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Fig. 1. Topical LF inhibits allergen-induced human epidermal LC migration. Volunieers were exposcd topically to either 50 puL of LF
or albumin (both diluted to 0.04% in aqueous cream} or to an equivalent volume of aqueous cream alone. Two hours later, 50 uL of
DPC (2% in acetone) or acetone alone was applied to the same sites. Punch biopsies (6 mm) were taken 17 h later and epidermal
sheets prepared following incubation of biopsics in 0.02 M ethylenediaminetetraacetic acid for 2 h a1 37°C. Samples were fixed in ace-
tone (-20°C, 20 min} and stained by indirect immunofluorescence for (@) and (c) CDla or {#) HLA-DR expression. Results are ex-
pressed as the mean number (£8D) of LC/mm? derived from examination of 50 ficlds per sample. The data displayed are derived from

three independent volunteers,
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Fig. 2. Topi¢al LF does not inhibit TNF-o-induced human epi-
dermal LC migration. Volunteers were cxposed topically to

S0 uL of LT (0.04% in aqueous cream) or to the same volume
of aqueous cream alone 2 h prior o intradermal administration
of either 50 pL of human recombinant TNF- (200 U, diluted in
sterile saline} or the same volume of saline alone. Punch biop-
sics (6 mm) were taken 2 h later and prepared as described in
the legend to Fig. 1 for assessment of epidermal CDla™ LC fre-
quency. Results of a represcntative experiment.
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DR expression (Cumberbatch et al. 1999¢; Griffiths et al.
2001).

The data displayed in Fig. 1 illustrate the influence of top-
ical LF on the migration of LC in response to DPC. In this
case, biopsics were taken 17 h following administration of
the chemical allergen. It is clear in each of the three experi-
ments shown that in the absence of prior exposure to LF,
treatment with DPC caused a significant reduction in the fre-
quency of epidermal LC {measured either on the basis of
CDla expression in Figs. lg and le or as a function of
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Table 1. Influence of LF on human cpidermal LC migration pro-
voked by IL-15.

Treatment

-2 h 0h LC/mm? (LSD} (+2 h)
Cream Saline 1012.2+123.5

LF Saline 072.9£102.5

Cream IL-1p 631.4£84.6

LF IL-1B 933.6£112.1

Note: Volunteers were exposed topicatly to 30 pL of LF (0.04% in
aqueous cream) or to aqueous cream alone 2 h prior to intradermal
administration to the same site of either 50 uL of human recombinant
IL-1B (50 U, diluted in sterile saline) or the same volume of saline alonc.
Punch biopsies were taken 2 h later and epidermal sheets prepared for
assessment of CD1a” LC frequency as described in 1he legend 1o Fig. 1.
Results of a representative experiment.

HLA-DR expression in Fig. 1b). If, however, LF was ap-
plicd topically at the samic site prior to treatment with DPC,
then ailergen-induced migration was either substantially or
completely inhibited (Fig. 1). Contact allergens are either in-
herently or inducibly protein reactive, and it could be argued
that application of LF to the skin served to adsorb enough of
the reactive DPC to prohibit optimal LC activation, How-
ever, it is clear from the data summarized in Fig. 1 that, un-
der conditions where LF caused a significant inhibition of
DPC-induced LC migration, another exogenous protein (hu-
man albumin) applied in the same way failed to influence
the integrity of LC mobilization (Fig. 1¢). These data are
therefore in accord with the results of previous studies in
mice, insofar as they demonstrate a clear potential for topi-
cal LF to inhibit significantly chentical allergen induced LC
migration from the epidermis (Cumberbatch et al. 2000).

In a second series of experiments, we examined the influ-
ence of topical LF on LC migration induced in humans by
intradermal administration of homologous TNF-g, it having
been reported previously that this cytokine is able to cause
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the mobilization of human LC (Cumberbatch et al. 1999¢).
In these experiments, the frequency of epidermal LC was
measured in punch biopsies taken 2 h following intradermal
injection of either 200 U of TNF-& or an equivalent volume
of saline alone. A representative experiment js shown in
Fig. 2. Tt is clear that, compared with control sites that re-
ceived aqueous cream alone 2 h prior to injection of TNF-u,
LF (at application concentrations known to inhibit DPC-
stimulated LC mobilization) was without effect on migration
induced by this cytokine (Fig. 2). In common with the
results of studies in mice, these data indicate that topical ad-
ministration of LF does not cause a generalized immobiliza-
tion of LC. Moreover, the results provide indirect evidcnce
that in humans also the inhibition of allergen-induced LC
migration by LF is secondary to compromised de novo pro-
duction of TNF-o.

Finally, we have now conducted preliminary experiments
to cxamine whether topical LF is able to influence the integ-
rity of LC migration in humans in response to 1L-}3. As de-
scribed above, it is believed that for LC mobilization in
response to intradermal IL-13, it is necessary that this
cytokine (in addition to delivering one signal to LC itsclf)
induces the production by keratinocytes of TNF-o. If such is
true, then the expectation would be that in humans, as in
micc, LF is able to inhibit LC mobilization in response to
IL-1B. The results of a representative cxperiment are sum-
marized in Table | and reveal that this is in fact the case;
prior exposure to LF caused an almost complete inhibition
of IL-1B-induced LC migration.

Discussion

Collectively, the information reviewed here indicates that in
humans LF when applied topically is able to inhibit the subse-
quent migration of LC under conditions where cell mobiliza-
tion is dependent upon the de novo production of TNF-a..
These data are entirely consistent with what is known of the
ability of LF to influence LC migration in mice
{Cumberbatch et al. 2000). The requirement for TNF-x pro-
duction to sustain LC migration is indicated also by the re-
sults of jnvestigations in mice using dexamethasone (DEX),
a transcriptional regulator of proinflammatory cytokine syn-
thesis. It was shown that systemic administration of DEX
caused a marked inhibition of LC migration and the accumu-
lation of DC in draining lymph nodes induced either by topi-
cal exposure to a contact allergen or by intradermal injection
of IL-1B. Under the same conditions, however, treatment
with DEX was without effect on L.C migration provoked by
dermal administration of TNF- (Cumberbatch et al, 19994).
Recently, more direct evidence, in mice at least, for the
down-regulation by topical LF of chemical allergen induced
TNF-0. expression by keratinocytes has derived from flow
cytometric analyses of isoiated epidermal cell populations
(M. Cumberbatch et al., unpublished observations).

Since LF has the ability to regulate in the skin the produc-
tion of TNF-0r (and possibly of other proinflammatory
cytokines), then it is legitimate to consider whether this pro-
tein has, as a consequence, the potential to influence cutane-
ous inflammatory reactions. One line of evidence deriving
from studies of human volunteers exposed to DPC suggests
that this is the case. It was observed that in approximately
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50% of subjects who displayed a local inflammatory
reaction in response to treatment with DPC, the intensity of
erythema was diminished substantially if the site of expo-
sure had been treated previously with LF. Where examined,
the reduced erythema associated with prior LF trcatment
was accompanied by a less marked infiltration of inflamma-
tory cells (Gniffiths et al. 2001).

In conclusion, we have shown that LF when applied topi-
cally is able to regulate the induced expression of TNF-g-de-
pendent responses in the skin and that, in some instances at
least, LF is able to inhibit partially the provocation of cuta-
necus inflammatory reactions. As there is cvidence that LF
may be expressed constitutively in both mouse and human
skin (Cumbeibatch et al. 2000; M. Bhushan et al., unpub-
lished observations), it is tempting to speculate that in this
tissue (and possibly elsewhere), a physiological function of
LF may be to moderate inflammatory reactions secondary to
regulation of cytokine production. We are currently explor-
ing this possibility. Notwithstanding a role for LF as an en-
dogenous modulator of inflammation, the results revicwed
here suggest that there may exist opportunitics to exploit the
properties of this protein for the treatment of cutancous in-
flammatory diseases such as psoriasis and atopic cczema.
Such opportunitics are being investigated presently but have
yet to be realised in a clinical sctting,
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Abstract

Lactoferrin is a member of the transfeirin family of iron-binding proteins, Numerous functions have been reported and continue to
be reported for the protein, some of which are related to its iron-binding propertics. lis extensive antimicrobial activities werc originally
attributed to its ability to sequester essential iron, however, it is now established that it possesses bactericidal activities as a result of a direct
interaction between the protein or lactoferrin-derived peptides. This article reviews the antimicrobial activitics of lactoferrin and discusses

the potential moede of action of lactoferrin-derived cationic peptides against Gram-negative bacteria in the light of recent studies.

© 2003 Elsevier Ltd. All rights reserved,
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1. Introduction

Lactoferrin is an avid iron-binding glycoprotein of the
transferrin family that includes serum transferrin and ovo-
transferrin, Jt is found on mucosal surfaces, within ihe
specific granules of polymorphonuclear leukocytes, and in
biological fluids, including milk, saliva and seminal fluid,
indicating that it may play a protective role in the innate
immune response.

Milk is by far the most abundant source of lactoferrin
with human colostrum, the early milk, containing up to 7 g/l
{Masson and Heremans, 1971), There is a great variation in
the concentration of lactoferrin in other human body fluids.
The concentration in tears is as high as 2mg/ml whereas
that in blood is normally only as high as 1 wg/ml, although
it can rise as high as 200 ng/ml in the inflammatory situ-
ation {Masson and Heremans, 1971). Although lactoferrin
is found in the milk of most mammals its concentration is
quite variable and dependent on the stage of lactation.

Lactoferrin is a monomeric, bilobal, glycoprotein with
a melecular mass of about 80kDa. The three-dimensional
structure of human diferric lactoferrin was first reported in
1987 (Anderson et al,, 1987). Since then the structure of
the diferric protein has been refined and further structures
reported for human apolactoferrin and apo and iron-loaded
forms of other lactoferrins (reviewed by Baker et al., 2002).
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The three-dimensional structure of diferric human lactofer-
rin is shown in Fig, 1. The protein comprises two homolo-
gous lobes corresponding to its amino- (residues 1-333) and
carboxyl- (residues 345-692) terminal halves, connected by
a three-turn a-helix at residues 334-344, Each lobe is fur-
ther subdivided inlo two domains, with a single iron-binding
site situated between the inner faces of the inter-domain
cleft. Each iron (Fe>™) atom is co-ordinated to four protein
ligands, namely, 2 tyrosines, | aspartate, and | histidine,
and also te a synergistic anion—normally carbonate in vivo.
Small angle scattering studies have shown that both lobes
undergo a substantial confrontational change as a result of
iron binding, consistent with closure of the inter-domain
cleft {(Grossmann ct al., 1992).

The sequence of human lactoferrin has been reported from
a number of sources: the primary amino acid sequence,
derived from human mammary lactoferrin (Metz-Boutigue
et al,, 1984), and the cDNA sequence, taken from human
myeloid and mammary gland libraries (Rado et al., 1987;
Rey et al., 1990). These sequences were found to be almost
identical, however, the crystallographic structure of difer-
ric human lactoferrin (Anderson ct al., 1989) suggested that
three arginine residues (GRRRS) and not four (GRRRRS)
are present at the N-terminus of the protein, This discrep-
ancy is a consequence of the flexibility of the protein at its
N-terminus cnd and thus the electron density at this point in
the structure is ambiguous.

