COLOGY FL2035) 1428

advanced oropharynx cancer: response and survival
positively associated with HPV16 copy number. J. Cln.
Oncol. 26, 3138—3146.

Worden, F.P., Moyer, J., Lee, ].S., Taylor, J.M., Urba, S.G,,

Eisbruch, A., Teknos, T.N., Chepeha, D.B., Prince, M.E.,
Hogikyan, N., Lassig, A.A., Emerick, K., Mukherji, S.,

. Hadjiski, L., Tsien, C.L, Miiler, T.H., Wallace, N.E., Mason, H.L.,
Bradford, C.R., Wolf, G.T., 2009. Chemoselection as a strategy
for organ preservation in patients with T4 laryngeal squamous
cell carcinoma with cartilage invasion. Laryngoscope 119,
1510-1517.

Yang, M.H., Hsu, D.S., Wang, HW., Wang, HJ,, Lan, H.Y,,

Yang, W.H., Huang, C.H., Kao, S.Y., Tzeng, C.H., Tai, 8.X,
Chang, S.Y., Lee, O.K., Wu, KJ., 2010. Bmil is essential in
Twistl-induced epithelial-mesenchymal transition. Nat. Cell.
Biol. 12, 982-992.

Yu, H., Pardoll, D., Jove, R., 2009. STATs in cancer inflammation

and immunity: a leading role for STAT3. Nat. Rev. Cancer 9,
798—809.

Zhang, Y., Peng, J., Zhang, H., Zhy, Y., Wan, L., Chen, J., Chen, X,

Lin, R, Li, H., Mao, X,, Jin, K., 2010. Notch1 signaling is
activated in cells expressing embryonic stem cell proteins in
human primary nasopharyngeal carcinoma. J. Otolaryngol.
Head Neck Surg. 39, 157—166.

Zhou, J., Wulfkuhle, J., Zhang, H., Gu, P., Yang, Y., Deng, }.,

Margolick, J.B., Liotta, L.A., Petricoin IiI, E,, Zhang, Y., 2007a.
Activation of the PTEN/mTOR/STAT3 pathway in breast
cancer stem-like cells is required for viability and
maintenance. Proc. Natl. Acad. Sci. U S A 104,
16,158-16,163.

Zhou, S., Kachhap, S., Sun, W., Wu, G., Chuang, A., Poeta, L.,

Grumbine, L., Mithani, S.K., Chatterjee, A., Koch, W.,
Westra, W.H., Maitra, A., Glazer, C., Carducci, M.,
Sidransky, D., McFate, T., Verma, A., Califano, J.A., 2007b.
Frequency and phenotypic implicaticns of mitochondrial
DNA mutations in human squamous cell cancers of the
head and neck. Proc. Natl. Acad. Sci. U S A 104,
7540-7545.



For personal use only.

Lactoferrin: an alternative view of its role in
human biological fluids?

David B. Alexander, Masaaki ligo, Koji Yamauchi, Masumi Suzui, and
Hiroyuki Tsuda

Abstraet: Lactoferrin is a major component of biologically important mucosal fluids and of the specific granules of neutro-
phils. Understanding its biological function is essentiai for understanding nentrophii- and mucosal-mediated immunity. In
this review, we reevaluate the in vivo functions of human lactoferrin (hLF) emphasizing in vivo studies and in vitro studies
performed in biologically relevant fluids. We discuss the evidence in the literature that supports (or does not support) pro-
posed roles for hLF in mucosal immunity and in neutrophil function. We argue that the current literature supports a micro-
biostatic role, but not a microbicidal role, for hLF in vivo. The literature also supports a role for hLF in inhibiting
colonization and infection of epithelial surfaces by microorganisms and in protecting tissues from neutrophil-mediated dam-
age. Using this information. we briefly discuss hLF in the context of the complex biological {luids in which it is found.

Key words: lactoferrin, host defense proteins and peptides, antimicrobial.

Résamé : La lactoferrine est une composante majeure des liguides d’importance biologique des mugueuses et des granules
spécifiques des neutrophiles. Il est essentiel de comprendre ses fonctions biologiques afin de comprendre I'immunité dépen-
dante des muqueuses et des neutrophiles. Dans cet article de revue. nous réévaluons les fonctions in vivo de la lactoferrine
humaine (hLF) en metiant I"emphase sur des études réalisées in vivo et in vitro sur des liquides d’intérét biologique. Nous
discutons des preuves présentées dans la littérature qui appuient ou non les rbles proposés de la hLF dans 'immunité mu-
queuse et dans la fonction des neotrophiles. Nous soutenons que Ja littérature actuelic appuie le rdle microbiostatique de la
hLF, mais pas son r8le microbicide in vivo. La littérature appuie aussi le role de la hLF dans Pinhibition de la colonisation
et de I'infection des surfaces épithéliales par les microorganisines, et dans la protection des tissus du dommage causé par les
neutrophiles. A partir de cette information, nous discutons bridvement de la hLF dans le contexte de liquides biologigues
complexes dans lesquels elle se trouve.

Mots-ciés : lactoferrine, protéines et peptides de défense de I'hote, antimicrobiens.

[Traduit par la Rédaction]
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introduction

Human lactoferrin (hLF) is an 80 kDa iron-binding glyco-
protein (Baker and Baker 2004). It is present at moderate to
high levels in human milk. tear film, upper airway fluids,
seminal plasma, and the cervical mucus plug (Table 1); it is
present at low to very low levels in ear wax. saliva, smali in-
testine, vaginal fluid, and amniotic fluid (Table 1); it is ab-

sent from the lung alveoli (Masson et al. 1966) and the skin
(Mason and Taylor 1978); and there are no reports of hLF
being present in the colon or the urinary tract. hLF is one of
a muijtitude of host defense proteins and peptides (HDPPs)
{(Wang et al. 2009) that constitute a vital first line defense
against invading microorganisms. The principle HDPPs
found in the mucosal fluids that contain hLF include the o-
and B-defensins, cathelicidin 18 (also know as cationic anti-
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Table 1. Reporied concentrations (pg/mb) of HDPPs in various tear and mucosal compartments.

Tissue HNP-1.23 HD-5,6 (HNP-3.6; HBD-| HBD-2 HBD-3
Human colostrum
Human milk
Open eye tear {luid 0.2-1 0.33
Closed eye tear fluid
Bronchoalveolar lavage fluid” 0.014-0.143 £.000051-0.002000 (-0.0000004
Respiratory epithelial lining 10 T {inflamed) i (inflamed)
fiuid
Nasal 9.2 1 (inflamed) 0.0679-4
Saliva 2.7-8.6 0.15 0.15 0.31
Intestinal favage’
Duodenojcjunal aspirate
Ileal effluent
Small intestine crypts 50-250
Smat! intestine crypts after up to 100000°
EX0CYLosis
Seminal plasma
Vaginal lavage fluid*” 2-5 0.007-0.025 0.015-0.035 0.005-0.040
Vaginal fluid (undiluted)’ 0.35 0.04 0.57
Cervical mucus (nonpregnant)”
Cervical mucus plugs 12 nglg 0 i nglg 0
(pregnant)
Amniotic fluid” 0.00280-0.00556 0.003-0.004 0.003
Ear wax? 11.85 (ug/g protein) 0.14 (ug/g protein) 0.31 (ug/g protein) 0.95 (pglg
protein)

Note: HDPPs, host defense proteins and peptides: BPI. bactericidal/permeability increasing protein; SLPL secretory leukoprotease inhibitor; LF, lactoferrin;
“Lavage is estimated to dilute the concentration of target HDPPs by 100-fold or more.

“In addition to individual variation, levels can change depending on the phase of the menstraal cycle.

“In addition to individual variation, levels can change depending on the period of the pregnancy.

“Up to 60% of a cerumen plug consists of cellular components; 1.I-37, SPLL and BPI are mosty cell bound.

“This value is derived from mouse studies.

’Samples are from celiac patients. These patients had higher than normal immunohistochemical staining for hLF in their intestines. Ten of seventeen
ShLF levels increase from 1-2 pg/ml. to 5-30 pg/ml. after 20-30 weeks of pregnency. The source of this hLF, whether it is from maternal uterine secre-

i _evel of lactoperoxidase found in the whey fraction of human milk.

microbial protein 18 or CAPI18), bactericidal/permeability
increasing protein (BPI), lactoperoxidase, peptidoglycan
recognition protein (PGLYRP) family members, the histatins,
lysozyme, secretory phospholipase AZ (sPLA2), secretory
leukoprotease inhibitor (SLPI), elafin, surfactant proteins A
and D (SP-A and SP-D). IgA, calprotectin. lipocalin 1 and 2,
REG3, cystatins, prolactin-inducible protein, salivary gp-340.
and PLUNC/SPLUNC family members. These HDPPs, how-
ever, are by no means the only HDPPs present in mucosal
fluids; for example, Gorr and Abdolhosseini (2011) list over
50 HDPPs found in the oral cavity alone.

Most HDPPs are multifunctional with antiviral, antibacte-
rial, antifungal. wound healing, antiinflammatory, and immu-
nomodulatory properties (see reviews by Ganz 2004,
Bowdish et al. 2006, Wiesner and Vilcinskas 2010, and
Steinstraesser et al. 2011). HDPPs are expressed by prokar-
yotes, protozoa, plants. invertebrates, and vertebrates; short
cationic amphiphilic peptides are particularly widespread
{Zasloff 2002; Bulet et al. 2004). HDPPs are always present
as cockiails {Wiesner and Vilcinskas 2010). This allows for a
broad range of protection. and, in addition, HDPPs display
synergism with other HDPPs (for a few examples of syner-

gism see Levy et al. 1994, Weinrauch et al. 1995, Yan and
Hancock 2001, and Cole et al. 2002).

Each tissue is exposed to a different set of microorganisms
and each tissue has its own HDPP profile (see Table 1; Wies-
ner and Vilcinskas 2010). During an infection, the generation
of HDPPs is upregulated, expression of genes coding for
HDPPs can be activated, mature HDPPs can be generated by
proteolytic digestion of inactive propeptides. and HDPPs can
be deposited at sites of infection by neutrophils (Devine
2003; Levy 2004: Auvynet and Rosenstein 2009; Diamond
et al. 2009). Virtually all HDPPs are reporied to have multi-
ple antimicrobial activities. HDPPs exert their antimicrobial
activities by permeabilizing microorganism membranes, inter-
fering with essential metabolic pathways, digesting microbial
structures, interfering with the function of virulence factors,
blocking attachment of microbes to the epithelia, and seques-
tering essential elements away from invading microbes (Ganz
2004; Levy 2004; Diamond et al. 2008; Nevalainen et al.
2008; Gutsmann and Seydel 2010; Wiesner and Vilcinskas
2010). A cocktail of HDPPs not only gives broader activity
against microorganisms, but evolving resistance to an HDPP
cocktail is much less likely to occur than evolving resistance
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Hiswatin 1, 3.

CAPI8/LL-37 BPI 5 Cystating

Refs.

0.0278 0 (by PCR)

RN

19.7

1.6 0.078 10-65

40-100

48-86

w
o

0.000-0.002
0.20 (nglg
protein)

0.28 (ug/g protein)

up to approximately

Sathe et al. 1998; Zhou et al. 2004; Peuravuori et al.
2006; Kolar and McDermott 2011

Sathe et al. 1998

Schnapp and Harris 1998; Singh et al. 1998; Ashitani et
al. 2001

Ganz 2002, 2004

Cole et al. 1999, 2002
Jensen et al. 1994; Campese et al. 2009; White et al.
2009: Gorr and Abdethosseini 2011

Muller et al. 2005; Queliette 2003; Quellette 2011

Ayabe et al. 2000; Quellette and Bevins 2001: Oucllette
2005

Malm et al. 2000; Andersson et al. 2002

Valore et al. 2006

Valore et al. 2002

Hein et al. 2002

Espinoza et al. 2003; Sote et al. 2007
Schwaab et al. 2011

sPLAZ2, secretory phospholipase A2: hLF, and human lactoferrin.

patients had no measurable hLF in their duodenojejunal aspirate, and 7 patients had values ranging from 0.22-0.70 ug/ml in their duodenojejunal aspirate.
tions, maternal uterine neutrophils, or from the developing embryo, is not known.

to a single potent antimicrobial agent. That these cocktails
are effective is shown by the fact that they are present
throughout the plant and animal kingdoms. Moreover, while
humans (and all other living organisms) are exposed o a
multitude of microorganisms daily, infections are rare events.

