing methods. As reported at the meeting, 
the oral administration mode markedly influences Lf 
bioavailability, and nano drug carriers may be par-
ticularly suited as different delivery modes of LF for 
different therapies (Ong et  al. 2022). Overall, more 
attention should be paid to such factors, so that the 
rational development and application of lactoferrin 
can start to make contributions to health management, 
nutritional regulation and host-defense improvements 
in terms of the One-Health concept.

In closing, we would like to sincerely thank all the 
meeting participants including all the attendees, our 
sponsors and the local organizers, including the team 
staff, the host Institute and the Chinese Academy of 
Agricultural Sciences. We also thank the Interna-
tional Scientific Committee as well as all the authors 
and reviewers for their contributions to the work 
presented in this special issue, as well as the edito-
rial staff of BioMetals. Finally, we wish continued 
success to the upcoming 16th Lactoferrin conference 
in Rome, which will take place in-person in early 
November, 2023.
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