The two lobes have 125 amino acids in common (37% ho-
mology) and exhibit very similar tertiary structures, consis-
tent with the hypothesis that the two lobes arose as a product
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Fig. 1. The three-dimensional structure of diferric human lactoferrin. The location of tactoferricin within the protein is shown in yellow and the two

ferric ions are in red.

of gene duplication (Williams, 1982; Metz-Boutigue et ai.,
1984). Human and bovine lactoferrins share 69% sequence
homology and are structurally very similar when viewed at
tertiary level (Pierce et al,, 1991), The iso-electric point (pI)
of lactoferrin was found to be between 8.4 and 9.0, which
is higher than that observed for other members of the trans-
ferrin family, pl 5.4-5.9 (Moguilevsky et al., 1985; Sanchez
ct al., 1992, Hovanessian and Awdeh, 1976).

Many roles have been proposed, and continue to be pro-
posed, for lactoferrin (Fig. 2). Although some of these are
clearly related to its iron-binding properties, for example its

ability to provide bacteria with a source of iron and therefore
act as a “pramicrobial”, others appcar to be independent of
iron binding.

The antimicrobial activity of lactoferrin is well cstab-
lished. For many years this activity was attributed to the
ability of lactofernin to sequester iron thereby depriving
potential pathogens of this essential nutrient. However,
lactoferrin is now known to possess a second type of
antimicrobial activity, bactericidal as opposed to bacterio-
static, the result of a dircct interaction between the protein
and the bacterium. This article will concentrate on the
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Fig. 2. Proposed roles of lactoferrin. Adapted from Brock (2002).
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antimicrobial activity of lactoferrin and lactoferrin-derived
peptides.

2. Iron uptake systems of pathogenic bacteria

It has been well established that iron is an essential nutri-
ent for the growth of almost all bacteria and bacteria within
the body have developed mechanisms for obtaining iron as
they are ofien exposced to iron-limited conditions. In the nor-
mal situation, iron in the body is protein-bound, rather than
“free”, in order to minimise the gencration of unwanted free
radicals as a result of iron-catalysed cascades. In response
to iron-limited slress many bacteria synthesise and secrete
phenolate and/or hydroxamate siderophores into their im-
mediate cnvironment {Griffiths and Williams, 1999). The
siderophores frequently have a higher affinity for iron than
lactoferrin or transferrin and therefore can acquire iron at the
host’s expense. The iron-siderophore complex is then taken
up into bacteria by siderophore-specific receptors such as
FhuA, FepA and FecA for ferrichrome, ferric enterobactin
and ferric citrate, respectively, in the outer membrane of
Escherichia coli. As this siderophore-mediated mechanism
for iron acquisition does not require a direct interaction
between the bacteria and the host’s iron-binding protein it
is not host specific.

In recent years it has become apparent that under iron-res-
tricted conditions some bacleria can express membrane-
bound proteins for their host’s iron-containing proteins and
exploit an iron-uptake mechanism that requires the dircct
interaction of the protein with a specific bacterial recep-
tor. Bacterial species such as ffaemophilus influenzae, Acti-
nobacillus plewropneumonie, and Bordetella pertussis arc
able to use transferrin- and lactoferrin-bound iron directly
without the involvement of siderophores {Gonzales et al,,
1990; Herrington and Sparling, 1985). Similarly Helicobac-
ter pylori can mobilise iron from lactoferrin and competi-
tion using different lactoferring and transferrins have shown
that the surface-expressed lactoferrin-binding protein (Lbp)
on H. pyiori only binds human lactoferrin specifically.

The Lbp on Neisseria meningitidis consists of two pro-
teins, LbpA and LbpB, and expression of both proleins
is regulated by iron (Petterson ct al., 1998). LbpA is
an integral outer-membrane protein, homologous to the
siderophore receptors FhuA, FepA and FecA. LbpB is fully
surface-exposed and attached to the outer membrane by
a lipid moiety. The meningococcal Lbp complex closely
resembles that of the meningococeal transferrin-binding
protein complex (Evans and Oakhill, 2002) and both com-
plexes display exquisite specificity for human lactoferrin
and transferrin, respectively. Isogenic mutants of N. menin-
gitidis lacking LbpA exhibit a reduced ability to acquire
iron and are unable to use lactoferrin as a sole source of
iron. Although LbpB isogenic mutants also have a reduced
ability to acquire iron they can still use lactoferrin as a sole
source of iron {Lewis et al., 1998).

3. Antimicrobial activity of lactoferrin

It has been widely accepted for many years that lacto-
ferrin displays antimicrobial activity against many different
infectious agents. This activity was originally attributed
to its ability, in common with transferrin, to sequester
iron with a high affinity and, unlike transferrin, retain
its bound iron under acidic conditions. More recently,
however, it has become apparent that some of the antimi-
crobial properties of lactoferrin are independent of iron-
binding.

3.1, Amtibacterial activity

The anti-bacterial aclivity of lactoferrin was initially as-
cribed to its ability to bind and sequester environmental
iron, thereby depriving potential pathogens of this essential
nutrient (Arnold ct al., 1977). The ability of lactoferrin to
inhibit bacterial growth in vitro was indeed one of the car-
liest functions described for the protein. The antimicrobial
activity of lactoferrin was demonstrated towards a number
of bacteria and apolactoferrin was found to be bacterici-
dal for Streptococcus mutans and Vibrio cholerae, but not
for Escherichia coli (Amold et al., 1977). Further studies
have shown that lactoferrin was bactericidal only when in
its iron-free state and that iron-saturated lactoferrin has a
reduced antimicrobial activity (Amold et al., 1980; Kalmar
and Amold, 1988; Yamauchi et al., 1993).

Iron-independent killing by lactoferrin was, however, first
demonstrated by Arnold and co-workers in 1982, Previous
work in 1981, had shown that lactoferrin was bactericidal for
Streptococcus mutans even when cxogenous irop was added
to the cxperimental media {Arnold ct al., 1981). Boriner
et al. (1989) proposed that this iron-independent lactoferrin
killing was a result of a direct interaction of lactoferrin
with the bacterial surface. Lassiter et al. (1987) had pre-
viously suggestcd that the target site on bacteria would be
anionic. Further studies have attempted to elucidate the
mechanisms for this direct effect. Lactoferrin was shown to
interact with lipopolysaccharide (LPS) of the Gram-negative
bacterial membrane of £, coli (Appelmelk et al., 1994}, with
the release of the LPS from the membrane, However, this re-
lease was blocked by addition of Ca?* and Mg?* ions. The
presence of Ca’* ions also inhibited the ability of lactofer-
rin to increase the susceptibility of £. coli to the antibiotic
rifampicin (Ellison et al.,, 1990). The importance of these
divatent cations as modulators for the antimicrobial activity
of lactoferrin has been further reported by Bormmer et al.
{1986, 1989) who showed that a lactoferrin sensitive strain
of Legionella preumophila was protected from killing by
addition of calcium chloride, magnesium nitrate and magne-
sium chloride, however addition of sodium chloride had no
effect. Kalmar and Amnold (1988) showed that Mg?* ions
decreased lactoferrin killing, whereas the addition of Ca?*
or KT ions had no affect on the antimicrobial activity of
lactoferrin.
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Many studies have suggested that lactoferrin binds to the
isolated lipid A portion of LPS. The addition of lipid A in-
hibited lactoferrin binding to LPS, as did the addition of
polymyxin B (Appelmelk et al., 1994). The N-terminal re-
gion of lactoferrin, which includes the lactoferricin peptide
sequence (see Scction 4.2 below), was shown to be invelved
in the binding of intact lactoferrin to the LPS of E. coli
055B5 (Elass-Rochard ¢t al., 1995).

Lactoferrin has also been shown to interact reversibly with
porins of E. coli membrane, but the porins may be shielded
from attack by the polysaccharide portion of the LPS and
thus antibacterial activity may be decreased (Naidu et al,,
1993). The binding of lactoferrin to moieties on the bacterial
membrane surface such as LPS, and its killing effects have
been shown to be linked, with the peptide concentration
being crucial for cell death (Naidu et al., 1993).

The susceptibility of the bacteria lo lactoferrin was found
1o be dependent on their growlh phase since bacteria are
more susceptible to killing by lacloferrin when in carly
log phase, plate grown bacleria are completely resistant
(Amold et al.,, 198]; Bortuer et al,, 1989). The binding
of lacioferrin to these bacteria was lemperature sensitive
with no binding at 4°C. Although binding was shown te
be independent of killing, a decrease in the pH of the me-
dia to pH 5 also increased the sensitivity of the bacteria
(Bortner et al., 1989).

Lactoferrin has been shown to medulate the activity of
known antibacterial agents such as lysozyme and antibiotics,
so may work syncrgistically (Ellison et al., 1988; Etlison and
Giehl, 1991), Ellison ct al. (1990) have shown other syn-
ergistic effects: the secretory IgA-Lf complex from human
milk has bactericidal activity against both Gram-positive and
Gram-negative bacteria, thus oral immunisation by mothers
may help protect their infants.

3.2, Antifungal activity

Lactoferrin was first reported to have anti-fungal ac-
tivity by Kirkpatrick et al. {(1971). In combination with
fluconazole, lactoferrin was shown to reduce the minimum
inhibitory concentration (MIC) at which fluconazole killed
a number of clinical isolates of Candida species, suggesting
that lactoferrin may have a potential use in comibination
therapy against drug-resistant Candida infections (Kuipers
et al., 1999). The synergistic action of lactoferrin with an-
libiotics, antifungals and antibacterial agents already in use
increases their efficacy (Ellison and Giehl, 1991; Naidu
and Amold, 1994, Wakabayashi et al., 1996, 1998). The
combined use of lactoferrin and antifungals against sevcre
infections with Candida species is hence an attractive ther-
apeutic option. Since fluconazole-resistant Candida species
have been frequently reported in HIV-infected patients, the
addition of lactoferrin, which is one of the host specific
defence factors present in saliva that exhibit antifungal
activily, may delay the occurrence of resistant species
(Kuipers ¢t al., 1999).

3.3. Antiviral activity

Besides possessing a broad spectrum antimicrobial activ-
ity against bacteria and fungi, lactoferrin is capable of in-
hibiting replication of a wide range of viruses. Most stud-
ics indicate that lactoferrin prevents infection of the host
cell, rather than inhibiling virus replication after the tar-
get cell has become infected. Infection of the target cell is
prevented by direct binding to virus particles, as described
by Ikeda and co-workers in 2000, for hepatitis C virus
(HCV), polio- and rotavirus, herpes simplex virus (HSV)
and possibly human immunedeficiency virus (HIV). Re-
search on HCV has shown that both bovine and human
lactoferrin are able to bind to El and E2 envelope pro-
teins in vitro, with E2 interaction occurring in vivo (Yi
et al., 1997). Preincubation of HCV with bovine lactofer-
rin is required to prevent the infection of HCV virus into
cells, whereas incubation of bovine lactoferrin with the cells
showed no inhibitory effect against HCV. This demonstrated
that anti-HCV activity of bovine lactoferrin was due to the
interaction of this protein with HCV and not with the cells
(Tkeda et al., 1998).