This review reevaluates the in vivo function of hLF based
on in vivo studies and in vitro studies performed in biologi-
cally relevant fluids. However, the first section of this review
is devoted to a question that is seldom explored in reviews of
lactoferrin (L.F); what is the evidence that hLF is actually im-
portant in human physiology?

The imporiance of hiF

Evidence from animal models

The importance of hLF may appear to be a rather foolish
topic to explore, but it is more relevant than it first appears.
LF knockout mice have been generated and characterized,
these animals develop normally, are healthy and fertile. and
respond normally to bacterial challenge (Ward et al. 2003,
2008). This is in stark contrast to knockdown or knockout of
the activity of several other HDPPs. Mice deficient in the
protease matrilysin that cleaves and activates a-defensins in the

mouse intestine do not produce active intestinal a-defensins
and are significantly more susceptible to Escherichia coli
and to Salmonella typhimurium challenge than their wild-
type counter parts (Wilson et al. 1999). Knockout of mouse
B-defensin-1 (mBD-1) increases colonization of the bladder
by Staphylococcus species (Morrison et al. 2002) and re-
sults in delayed clearance of Haemophilus influenzae from
the lung (Moser et al. 2002). Decreased expression of
mBD-1, mBD-2, or mBD-3 by application of small interfer-
ing RNA (siRNA) to the eyes of mice results in increased
bacterial infection of the cornea (Wu et al. 2009a, 20095,
Augustin et al. 2011). siRNA knockdown of mouse cationic
antimicrobial protein 18 (CRAMP) in the eyes of mice also
results in increased bacterial infection of the cornea (Augus-
tin et al. 2011). CRAMP knockout mice have significantly
greater  susceptibility to bacterial infection of the eye
(Huang et al. 2007), intestine (limura et al. 2005), and blad-
der (Chromek et al. 2006). Sheep treated with dapsone to
inhibit airway lactoperoxidase had significantly greater sus-
ceptibility to Pasteurella haemolytica challenge (Gerson et
al. 2000). Knockout of lysozyme M in mice results in colo-
nization of the normalily sterile lower airways by lactobacilli
(Markart et al. 2004), increased sensitivity to iniratracheal
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Table 1. (concluded).
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Tissue Elafin SLPY fgA Lysozyme LF
Human colostrum 30000 370 30608000
Human milk 1600 850 1000~ 4800

s
ll.)
o]

Open eye tear fluid 0.

Closed eye tear fluid -2 sz
Bronchoalveolar favage fluid”
Respiratory epitheliz! Hning 10--100
fluid
Nasai 10-90
Saliva 29
Intestinal lavage® 0.000053
Duodenojejunal aspirate
Heal effluent
Small intestine crypts
Small intestine crypts after
exocylosis
Seminal plasma
Vaginal lavage fluid*® 0.05-0.020

Vaginal fluid (undiluted)” 0.7

Cervical mucus (nonpregnant)” 0.035-0.042

Cervical mucus plugs 750 pgle
(pregnant)

Amniotic fiuid

Ear wax?

0.70 (pg/protein)

2600 1620-2000 630-2900
10000 1800 1800
6.75 11.83
100-1000 100-1000
250-508 80-200
40 4-20
0-0.7
0.024-0.052
112
0.5-3
13 0.9
660 j1gfe 100 nglg
1-2 to 5-30¢

6.36 (ng/g
protein)

Note: HDPPs. host defense proieins and peptides; BPI, bactericidal/permeability increasing protein; SLPI, secretory feukoprotease inhibitor; LF, lactoferrin:
“Lavage is estimated to dilute the concentration of target HDPPs by 100-fold or more.

“In addition to individual variation, levels can change depending on the phase of the menstrual cycle.

‘In addition to individual variation. levels can change depending on the period of the pregnancy.

“Up to 60% of a cerumen plug consists of ceflular components; LL-37, SPLI, and BP{ are mosty cell bound.

“This value is derived from mouse studies.

‘Samples are from celiac patients. These patients had higher than normal immunohistochemical staining for BLF in their intestines. Ten of seventeen
#hLF levels increase from 1-2 pg/mi to 5-30 pg/mb after 20-30 weeks of pregnency. The source of this hLF, whether it is from maternal uierine secre-

“Level of lactoperoxidase found in the whey fraction of human milk.

challenge with Klebsielic pnewmoniae (Markart et al. 2004),
increased susceptibility to middle ear challenge with Strep-
tococcus pneumonice 6B (Shimada et al. 2008), and im-
paired resolution of inflammation in response to challenge
with Micrococcus luteus (Ganz et al. 2003). SP-A knockout
mice have increased susceptibility to infection by group B
Streprococeus {LeVine et al. 1997), Pseudomonas aerugi-
nosa (LeVine et al. 1998}, Pnewmocystis carinii (Linke et
al. 2001), and Preumocystis murina (Linke et al. 2005) in-
fection. SP-D knockout mice have increased susceptibility to
S. pnewmoniae infection (Jounblat et al. 2005) and have im-
paired resolution of lipopolysaccharide (LPS) -induced in-
flammation (kegami et al. 2007). Mannose-binding lectin
knockout mice have increased sensitivity to Sraphylococcus
aureus infection (Shi et al. 2004). Thus, while knockdown
or knockout of many HDPPs impairs the host response to

invading microbes, there is no evidence from animal models
that LF is important in mucosal immunity.

The LF knockout mice described by Ward et al. (2008) do,
however, have a mild phenotype: (i) their neutrophils have a
defective oxidative burst response when stimulated with
vhorbol myristate-13-acetate (PMA) in vitro; (i) their total
white blood cell counts are slightly decreased; and (5i7) neu-
trophil and eosinophil percents in their peripheral blood are
elevated. The impaired response to PMA in vitro is often
cited as proof that LF is involved in the neuirophil oxidative
burst in vivo. It must be remembered, however, that this is an
extremely artificial system in which neutrophils are exposed
1o a single agent, the protein kinase C (PKC) activator PMA,
in vitro. Activation of PKC by PMA is sufficient to cause as-
sembly of the NADPH oxidase complex at the membrane
(Sheppard et al. 2003), but this complex i3 inactive. Activa-
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Calprotectin
(SI00AS +
S100AY;

Lipocallin-1 (tear
tipocalin)

Lactoperoxidase sPLAZ

770"

2200 32-37

3600

3-12

1.9 1.93

5-14
34

38 ngle

1.5-11.9

Hanson and Winberg 1972; Mickleson and Moriarty
1982; Levay and Vilioen 1995; Montagne et al. 2001:
Roseanu and Brock 2006; Weinberg 2009

Hanson and Winberg 1972; Mickleson and Meriarty
1982: Levay and Viljoen 1993; Montagne et al. 2001:
Shin et al. 2001; Roseanu and Brock 2006: Weinberg
2009

Kijlstra ¢t al. 1983; Levay and Viljoen 1995; Qu and
Lehrer 1998; Sathe et al. 1998; Sack et al. 2001:
Flanagan and Willcox 2009; Weinberg 2009

Sathe et al. 1998; Sack et al. 2001

Thompson et al. 1990

Vogelmeier et al. 1991; Ganz 2002, 2004; Wijkstrom-Frei
et al. 2003

Cole et al. 1999; Cole et al. 2002

Tenovuo et al. 1987; Weinberg 2009; Gorr and
Abdolhosseini 2011

Si-Tahar et al. 2000

Tedeschi et al. 1987

Troost et al. 2002

Buckett et al. 1997

Valore et al. 2006

Valore et al. 2002; Venkataraman et al. 2005
Moriyama et al. 1999

Hein et al. 2002

Heller et al. 1995; Levay and Viljoen 1995: Espinoza et
al. 2003
Schwaab et al. 2011

sPLA2, seeretory phospholipase A2; hLF, and human lactoferrin.

patients had no measurable hLF in their duodenojejunal aspirate, and 7 patients had values ranging from 0.22-0.70 pg/mL in their duodenojejunal aspirate.

tions, maternal uterine neutrophils, or from the developing embryo, is not known.

tion of the NADPH oxidase and generation of an oxidative
burst requires a second event, association of Rac with the
NADPH oxidase complex (Sheppard et al. 2005; Nordenfelt
and Tapper 2011). This second event can be actuated by
toll-like receptor 4 (TLR-4) signaling. It is well known that
LPS. which signals via TLR-4, primes the neutrophil oxida-
tive burst (DeLeo et al. 1998), indicating that TLR-4 signal-
ing can have an activating role in the assembly of an active
NADPH oxidase complex; also. TLR-4 signaling can activate
Rac in fibroblasts (Nishida et al. 2010). Since LF binds to
TLR-4 and induces TLR-4 signaling (Ando et al. 2010), LF
is able to provide the second signal required for full activa-
tion of neutrophils in response to PMA in vitro. In the pres-
ence of microorganisms, on the other hand, microbial
antigens provide the required secondary signals; conse-
quently, as shown by Ward et al. (2008), LF-knockout mouse

and wild-type mouse neutrophils respond identically to bacte-
rial challenge both in vitro and in vivo (see Figs. 4, 5,6, 7, 8,
and 9 in Ward et al. 2008).

The effects of LF deficiency on leukocytes (total white
blood cell counts are slightly decreased and neutrophil and
ecsinophil percents in the peripheral blood are elevated in
Lf-knockout mice) show that LF does have an effect in vivo.
To date, there are 2 signaling receptors that have been proven
1o transduce LF signals into the cell, TLR-4 (Ando et al
2010) and low-density lipoprotein recepior-related protein 1
(LRP1) (Grey et al. 2004). A possible mechanism by which
LF could affect lymphocyte development is the following:
LRP! interacts with Frizzled and downregulates Wni signal-
ing (Zilberberg et al. 2004). Since Wnt signaling is important
for lymphocyte development (Staal and Sen 2008), LRPI
would depress lymphocyte developmeni. LF binding to
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LRP1 and induction of LRP} internalization could interfere
with LRP1 interaction with Frizzled and upregulate Wnt sig-
naling. Therefore, LF would enhance lymphocyte develop-
ment. and in LF-knockout mice. iymphocyte development
would be somewhat depressed.

A possible mechanism by which LF could affect the pe-
ripheral blood levels of neutrophils and eosinophils is via
TLR-4 signaling. Stimulation of TLR-4 signaling enhances
activation of neutrophils and migration out of the blood and
infiltration into the tissues (Sabroe et al. 2003). In the ab-
sence of serum LF, the basal level of TLR-4 signaling is
lower than in wild-type mice. and, consequently, activation

of neutrophils and migration out of the blood would be lower

in the knockout animals. This would result in higher numbers
of neutrophils remaining in the blood. The effect on eosino-
phils is a little different. TLR-4 signaling is reported to have
little effect on activation of eosinophils and infiltration into
the tissues (Nagase et al. 2003). Instead, eosinophils respond
to cytokines released by TLR-4-stimulated monocytes and
leave the blood and infiltrate into the tissues (Kobayashi et
al. 2009). Therefore, similarly to the effect on neutrophils,
decreased TLR-4 signaling would result in fewer tissue infil-
trating eosinophils and more circulating eosinophils. Direct
experimental evidence that refutes or supports these hypothe-
ses is lacking, but the results of LF-knockout in mice does
demonstrate that LF does have a measurable in vivo effect.

Perhaps the most salient observation made of the LF-
knockout mice was a nonsignificant increase in spontaneous
abscess formation (Ward et al. 2008). Importantly, the LF
mice were housed in barrier-controlled specific pathogen-free
(SPF) conditions, and. consequently, opportunistic infection
of these mice was limited. If LF acts to protect against oppor-
tunistic infection, the importance of this activity would be
more likely to be observed in mice raised in barrier-free con-
ditions than in SPF conditions. Unfortunately, the effect of
raising LF-knockout mice in barrier-free conditions have not
yet been reported.

Evidence from humans

There are several reports of health benefits conferred by
HDPPs. For example. Piitsep et al. (2002), Boman (2003),
and Carlsson et al. (2006) describe Kostmann syndrome
{also known as severe congenital neuiropenia). Kostmann
syndrome is associated with severe periodontitis. The saliva,
plasma, and neutrophils from Kostmann patients are deficient
in LL-37 and patients also have a >350% decrease in neuiro-
phil «-defensins. The neutrophils themselves have normal
levels of LF and 2 normal oxidative burst. Treatment with
granulocyte-colony-stimulating factor restores the number of
neutrophils to normal but patients continue to lack LL-37
and exhibit periodontal disease. A bone marrow transplant in
a single patient restored both neutrophil numbers and the lev-
els of LL-37 and w-defensins and no further dental problems
were noted. This data strongly support the idea that CAPI8
and (or) e-defensins are critical for human health. Ancther

Biochem. Cell Biol. Vol. €0, 2012

HDPP that was found to be associated with human health i
elafin. Analysis of the genital secretions of HIV-resistant
{enyan sex-workers found that elevated levels of elafin were
associated with resistance to HIV infection (Igbal et al
2009). A third example is a siudy that found that patients
with SP-D deficiency have more frequent pneumonias and
their long-term outcome is worse than that of the patients
with detectable SP-D (Griese et al. 2008). A fourth study re-
ports that neutrophils in human newborn blood display an
apparently selective deficiency of BP1 compared with other
granule proteins, and this deficiency appears to account for
the reduced antibacterial activity of extracts of newborn neu-
trophils toward BPl-sensitive Gram-negative bacteria (Levy et
al. 1699,

There are currently no known human diseases related to
LF deficiency. Cystic fibrosis (CF) is sometimes cited as
proof that hLLF is essential to human health. CF patients be-
comie colonized by P. aernginosa (Lyczak et al. 2002; Cystic
Fibrosis Foundation 2010), and their airway fluids contain
proteases that degrade hLF (Britigan et al. 1993). However,
CF is caused by mutations that result in inactivation of the
cystic fibrosis transmembrane conductance regulator {CFTR)
chioride channel (Rogan et al. 2011). Inactivation of this
channel impairs trangport of Cl-, HCO3~, and SCN- into the
airway fluid (Riordan 2008; Itani et al. 2011). Defective
transport of these ions has 2 consequences: (i) a decrease in
airway fluid resulting in a highly viscous fluid that impairs
mucociliary clearance (Donaldson et al. 2006) and (i) a dys-
functional lactoperoxidase system (Conner et al. 2007). These
2 defects. not the late-stage proteolytic degradation of hLF,
allow the colonization of the normally sterile lower airways
by invading microorganisms.

Another condition that is sometimes cited as an example of
the importance of hLLF as an HDPP is specific granule defi-
ciency (SGD). This disease is caused by a mutation in the
gene encoding the transcription factor CCAAT/enhancer
binding protein-¢ (C/EBPe) (Lekstrom-Himes et al. 1999
Gombart et al. 2001). This results in defective formation of
neutrophil granules and severe decreases in neutrophil colla-
genase, gelatinase, DEFAs 1-3, CAP18, BPI, and hLF (Shio-
hara et al. 2004). SGD neutrophils are defective in
chemotaxis and microbicidal activity, and SGD patients suf-
fer from recurrent infections (Dinager et al. 2000). C/EBPe-
knockout mice (Yamanaka et al. 1997; Dinauer et al. 2000;
Shiohara et al. 2004), but not LF-knockout mice (Ward et al.
2008), have a phenotype very similar to SGD patients. There-
fore, lack of hLF does not by itself cause the pathological
features of SGD. Furthermore, SGD patients produce normal
amounis of mucosal LF (Lomax et al. 1989; Raphael et al.
1989). Finally, neutrophils in LF-knockout mice have no ob-
served in vivo sbnormalities (Ward et al. 2008). Together,
these data do not support a role for bLF deficiency in the
pathological features of SGID.

There are reports of LF single nucleotide polymorphisms
(SNPs) that are associated with disease.! One SNP is K29R

"The interested reader will find that the SNP-amino acid number noted in some of the cited references differs from the SNP-amino acid
number in the NIH SNP database. This discrepancy is due to the fact that the reference sequence used at the time of this writing to identify
BLF SNPs was NM_002343.3. This RefSeq translates the N-terminal of hLF as MKLVFLVLLFLGALCGLCLAGRRRSYV rather than the pre-
viously published MKLVFLVLLFLGALGLCLAGRRRRSV. Therefore, the amino acids affected by the SNP have location numbers in the
current SNP database of one less than in previously published hLF protein sequences.)
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(K28R refSNP No. rs1126478; position 47 in the unpro-
cessed protein). In a study with 17 healthy control subjects
and 9 patients with localized juvenile periodontitis, the Lys
variant was strongly associated with disease (Velliyagounder
et al. 2003). The basis for the increased resistance of the Arg
variant 10 localized juvenile periodontitis is unknown. The 2
variants had equivalent iron-binding and iron-releasing activ-
ities, and the Lys variant had equivalent antimicrobial activity
against Gram-negative bacteria and significantly greater ac-
tivity against Gram-positive bacteria. The Lys variant also in-
duced expression of tracheal antimicrobial peptide (Diamond
et al. 1991) to a much greater extent than the Arg variant. A
follow up study in a larger population was performed, but the
results of the association between the Arg and Lys variants
and disease were not published. A report from Taiwan of a
population consisting of 65 subjects with aggressive perio-
dontitis, 278 subjects with chronic periodontitis, and 88
healthy subjects found a mild but statistically significant as-
sociation between the Arg variant and aggressive periodonti-
tis (Wu et al. 2009¢); a result in direct contrast with the result
of Velliyagounder et al. (2003). Wu et al. (2009¢) conclude
that the Lys/Arg LF SNP might be associated with aggressive
periodontitis. Another report on the association between LF
and periodontitis (Jordan et al. 20035) found an association
between the T11A SNP (A10T tefSNP No. rs1126477: posi-
tion 29 in the unprocessed protein) and aggressive periodon-
titis. The study population consisted of 77 Caucasian patients
and 131 healthy Caucasian controls and 46 African-American
patients and 78 healthy African-American controls. There
was no association between the T11A polymorphism and dis-
ease in the Caucasian population, but the Thr variant was as-
sociated with disease in the African-American population.
This report provided no information concerning the K28R
SNP and periodontitis. Another LF SNP possibly associated
with disease is E5361D (E560D refSNP No. rs2073495; posi-
tion 579 in the unprocessed protein). A study of a group of
105 HSV keratitis patients and 145 control subjects found
that the Glu variant was associated with disease (Keijser et al.
2008). The study also reports that neither the K29R nor the
A1IT SNPs were associated with HSV keratitis. Finally, a
study of 762 students found a modest association between the
L632L SNP (refSNP No. 157645243, rs7645243 is now
merged into rs9110) and traveler's diarrhea in female students
{Mohamed et al. 2007). There was no association of this SNP
with disease in male students. How this cds-synonymous SNP
could alter the activity of hLF and why the association is re-
stricted to women is unknown. The association of SNPs
L632M and L632V with disease was not reported. The study
found no association between 8 other SNPs (refSNP Nos.
rs34278344, 152073495 (E561D), rs34827868. 151126478
(K29R), 14637321, 184683233 (T11A) (merged into
rs1126477), rs2239692, and rs2239692) and disease.

Finally, a single individual (now deceased) with a LF defi-
ciency has been described (Lin et al. 2001). This patient did
not have any detectable hLF in his plasma, serum, or saliva;
other mucosal secretions were not available for hLF assay.
The patient did not have a history of recurrent infections nor
was he predisposed to infections.

Postulations based on the reported data
LF is widely expressed by placental mammals, even those
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that do not secrete LF into their milk. This indicates that LF
has an imporiant function in mammalian physiology. How-
ever, direct experimental evidence that the endogenous LF
present in mammalian milk, mucosal secretions, and neutro-
phils is important i3 lacking. Is it possible to reconcile the
wide occurrence of LF in placental mammals with the lack
of effect when LF is removed from mammalian secretions?
One obvious point is that LF is present in a cocktail of
HDPPs, many of which have similar antimicrobial and im-
mune-modulating activities commonly ascribed to LF. There-
fore, removal of the LF component would be expected to
have a minor impact on the overall activity of LF-containing
fluids toward most microorganisms. Consequently, multiple
knockouts (which have not yet been reported) may be re-
quired to ascertain the true importance of LE.

. Another factor in the mild phenotype of LF-knockout mice
has to do with the distribution pattern of LF. LF is present at
high levels in tears and airway fluids, mucosal fluids that
come into extensive contact with external microorganisms.
This suggests that LF acts as a barrier to infection by external
microorganisms. A barrier-controlled SPF environment also
acts as a barrier to infection by external microorganisms,
and, importantly. the LF-knockout mice described by Ward
et al. (2003, 2008) were raised in a barrier-controlled SPF
environment. Consequently, the importance of LF function
in these animals was lessened. It is possible that LF-knockout
mice would be more susceptible than their wild-type counter
parts to infection if they were raised in barrier-free condi-
tions. Unfortunately. the results of such an experiment have
not yet been reported.

LF is also widely present in the neutrophils of placental
mammals; however, as described by Ward et al. (2008), neu-
trophils from control and LF-knockout animals have identical
activity toward bacteria both in vitro and in vivo. One possi-
bility is that LF plays a role in microorganism killing by neu-
trophils that has yet to be identified. Given the high levels of
other HDPPs in the neutrophil phagolysosome (Segal 2005;
Borregaard et al. 2007; Nordenfelt and Tapper 2011), the im-
portance of LF in the killing of microorganisms by neutro-
phils is not cerfain and organisms killed by LF-positive
neutrophils and resistant to LF-negative neutrophils have not
been identified. Another possibility is suggested by the fact
that while neutrophil phagolysosomes contain both myeloper-
oxidase and LF, macrophage phagolysosomes contain neither
myeloperoxidase nor LF. Myeloperoxidase is an iron-binding
protein that catalyzes the oxidation of chloride ions to gener-
ate the antimicrobial agent hypochlorous acid (Klebanoff
2005). Hypochlorous acid is extremely reactive and destruc-
tion

(11 Hy0, 4+ CI" M0 OCI™ + H,0

of the iron-binding myeloperoxidase could result in release of
iron and uncontrolable iron-catalyzed generation of oxygen
radicals and toxic metabolites (Halliwell and Gutteridge
1984). Iron bound by LF is not available for production of
oxygen radicals (Britigan et al. 1987); therefore, the presence
of LF in the phagolysosome would help to prevent uncontrol-
lable free-iron catalyzed reactions and maintain the controlled
enzymatic generation of hypochlorous acid. In addition, hLF
can be induced to high levels in inflamed tissues because of
neutrophil activity; for example, it can be present at up 1w
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600 pp/mL in inflamed gingival crevicular fluid (Gorr and
Abdolhosseini 2011). Binding free tron would also decrease
extraceliulor oxvgen radical production and decrease tissue
damage at sites of high neutrophil activity. While these spec-
ulations remain to be tested. it is possible that neutrophil LF
needs to be examined in the context of inflammation, both
acute and chronic, rather than simple microbial killing.

The lack of any diseases associated with LF coupled with
the mild phenotype of the LF-knockout mouse suggesis that
LF deficiency is either asymptomatic or lethal in humans but
not in mice. We argue that the second possibility is the cor-
rect one. As discussed above, it is a reasonable conjecture
that if the LF-knockout mice described by Ward et al. (2003,
2008) were raised in a barrier-free facility, the incidence of
opportunistic infection would increase. Also, it is possible
that there is an association between some hLF SNPs and dis-
ease. Consequently, it is plausible that a defect in LF would
not be asymptomatic. On the other hand. what is the evi-
dence that LF is essential in humans and not in mice? Xt is
very unlikely that the host defense function of hLF is essen-
tial, at least early in life; the fetus develops in a sterile envi-
ronment and is commonly delivered in an aseptic facility. In
humans, however, the LF gene encodes 2 variants. LF and
A-LF. A-LF is a transcription factor involved in regulation
of the cell cycle and apoptosis (reviewed by Mariller et al.
in this issue of Biochemistry and Cell Biology). Thus, A-LF
function could very well be essential during human embryo-
genesis, and this could account for the lack of hLF deficiency
in humans. The fact that the single patient deficient in hLF
described in the literature had severe neurological dysfunc-
tions (Lin et al. 2001) agrees with this hypothesis.