Another mechanism for the antiviral activity of lactofer-
rin is binding to host cell molecules that the virus uses as
a receplor or co-receplor, For example, binding of lactefer-
rin to heparin sulphate proteoglycans (HSPGs) is a central
phenomenon. Many viruses tend to dock on HSPGs of tar-
get cells. After this initial contact, the virus particles roll
to their specific viral receptor and subsequently enter the
host cell, for instance by fusing with the host cell membrane
{Laquerre et al.,, 1998). Binding of lactoferrin to HSPGs
prevents this first contact and thus subsequent infection of
the host cell. Interestingly, peptide fragments of lactofetrin,
such as lactoferricin fail to inhibit most of the viruses tested.
Although this peptide is responsible for the antimicrobial ef-
fect against bacteria and fungi, lactoferricin does not seem
lo be important for the antiviral effect.

For some viruses tested, it was found that apo-tactoferrin
was more polent than the metal-saturated complexes of
lactoferrin although the reason for this is unknown. How-
ever, it is speculated that binding to target cell may lead
to an increased uptake of meltals such as Zn?*, which has
been shown to be effective against poliovirus (Espesito and
Obljeski, 1976). Another reason for the increased activity of
apo-lactoferrin may be that many enzymes, including viral
enzymes, require metal ions as a co-factor for their function.

Other studies have shown that an indirect antiviral mode
of action of lactoferrin is {aking place through the upreg-
ulation of the antiviral response of the immwune system.
Adminisiration of lactoferrin to cell cultures in vitro, or
animals and healthy volunteers led to an upregulation of
natural killer (NK) cells, monocyte/macrophages and gran-
ulocytes (Crouch et al,, 1992; Levay and Viljoen, 1995).
These cell types play an important role during the early
phases of viral infection, therefore the specific immune
system is upregulated and takes over the antiviral response.
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3.4. Antiparasitic activity

The role of lactoferrin in parasitic diseases is poorly
understood and is likely to involve various mechanisis,
Omata et al. (2001} observed that following preincubation
of Toxoplasma gondii and Eimeria stiedai sporozoites with
boving lactoferrin peptides, they had reduced infectivity.
Such a result was attributed to either a direct effect of the
peptide on the integrity of the parasiles’ membrancs and/or
an interaction with host tissues.

The antiparasitic activity of lactoferrin towards Pren-
mocystis carnii was attributed to its ability to perturb the
parasite’s iron uptake pathway (Cirioni et al., 2000). Con-
versely lactoferrin would appear to possess “promicrobial”
aclivities towards other parasites, for example Tritri-
chomonas foetus (Tachezy et al, 1996), analogous to the
ability of pathogenic bacteria such as N. meningifidis 10
cxpress ouler membrane proteins capable of acquiring
lactoferrin- and transferrin-bound iron.

4. Antimicrobial activity of lactoferrin-derived
peptides

4.1, Cationic peptides

A wide varicty of organisms produce antimicrobial
peptides as a primary innate immune strategy (lancock
and Lechrer, 1998). To date, hundreds of such peptides
have been isolated throughout nature, lvom single celled
micro-organisms, mammals, amphibians, birds, fish and
plants (Hancock and Chapple, 1999}, indicating their impor-
tance in the innate immune system (Bevins, 1994; Hancock
and Diamond, 2000). Typically, these peptides are rela-
tively short {less than 100 amino acids), positively charged,
amphiphilic and are reported to be active against bacteria,
fungi, viruses and protozoa {Martin et al., 1995). They dis-
play a great structural diversity and aithough their modes
of action can vary and are not fully undersiood, their main
sitc of action is thought to be the cell membrane. Several
mechanisins have been proposed for cationic antimicrobial
peptides. Hydrophobicity, cationicity and secondary struc-
(ure have been implicated in the antimicrobial effect (Shai,
1999). Although certain peptide structural groups have been
noted, including amphipathic-helices, -structures, extended
structures and foops, no overall conservation of amino acids
exists (Boman, 1995; Hancock, 1997).

The increased incidence in the last 10 years of opportunis-
tic infections caused by bacteria like Psendomonas aerugi-
nosa has motivated the unravelling of the mode of action of
cationic peptides against Gram-negative bacteria. The outer
membrane {OM) of Gram-negative bacteria constitutes a
semi-permeable barrier against a variety of substances. The
cnterobacterial OM bilayer consists of an inner monolayer
containing phospholipids and an outer monolayer that is
mainly lipopolysaccharide (LPS). LPS can be divided into

three components: lipid A, which is embedded in the mem-
brane, a core polysaccharide, which contains a number of
unusual sugars including 2-kete-3-deoxyoctonate (KDQO),
and a side chain of repeating sugars (O-antigen or O-side
chain}, The LPS monolayer is a highly ordered quasicrys-
talline structure with very low fluidity (Labischinski et al,,
1985) preventing raptd diffusion of hydrophobic solutes.
Three general mechanisms have been proposed for the up-
take of antibiotics across the membrane: the hydrophilic
uptake pathway that involves the passive diffusion of smalt
hydrophilic antibiotics through porin proteins {Nikaido and
Nakae, 1979), a hydrophobic-uptake pathway in which
hydrophobic antibiotics partition into the outer membrane
bilayer (Nikaido and Nakae, 1979) and the self promoted
pathway in which polycationic antibiotics interact with a
site on the outer membrane at which Mg+ noncovalently
cross-bridges adjacent LPS {(Hancock et al., 1981). In sup-
port of the later mechanism for cationic peptides, studies
on the interaction of antimicrobial peptides with model
phospholipid membranes have revealed a low affinity for
zwilterionic phospholipids {(Gazit et al., 1994). After initial
insertion of (he peptides into the membrane, by adsorption
of the unfolded form on the surface of the negatively charged
phospholipid membrane, their positive charges are partially
neutralised by the negative charges of the phospholipids
headgroups. Hydrophobic forces promote the formation of a
stable o-helical structure, driving the peptide further into the
monolayer (Wimley and White, 1996). This mechanism sug-
gests that the different susceptibilities of wild-type and deep
rough mutant stains to hydrophobic antibiotics result from
differences in the organisation of the outer membrane and in
the accessibility of the phospholipid bilayer regions (Nikaido
and Nakae, 1979). In deep rough mutants, the protein con-
tent of the outer membrane is reduced and is compensated
for by an increase in phospholipid (Smit et al., 1975). The
exposed phospholipid bilayer regions would allow the rapid
penetration of hydrophebic molecules. Similarly, mutanis
with Gmp dceletion have reduced amounts of protein in the
outer membrane and increased exposed phospholipids al-
lowing rapid diffusion of hydrophobic molecules, despite
the presence of nonmal LPS (Ames et al., 1974). The sus-
ceptibility of Gram negative bacteria to cationic peptides has
been proposed to be associated with factors that facilitate
the transport of the peptide across the outer membrane, such
as the magnitude and location of the LPS charge, the con-
centration of LPS in the ouler membrane, outer membrane
molecular architecture, and the presence or absence of the
O-antigen side chain {Shai, 1999). Results have suggested
that as few as five basic charges are sufficient to increase OM
permeability if the charges are in a favourable conformation.
In such a mechanism, cationic peptides should be taken
more as disorganizing or permeabilizing agents that could
increase susceptibility to more efficient antibiotics. It has
been suggested (Shai, 1999) that the disruption of the outer
membrane structure is most likely not the primary factor
leading to cell death. As illustrated in Fig. 2, the peptide(s)
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interact with and cross both the outer and cytoplasmic mem-
branes, and cause cell death by a “multihit” mechanism that
involves action on more than one ionic target,

4.2. Lactaferricins

The presence of stable antimicrobial peptides resulting
from the proteolysis of lactoferrin was shown more than
a decade ago when Saito et al. (1991) demonstrated that
limited acid proteolysis of bovine lactoferrin yielded a
hydrolysate that had greater antibacterial activity than lacto-
ferrin. In 1992, Bellamy and co-workers described the gen-
eration, afler pepsin hydrolysis, of fragments from human
and bovine lactoferrins that showed enhanced antimicro-
bial activity but no iron-binding capacitics. The fragments
were characterised and named human (H) and bovine (B}
lactoferricin. Both peptides are derived from the N-terminal
region of the N-lobe and have greater antibacterial activity
than their parent proteins (Bellamy et al.,, 1992a,b). Lacto-
ferricin H corresponds to amino acid residues 1-47 from the
N-terminal region of the protein (Figs. | and 3) and includes

Quter
Membrane

Periplasm

Cytoplasmic
Membrane

DNA, RNA,
Autolysins

Fig. 3. Proposed mechanisms of interaction of cationic anfimicrobial
peptides with the cell covelope of Gram-negative bacteria (adapted from
Hancock and Chapple, 1999). (A} Peptides can bind to the negative
charges of the outer membrane or (B) only to the divalent cation binding
sites on LPS in order to disturb the outer membrane and interact directly
with the hydrophobic part of the membrane. Once the peptide has crossed
the outer membrane, it binds to the negatively charged surface of the
cytoplasmic membrane and inserts further into the membrane interface
(C). Some peptides have been proposed to then either aggregate into a
micelle-like complex, which spans the membrane (D) os flip-flop across
the membrane (E} and intcract in the cytoplasm with negatively charged
molecules such as DNA and RNA (F).

an 18-residue loop formed by an internal disulphide bridge.
Residues 1-11 constitute a separate fragment, which remains
bound to the main loop by a disulfide bridge. The slightly
more potent Jactoferricin B from bovine lactoferrin compris-
ing only residues 17-41, consists primarily of the 18-residue
loop (Fig. 3) stabilised by a disulfide bridge. Lactoferricin
sequences have been deduced for other species (e.g. murine,
caprine, canine) based on their corresponding lactoferrin se-
quences though none of them has ever been reported in vivo.

4.2.1. Bovine lactoferricin

Bovine lactoferricin (L{B), like other antimicrobial pep-
tides that display membrane-disruptive properties, con-
tains a high proportion of basic amino acid residues. It
has been demonstrated that this highly cationic portion of
lactoferrin is responsible for the ability of lactoferrin to
bind glycosaminoglycan (Mann et al., 1994), heparin and
lipopolysaccharide (Elass-Rochard et al, 1995). Bovine
lactoferricin is proposed to exert its effect at the surface of
the bacterial membrane (Bellamy et al., 1993) and positive
charges within the peptide arc thought to aid interaction
with membrane components. The greater the number of
positive charges, the greater the number of interactions with
negatively charged membrane components (Nikaido and
Vaara, 1985; [Hwang et al., 1998).