The various reported associations of hLF SNPs with dis-
ease are suggestive, but apparent contradictions need to be
resolved. For example, for the association between K29R
and periodontitis, why were the results of the larger follow
up study testing the association between this SNP and local-
ized juvenile periodontitis found by Velliyagounder et al.
(2003) not published? Why were the results of the study by
Wu et al. (2009¢), which found an association between the
K29R SNP and aggressive periodontitis, in direct contradic-
tion to the study by Velliyagounder et al. (2003)? Why did
the study by Jordan et al. (2003). which found an association
between the TITA SNP and aggressive periodontitis, not
mention the K29R SNP? Possibly, differences in the type of
pericdontitis and in the make up of the HDPP cocktail in the
saliva and neutrophil compartments of different populations
could account for these seeming discrepancies, but this spec-
ulation remains to be tested. Another seeming inconsistency
is the association between the cds-synonymous SNP L632L
and traveler’s diarrhea found by Mohamed et al. (2007). The
authors speculate that the SNP may affect hE.F expression;
however, this needs to be tested and reported. Also the fre-
guencies of the missense SNPs L632M and L632V need to
be reporicd. The association betweern the E561D SNP and
HSV keratitis reported by Keijser et el. (2008) may be the
best proof that hLF dees have important antimicrobial activ-
ity in humans. Further studies verifying this association and
exarnining why the Asp variant is more effective than the
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Glu variant in preventing HSV infection of the cornea are
warranied.

Antimicrobial activities of LF

L¥ is microbiosiatic

Initial studies on the effect of LF on the viability of micro-
organisms concluded that LF was microbiostatic and that this
microbiostatic activity was the result of sequestering iron
away from the test microorganism (Oram and Reiter !968).
Later #t was noted that in addition to its iron-sequestering ac-
tivity, LF exerted an iron-sensitive antimicrobial activity
toward some microorganisms that was not reversed or pre-
vented by the addition of iron {(Arnold et al. 1981, 1982),
Consequently. it was conjectured that, in addition to seques-
tering iron, apo-LF (iron-free LF) had iron-independent anti-
microbial activity and that due to conformational changes
that occurred upon binding iron, holo-LF (iron-bound LF)
facked this activity. In addition, early assays in low ionic
strength fluids without divalent cations also indicated that
hLF was microbicidal. Here, we argue that when additional,
more recent studies are evaluated, apo-hLF in biologically
refevant fluids is microbiostatic, and even the highest levels
of hLF found in vivo are not microbicidal.

Like the other cationic HDPPs, hLF has a broad spectrum
of microbicidal activity in low ionic strength fluids lacking
Ca?* and Mg2+. However, the ionic environment has an enor-
mous effect on the microbicidal activity of cationic HDPPs.
First, attraction of cationic HDPPs, such as LF, for negatively
charged target membranes is highly dependent upon the ionic
strength of the fluid in which the microbe and the HDPP are
present: the interaction between a pentavalent cationic HDPP
and a pentavalent anionic section of membrane is predicted
to decrease 2000-fold if the ionic environment is changed
from a 10 ramol/L. HEPES-Na buffer (pH 7.5) to a buffer
containing 100 mmol/L. NaCl (Nikaido 2003). Therefore, in
fluids with physiological concentrations of salts, much higher
fevels of cationic HDPPs are required to target negatively
charged bacterial membranes than are required in fluids with
low salt concentrations. Bacterial membranes are structurally
different from mammalian membranes, one important differ-
ence is that the outer leaflets of mammalian membranes are
composed of zwitterionic phospholipids and are consequently
neutral whereas the membranes of Gram-negative and Gram-
positive bacteria are negatively charged (see Matsuzaki
(1999) and Yeaman and Yount {2003) for a discussion of the
differences between bacterial and mammalian membranes
and how these difierences affect the targeting of these mem-
branes by cationic HDPPs).

A second critical effect of the jonic environment is that di-
valent cations stabilize the outer membrane of Gram-negative
bacteria and help shield the lipid A moiety of LPS from in-
teraction with large cationic proteins such as LF (Nikaido
2003; Schneck et al. Z009; Gliveira et al. 2010; for the inter-
ested reader, a very briel accouni of the effects of divalent
cations on the outer membrane of Gram-negative bacteria is
presenied in Supplementary data Chapter 1).2 Therefore, in
fluids with physiological concentrations of calcium and mag-
nesium, Gram-negative bacteria are highly resistant to LF.

ISupplementary data arc available with the article through the journal Web site (www.nreresearchpress.com/doi/suppl/10.1139/02012-013).
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Another factor is the ability of hLF to sequester Ca’* away
from the target microorganism. As described by Rossi et al,
(2002): (/) bovine lactoferrin (bLF) is able to bind Ca®* with
a Ky of about 6 umol/L; (i) the bLF protein itself does not
possess Ca?+-binding activity. rather it is the sialic acid resi-
dues present on the glycan chains of bLF that bind Ca?+; (i)
even when separated by a dialysis membrane, EDTA, apo-
bLF, and holo-bLF each caused release of LPS from the
outer membrane of Pseudomonas aeruginosa PAOL, and
this effect was abolished by addition of Ca?* or Mg?* to the
assay buffer. Therefore, in fluids with low concentrations of
calciom and magnesium, the ability of bLF to bind and se-
quester Ca* away from the target microorganism could sig-
nificantly impact the viability of the test microorganism. In
biological fluids, on the other hand, the Ca?+-binding sites
of bLF are saturated, and bLF does not interfere with acquis-
ition of Ca?t (Rossi et al. 2002). Since bLF and hLF have
similar sialic acid residues present in their glycans chains
(Spik et al. 1988), it is reasonable to suppose that hLF should
also be able to chelate Ca®+.

Importantly, tears and mucosal fluids contain NaCl in con-
centrations of 100 mmol/L. or more and divalent cations be-
tween 1 and 2 mmol/L. In a study comparing the effects of
different methods for assessing the bactericidal and mem-
brane permeabilizing effects of small cationic peptides de-
rived from lactoferricin, Sinchez-Gomez et al. (2008) report
that (i) testing in Jow ionic strength solvents resulted in a
vast overestimation of bactericidal activity and (i) addition
of 1 mmolL Mg?*+ and Ca?* to a low ionic strength buffer
abolished the bactericidal activity of many of the peptides
tested.

Unfortunately. there are few studies of the microbicidal ac-
tivity of hLF in physiologically relevant fluids. Currently. the
data reported in the literature does not support a microbicidal
role for hLF in tear or mucosal fluids. Table 2 lists the results
of studies of hLF in which salts or divalent cations were
present in the assay buffer. In these studies, when holo-hLF
was tested, it was consistently found to lack microbicidal ac-
tivity. As can be seen in Table 2, in 3 studies (Arnold et al.
1980, 1981; Kailmar and Amold 1988) the microbicidal effect
of hLF was salt or cation insensitive. Importantly, in these
studies the assay solution was not buffered. When the solu-
tion was buffered (Arnold et al. 1981) or the pH was raised
(Arnold et al. 1981; Kalmar and Amold 1988), the microbi-
cidal activity of hLF was abolished. In buffered solutions
with higher levels of salts or divalent cations, hLF either had
no effect on the target microorganism or was microbiostatic.
There are no reports of hLF killing target microorganisms in
fluids with relevant levels of buffering ions. salts, and diva-
lent cations.

Not surprisingly. LF-mediated membrane damage is also
inhibited by the conditions that inhibit its microbicidal activ-
ity. Ellison et al. (1988, 1990) report that in Hanks balanced
salt solution without Ca?* or Mg™, apo-hLF caused release
of LPS from Escherichia coli CL99-2, Salmonella ryphimu-
riwm SH4247, and Salmonella typhimurium SL696. When
Ca?* or Mg>+ was added back. apo-hLF did not cause release
of LPS from these bacteria. Holo-hLF did not cause release
of LPS under any of the test conditions.

An interesting finding was reported in the study by Arnold
et al. (1981). Stationary phase bacteria were resistant to hLF.
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The HDPPs known as peptidoglycan recognition proteins
(PGLYRPs) also affect growing but not stationary celis.
Duziarski and colleagues have described PGLYRPs (Dziarski
and Gupta 2006; Lu et al. 2006; Wang et al. 20074; Kashyap
et al. 2011) and have shown that these HDPPs interact with
target cells at the site of daughter cell separation during cell
division and activate a stress-response system that detects and
disposes of misfolded proteins. Inappropriate activation of
this system can result in inhibition of cell growth: or cell
death. They speculate that the mechanism by which PGLYRP
mediates its antimicrobial activity may be shared by other
HDPPs. Currently, however, there are no reports regarding
LF and this possible mechanism of action.

hLF has been shown to remove the hemoglobin receptor
protein (HbR) from the cell surface of Porphyromonas gingi-
valis (Shi et al. 2000). Significant reduction of cell surface
HDBR occurred at 13.6 pmol/L. (~1000 pg/mL) hLF. Removal
was inhibited by cysteine protease inhibitors, suggesting the
possibility that the protease activity of hLF is required for re-
moval of HbR (hLF protease activity is discussed below).
However, removal of HbR is also accomplished by
24.8 pmol/L bovine lactoferricin (bLFcin). which has no pro-
teolytic activity. The effect of protease inactive hLF on HbR
removal from P. gingivalis cell surfaces was not assessed in
these studies. Unfortunately, the assay was performed in PBS
without Ca*>* or Mg*+. Given the critical importance of diva-
lent cations on the stability of the outer membrane of Gram-
negative bacteria, it is essential that the effect of physiologi-
cal levels of Ca?t and Mg"* on hLF activity be assessed be-
fore any conclusions on hLF activity can be reached. Also,
since in healthy individuals hemoglobin is not an important
source of iron in mucosal fluids, the relevance of this activity
in vivo is uncertain. On the other hand, if hLF does have this
activity in mucosal fluids, in patients with periodontal dis-
ease, inhibition of hemoglobin as a source of iron may be
physiologically relevant.

Iron binding by hLF is its best characterized property
(Baker and Baker 2005). Although some microorganisms ex-
press siderophores that have a higher affinity for iron than
hLF and are therefore able to obtain iron in the presence of
hLF (Chu et al. 2010) and some microorganisms express
hLF receptors and use iron bound hLF as an iron source
(Ledn-Sicairos et al. 2005; Beddek and Schryvers 2010),
hLF is able to sequester iron away from most microorgan-
isms, thereby inhibiting their growth (Masson et al. 1966; Ar-
nold et al. 1980; Aguila et al. 2001; Weinberg 2009). To
date, sequestering iron away from microorganisms is the
only verified method by which hLF inhibits the growth of in-
vading microbes. In addition to inhibiting the growth of mi-
croorganisms, the iron-sequestering function of LF inhibits
biofilm formation by P. aerugionsa (Singh et al. 2002; Singh
2004), Burkholderia species (Caraher et al. 2007), P. gingivalis,
and Prevorella intermedia (Wakabayashi et al. 2009).

Taken together, the results from the literature discussed
here indicate that the hLF protein is microbiostatic rather
than microbicidal, and hLF does not destabilize membranes
in vivo. hLF may be able to exert its microbiostatic activity
by mechanisms other than sequestering iron, but such mecha-
nisms have not been verified in biologically relevant fluids.
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Condition
Low salt + High salt +
apo-hLF divalent divalent
Assay solution Test organism Organism concentration Low salt cations High salt cations Reference
Unbuffered saline Streprococcus mutans AHT +) 333 pg/ml Microbicidal Arnold et al. 1977
Unbuffered saline Vibrio cholevae 5698 () 333 pg/mL Microbicidal Arnold et al. 1977
Unbuffered saline Escherichia coli 0126 () 333 pgfmL No effect Arnold et al. 1977
Unbuffered saline Streptococens mutans AHT +) 4.2 ymol/L Microbicidal Arnold et al. 1980
Unbuffered satine Streptococcus mutans BHT +) 4.2 pmol/L Microbicidal Arnold et al. 1980
Unbuffered saline Streptococcns mutans 10449 (+) 4.2 pmol/L Microbicidal Arnold et al. 1980
Unbuffered saline Streptococens mutans 6715 +) 4.2 pmol/L Microbicidal Arnold et al. 1980
Unbuffered saline Streptococeis mutans LM-7 +) 4.2 pmol/L, Microbicidal Arnold et al. 1930
Unbutfered saline Streptococcus salivarivs (+) 4.2 pmol/L Microbicidal Arnold et al. 1980
Unbuffered saline Streptococeus mitior (+) 4.2 pmol/L Microbicidal Arnold et al. 1980
Unbuffered saline Streptococcus preumoniae ATCC  (+) 4.2 pmol/LL Microbicidal Arold et al. 1980
6303

Unbuffered saline £. coli (nonenteropathogen) -) 4.2 pmol/L, No effect Arnold et al. 1980
Unbuffered saline E. coli (nonenteropathogen) (-) 42.0 pmol/L Microbicidal Arnold et al. 1980
Unbuffered saline V. cholerae 569B (=) 4.2 pmol/L Microbicidal Arnold et al. 1980
Unbuffered saline Pseudomonas aeruginosa () 4.2 pmol/L Microbicidal Arnold et al. 1980
Unbutfered saline Candida albicans Yeast 4.2 pmol/L, Microbicidal Arnold ct al. 1980
Unbuffered saline Streptococeus pyogenes (+) 83 pmol/L No effect Arnold et al. 1980
Unbuffered saline Streprococeus lactis 11454 () 83 umol/L No effect Arnold et al. 1980
Unbuffered saline Lactobacillus caser +) 83 pmol/L No effect Arnold et al. 1980
Unbuflered saline Stuphylococeus aureus (+) 83 pmol/L No effect Arnold et al. 1980
Unbuffered saline Stapliylococcus epidermidis (+) 83 pmol/L Microbiostatic Arnold et al. 1980
Unbuffered saline Escherichia coli 0126:B16 ) 83 pmol/L No effect Arnold et al. 1980
Unbuffered saline Escherichia coli O111 () 83 pmol/L No effect Arnold et al. 1980
Unbuffered saline Enterobacter cloacae ) 83 pmol/L No effect Arpold et al. 1980
Unbuffered saline Salmonella newport (=) 83 pmol/L No effect Arnold et al. 1980
Unbuffered saline Shigella sonnei (=) 83 pmol/L No effect Arnold et al. 1980
Unbuffered Legionellu pnemnophila - 260 pg/mL Microbicidal No effect” Bortner et al. 1986
Unbuflered S. mutans 10449 (+) 1.2 pmol/L Microbicidal Microbicidal Microbicidal Arnold et al. 1981
Unbuffered + iron S. mutans 10449 (+) 1.2 pmol/L Microbicidal Amold et al. 1981
Unbuffered S. mutans 10449 (+) 0.12 pmol/L Microbicidal Arnold et al. 1981
Unbuffered pH 8.0 S. mutans 10449 (+) 0.12 pmol/L No effect Arnold et al. 1981
30 mmol/L K-phos- S. mutans 10449 {+) 0.12 pmol/L No effect Arnold et al. 1981

phate (low pH)
30 mmoVl/L K- S. mutans 10449 (+) 0.12 pmol/L No effect Arnold et al. 1981

phosphate (high

pH)
HEPES (low pH) S. mustans 10449 (+) 0.12 pmol/LL No effect Arnold et al. 1981
HEPES (high pH) S. mutans 10449 (+) 0.12 pmol/L No effect Arnold et al. 1981
Unbuffered pH 5.5 Actinobacilles actinomycetemco- () 1.3 pmol/L Microbicidal Microbicidal Kalmar and Arnold

mitans

1988
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Table 2 (continued). (l,;
&
Condition a
Low salt + High salt + &
apo-hLF divalent divalent @
Assay solution Test organism Organism concentration Low salt cations High salt cations Reference =
Unbuffered pH 6.0 A. actinomycetemcomitans ) 1.3 pmol/L, No effect Kalmar and Arnold
1988
WMS broth* Escherichia coli C199-2 2000 pg/ml. Microbio- Eflison et al. 1988
static
Todd Hewitt broth Streptococcus mutans ATCC +) 312-2500 pg/ml.  Microbiostatic Visca et al. 1989
6715-13 ser. g
M9 minimal Escherichia coli 803 ) 500 pg/mlL. Microbio- Visca et al. 1990
medium” static
MY minimal Escherichia coli CSH26 (=) 500 pg/mlL, Microbio- Visca et al. 1990
medium” static
M9 minimal Escherichia coli C600 ) 500 pg/mL Microbio- Visca et al. 1990
medium® static
M9 minimal Escherichiu coli AN263 ) 500 pg/mL Microbio- Visca et al. 1990
medium® static
M9 minimal Escherichin coli HN13 ) 500 pg/mL Microbio- Visca et al. 1990
medium® static
M9 mininml Escherichia coli K311 (~) 500 pg/mL No effect Visca et al. 1990
medium”
M9 minimal Escherichia coli EC20 ) 500 pg/mL No eflect Visca et al. 1990
medium®
M9 minimal Escherichia coli EC30 - 500 pg/mL No effect Visca et al. 1990
medium”
M9 minimal Escherichiu coli EC33 -) 500 pg/mL No effect Visca et al. 1990
medium®
PBS Porphyromonas gingivalis (& 2000 pg/mL Microbiostatic Aguilera et al, 1998
PBS Prevotella intermedia - 2000 pg/mL No effect Aguilera et al. 1998
PBS Prevotella nigrescens ) 2000 pg/mL No effect Aguilera et al. 1998
10 mmol/L K-phos- E. ¢oli (clinical strain from -) 230 pg/mL Microbicidal No effect No effect Travis et al. 1999
phate wth 1% LB urinary tract)
LB+ Na-phosphate Shigella flexneri S MOOT-A2 ) 10000 pg/mL No effect Gomez et al. 2003
DMEM-HEPES Enteropathic Escherichia coli () 10000 pg/mL No effect Ochoa et al. 2003
0127:H6 E2348/69.
PBS P. gingivalis -) 8000 pg/mL Microbiostatic Wakabayashi et al.
2009
PBS P. intermedia -) 8000 pg/mlL. Microbiostatic Wakabayashi et al.
2009
5 mmol/l. K- C. albicans Yeast 5 pmol/L up to Microbicidal No effect Viejo-Diaz et al. 2004
phosphate 30 pmol/L.
5 mmol/l. Na- C. albicans Yeast 5 pmol/L. up to Microbicidal No effect Viejo-Diaz et al. 2004
phosphate 30 pmol/L
5 mmol/L Tris buffer  C. albicans Yeast S pmol/L. up to Microbicidal No effect? No effect Viejo-Diaz et al. 2004
30 pmol/L
RPMI/HEPES Aspergillus fumigatus Fungus 10 pe/mlL. Microbiostatic ~ Zarember et al. 2007
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Table 2 (concluded).

Condition

High salt +
divalent
cations

Low salt +

divalent
cations

apo-hLF

Reference

High salt

Low salt

concentration

2500

Organism

56 Organism

Tes

Assay solution

Turchany et al. 1995

No effect

Microbicidal

Protozoa

dia lamblia

5

ES-

Isotonic HEP

sucrose
BI-$-33 media

Ledn-Sicairos et al.

Microbicidal No effect

31.25 pmol/L

Protozoa

Frtamoeba histolytica

2006

actoferring WMS, ; LB, Luria~Bertani broth; PBS, phosphate-buffered saline; RPMI, 2.5% fetal bovine serum, HEPES, L-glutamine, and NaHCO,; (+), Gram-positive bacteria; (—):

ria: and apo-hLE, iron-free human lactoferrin.

Note: hLF, human |
Gram-negative bac

RS

¢ strength with 1 mmol/l. Mg™.
idacidal activity of hLF.

S mmol/L. Ca™ or Mg™ was requived to abolish the amoebacidal activity of apo-hLF.

strength, 2 mmoV/L Mg™*.
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Lactoferricin

Human lactolerricin (hLFcin) consists of the N-terminal 49
amino acids of mature hLLF and is generated by pepsin diges-
tion of the parent protein (Hunter et al, 2005). Comparison of
hiFcin and hLFcin reveals important information about the
activity of hLFcin. Both hLFcin and bLFcin are small, salt-
sensitive. cationic, antimicrobial peptides. but bLFcin is
much more potent than hLFcin. For example, bl.Fcin exhibits
more than 15-fold higher bactericidal effect against E. colf
compared with hLFcin (Bellamy et al. 1992). The structure
of these 2 peptides in aqueous solution discloses a key phys-
ical {eature that allows bLFcin to interact more readily with
target membranes than hLFcin. In aqueous solution, bLFcin
adopts a B-sheet conformation with several hydrophobic resi-
dues clustered on one side of the sheet; therefore, once
bLFcin's positively charged residues bring it into contact
with the target cell, hydrophobic residues interact with the
membrane (Hwang et al. 1998; Farnaud et al. 2004; Gifford
et al. 2003; Hunter et al. 2005; Daidone et al. 2011). hLFcin,
on the other hand, adopts a coiled structure in aqueous solu-
tion without an ordered alignment of hydrophobic residues
making its initial interactions with target membranes much
weaker than that of bLF (Hunter et al. 2005). The greater mi-
crobicidal activity of bLFcin compared with hLFcin could be
related to the necessity of maintaining A-LF function in hu-
mans, as noted above.

To date, the presence of antimicrobial levels of hLFcin in
human mucosal fluids has not been documented. There is,
however, evidence that hL.Fcin may be microbicidal toward
selected microorganisms in vivo. Mirza et al. (2011) report
on the mechanism by which apo-hLF kills S. prewmoniae.
Importantly, the assays were carried out in potassium phos-
phate buffered saline containing 1 mmol/L Mg?*. They dem-
onstrate that apo-hLF killing requires production of serine
proteases by S. pneumoniae, that these proteases cleave apo-
hLF between amino acid residues 78 and 79, generating a
short peptide with a hLFcin moiety, that killing by hLF is
abolished by serine protease inhibitors. and that the S. preu-
moniae EF3030 prtA (protease) mutant is resistant to hLF-
mediated killing. The concentration of hLF in the airway lining
fluid is estimated to be approximately 100 to 1000 pg/mL
(Table 1). Therefore, the hLF found in human airways is
potentially bactericidal against S. preumoniae. This suggests
the possibility that hLFcin is microbicidal to microorgan-
isms that produce proteases that cleave mature hLF and
generate hlFcin. However. whether antimicrobial amounts
of hLFcin are generated in vivo remains to be experimen-
tally verified.

LF blocks colonizationfinfection of the epithelia

Hendrixson et al. (2003) demonstrated that hLF has pro-
tease activity, and mutation of either Ser259 or Lys73 to Ala
abotishes this activity. The orientation of these residues is re-
mote from the iron-binding sites of hLF and iron binding
does not affect hLF proteolytic activity (Qiu et al. 1998: Hen-
drixson et al. 2003).

IgAl protease enhances colonization of mucosal surfaces
by H. influenzae. Mucosal microbes are coated with sigA,
and this sIgA interferes with attachment of the microbe to
the mucosal surface (van der Waaij et al. 1996; van Egmond
et al. 2001). IgAl protease targets IgA that attaches to the
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surface of H. influenzae, thereby enhancing the ability of
these bacteria to adhere to the epithelial surface (Weiser et
al. 2003; He et al. 2011). (4} hLF cleaves IgAl protease be-
tween Argl019 and Argl020 and beiween ArglO20 and
Argl021, releasing it from the cell surface; (i) incubation of
H. influenzae with 1.3 pmoli. of the N-lobe of hLF (this
hLF fragment contains the protease domain and 1.3 pmoVl/i.
corresponds to ~100 yg/mL hLF) for 1 h removes IgAl pro-
tease from H. influenzae; (iii) proteolytic removal of IgAl
protease by hLF prevents degradation of the IgA that is
bound to H. influenzae. thereby decreasing the ability of A
influenzae to adhere to and colonize epithelial surfaces (Qiu
et al. 1998; Hendrixson et al. 2003). The effect of protease-
inactive hLF on the adherence of H. influenzae to target sur-
faces was not assessed in these studies.

Hap adhesion is another protein expressed by H. influen-
zae that promotes adhesion to and colonization of target sur-
faces (Hendrixson and St Geme 1998). (i) hLF proteolytically
degrades Hap adhesion; (if) incubation of H. influenzae with
1.3 pmol/L of the N-lobe of hLF (this hLF fragment contains
the protease domain and 1.3 umol/L. corresponds to ~100 pg/mL
hLF) for 1 h removes Hap adhesion from H. influenzae;
(iff) proieolytic removal of Hap adhesion decreases the abil-
ity of H. influenzae to adhere to and colonize mucosal sur-
faces (Qiu et al. 1998; Hendrixson et al. 2003). The effect
of protease-inactive hLF on the adherence of H. influenzae
to target surfaces was not assessed in these studies.