Numerous studies have been undertaken 1o identify which
regions of the bovine peptide are important for its antimicre-
bial activity. Cyanogen bromide cleavage of lactoferricin B
resulted in two fragments, subfragment 1 (FKCRRWQWR)
and subfragment 2 (KKL.GAPSITCVRRAF). It was found
that subfragment 1 was more potent than subfragment
2 against Listeria monocyfogenes, E. coli, and Bacillus
cereus, but not as potent as the entire length of lacteferricin
B (Hoek et al., 1997). This indicated that residues from
cach peptide were required for potent antibacterial activity.
Kang et al. (1996) showed that a fragment of 11 amino
acids, homologous to a part of bovine lactoferricin, retained
similar antimicrobial activity. The hydrophobic and basic
residues contained within this sequence were shown to be
imporiant for activity (Kang et al., 1996). An even smaller
homelogous peptide of only six amino acids, RRWQWR,
was shown 10 retain activity. This fragment was identified
as the antimicrobial active cenire of bovine lactoferricin
(Tomita ¢t al., 1994, Schibli et al,, 1999). This antimicrobial
active centre has a sequence that is highly homologous to
regions identified as important for the antimicrobial activity
of other cationic antimicrobial peptides (CAPs) (Miyata
et al., 1989; Houghten et al,, 1991; Blondelle ct al., 1995)
confirming that tryptophan and basic residues are the major
determinant of antimicrobial potency.

4.2.2. Human lactoferricin

Due to the limited supply of human milk and the diffi-
culties in extracting the native peptide, less research has
been undertaken on human lacioferricin (LfH). It is a 47
amino acid peptide produced under the same cenditions as
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lactoferricin B though of lower antimicrobial potency.
However, the larger concentration of lactoferrin observed
in human milk, compared to the respective concentration in
bovinc milk, may make the antimicrobial activity of human
lactoferrin and lactoferricin H relevant in vivo. The peptide
is similar to lactoferricin B in that it has a loop region held
together by a disulphide bridge. 1t has been suggested that
antimicrobial activity was independent of the presence of
this bridge (Bellamy et al., 1992a,b), bul our results (Far-
naud and Evans, unpublished results) implicate the impor-
tance of the disulfide bridge(s) in antimicrobial activily by
conferring rigidity and stability to the peptide as observed
with cyclic peptides (Tam et al,, 2001). Although the total
and net positive charges carried by the lactoferricin H are
higher than those carried by lactoferricin B, the proportion
of basic amino acid residues is greater in the bovine pep-
tide. The lower cationicity within the 18 residue-loop might
be at the heart of the difference in antimicrobial activity
exhibited by human lactoferrin-derived peptides.

The identification of regions important for antimicrobial
activity within the human lactoferricin peptide has been in-
vestigated. Odell et al. (1996) have tested short synthetic
peptides homologous to difterent parts of the *loop’ region
of human lactoferricin (Fig, 3). The results showed that the
peptide HLP-2, consisting of 11 amine acids containing the
charged residues of the loop, had greatest activity. This pep-
tide also contains the LPS binding, region of residues 28-34
of the intact human lactolerrin (Appelmelk et al, 1994;
Elass-Rochard ct al., 1995). In human lactoferricin the pep-
tide FQWQRN equivalent to the bovine antimicrobial active
centre RRWQWR, has less antimicrobial potency (Farnaud
et al,, submitted for publication). An incrcase in tryptophan
content does not seem to compensate for a loss in positive
charges suggesting that other factors probably play a crucial
role in antimicrobial activity, The substitution of the phenyl-
alanine residue for a proline in HLP2, leads to a decrease in
antimicrobial potency {Chapple et al., 1998). Such a change
in activity, following the structural alteration induccd by the
introduction of & proline residue, suggests the importance of
spatial conformation of the peptide.

4.2.3. Putative mechanisms of lactoferricins

Even though little is known about the mechanism by
which lactoferricin B exerts its activity, it has been shown
that it causes damage by generating blisters on the outer
membrane of Gram-negative bacteria (Yamauchi ct al.,
1993), and that regions within lactoferricin bind to the LPS
(Elass-Rochard et al,, 1995). Interaction between LIS and
both lactoferricins have been investigated, using a synthetic
octadecapeplide corresponding to residues 20-37 in LfcinH,
and the whole LfcinB. In both cases, the 28-34 loop region
of LfeinH and its homologous region in LfcinB were found
to be involved in LPS binding (Elass-Rochard et al., 1995).
In 1998, Chapple and co-workers showed using transmis-
sion electron microscopy that the outer membrane of £. coli
8007 is sensitive to HLP-2 and the 11 amino acid peptide

corresponding 1o the charged region of the loop of human
lactoferricin causes blebbing of the outer membrane as it
pulls away from the inner membrane. Flow cytometry re-
vealed a loss of membrane potential 10 min after exposure
to HLP-2 and loss of membrane integrity after 30min of
cxposure (Chapple ct al., 1998).

There is no clear evidence of specific receptors linked to
the mechanism of killing. The only direct interaction exper-
iments have been against Candida albicans, which is killed
by lactoferricin B, where 4C-labelled lactoferricin B bound
to C. albicans and the rate of binding appeared to be consis-
tent with the rate of killing induced by the peptide. Again, as
with gram-negative bacteria, cells exhibited profound ultra-
structural damage, which appeared to reflect the induction
of an autolytic response (Bellamy et al., 1993).

The concentration of lactoferricin B required to cause
complete inhibition of bacterial growth varied within the
range of 0.3-150mg/ml, depending on the specics stud-
ied. Lactoferricin B was lcthal, causing rapid loss of
colony-forming capability in most species tested. The only
resistant strains found by Bellamy et al. (1992a,b} were
Pseudomonas fluorescens, Enterococcus faecalis and Bifi-
dobacterium. Activity studies against £. coli in the pH range
5.5 and 7.5, showed that the peptide was most effective in
slightly alkaline conditions, and that bacterial effectiveness
was reduced in the presence of Nat, K+, Mg?* or Ca®* ions.

The sequences for both human and bovine lactoferricins
form a surface-exposed a-helix with a hydrophobic tail
within the native proteins (Odell ct al., 1996). However, the
peptides may adopt a different conformation when released
from the parcnt protein, and/or when in contact with their
target. The 3D structure of synthetic bovine lactoferricin
has becn solved by NMR spectroscopy and it was shown to
adopt an anti-parallel B-sheet in water, with a hydrophobic
core surrounded by hydrophilic and charged amino acids
(Hwang et al., 1998; Schibli et al.,, 1999). The flexible na-
ture of bovine lactoferricin, readily apparent from the two
different conformations in its bound and free fonms, has
also been described for other proteins such as the amyloid
3-plaque forming protein in Alzheimer’s disease {Mihara
and Takahashi, 1997).

The results of our studics (Farnaud, Evans and Odell,
submitted for publication) on antimicrobial activity of syn-
thetic peptides derived from human and bovine lactoferricin
and tritrpticin sequences against wild-type Escherichia coli
demonstrate both the importance of tryptophan and arginine
residue content, and their relative location, Furthermore, the
antimicrobial activities of the same set of peptides towards
LPS mutants strains suggest that, contrary to results obtained
with lactoferrin, lipid A is not the main binding site for
lactoferricin which first interacts with the negative charges
present in the inner core. Computer modelling of the most
active peptides led to a model in which positively charged
residues of the cationic peptide interact with negative
charges carried by the LPS to disorganise the structure of the
outer membrane and facilitate the approach of tryptophan



402 S. Farnand, RW. Evans/Molecular Immunology 40 (2003) 395-405

RYK]

ta) ®® ®®

R) ©

@ ®

© >

2 ® o ©® 47

DOQOOADOE ORBOOODOOOD
,  OBBRBOVQOOB®

i) @ @

d@ C%

® ®

@ ®

® ©)

R D
R ®

17 O©—©O 41

GL ORPO®

Fig. 4. Sequences of (a) human and (b) bevine lactoferricin showing the disulphide loop region. The positively charged residues are in red, and other
residucs of the loop are in blue; the numbering corresponds 1o the position in the mature parent protcin (adapted from Bellamy et al., 1992a,b).

l\w/Q \\\/Q l\ /Q\ /R

¥,
/\ \ A \ R/ \Q/ \R ] /.v\ /w\

l\ 2 R VoW, \\
W R) NN “’ \f }‘\/\ ‘\/Q\f

2NN
q /‘\/\ 3
ol © “of o @ RGy NN
o o 0 o \o O '
a oo °° Q/Q & °
G < < i >0uter
() membrane
0000000 MM MMMM%MM J
Periplasm

Fig. 5. Interaction of a LicinB-derived peptide with outer membrane LPS. The positive charges carried by the arginine residucs interact with the negative
charges carried by the LPS, allowing the disorganisation of the structure of the outer membrane and the interaction of hydrophobic tryptophan residues
with the hydrophebic part of the outcr membrane. It is probable that in the aqueous phase such peptides interact with cach other in order to limit the
interaction of hydrophobic residues with water molecules.



8. Farnawd. R.W. Evans/ Molecular Immumology 40 (2003) 395-405 403

residues to the lipid A to promote hydrophobic interactions
(Figs. 4 and 3).

5. Conclusion

It is now more than 40 ycars since Groves (1960) and
Johansson (1960) independently reported the isolation of a
red protein from milk, a protein we now know to be lacto-
ferrin, a member of the transferrin family of iron-binding
proteins. The X-ray structure of diferric human lactoferrin
(Anderson et al., 1987) provided us with the first information
on the nature of the iren-binding sites in the transferrin fam-
ily. We now have extensive high-resolution structural data
on a number of different lactoferrins in their metal-free and
metal-loaded fonms, Many functions have been proposed,
and continue to be proposed, for lactoferrin, some of which
are independent of metal binding. Early reports attributed
the antimicrobial activity of lactoferrin solely to its ability
to sequester iron essential for bacterial growth. However, it
is now clear that both lactoferrins and lactoferricins exhibit
antimicrobial activitics that are indepcndent of iron bind-
ing but reliant upon a direct interaction of the protein or ifs
fragment with its target. There is still no consensus of opin-
ion as to the mode of action of these antimicrobial proteins
and peptides. Nevertheless, as more structural information
becomes available with expression of recombinant forms of
both full-length lactoferrins and their fragments, new tech-
nologies will permit a belter understanding of the antimi-
crobial propertics of this truly multifunctional protein.
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It has been reported previously that oral administration of lactoferrin (LF) provides some host-protective effects
againstinfections, cancers, and inflammations. I this review, we focus on the effect of oral LF on various infections

diseases and discuss the mechanism as clucidated in
than the digestive canal, it is uiclear whether oral LF is

animal models. In the case of infections occurring at sites other
absorbed from the intestine and exerts its protective effect

at the site of infection. In preterm human infants, neonatal pigs, and rats with colitis, it was reported that LF ig

deteclable in various body fluids after oral

administration.
into the blood of adult rats without gastrointestinal jlincss using several technigues,

We could not deteet the lransport of oral bovine LF
suggesting that there is an

exiremely low level of transport of LF, if any. Orally administered LE may act at the oro-gastro-intestinal mucosa

and aid the defense system against infections through a network of mucosal inmunity and systemic
Indeed, it is reported that oral LF increases the number of cells in the leukocyte subset
of mice. Regarding systemic tmmunity,

IL-18) production in the intestinal mucosa

immunity,
and cytokine (IFN-y and
we have observed an increase

of leukocyte nu mber, cytokine (IFN-3, TNF-, IL- 12, and IL-18) production, and effector activity of macrophages

in response to LF administration in several animal models,

These enhanced immune responses may contribute to

cradication of the pathogen, resolution of the symptoms, and maintenance of the homeostasis during infectious

discases,

Introduction

Oral administration of lactoferrin (LF) has been re-
ported to exert host protective effects against various
diseases in animals and human (Tomita er al. 2002).
These diseases include infections, canccrs, and in-
flammations. This review focuses on the cffect against
nfections in animal models. Up to now, proteciive
effects of oral LF on infectious diseases have been
reported in the following animal models and human
diseases: fungal infections, including dermatophytosis
(Wakabayashi et al. 2000, Yamauchi et af, 2000) and
candidiasis (Takakura er al. 2003); viral infections,
including chronic hepatitis C (Tanaka er a/. 1999);
and bacterial infections, including infections by Es-
cherichia coli (Teraguchi et al. 1995), Staphylococcus

aureus (Bhimani et al. 1999), and Helicobacter pylori

(Wada er al. 1999),

Absorption of ingested LF

When we think about the mechanism of the host pro-
tective effect of oral LF, twa simple questions arise.
Is orally administered I.F absorbed from the intestine
and does it exert its protective effect at the site of in-
fection, especially in the case of diseases occurring at
sites distant fron the digestive canal?

Actually, the absorption of oral LF has been stud-
ied in newborn infants and pigs, and in animal models
of colitis. Substantial amounts of nearly intact mo-
lecules of maternal human LF were detected in the
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Table 1. Upregulation of immunological parameters by oral bovine LF

Region Animal model or human Paramelers Reference
Intestinal Normal mice TgA and IgG in Peyer’s patch Debbabi 1998
mucosa Normal or tumor-bearing mice IL-18, IFN-y Wang 2000
CD47, CDET, NK, 1gMt i1gA™T cells  Kuhara 2000
Peripheral ~ Healthy human or post-surgical Immature granulocytes (bands) Zimecki 1998,
blocd patients 2001
Normal or tumor-bearing mice Leukecyte cytotexicity Tigo 1999
CD4*, CD8*, NK cells Kuhara 2000
Chronic hepatitis C patients IL-18 Ishii 2003
Spleen Azexymethane-injected rats NK cell activity Sekire 1997

Peritoneal

Normal mice
Immunized guinea pigs

Inactivated Candida-injected mice

IFN-y, IL-10
Proliferation and effector activity

NO production and anti-Candida

Nakajima 1999
Wakabayashi 2002

Wakabayashi 2003

cavity activity of macrophages

Systemic Normal or cyclophosphamide-

injected mice

DTH reaction

Zimecki 2000
Artyin 2003

urine of human preterm infants (Hutchens et al. 19914,
1991b). In a study of neonatal pigs, oral bovine LF was
shown to be transferred to the bile and cerebrospinal
flutd via the blood (Harada et @/ 2002). In experi-
mental colitis rats, oral bovine LF was detected in the
blood at relatively low concentrations (Togawa et al.
2002). These obscrvations may be explained as fol-
lows. The barrier function of the intestinal tract is not
fully developed in newborn animals, and in adult an-
imals, the intestinal barrier function may be damaged
by gut injuries such as those in experimental colitis.

Then, how about the absorption of oral LF in non-
infants or adults having no injury in the intestine?
This is an important subject, because many of the
anti-infectious effects of oral LF have been found in
adult animals and humans without intestinal damage.
In order to investigate these subjects, we analyzed the
absorption of bovine LF or its fragments in the portal
blood of healthy adult rats by several methods.

We attempted 1o detect the absorption of bovine
LF by ELISA in comparison with ovalbumin {(OVA).
In rats fed a 4% solution of OVA, OVA was detected
in the portal blood plasma, although the amount was
low. When we added 5% glucose to the drinking water
to increase the intestinal permeabitity by affecting the
tight junetions, an increased level of OVA was detec-
ted, On the other hand, LF was not detected in the
plasma of LF-fed rats in either the normal or glucose-

treated condition. These results suggest that oral LF is
less effectlive in permeating the intestine than QOVA.

The analysis of oral LF in the portal blood of rats
was performed using another method, SELDI affinity
mass spectrometry with antibody capture. After OVA
administration. OVA fragments with various molecu-
lar weights were detected in the portal blood plasma.
In contrast, no LF fragmenis were detected in rats
given oral bovine LF.

Finally, lactoferricin B (LFcin B)-containing frag-
ments in the portal blood, including blood cells, were
analyzed by SELDI aflinity mass spectromeiry with
carboxymethyl capture and pepsin proteolysis, After a
single dose or arbitrary administration of bovine LF,
LFcin-containing fragments were not detecied,

Based on these results, we can conclude that
ncither orally administered bovine LF nor its large
motlecular fragments are absorbed from the intestines
of normal adult rats. Thus, it may not be reason-
able to think that LF fragments are absorbed from
the intestine and exert protective effects at the site of
infection.

Host-protective mechanism of ingested LF
How then does oral LF erthance host defenses against

pathogens without being absorbed? In other words,
does oral LF modulate host immunity against infec-



tions? Based on the observations made in previous
imvestigations (Table 1), we propose the following
hypothesis. When LF is ingested, it is digested to
some extent in the gastro-intestinal tract. Undigested
LF or the digested fragments may bind to the epi-
thelial cells of the gastro-intestine and modulate the
intestinal mucosal immunity. Then the systemic or
peripheral immunity is modulated through a network
of mucosal and systemic immunity. Finally, the mod-
ulated systemie immunity enhances the host defensc
against infections.

The influence of oral LF on the mucosal immunity
in the intestine has been reported by Tsuda’s group.
They reported that oral administration of bovine LF
cnhanced the production of IL-18 in the intestinal epi-
thelial cells and IFN-y in the lamina propria, and
increased the number of CD47F, CD&T, and NK cells
in the intestinal mucosa of both tumor-bearing mice
and normal mice (Kuhara et af. 2000, Wang er al.
2000).

Currently, we arc investigating the influence of
oral bovine LF on systemic or peripheral immunity.
Recently we reported the following results. We in-
vestigated the activity of splenic mononuclear cells
of guinea pigs immunized with inactivated conidia of
Trichophyton mentagrophytes, a filamentous fungus
(Wakabayashi et «f 2002). Immediately after the
immunization, LF administration was started. Seven
days after the immunization, the proliferative response
of splenccytes was enhanced by LF administration.
The Trichophyton-killing activity of macrophages was
cnhanced by the addition of the splenocyie culture
supcrnatant. The degree of enhancement was higher
in the LF-fed animals. This result suggests that orat
LF enhances humoral factor secretion from spleno-
cytes, resulting in increased fungi-killing activity of
macrophages.

Next, we reported the activitics of peritoneal mac-
rophages in mice intraperitoneally injected with inac-
tivated Candida albicans (Wakabayashi er al. 2003).
Immediately after Candide injection, LF administra-
tion was started. NO production by macrophages was
induced by Candida priming and was enhanced by
LF administration 7 days after the injection. Candida
growth in vitre was inhibited by the macrophages and
the inhibition was significantly enhanced in LF-fed
animals,

More recently, in an oral candidiasis model, the
cervical lymph node cells of mice were analyzed. The
cell number and production of cytokines (IFN-y and
TNF-a) were significantly higher in LF-fed animals
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6 days after the infection. Cytokine production by
splenocytes of mice cutanecusly infected with herpes
simplex virus type-1 (HSV-1) was examined. The time
course of IFN-y production showed that the produc-
tion was higher in LF-fed animals and was stgnificant
on day 5. IL-12 production was also increased on
day 5 by LF administration. Oral LF attenuated the
decreases of both body weight and the number of
splenocytes in HSV-1-infected mice. The IFN-y level
was correlated with the body weight change, and the
1L-12 level was correlated with the splenocyte number.

Conclusions

From thesc obscrvations, we conclude that oral LF
cnhances systemic or peripheral immune responses
to pathogens or their components as well as mu-
cosal immunity in the intestines of animals. These
enhanced immune responses may contribute to erad-
ication of the pathogens, reduction of the symptoms,
and maintenance of the homeostasis during infectious
discases.
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Abstract

The transferrin family of non-heme iron binding glycoproteins are believed to play a central role in iron metaboiism
and have been imphcated in iron transport, cellular iron delivery and control of the level of free iron in external
secretions. Lactoferrin (LF) is a member of this family that is widely localized in external fluids including milk and
mucosal secretions, in addition to being a prominent component of the sccondary granules of neutrophils, Although
structurally refated to transferrin, LF appears to have a broader functional role mediated by both iron dependent
and iron independent mechanisms. 1n this review, we will focus on our current understanding on the role of LF
in regulating iron homeostasis and its role in host protection against microbial infection at the mucosal surface.
In addition, recent insights obtained from analyzing the phenotypic consequences of LF ablation in lactoferrin
knockout mice (LFKO), which challenge the long held dogma that LF is required for intestinai iron absorption in

the neonate, are sunumarized.,

Introduction

LFis an ~ 80 kDa member of the transferrin family of
iron binding glycoproteins (Aisen ef al. 1980, Metz-
Boutigue er al. 1984). LF is expressed and sccreted
by glandular epithelial cells with highest levels {~
7 grams/liter) found in human colostrum where 1 is
one of the most abundant whey associated protcins
{Masson er al. 1971, Hennart et ¢/, 1991}, LF is also
present at lower levels in mature milk and most exo-
crine secretions in addition to the secondary granules
of maturc ncutrophils (Masson 1966, Masson et al.
1969). The precise three-dimensional structure of LF
has becn revealed by X-ray crystallographic analysis
(Anderson et al. 1987, Anderson ef al. 1989). The
single polypeptide chain is folded into two homolog-
ous globular lobes, each containing a deep cleft that
has the capacity to bind reversibly one ferric ion with
the synergistic binding of a carbonate anion. Specific-
ally, the iron atom in each lobe is coordinated with six
ligands, four of which arc provided by the polypeptide
chain (one aspartic acid, two tyrosine and one histid-

inc residues), with two additional coordination sites
provided by the carbonate anion (Baker ef al. 2003).
Several diverse physiological functions have been
ascribed to LF including regulation of cellular growth
and differentiation, intcstinal iron homeostasis, host
defense against microbial infection and inflammation,
regulation of myelopoiesis and protection against can-
cer [Reviewed in (Iyer er al. 1993, Levay et al. 1995,
Baveye et al. 1999, Brock 2002, Ward er al. 2002)].
While some of thesc functions are clearly dependent
on the iron binding properties of the protein, others
appear to be independent of metal binding and may be
mediated in part by a cationic domain located in the
N-terminus of the molecule that does not overlap with
the iron-binding sites (Bellamy er af. 1992). In this
paper, we will focus on two of the functions that have
long been proposed for LF, regulation of intestinal
iron homeostasis and host protection against micro-
bial infection, providing an overview of our current
understanding on the role of LF in these two areas.
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Apo-LF Fed*-LF

Fe¥* Fe?*

Tissues

Fig. 1. Intestinal lron Absorption by the DMT-1 Pathway. Dietary
non-heme iron is reduced to the ferrous form (Fe”) in the lumen
of the proximal small imestine, most likely by the ferrireductase,
Deyth. Fe™* is then transporied across the apical membrane of ab-
sorbtive enterocyles by the divalent metal ion transporter, DMT-1.
Once inside the cell, iron can be stored in the form of ferritin (Ft) or
transported across the basolateral membrane by lregl. A membrane
bound hephaestin (Heph) has been proposed to convert Fe'* 1o the
Fe** form which then allows the iron 1o bind 1o apo transfertin for
iron transport and delivery (o the body. LF may act at the level of
the intestinal lumen to limit the amount of iron available for uplake
by BMT-1 or other iron uptake pathways.