Another target of hLF is the type I secretion system ex-
pressed by certain Gram-negative bacteria. The type 1 secre-
tion system is reviewed by Blocker et al. (2001) and Cornelis
(2006). The type III secretion system is a large protein com-
plex often referred to as an injectosome. It consists of a basal
complex that is in contact with the bacteria cytoplasm, ring-
like structures that anchor the injectosome in the inner and
outer membranes, a long needle-like structure ~60 nm in
length, and a tip complex located at the tip of the needle
that interacts with the host cell membrane. When the tip
complex comes into contact with a target membrane, hydro-
phobic translocator proteins are secreted into the injectosome
and come into contact with the target membrane where they
form a pore allowing bacteria docked on the cell surface to
inject effector proteins into the cell (Blocker et al. 1999).
Disruption of the type 1 secretory sysiems of infectious bac-
teria inhibits infection of their target cells (Lu and Walker
2001). hLF disrupts the type HI systems of Shigella flexneri
and enteropathogenic FEscherichia coli (EPEC) by causing
loss of S. flexneri translocator proteins IpaB and IpaC and
EPEC translocator proteins EspA, EspB, and EspD (Gomez
et al. 2003; Ochoa et al. 2003; Ochoa and Clearly 2004).
hLF is thought to proteolytically degrade the S. flexreri
translocator proteins, but this has not been shown directly:
hLF has been shown o directly degrade purified EspB
{Ochoa and Clearly 2004). hLF does not affect the viability of
either S. flexneri or EPEC, and, consequently, hl.LF-mediated
inhibition of target cell infection by these bacteria is consid-
ered to be the result of hlF-mediated disruption of their
type 1Il secretory systems (Gomez et al. 2003; Ochoz et al.
2003). The effect of protease-inactive hLF on the infectivity
of S. flexneri or EPEC has not been assessed.

hLF also inhibits colonization of target surfaces by mecha-
nisms that are not believed to involve disruption of microbial
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structures. hLF inhibits the adsorption of Streptococeus mu-
tury ©715-13 to hydroxyapatite (Visca et al. 1989). The au-
thors of this study suggest that hLF interferes with ionic
interactions between S. mutans and hydroxyapatite, but the
actual mechanism remains unknown. In a more recent study,
Wakabayashi et al. (2009) show that at levels as low as 8 pg/mL
apo-hLF inhibits biofilm formation by P. gingivalis and at
130 wpg/mL it inhibits biofilm formation by P intermedia.
In addition, these levels of hLF also disrupt already formed
biofilms to some extent. The etfect of holo-hLF was not as-
sessed in this study, but both apo-bLF and helo-bLF have
activity against these bacteria, suggesting that bLF, and per-
haps hLF, has an iron-independent mechanism of biofilm
prevention/disruption. The actual mechanism, however, is
unknown.

hLF is capable of inhibiting the replication of a wide range
of viruses, and most studies indicate that hLF prevents infec-
tion of the host cell (van der Strate et al. 2001). For the inter-
ested reader, the antiviral activity of hLF is discussed in
Supplementary data® Chapter 2.

Synergism with other HDPPs

Data from studies using biologically relevant fluids is
scarce. As with hLF alone, synergism with other HDPPs is
salt and divalent cation sensitive. In low ionic strength media
without divalent cations, E. coli are killed by 2000 ug/mlL
hLF + 500 pg/mL lysozyme, but killing is abolished in high
ionic strength medias or by the addition of either 1 mmol/L
Ca? or 1 mmolV/L Mg™ (Ellison and Giehl 1991).
hLF (200 pg/mL) + lysozyme (500 yg/mlL) was also inactive
toward P. aeruginosa in heat inactivated, ionically intact na-
sal fluid (Cole et al. 1999).

Stephens et al. (1980) reported on the synergistic activity
between slgA and hLF on inhibition of enteropathic Escheri-
chia coli strain 0111 in tissue culture medium. At 2000 ug/ml.,
each of these HDPPs was bacteriostatic. slgA (250 pg/ml)
plus hLF (250 pg/ml) had about the same bacteriostatic ef-
fect as 2000 pg/mL of the individual HDPPs. Notably, even
when 2000 pg/mL of both of these HDPPs was added to
the assay, they were bacteriostatic, not bactericidal. consis-
tent with the data in Table 2, indicating that hLF is not mi-
crobicidal in fluids containing biologically relevant fevels of
salts, divalent cations, and buffering ions. Synergism was
lost upon addition of iron to the assay. One possible ex-
planation for the synergism displayed by these 2 HDPPs is
that IgA agglutinates the bacteria and hLF sequesters iron.
As can be seen in Table 1, the ievels of both hLF and IgA
are high in tear fluid.

In artificial tear fluid, 1800 pg/mL hLF is able to syner-
gize with 5400 pg/mL lysozyme to inhibit the growth or kill
(depending on the strain) the Gram-positive bacteria Staphy-
lococcus epidermidis (Leitch and Willeox 1998). This study
used high levels of hLF and artificially high levels of lyso-
zyme. The antimicrobial activity of hLF was dramatically
reduced or abolished when holo-hLF was substituted for
apo-hLF. This effect was repeated in a later study by the
same group (Leitch and Willcox 1999). The later study also
used 1800 ug/mL hLF and 5400 pg/mL lysozyme, so while
these results are suggestive, it is unclear whether hLF is able
to synergize with lysozyme in vivo. Notably, hLF and lyso-
zyme are preseni at moderate to high levels in milk, open
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and closed eye tear fluid, airway fluids, and the cervical mu-
cus plug (Table 1).

hLF is also able to synergize with SLPI in cation-depleted
nasal fluid (Cole et al. 2002). In this study, nasal fluids were
depleted of cationic proteins and the major nasal fluid pro-
teins. Iysozyme, SLPI, and hLF, were added back individu-
ally or in combination. Depleted nasal fluid (dNF), dNF
with SLPI, and dNF with hLF were ineffective against P. aer-
uginosa. Addition of both LF and SPLI restored the antimi-
crobial activity of dNF. One possible explanation of the
synergistic activity is that the protease inhibitor SLPI protects
hLF from degradation by proteases released by P. aeruginosa
(Britigan et al. 1993). allowing intact LF to sequester iron
away from the bacteria. thereby limiting its growth. However,
this possible mechanism of restoring the growth mhibitory
effect of depleted nasal fluids was not tested in this study.
Both hLF and SLPI are present at moderate to high levels in
closed eye tear fluid, airway fluids, and the cervical mucus
plug (Table 1).

hLF binds to LRP1, TLR4, and LPS

hALF is known to bind to 2 signaling receptors, LLRP1
(Grey et al. 2004) and TLR-4 (Ando et al. 2010). Neither of
these receptors is specific for hLF. LRP1, reviewed by Lillis
et al. (2008), binds numerous ligands and is sometimes re-
ferred to as a scavenger receptor, and TLR-4 binds several
types of microbial antigens (Medzhitov 2001). The effect of
binding to LRP! is dependent on a multitude of other events;
LRP1 recognizes more than 50 ligands and is able to associ-
ate with at least 15 cytosolic adaptor proteins. hLF binding to
LRP1 promotes osteoblast proliferation and survival (Grey et
al. 2004: Naot et al. 2005) and keratinocyte migration (Tang
et al. 2010). and bLF binding to LRP1 promotes fibroblast
movement and prolileration (Takayama et al. 2003; Grey et
al, 2004; Takayama and Takezawa 2006), suggesting that
hLF may also stimulate fibroblasts. These studies suggest
that hLF could be involved in wound healing in vivo. On the
other hand, in tissues with elevated neutrophil activity, the
overall effect of high neutrophil activity is tissue damage
(Witko-Sarsat et al. 2000); therefore, the overall effect of
neutrophil hLF in vivo may be to slow down tissue damage.
The association of LF and wound repair could be explored
using LF-knockout mice, but such a study has yet to be re-
ported.

hLF binding to TLR-4 stimulates TLR-4 signaling (Ando
et al. 2010). TLR-4 is expressed by mucosal epithelial cells
and numerous cells of the innate and adaptive immune sys-
tem (Armant and Fenton 2002). Therefore, by binding to
TLR-4. hLF can promote the activation of immune effector
cells and modulate the expression of a variety of cytokines.
However, hLF signaling via TLR-4 iz weak (Ando et al
2010), and in the presence of microbial-antigen binding to
TLRs and other pattern recognition receptors, e.g., at septic
sites, there is no evidence that LF has any measurable im-
mune stimulatory activity (see Ward et al. 2008).

Finally, hLF binds tightly to LPS through both ionic inter-
actions with the negatively charged backbone and high affin-
ity interaction with the lipid A moiety (Appelmelk et al
1994; Brandenburg et al. 2001). This interaction inhibits
LPS stimulation of TLR-4 (Ando et al. 2010). This suggests

Biochem. Celi Biol. Vol. 80, 2012

that at septic sites. where TLR signaling via microbial anti-
gens will be far greaier than TLR-4 signaling via neutrophil-
derived hLF, neutrophil hLF will either have littie effect on
the immune system or. in the presence of LPS, exert antiin-
flammatory activity.

As noted above, hLF can be induced to high levels in in-
flamed tissues, such as inflamed gingival crevicular fluid
(Gorr and Abdothosseini 2011), due to neutrophil activity.
High levels of neutrophil hLF will ({) inhibit colonization
and infection of host tissues. (i} inhibit the growth of micro-
organisms, and (i) protect tissues from damage by binding
iron and making it unavailable for oxygen radical production,
by binding LRP! and promoting tissue repair and by binding
£P8 and dampening LPS-mediated inflammatory signaling.
These activities, however. remain to be experimentally veri-
fied in vivo. The complex biology of the response to infec-
tion and tissue damage may make it necessary to generate
animals models with multiple knockouts or knockdowns to
uncover the functions of endogenous LF.

LF-containing mucosal fluids

Mucins, reviewed by Linden et al. (2008), are highly O-
glycosylated glycoproteins and major constituents of mucosal
fluids. Mucins serve to protect mucosal surfaces from me-
chanical insult, dehydration, and infection. Soluble mucins
present in mucosal fluids bind and trap microorganisms, and,
consequently, removal of mucosal {luid from the body by
mechanisms such as mucociliary transport. swallowing,
coughing, and blinking also removes enirapped microbes.
Transmembrane mucins are a major constituent of the epithe-
lial glycocalyx in all mucosal tissues. Transmembrane mucins
act as a physical barrier to inhibit interaction of infectious
microorganisms with the epithelial surface. In addition, the
extracellular component of these mucins can be shed into the
mucosal fluid. Shedding appears to be important in removing
invading microbes from the epithelial surface (McGuckin et
al. 2011). Physical removal of microorganisms from the
body can require a significant amount of time, during which
growth and proliferation of the organism could help it evade
removal (Knowles and Boucher 2002). The microbiostatic ac-
tivity of hLF is well suited to the nonlethal, noninflammatory
removal of invading microorganisms from the human body
by mucosal clearance.

As shown in Table [, hLF is present at high levels in milk
and tear fluid, and it is present at moderate to high levels in
airway fluids, seminal plasma, and the cervical mucus plug.
hLF is absent or present at only minute levels in lung alveoli,
adult intestine, urinary tract, and the nonpregnant female re-
productive tract (in the absence of semen). In these tissues,
unless hLF is present in much higher concentrations in spe-
cific microniches, it is unlikely to have any physiological ef-
fect. Of note regarding the distribution pattern of KLF is that
hLF is present in saliva, but at substantially lower levels than
in tears or atrway fluids.

The eve

in the eye. a layer of transmembrane mucin proteins forms
a glycocalyx that acts as a barrier to pathogens, protects the
epithelium from physical stresses, and is able to activate in-
tracellular signaling pathways (Gipson 2004; Mantelli and
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Argueso 2008; Govindarajan and Gipson 2010). Ocular epi-
thelial cells and their attached mucin giycocalyx are covered
with an aqueous layer containing numerous secreted mucins,
which is bounded at the air—aqueous interface by a lipid layer
(Gipson 2004, 2007; Linden et al. 2008; Mantelli and Ar-
gueso 2008; Guzman-Aranguez and Argueso 2010).