Iron homeostasis and LF

Tight regulation of iron homeostasis is essential to
protect against free radical induced cellular damage
and premotion of microbial growth while concurrently
providing adequate iron for essential metabolic func-
tions in the body. Dietary iron absorption occurs in the
proximal small intesting (ducdenum). In mammals,
a major non-heme iron uptake pathway involves the
divalent metal iren transporter, DMT-1 (also known
as NRAMP-2 or DCT1) (Fleming et al. 1997, Gun-
shin er al. 1997, Andrews 2000). Ferric iron is first
believed to be reduced in the intestinal lumen by a
ferrireductase, duodenal cytochrome B (DcyiB) fol-

lowed by transport into the cell by DMT-1 (Figure 1).
The iron is either stored in the cell in the form of
ferritin, or is thought to exit the enterocyte through
a basolateral iron transporter ferroportin 1 (IREGI,
MTP1} and is reoxidized to the ferric form, most
likely by a membrane associated oxidase, hephaes-
tin. Once across the intestinal barrier, the ferric iron
binds to serum transferrin for transport to lissues in
the body {Andrews 2000; Fleming er al. 2002, Frazer
et al. 2003). The essential rote of the DMT-1 me-
diated iron uptake pathway is highlighted by rodent
loss-of-function mutations of this protein, which result
in anemta (Fleming er al. 1997, Fleming er al. 1998),

Because mammals tack a regulated pathway for
iron excretion, iron homeostasis is regulated primarily
at the site of iron absorption in the intestine in response
to body iron requirements {Andrews 2000, Wessling-
Resnick 2000, Frazer et al. 2003). Several genes have
been implicated in the feedback regulation of intestinal
iron absorption including the product of the hema-
chromatosis gene, HFE | transferrin receptor 1 and 2
(Fleming et al. 2002, Morgan et al. 2002, Frazer ef al.
2003). Recent developmients in this ficld also support
a key role for the hepatic antimicrobial peptide, hep-
cidin, in the negative feedback regulation of intestinal
iron absorption (Fleming er al. 2001, Frazer er al
2003, Ganz 2003). Hepcidin expression is strongly
upregulated in response 1o iron loading (Pigeon ef al.
2001) and inappropriate expression of this gene has
been linked to iron disorders in mice and humans
(Nicolas et al. 2001, Ahmad et ol 2002, Nicolas
et al. 2002, Weinstein ef al. 2002, Muckenthaler et al.
2003, Nicolas er af. 2003). Furthermore, mutation of
the human hepeidin gene was recently shown to be a
causative agent of juvenile hemochromatosis (Roetto
et al. 2003). Although the exact mechanism by which
hepcidin regulates intestinal iron absorption remains
to be elucidated, it has been suggested that this peptide
is secreted by the liver and may directly downregulate
the expression of gene(s) involved in the DMT-1 iron
uptake pathway in the mature enterocyte (Frazer ef al.
2003).

Members of the transferrin family have also been
implicated in regulating iron homeostasis in mammals.
The tron regulatory role of transferrin (TF) in iron
transport and cellular iron delivery via the transferrin
receptor mediated uptake pathway is well established
(van Renswoude et al. 1982, Bernstein 1987, Levy
et al. 1999). Human (atransferrinaemia} (Goya et al.
1972) and mice (hypotransferrinemic mice) (Bernstein
1987) models of transferrin deficiency result in an-



emia highlighting the essential role of transferrin in
iron delivery to erythroid precursor cells. Interestingly,
transferrin deficiency is also associated with tissue
iron overload due, at least in part, to increased in-
testinal iron absorption. Thus while TF is cssential
for iron delivery to erythroid cells, other iron uptake
systems must exist in non erythroid cells (Wessling-
Resnick 2000). A long-standing controversy existed
as to the role of LF in iron homeostasis. The strong
iron binding properties of LE, together with the high
iron bicavailability and abundant concentrations of LF
in breast milk suggested that this protein may play a
role in intestinal iron absorption in the neonate (Iyer
et al. 1993, Levay et al. 1995). In addition, spe-
cific receptors for LF have been identified on the
small intestinal mucosal surface from many species
including human, rhesus monkey, pig and mouse (iyer
et al. 1993). Recently, a human LF enterocyte receptor
(hLLfR) has been cloned [also cloned as intelectin
{Tsuji et al. 2001) and HL-1 (Lee et al. 2001)]. Whilc
In vitro experiments have shown that Caco-2 intestinal
cells transfected with hLfR have increased [59Fe]hLF
uptake versns mock-transfected cells (Suzuki er al.
2001), the physiological role of this receptor in vive
remains to be established. Further, tissue culture, an-
imal studies and human clinical trials have shown
conflicting resulls supporting a role for LF in both the
enhancement or inhibition of intestinal iron delivery
[Reviewed in (Brock 1980, Sanchez er al. 1992, lyer
ef al. 1993, Levay et al. 1995}]. However, many of
these studies must be viewed with caution where non-
homoelogous LF preparations were used as, at least in
the case of the human, binding of LF to the entero-
cyte receptor has been reperted (o be species specific
(Kawakami et al. 1991).

To further clarify the role of LF in iron homeo-
stasis, we analyzed the effect of LF ablation on iron
homeostasis using LFKO mice (Ward er al, 2003). We
have shown that ablation of LF does not result in iron
deficiency anemia, demonstrating that LF is not re-
quired for intestinal iron delivery to the neonate (Ward
ef al. 2003). To the contrary, compariscn of postnatal
offspring derived from LFKO to WT intercrosses, re-
spectively, disclosed a mild iron overload phenotype
in the LFKO pups. This was reflected by elevated
serum iron, transferrin saturation and hepatic iron in
LFKO versus WT pups, with the latter two parameters
reaching statistical significance. As it is known thal
iron is sensitive to genetic background and because
our analysis was carried out in a mixed background
strain, we performed similar analysis in an isogenic
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129/Sv strain. Comparison of postnatal offspring de-
rived from isogenic LEKO intercrosses to WT inter-
crosses showed that ablation of LF also resulted in
higher hepatic iron stores, although these increases
did not reach significance in the 129/Sv strain (Ward
et al. 2003). Nonetheless, these results suggest that
while genetic background may influence the postnatal
iron overload phenotype observed in LFKO mice in
the mixed background strain, the increased iron levels
obscrved during the suckling period may also be due,
in part, to the lack of LF in the milk. These results
are intriguing given the low free iron concentrations
in milk and mucosal secretions and the fact that mild
iron overloading was observed even in the absence of
dietary iron stress.

We further investigated whether LF influenced iron
homcostasis in the adult (Ward er al. 2003). We
reasoned that if LI played a major role in intestinal
iron homeostasis in the post weaning period, it would
likely be expressed at the site of iron abserption in
the duodenum. /n site hybridization analysis showed,
however, that LF is not endogenously expressed in the
duodenum. Consistent with this lack of expression,
iron parameters were similar between adult LFKO
and WT mice that had been maintained on either a
basal or high iron dict (Ward er al. 2003). Taken to-
gether, these results indicate that LF is not required
for intestinal iron delivery in the mouse. Moreover,
the mild postnatal iron overload obscrved in LFKO
pups suggests a role for LF in iron sequestration and
inhibition of excessive iron uptake during the suck-
ling period. Interestingly, studies in human infants fed
on breast milk versus LF depleted breast milk found
that iron absorption was higher in the LF-free breast
milk also supporting a role for this protein in limiting
rather than facilitating intestinal iron uptake in humans
(Davidsson et al. 1994),

Role of LF in host protection against microbial
infection

LF possesses several antimicrobial activities that
likely contribute to the innate inmune response at the
mucosal surface. Most microbial pathogens are de-
pendent on iron for growth. LE by virtue of its strong
iron-binding properties and relatively iron free state in
mucosal secretions, can bind and sequester this essen-
tial nutrient thus limiting the growth of iron requiring
microbes including enteropathogenic Escherichia coli
(Brock 1980). This antimicrobial activity may have an
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added benefit by favoring the growth of bacteria with
low iron requirements such as lactic acid producing
bacteria, which are generally believed to be beneficial
to the host and there is some evidence that LF can also
directly support the growth of these bacterial species
(Petschow et al. 1999). However, in some cases bac-
teriostasis is temporary as bacteria adapt to their iron
deprived conditions, for example, by producing their
own high affinity iron chelators called siderophores
which compete with LF for iron (Crosa 1989). In
addition, certain bacteria including the Neisseriaceae
species have adapted to the LF imposcd iron restrict-
ive conditions by synthesizing specific LF receplors
which have been shown to bind and extract iron from
LF (Schryvers er al. 1998).

Importantly, a recent seminal finding by Singh
et al demonstrated that LF could prevent the form-
ation of Pseundomonas aeruginosa biofilms in vitre
(Singh er al. 2002). Although dependent on the iron
sequestration function of LE the anti-biofilm activ-
ity was observed using concentrations of LF far less
than that required to inhibit the growth of the bac-
teria by bacteriostatic mechanisms. In this case, iron
sequestration stimulated a specialized motion called
twitching which caused the bacteria to wander ran-
domly around the surface, rather that stay stationary
and divide in sitn 1o form microcolonies that ulti-
nmately give rise te biofilm formation (Singh er al.
2002). This elegant study suggests that the ability of
LF to maintain an environment devoid of free iron may
play a crucial role in preventing against chronic lung
infections by Pseudomonas aeruginosa i vivo, Fur-
ther, a recent study by Schaible et @l suggests that iron
sequestration by LF can protect against the increased
suceptibility of 8-2 Microglobulin Knockout mice, a
genetic mouse model of iron overload, to Mycobac-
terium tuberculosis infection (Schaible er al. 2002).
Taken together, these results suggest that control of
cxtracellular iron levels by LF may have profound
impact on the outcome of microbial pathogenesis.

Antimicrobial activities have also been described
for LF which are independent of the iron status of
the protein. In this regard, a direct bactericidal activ-
ity has been described for LF which is due to a
cationic domain located in the N-terminus of the mo-
lecule (Bellamy et al. 1992). In vitro cxperiments have
shown that the isolated bactericidal peptide, lactofer-
ricin, has more potent activity than the intact protein,
exerting broad spectrum antimicrobial activity against
a broad range of Gram negative and Gram positive
bacteria, yeast, fungi and protozoa (Wakabayashi et al.