Tear film contains high levels of hiLF, IgA, SLPI, lipocalin-},
and lysozyme (Table 1). Tear fluid also contains SP-D (Ni
et al. 2005; Mun et al. 2009). SP-D and IgA, like ocular
mucins, bind microorganisms and inhibit attachment to the
epithelial surface (van der Waaij et al. 1996; van Egmond
et al. 2001; McCormack and Whitsett 2002; Hickling et al.
2004). Binding of microorganisms by mucins, SP-D, and
igA enable the physical removal of these microorganisms
when tear fluid is flushed out of the eye by the pumping
action of the blink. SLPI is a serine protease inhibitor with
the obvious function of protecting HDPPs and other targets
from proteolysis by proteases secreted by microorganisms
(Thompson and Ohlsson 1986; Mun et al. 2009). Lipocalin-1,
also known as tear lipocalin, binds a wide variety of microbial
siderophores, including all major classes of fungal sidero-
phores (Fluckinger et al. 2004). Siderophores are iron-binding
molecules utilized by a wide variety of microorganisms to
obtain iron (Chu et al. 2010). Consequently, binding iron—
siderophore complexes inhibits iron acquisition by these
microorganisms and inhibits their growth (Fluckinger et al.
2004; Chu et al. 2010). Lysozyme digests peptidoglycans
of the bacteria cell wall (Ibrahim et al. 2002). Destruction
of the cell wall inhibits bacterial growth, but is not immedi-
ately bactericidal in isotonic solutions. Because the cell wall is
protected by the outer membrane of Gram-negative bacteria,
lysozyme inhibits the growth of Gram-positive bacteria but
is ineffective against Gram-negative bacteria (Ibrahim et al.
2002). Importantly, digestion of the wail by lysozyme does
not generate inflammatory microbial antigens, in fact, diges-
tion of cell wall peptidoglycans is antiinflammatory (Ganz
et al. 2003; Nash et al. 2006). As discussed above, hLF
has been shown to synergize with SLPI, IgA, and lysozyme
in vitro. Overall, the microbiostatic actions of hLF, lipocalin-1,
and lysozyme prevent outgrowth of microorganisms trapped
in tear fluid by mucins, lgA, and SP-D and enable their
nonlethal removal from the eye. This effect is vital to eye
function as maintenance of eye clarity necessitates antimi-
crobial defense of the eye without induction of an inflam-
matory response (Flanagan and Willcox 2009).

Tear film also contains high levels of secreted phospholi-
pase A2 (sPLA2) (Table 1) (sPLA2 is reviewed by Buckland
and Wilton (2000) and Nevalainen et al. (2008)). sSPLA2 hy-
drolyzes the sn-2 bond of phospholipids. At physiological
levels in biologically relevant fluids, sPLA2. like lysozyme,
is active against Gram-positive bacteria, but ineffective
against Gram-negative bacteria (Qu and Lehrer 1998; Buck-
land and Wilton 2000; Buckiand et al. 2000; Beers et al.
2002; Murakami and Kudo 2004; Nevalainen et al. 2008).
Importantly, the preferential site of sPLA2 action are mem-
branes associated with cell growth and separation (Foreman-
Wykert et al. 1999), suggesting that the primary targets of
sPLA2 are Gram-positive bacteria that have escaped the mi-
crobiostatic function of tear fluid and, consequently, may
evade removal from the eye.

283

As discussed by Bowdish et al. {20054, 2005b), the re-
ported levels of HDPPs in mucosal fluids are often below
the levels required for antimicrobial activity in biologically
relevant fluids. The discussion by Bowdish et al. (20054,
2005b) taken in conjunction with the data discussed in this
review and the reporied levels of HDPPs in tears (Table )
suggest that in general tear {luid is microbiostatic rather than
microbicidal (see Buckland et al. 2000 and McDermott et al.
2006) and that the overall antimicrobial activity of tear {luid
resembies the overall activity of hLF. It is microbiostatic and
prevents colonization and infection of the ocular epithelium.

in spite of being exposed to a multitude of microorgan-
isms every day, infection of the eye is a very rare event,
suggesting that it is unlikely that the eye does not contain
potent microbicidal activity in addition to the microbiostatic
activity of the overlying tear fluid. One mechanism of epi-
thelial microbicidal activity is described by Kisich et al.
(2007). Exposure of keratinocytes to S. gureus resulted in
deposition of P-defensins (HBD1, HBD2, and HBD3) and
1.1-37 onto the bacteria, and the amount of HBD3 deposited
was microbicidal. Whether these cationic antimicrobial pep-
tides were stored in the cytoplasm of the cell and exocy-
tosed after contact with the bacteria or were bound to the
cell surface, possibly via ionic interaction of positively
charged HDPPs (notably, a large number of HDPPs are cati-
onic) with negatively charged cell surface glycoproteins, was
not addressed in this study. Importantly, focal deposition of
microbicidal amounts of HDPPs onto invading microorgan-
isms would account for the generally insignificant levels of -
many potentially microbicidal HDPPs in mucosal fluids.

Eyes have 2 states of being, () open, in which trapped mi-
croorganisms are rapidly removed from the eye, and (ii)
closed, in which trapped microorganisms remain in the tear
fluid for several hours. The closed eye state is characterized
by neutrophil infiltration, an increase in the levels of comple-
ment components, and a very large increase in the amount of
IgA (Sack et al. 2001). This would appear to represent a shift
from passive physical removal of microorganisms from the
open eye (o active phagocyte-mediated removal of microor-
ganisms from the closed eye. The antiinflammatory activities
of hLF and lysozyme are likely to be important in preventing
inflammation in the closed eye.

The airways

In the airways, as in all other mucosal surfaces, there is a
protective glycocalyx of transmembrane mucin proteins at the
epithelial cell surface (airway mucins are reviewed by Lam-
blin et al. (2001), Knowles and Boucher (2002), and Fahy
and Dickey (2010)). Overlying the epithelium there is a fluid
tayer (the pericilliary layer), a layer of surfactant, and a top
layer of mucus (Grubor et al. 2006). Beating cilia move the
overlying surfactant and mucus layers out of the airways;
this is commonly referred to as the mucociliary escalator.

The principle HDPPs of the airway are SP-A and SP-D
(McCormack and Whitsett 2002; Hickling et al. 2004; Kur-
oki et al. 2007) and hLF, SLPL lysozyme, and lactoperoxi-
dase (Table 1). As described by Lamblin et al. (2001),
airway mucins present a library of carbohydrate determinants
to microorganisms in mucosal fluids and bind to a multitude
of these organisms. SP-A and SP-D also bind to a wide vari-
ety of microorganisms (McCormack and Whitsett 2002; Kuroki
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et al. 2007). Once bound, trapped microorganisms are re-
moved from the airways by mucociliary clearance. One dif-
ference between the nose and the bronchial tree is the
residency time of inhaled microorganisms. Transport out of
nasal passages is fairly rapid (Isaacs et al. 2011), whereas
transport out of the lung can require several hours (Knowles
and Boucher 2002).

Lactoperoxidase catalyzes the oxidation of thiocyanate 1o
generate the antimicrobial agent hypothiocyanous acid:

2] H,0,+SCN"LPOOSCN™ + HyO

This system activates oxidative stress responses in bacteria
and is generally microbiostatic (Lenander-Lumikari et al
1992; De Spiegeleer et al. 2005). Therefore. during removal
of microorganisms from the airways. the microbiostatic activ-
ity of hLF, SLPI, lysozyme, and lactoperoxidase keep the
growth of the trapped microbes in check and prevent these
microbes from evading removal.

As in the eye. the reported levels of airway HDPPs are
generally below the levels required for microbicidal activity
in biologically relevant fluids (Table 1; see the discussion by
Bowdish et al. 20054, 20055). However, again like the eye,
infection of the airways is rare, suggesting that microbicidal
activity is present. One possibility is that focal deposition of
microbicidal levels of HDPPs onto microorganisms that are
able to penetrate to the epithelial cell surface. rather than
global deposition into the overlying mucosal fluid, could ac-
count for the presence of microbicidal activity in the airways
in the presence of low levels of microbicidal HDPPs in air-
way mucosal fluids. Importantly, a large number of HDPPs
are cationic and ionic interaction with negatively charged
cell surface glycoproteins could result in low levels of these
HDPPs in mucosal fluids and microbicidal levels at the epi-
thelial surface. Unfortunately, there are very few in vitro stud-
ies that have examined the levels of endogenous HDPPs at
the cell surface or in the exocytotic vesicles of mucosal epi-
thelial cells (for an example of such a study see Kisich et al.
2007), and we are aware of no in vivo studies that have been
able to accurately determine the levels of HDPPs in these mi-
crodomains. While the study by Kisich et al. (2007) supporis
the concept of focai deposition of HDPPs onto invading mi-
croorganisms as an antimicrobial strategy used by the mu-
cosa epithelium, much more investigation into this area of
mucosal immunity is needed.

The alveoli. unlike the upper airways, are sterile. The tran-
sition from the microbe-permissive upper airways to the mi-
crobicidal lower airways is not well defined. Seromucous
glands, which secrete mucus and antimicrobial factors, are
found all along the upper respiratory trachea and bronchi,
the number and size of the glands declines with progression
down the airway, and they are not present in the conducting
bronchioles, respiratory bronchioles. or alveoli (Fischer
2009). The exact HDPP content of alveolar fluid has not
been reliably determined. Important components of alveoli
are alveolar macrophages and SP-A and SP-D that are pro-
duced by type II cells (Ng st al. 2004). Aside from alveolar
macrophages, there is no verified microbicidal activity in the
alveoli. hLF is not present in alveolar fluids (Masson et al.
1966). The lack of hLF in alveoli is reasonable since hLF
binds to TLR-4 expressed by macrophages and stimulates
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TLR-4 signaling. While hLF-induced TLR-4 signaling is
weak, continuous signaling could lead to damage of this ex-
tremely fragile compartment.

The mouth

The function of hLF in saliva is uncertain. hLF lzvels are
markedly lower than in tears and airway fluids (Table 1). The
maximum levels reported are only 20 pg/mL (~0.25 pmol/L).
There is. however, one report that 10 ug/mL hLF had a sig-
nificant microbiostatic effect on the growth of Aspergillus fu-
migatus (Zarember et al. 2007). The inhibitory effect was
abotlished by the addition of 1 yg/mL ferritin, but the concentra-
tion of iron in saliva is ~0.1 pg/mL (Haghighat and al-Hashimi
2003). Therefore, the amount of hLF in saliva would appear
to be sufficient to sequester iron away from invading micro-
organisms. In addition, one study reported that in patients
with localized aggressive periodontitis, the overall iron-binding
capability of hLF was decreased (Fine et al. 2002). On the
other hand, there are no reports that the hLF SNPs possibly
associated with disease have decreased iron-binding capabil-
ity. Moreover, many healthy patients have salivary hLF lev-
els lower than 10 pg/mbL (Tenovuo et al. 1987). Finally,
there are no reporis associating low salivary hLF levels
with disease.

Another possible function of hLF is protection of secretory
glands, rather than the mouth itself, against infection. hLF
levels in glandular acini and ducts may be microbiostatic
even when hLF levels in saliva are low. However, while hLF
has been shown to be present in salivary glands (Reitamo et
al. 1980). the levels present in glandular acini and ducts have
not been reported.

A third possible function of hLF in the oral cavity is pro-
tection of oral epithelia from microbial colonization and in-
fection. As discussed for the eye and airway epithelium, it is
possible that the level of hLF (which is cationic) present at
the epithelial cell surface may be significantly higher than in
saliva due to ionic interaction with negatively charged cell
surface glycoproteins. Consequently, it is possible that epithe-
lial cell surface associated hLF may be present at high
enough levels (even in people with low levels of hLF in their
saliva) to protect the oral epithelium from microbial coloniza-
tion and infection. However, there are no reports of the levels
of oral epithelium-associated hLF (or the association of any
of the other oral HDPPs with the oral epithelium).

The aduit intestine

There are no reports of hLF expression in the colon, and
the luminal content of hLF in the small intestine is minute,
<1 pg/mL (Tedeschi et al. 1987; Troost et al. 2002). hLF
present in the lumen of the human intestine is far too low o
have any antimicrobial function. However, the distribution of
ELF in the upper small intestine is quite interesting. It is
present on the tips of villi in the duodenum (Mason and Tay-
lor 1978). The ileum and the large intestine are protected by
a covering of dense mucus (Kim and Ho 2010: Johansson et
al. 2011). Villi in the duodenum and jejunum, however, proj-
ect through the protective layer of dense mucus and are ex-
posed to intestinal microorganisms (Johansson et al. 2011).
Thus, hLF expression may be associated with exposed villi.
One possible protective function of hLF is its binding to in-
telectin 1 (ITLN1) (Suzuki et al. 2003). ITLN1 is a secreted
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fectin that binds to galactofuranose residues present in bacte-
rial cell walls (Tsuji et al. 2001). In the intestine it is ex-
pressed by Paneth cells and goblet cells and is believed to
have an antimicrobial function (Wrackmeyer et al. 2006).
However, ITLN1 also has a second function in the small in-
testine; it helps stabilize lipid-raft microdomains present in
the brush borders of enterocytes (Wrackmeyer et al. 2006;
Danielsen and Hansen 2008). These domains contain high
levels of digestive enzymes and are imporiant sites of nu-
trient uptake, but they are also portals for infection (Daniei-
sen and Hansen 2006). As expected, because of its bacterial
cell wall binding ability, the presence of ITLNI in the cell
membrane enhances adsorption of bacteria to the cell surface
{Tsuji et al. 2009). Therefore, hLF binding to ITLN1 could
reduce microbe binding to enterocytes. However, at this time
there is no direct experimental evidence to either support or
refute this conjecture.

It has been speculated that one of the functions of hLF in
the intestine is iron sequestration from invading microorgan-
isms. The physiology of the intestine, however, does not sup-
port this speculation. The first point is that the level of hLF
in the adult intestine is extremely low, much too low to have
an appreciable effect on the iron content of the intestine. Sec-
ond, the iron content of the intestine is sufficient to support
the enormous microbiota of the colon.

The infant intestine

The resistance of hLF and other HDPPs present in milk to
digestion, coupled with the reduced digestive capability of
the infant gastrointestinal tract, is believed to result in the
presence of significant amounts of these HDPPs in the infant
intestine (Spik et al. 1982; Brines and Brock 1983; Lonnerdal
2003; Newburg and Walker 2007). Milk contains high levels
of mucins and other complex glycoconjugates that bind mi-
croorganisms (Peterson et al. 1998a, 19985; Newburg 1999;
Newburg and Walker 2007). Milk also contains high levels
of hLF, IgA. lysozyme, and lactoperoxidase (Table 1). It
also contains ~8 mmol/l. Ca?+, which is protective for many
microorganisms. Consequently, milk gives the infant intestine
a microbiostatic character, similar to that of tears and airway
mucosal fluids. That breast milk would be microbiostatic
rather than microbicidal is reasonable. Ingestion of large
amounts of microbicidal material during the development of
the intestinal microbiota would most likely generate a signifi-
cant and damaging inflammatory response, whereas ingestion
of large amounts of microbiostatic material would not.

As noted above, the ileum and colon are protected by a
coating of dense mucus, but intestinal villi in the duodenum
and jejunum project through this protective layer and are ex-
posed to intestinal microorganisms. In contrast to other mu-
cosal fluids, the mucosa of the intestine does contain
microbicidal levels of HDPPs, particularly a-defensins se-
creted by Paneth cells (Table 1). o-Defensins and other
HDPPs secreted by Paneth cells are thought to protect ex-
posed intestinal villi from microbial colonization and infec-
tion (Sherman et al. 2005; Fernandez et al. 2008). A study
in rats, however, suggests that while Paneth cells are impor-
tant in protecting the infant intestine, there are significantly
fewer Paneth cells in the infant intestine than in the adult in-
testine (Sherman et al. 2003). Possibly, the lack of function
Paneth cells may help io decrease inflammation in the infant
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intestine. Therefore, similarly to microbiostatic tears and air-
way mucosal fiuids, movement of microbiostatic milk will,
with minimal inflammation, remove microorganisms from
the upper smalil intestine with its exposed intestinal villa and
deposit them in the ileum and colon where the intestinal epi-
thelium is much better protected.

The high level of hLF in milk also affects iron absorption
in the infant intestine as has been shown by reporis indicat-
ing that hLF sequesters iron away from the infant (Davidsson
et al. 1994; Ward and Conneely 2004; Collard 2009). Iron
binding by hLF will benefit intestinal microorganisms that
can use the iron bound to hLF as an iron source (Beddek
and Schryvers 2010; Chu et al. 2010) and microorganisms
that do not require irom, such as lactobaciili (Weinberg
2009), compete with microorganisms that require iron but
cannot use iron-bound hLF as an iron source. Consequently,
ingested hLF will be one of the factors that shape the intesti-
nal microbiota of the infant intestine (Roberts et al. 1992;
Harmsen et al. 2000).

Seminal plasma

Moderate levels of hLF are present in seminal plasma (Ta-
ble 1). In addition. spermatozoa are coated with hLF (Wang
et al. 2007b). The role of spermatozoa-associated hLF is
most likely to prevent attachment of vaginal microflora to
the spermatozoa. This function of hLF would have 2 conse-
quences as follows: () to protect the sterile uterine environ-
ment from spermatozoa-introduced microorganisms and (i)
to protect the spermatozoa itself from infection. The function
of seminal plasma hLF that is not associated with spermato-
zou is less obvious. One possibility is that the relatively high
levels of hLF in seminal plasma ensure saturation of the cell
surface of the spermatozoa with hLF. A second possibility is
that hLF protects the vagina from penis-introduced microor-
ganisms. Unfortunately, there are no reports of studies exam-
ining associations between seminal plasma hLF and vaginal
infections.

The female reproductive tract

Microbiostatic levels of hLF have not been reported to be
present in the reproductive tract of women who are not preg-
nant. One possibility, as mentioned above, is that functional
levels of hLF are associated with the epithelial cell surface.
Another possibility is that the low levels of hLF detected is
the result of low level neutrophil activity that helps prevent
infection of the uvterus (Press and King 1986) (and possibly
the vaginal epithelium) by the vaginal microbiota. Currently,
there is no evidence that hLF has any function in the repro-
ductive tract of women who are not pregnant other than that
associated with neutrophil activity.

About half way through the third trimester, hLF levels in-
crezse in amniotic flaid. The source of this hLF, whether it is
from maternal uterine secretions, maternal uterine neutro-
phils. or from the developing embryo, is unknown. Whatever
its source, however. it is extremely unlikely that this BLF has
any function within the normally microorganisni-free amni-
otic sac (Kim et al. 2009). The levels determined by Pacora
et al. (2000} are low, the highest levels of hLF are <6 pg/mlL,
too low to exert any antimicrobial activity. The most plausi-
ble source of this hLF is maternal neutrophils or the fetus.
Currently, there is no evidence that hLF has any protective
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function in amniotic fluid other than that associated with
neutrophil activity.

In contrast to the nonpregnant female reproductive tract
and amniotic fluid. antimicrobial levels of hLF are present in
the cervical mucus plug of pregnant women. The origin of
cervical mucus plug hLF (CMP-hLF) is unknown; however,
it is likely to come from the neuirophils that are associated
with the plug (Hein et al. 2605). Unlike tears and airway mu-
cosal fluid, the cervical mucus plug is not continuously re-
moved from the body; therefore, CMP-hLF does not
function {o suppress trapped microorganisms during their re-
moval. Also, there is no evidence that hLF has an effect other
than locally at the plug. In these conditions, it is plausible
that the primary effect of hLF is to inhibit inflammatory re-
sponses as neutrophils kill microorganisms that penetrate into
the plug. This assumption remains to be experimentally
tested.

Summary and concluding remarks

The conserved, widespread expression of LF strongly sug-
gests it has an important role in mammalian physiology, and
the LF literature and the distribution profile of hLF suggest
that it assists in the nonlethal removal of potentially patho-
genic microorganisms from the body (or from spermatozos).
BLF sequesters iron away from target microorganisms and
disrupts microbial factors that are involved in colonization
and infection of target cells. Currently reported hLF targets
are IgAl protease, Hap adhesion, and type IIf secretion systems.
hLF is also able to directly interfere with attachment of vi-
ruses to target surfaces. In addition, hLFcin may be micro-
bicidal to specific target organisms, but this remains to be
verified in vivo. Other antimicrobial activities of hLF. if
they exist, remain to be identified.

For hLF to affect antimicrobial activity in mucosal fluids,
it must be present at moderate to high levels. hLF is ex-
pressed at high levels in tear and airway mucosal fluids. Con-
sequently, in these compartments, hLF levels are high enough
to inhibit colonization and infection of the epithelial surface
and inhibit the growth of microorganisms during the time re-
quired for their removal. hLF is also present at high levels in
the intestine of the breast-fed infant. These high levels sug-
gest that. similar to tear and airway fluids, hLF functions to
prevent colonization and infection of the epithelium in the
small intestine and to inhibit the growth of microorganisms
as they are washed out of the upper small intestine with its
exposed intestinal villi and deposited in the much better pro-
tected ileum and colon.

hLF is also present at relatively high levels in seminal
plasma. Since spermatozoa are coated with hLF, one function
of this hLF would appear to be protection of spermatozoa
from infection by the vaginal microbiota. Seminal plasma
hLF may also protect the vaginal epithelium from penis-
introduced microorganisms; however, there are no reports
of studies examining associations between vaginal infections
and hLF levels in seminal plasma.

Finally, hLF is found at relatively high levels in the cervi-
cal mucus plug that develops after conception. Cervical plug
hLF. unlike the hLF present in tears, airway fluids, breast
milk, and seminal plasma, is likely to originate from neutro-
phils. Rather than functioning as an antimicrobial agent, a

Biochem. Cell Biol. Val. 90, 2012

plausible supposition is that cervical plug hLF functions pri-
marily to dampen inflammation as cervical mucus plug asso-
ciated neutrophils protect the sterile uterus and the
developing fetus by killing microorganisms that penetrate
into the plug.

The role of hLF in saliva is problematical. On the one
hand, i is preseni in saliva al concentrations much lower
than in tears and airway fluids. suggesting that it may have
little or no activity in the oral cavity. Since saliva is rapidly
removed from the oral cavity, it is reasonable that the micro-
biostatic activity of saliva is of little tmportance compared
with tears and airway fluids. On the other hand, it is secreted
into saliva, suggesting that it does have a functional role in
the oral cavity. One possibility is that its concentration in
hLF-secreting glands may be much higher than in whole sal-
iva. and its function may be to protect glandular acini and
ducts rather than the oral epithelium from invading microor-
ganisms. Another possibility is that while iis levels in saliva
are low. they may be sufficient to sequester iron away from
invading microorganisms and inhibit their growth. Finally, if
hLF is associated with the epithelium, it may be present at
microbiostatic levels at the oral epithelial cell surface. The
function of hLF in saliva requires further investigation.

hLF is found at low levels in the small intestine, the female
reproductive tract (other than the cervical mucus plug), and
in amniotic fluid. The function of hLF at these sites is un-
known. The levels are far too low for hLF to have any anti-
microbial effect in the overying fluids. However, as
suggested for the oral cavity, if hLF is associated with the
epithelium, it may be present at microbiostatic levels at the
epithelial cell surface.

hLF is the major LPS-binding protein in the mucosal flu-
ids in which it is found and is consequently the major inhib-
itor of LPS-mediated inflammation. hLF also binds iron and
inhibits generation of oxygen radicals and toxic metabolites.
Finally, hLF binds to and activates LRP1 signaling. There-
fore, at sites of tissue damage and high levels of neutrophil
activity, hLF protects tissues by (i) dampening LPS-mediated
inflammation, (i) binding iron and inhibiting generation of
oxygen radicals and toxic metabolites, and (iif) binding
LRP} and promoting tissue repair or slowing down tissue
damage.

A very promising LF research tool is the LF-knockout
mouse. For example, determining the effects of raising LF-
knockout mice in barrier-free conditions would provide val-
uable information regarding the in vivo function of LF. Nu-
merous other studies using these mice, for example, studies
on infection of mucosal surfaces where LF is normally found
at low levels in the overlying fluids and the effect LF-knockout
has on wound healing, would also provide critical informa-
tion regarding LF function. Other knockou! mice can also
be used to investigate the functions of LF. One example
would be to determine whether neutrophils isolated from
TLR-4 knockout mice and LF-knockout mice have the
same defect in their oxidative burst response to PMA.

We would like to conciude this review with 3 points. (i) A
striking fact about hLF is the paucity of direct experimental
data about its in vivo functions and. consequently, definitive
in vivo proof of hLF function is largely lacking. (if) State-
ments of LF function in vivo based on in vitro evidence or
based on experiments using exogenous LF should be made
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with caution. (fif) hLF is a major component of biologically
important mucosal fluids and of the specific granules of neu-
trophils, and detineating its biological function is essential for
understanding neutrophil- and mucosal-mediated immunity.
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