2003). However, how this peptide functions in the con-
text of the intact protein in physiological secretions
and/or whether substantial amounis of this peptide are
released at sites of infection /r vive remain largely
unknown. Several reports suggest that LF may also
contribute to the innate host defense system by inter-
fering with other aspects of microbial virulence. For
example, LF was shown to prevent the adhesin and/or
internalization of bacteria and viruses to tissue cul-
ture celis (Longhi er al. 1993, Valenti e al. 1998,
van der Strate et al. 2001, Ajello er al. 2002, Gomez
et al. 2003) and a serine protease activity has been
described for LF that specifically inactivates Hae-
mophilus influenza IgAl protease and Hap adhesion
putative colonization proteins (Qiu e al. 1998).

In addition to the contribution from local expres-
sion and secretion from glandular cpithelial cells, a
second source of LF in external fluids is provided by
nentrophils (Masson et al. 1969). These immune cells
are rapidly recruited to sites of microbial challenge
during the initial acute phase of infection where activ-
ation and degranulation of LF rich secondary granules
provides an additional source of this protein to aid in
the innate immune response against microbial infec-
tion at the mucosal surface (Masson ef ol 1969). LF
has also been proposed to enhance the intracellular
bactericidal activity of ncutrophils wherehy fusion of
the LF containing sccondary granules with the pha-
gosomes provides an cnvironment whereby LF can
donate the iron required for catalysis of free radical
production (Sanchez et al. 1992). Finally, colocaliz-
ation and synergy of LF with other components of
the innate immune response, in¢luding lysozyme and
defensins, likely further augment the host’s ability to
robustly respond to and protect against microbial chal-
lenge (Ellison et al. 1991, Leitch er al. 1998, Singh
et al. 2000).

In summary, the antimicrobial activities of LF
highlight the many possible modes by which LF may
contribute to host protection against microbial infec-
tions at the mucosal surface, both by iron dependent
and iron independent mechanisms.

Future perspectives

It is becoming increasingly evident that the iron bind-
ing properties of LF likely contribute, in large pait, to
the physiological role of this protein in vivo. Studies
carried out in LFKO mice have shown that ablation
of LF results in mild iron overload during the post-



natal period, suggesting that the major iron regulatory
role of LF during the suckling period is iron sequest-
ration, prevenling against excessive iron nptake and
likely contributing to an environment refractory to mi-
crobial pathogenesis and cellular oxidative damage.
Finally, the fact that mild iron overload was observed
in LFKO pups even in the absence of dietary iron chal-
lenge is intrigning, especially in light of the inherent
complexity and likely functional redundancy present
in milk. Future studies examining the phenotypic con-
sequences of LF ablation during the postnatal period
under conditions of dietary iron stress and in response
to microbial challenge will undoubtedly reveal new
insights into the physiological role of this iron binding
protein at the mucosal surface.
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Amme vulgaris is a distressing condition related to the
pile sebaccous follicle and is generally considered an
‘adelescent” disorder (see Figure 1). It is characterised
by spontancous resolution in the late teens or early
20s in the majority of cases.

Acne is the most frequent reason for consulting a
dermatologist in private practice and, in recent years,
has become not only an illness of teenagers, but of
adults too. According to different studies performed
in different parts in the world, the mean onset of
acne in gitls 15 11 years and in boys 12 years. This
earlier onset of one to two years in girls was first
described in 1931, more than 70 years ago. The
mean prevalence is high — between 70% and 87%
without any significant difference according the

country of origin of the paticnt.!

Among the prognostic factors of 70 acne patients,
with risk of no response to treatment or frequent
relapses, the two most important that have been
identified are genetic factors, with a history of acne
in the family, and early onset of acne lesions before
puberty.2 Moreover, recent studies seem to indicate
that acne is more frequent in simokers.?

An evalnation of the difference in acne according to
skin colour has been performed at the Skin Color
Center in New York.? The mean age of acne onset
appears lower in Hispanic subjects (15.9 years old)
compared with Black (20.3 years old) and Asian
(18.9 years old) subjects. The frequency of acne at
teenage is the highest in Hispanic subjects (79.2%)
and similar in Black (59.9%) and Asian (63.2%)
subjects. Scarring is more frequent in Hispanic

subjects (21.8%), remaining low in Black subjecrs
(5.9%}) with an intermediate frequency in Asian
subjects (10.5%). The results are similar concerning
scvere acne with nodular and cystic Jesions: Hispanic
{25.5%), Black (18%) and Asian subjects (10.5%).

The frequency of acne lesions in adults has increased
i the last 10 years, with a mean prevalence of 30%
in women and 15% for men. Acne in adult women
appears particularly persistent and recurrent, inducing
psychological disturbance, severe impact on quality
of life with frequent sick Jeave taken as a result. The
aetiology of adult acne remains obscure, with
cosmetic abuse and stress being suspected causes.®

Acne is more an inflaimmatory disease of the pilo

sebaceous follicle than an infectious disease. In

recent years, research has led to a greater
understanding of the pathogenesis of acne. The pilo
sebaceous follicle is the target organ in acne,
explaining the distribution of acne primarily on the
face, chest and back, areas with the greatest
concentration of pilo scbaceous glands. The most
notable pathophysiologic factors that influence the

development of acne are as follows:

* increase of sebum production by sebaceous gland;

* ductal hypercomnification of pilosebaceaus follicle;
angd

s Propionibacterium acnes (P. ames) colonisation of duct
inducing local inflammation and immune response.

Ducral hypercornification and increase of scbum
production are the two main factors inducing the
microcomedo, which i1s considered the primary

lesion of acne,

1. B Dreno and F Poli, “Epidemiology of Ame”, Dermatology, 206 (2003), pp. 7-10.

2. M I Herane and I Ando, “Acne in Infascy and Acne Genetics™, ibid., pp. 24-28.
3. T Sthafer, A Nienhaus, et al., “Epidemiology of Acue in the General Population: The Risk of Smoking”, Br. J.

Dermatol,, 145 {2001), pp. 100-104.

4. S C Taylor, F Cook-Bolden, Z Rahman and D Strachan, “Acre Vulgaris in Skin of Color”, J. Am. Acad. Dermatol.,

46 (2002}, pp. $98-$106.

5. F Peli, B Dreno and M Verschoore, “An Epideniological Study of Acie in Female Adults: Results of a Survey Conducted
it France”, ). Eur. Acad. Drermatol. Venereol,, 15 (200), pp. 541-543.
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due to hyper-responsiveness of some sebaccous glands
to androgens since not all sebaceons glands are affected
(mainly face and trunk) and that, more often, a
constant leve] of androgen is noted in the blood. New
recent data has also shown that receptors to neuro-
mediators were present on sebacecus glands {substance
P and c-melanocyte stimulating hormone). Substance
P affects the individual size of the gland contributing to
abnormalities in differentiation and proliferation as well
as lipid synthesis.” Thus, the role of the stress in acne
could be related to the liberation of neuromediators as

substance P, which stimulates sebum production.

Abnormal desquamation occurs early in the formation
of retentional acne lesions {see Figure 2} and is linked
to keratinocyte hyperproliferation and abnormal
differentiation.® The mechanisms thar control this
process have not yet been fully elucidated; however,
lipid composition, androgens and local cytokines are
all thought to have an hmportant role. Recent data
shows that imtation of infundibular (for example,
changes in sebum composition or secretion) results n
release of a cytokine interleukin-1at by these cells and
initiation of comedogenesis. Moreover, it las also
been demonstrated that keratinocytes have the cellular
mechanisms needed to metabolise androgens as
scbaccous follicle. Abnormalities of intracellular
(keratinocyte) metabolism of androgens could play a
rale in the hypercornification of pilosebaceous follicle,

The first lesion is the microtomedo. P, acnes 3s the main bacterial agent of acne. It is not
Source: H Golinick, W Cuafiffe, et ol “Management of Acne: A Report from a Giobol Allionce to Improve Gutcomes in

thought to be infectious but more likely to produce
Acne”, ). Am. Acad. Dermatol., 49 (2003) (Suppl 1), pp. 51-2.

different inflammatory substances (e.g.  lipase,

In patients with acne, the overall size of the
scbaceous gland inecreases and the number of lobules
per gland increases. The sebaceous glands start to
enlarge with androgenic stimulus at approximately
seven to eight years of age (adrenarche), with a
resultant increase in sebum excretion. Recent studies
have demonstrated evidence that sebocytes possess
the cellular mechanisms required to metabolise
androgens, in particular 5-a-reductase (Type 1) and
3B and 17§ hydroxysteroid dehydrogenase.

In acne patients, excess sebum production is mainly

chemotactic factor), which induce the development
of inflammatory lesions {see Figure 4). There is a
correlation between the reduction of P. agies and the
clinical improvement of acne. This reduction in P.
arnes i associated with a reduction in pro-
inflammatory mediators. The intensity of host
response to inflammatory stimuli most likely explains
the variations in the intensity of inflammatory acne.

Certain cytekines as tumour necrosis factor (TNF)-
¢, interferon gamma may be inflammatory triggers,
and whether neuro-inflammatory mediators play an
additional role is currentdy under debate. Moreover,
it has recently been shown that immediate immunity

6. D Thibositot, S Jabara, ¢t al., “Huwiau Skin is a Steroidogenic Tisswe: Steroidogenic Enzymes and Cofactors are Expressed
iri Epidennis, Nornmal Sebocytes, and an Inimortalized Sebecyte Cell Line (SEB-1)", ]. Invest. Dermatol., 120 (2003),

pp. 205-914.

7. M Teyoda and M Merohashi, “New Aspects in Acire Inflamimation”, Substance P. Dermatology, 206 (2003), pp. 17-23.
W ] Cunliffe, D B Holland, et af., “Comedogenesis: Some Aetiological, Clinical and Therapeutic Strategies”,

Dermatology, 206 (2003), pp. 11-16.
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might be implicated in inflammatory reaction in
acne through toll-like receptors (TLR. 2, TLR 4),
which are receptors expressed by keratinocytes and

that may be activated direetly by such bactenal

antigens as P, ames inducing an  immediate
production of inflimmatory cytokines by the

activated keratinocytes.”

The treatinent of acne is based on topical treatment

{three main categeries: anti-infectious, topical
retinoid and azelaic acid) and/or systemic treatments
{four main categories; antibiotics, hormonal therapy,

zine and Isotretinoin). It comprises two phases:

* [nduction treatment, the aim of which is to obtain

the regression of lesions.

*  Maintenance therapy nuinly by a topical treatment
to prevent the relapses, knowing that the majority
of the treatments used during the induction phase

have mose a suspensive than curative effect.

Topical retineids tazget the microcomedo, which is
the precursor of all other acne lesions.!® Topical
retinoids reverse the abnormal desquamation by
affecting follicular epithelial turnover and mamuration

of cells. Thus, retinoids are recommended at the

initiation of therapy. In addition, some topical

retinoids have an effect on inflammation by
modulating the imnrune response, inflammatory
mediators and the migration of inflaimmatory cells.
Combined with antibiotic therapy, it provides greater

and faster results compared with antimicrobials alone.

Azelaic acid has a slight activity both on inflanmnatory
and retentional lesions in mild and moderate acne. It is

well tolerated and could decrease the pigmented spots.

Anti-infecticus weanment (antibiotic or benzoyl
peroxide} has been a mainstay of acne treatment for
more than 30 years. The choice between topical and
systemic agents is generally based on the presence,
extent and severity of inflammatory lesions. Topical
antibjotics and benzoyl peroxide arc indicated in
patients with mild to meoderate inflammatory acne.
Benzoyl peroxide is a powerful antimicrobial agent
that rapidly destroys both bacterial organisms without
inducing bacterial resistance but has litde effect on
comedones. Topical antibiotics should not be used as
monotherapy and for no more than six to eighe

weeks duc to their potentia} for bacterial resistance,

The primary indication for systemic antibiotics is
moderate-to-severe inflammatory acne, The preferred
agents include cyclines!! and macrolids. Minocycline is
more often proposed as second-line after doxycyline
and lymecycline due to severe, although rare, side
effects, Oral antibiotics reduce the number of P. acnes
but

mechanism of action is probably an anti-inflammatory

and  Stapliylococens  epidermidis their main

actwvity (inhibiting neutrophil chemotaxis, cytokine
production and macrophage functions), Currently, the
main  problem  with the systemic antibiotics
{erythromycin or cyclines) is the increase of bacterial

resistance,'21? which seems associated with a decrease

8. A Koreck, A Plvaresi, et al., “The Role of lnnate Inununity in the Pathogenesis of Aene”, ibid., pp. 96-105,
10. L E Millikan, “The Rationale for Using a Topical Retinoid for Inflanmmatory Aeme”, Am. J. Clin. Dermatol., 4

(2003), pp. 75-80.

11. S E Garner, E A Eady, et al., “Minocydine for Acte Vilgaric: Efficacy and Safety (Codwane Review)”, Cochrane

Database Syst. Rev., 1 {2003), CD002086.
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of clinical response and raises the question of the risk
related to the transmission of resistance to bacteria as
Staphylocorcus anrens or  sireptocacas. This bacterial
resistance will probably continue to increase unless
significant steps are taken to minimise the selection
pressures on P. acnes. These steps may include limiting
the usc of antibiotics to shorter time periods, using
combined therapy benzoyl peroxide, ropical
antibiotics and using topical retinoids.

Zinc salts, which inhibit chemotaxis, 5-tt-reductase
and TNF-o production and induce superoxide
dismutase, exhibit effectiveness against non-
inflammatory lesions, but do nor affect comedones.
Zinc may be safely used in summer (no

phototoxicity) and in pregnant women.™

Hormeonal therapy (a new generation of pills with
slightly androgenic progestins, anti-androgens) is an
excellent option for women, especially if oral
contraception is desirable. Appropriate patient
selection is the key to achieving good results with
hormonal therapy. This approach is useful for
women with endocrine abnormalities and those whe
have proven non-responsive to more conventional
therapies. Hormonal therapy is aimed ar reducing
sebum production. Sebum production is, however,
only one facer of the pathogenesis of acne. For this
reason, it is rarc that hormonal therapy is used alone
in the treatment of acne. In most cases, hormonai
therapy should be combined with other anti-acne
therapies, including antibiotics and topical retinoids.

Isotrctinoin, an oral retinoid, 15 indicated for severe
nodular acne and moderate or severe acne unres-
ponsive to topical therapy and systemic antibiotics. It
decreases the size and sccreton of the sebaceous
glands, normalises follicular keratinisation and prevents
the formation of new comedones. Although oral
isatretinoin doses range from €. 1mg/kg to 2.0mg/kg,
doses greater than 1.0mg/kg per day are rarely used.
Generally, treatment continues until a cumulative dose
of 120mg/kg to 150mg/kg is achieved and it is
thought that this may reduce the potential for relapse.
It is uncommon to co-prescribe other anti-acne
medications with oral isotretinoin. Oral isotretinoin 1s

a potent teratogen, and womea of childbearing age

must not begin therapy until a negative pregnancy test
result has been obtained. Adequate contraception is
essential before and during oral isotretinoin therapy, as

well as for six weeks post-therapy.

The pathophysiology of acne suggests that
combination therapy (topical and systemic) should be
utilised as early as at the inidation of therapy to
simultancously attack two or three pathogenic
factors. Recently, an algorithm of treaument has been
proposed by an international group of dermatologists

implicated in this field.!®

In mild acne, topical retinoids are thought to be the
treatment  of choice by normalising  follicular
desquamation. Further, clinical studies have
demonstrated significantly greater reductions in both
inflammatory lesions and comedones when topical
retinoids are added to antimicrobial therapy. For acne
with a predominantly inflimmatory component,
benzoyl peroxide and/or topical antibiotics, along
with the topical retinoid, speed the dearing of
inflammatory acne lesions. For moderate acne,'® oral
antibiotics combined with topical retinoids are
appropriate, henzoyl peroxide may be an alternative.
Females may also be candidates for anti-androgenic
hormonal therapy, especially if they require oral
contraception for other purposes. In the most severe
and refractory cases of acne, such as severe nodular
acne or conglobate acne, oral isotretinoin is the
treatiment of choice.’? For patients unresponsive to
conventional therapies, options include hormonal

therapy (primarily for women) and oral isotretinoin,

Topical retinoids are the main rtreatment by
preventing the formation of the microcomedo.

+ The myth that diet affects acne is widespread

12. E A Eady, M Gleor, et al., “Propionibacterivem Acues Resistanee: A Wardwide Problem”, Dermatology, 206 (2003),

pp. 54-56.

13. J I Ross, A M Snelling, et al., “Awntibiotic-resistant Acne: Lessons from Lurepe”, Br. J. Dermarel., 148 (2003), pp.

467-478.

14. B Dreno, e al. and private practive dermatologists co-ordinated by the Ace Research and Study Group, “Multicenter
Randomized Comparative Double-blind Controlled Clinical Trial of the Safety and Efficacy of Zine Gluronate Versus
Minocycline Hydrockleride in the Treatment of Inflamntaiory Aene Vulgaris”, Dermatology, 263 (2001), pp. 135-140.

15, H Gollnick, W Cunliffe, et al., “Management of Aee: A Report from a Global Alliance to hiprove Outcomes in Acue”,
J- Am. Acad. Dermatol., 49 (2003) {Suppl. 1), pp. S1-2.

16. M Chivot, “Treatment of Mild to Moderate Acne”, Ann. Dermatol. Venereol., 130 (2003}, pp. 132-135.

17. B Berbis, “Treatment of Severe Aene”, Ann. Dermatol. Venereol., 130 (2003}, pp. 136-141.
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among both the general public and students, but

diet rarely has an aetiological role in acne.

» Cosmeric treatinent is an iimportant aspect. Paticint
education concerning skincare should focus on
gentle cleansing. Moisturisers may be useful for
individuals with dry skin or irritation due to 2
topical medication. In addition, patients should be
taught to select non-comedogenic skincare

products and cosmetics.

* The observance is also important and represents

the most frequent reason of failure.!®

+ For optimal results, acne patients require edu-

cation about treatnent and expectations.

*  As acne manifests primarily on the face and at a
time when patients are highly vulnerable to
criticism from peers (adolescence), it is hnked
with many emotional issues. It 35 not uncommon
for acne patients to feel angry, hostile, depressed,
isolated and anxiocus. Discussion s an important
part of the consultation and may help to
determine the impact on quality of life. It is
important to remember that there is not a direct
link between severity of acne and impact on
quality of life; few acne lesions may have a severe

impact on quality of life.

reductase Type 1 inhibitors, antisense oligonucleotide
molecules and, especially, new anti-inflimmatory

agents such as lipoxygenase inhibitors

Several investigators have recenty presented studies
in which light of particular wavelengths (blue light)
has been used to treat acne vulgaris. 2! However, these
preliminary results obtained with open trials have yet

to be confirmed by randomised studies.

Concerning scars, ablative laser skin resurfacing with
(CO,) and
aluminium-garnet (Er:Y AG) lasers appears of interest

carbon dioxide erbium:  yttrium-
in mild scars. Hyper-piginentation may be induced:??
46% of the patients treated with single-pass CO; and
42% of the patients treated with the long-pulsed
Er:YAG laser with an average duration of 12.7 and
11.4 weeks, respectively. No incidences of hypo-

pigmentation or scarring were observed.

Finally, a recent publication demonstrates that
dermatologists quickly adapt their management of
acne to scientific information.?® This work srudies
the evolution of the therapeutic management of acne
between 1996 and 2000 and shows an evolution of
prescriptions about bacterial resistance  and
minocycline with a decrease of topical antibiotic
prescriptions related to bacterial resistance and

minocycline related to severe side cffects.

Topical antibiotics should not be used as monotherapy and

for no more than six to eight weeks due to their potential for

bacterial resistance.

New developments and future trends'? include low-

dose, long-term isotretinoin regimens, new

isotretinoin formulations (micronised isotretinoin),
isotretinoin metabolites, combination treatments to

reduce toxicity, insulin-sensitising agents, 5-o-

In conclusion, if the diagnostic of zcne is simple,
treatment must be adapted to each patent with

generally a long follow up {several months or year).

The impact on the quality of life often remains
important because of the localisation of acne and the

age of the patients.

Dermatol., 42 (2003}, pp. 274-280.
19.
pp. 3753,
2().

18. B McEvoy, R Nydegger, et al., “Faclors Related to Patient Compliauce in the Trearment of Acne Vulgaris”, Int. J.
C C Zouboulis aud J Piguero-Martiu, “Update and Future of Systemic Acne Theatment”, Dermatology, 206 (2003),

C C Zouboulis, S Nestoris, et al., “"A New Coneept for Ame Therapy: A Pilot Study with Zilewton, an Oral 5-

Lipoxygenase Inhibitor”, Arch. Dermatol., 139 (2003}, pp. 668-670.

21.
22.

R ] Hirsch and A R Shakita, “Lasers, Light and Acue”, Cutis., 71 (2003), pp. 353-354.
E L Tanzi and T S Alster, “Single-pass Carbon Diexide Versus Mnultiple-pass EnYAG Laser Skin Resurfacing: A

Comparison of Postoperative Weund Healing and Side-effect Rates”, Dermarol. Surg., 29 (2003}, pp. 80-84.

23.
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STUDY

The Response of Skin Disease to Stress

Changes in the Severity of Acne Vulgaris as Affected by Examination Stress

Annie Chiu, BS; Susan Y. Chon, MD; Alexa B. Kimball, MD, MPH

Background: Although emotional stress has long been
suspecled (0 exacerbate acne valgaris, previous reports
addressing its influence on acne severity have been mainly
anecdotal.

Obiectives: To clucidate the possible relationship be-
tween stress and acne exacerbation by evaluating changes
in acne severity during nonexamination and examina-
tion periods and to assess the possible relationship of these
changes in severity with perceived examination stress by
using previously validated scales measuring acne sever-
ity and perceived stress.

Design: Prospeclive cohort study,

Selting: General university community.
Participants: A volunteer sample of 22 university siu-
dents (15 women and 7 men} with a minimmum acne vul-
garis severity of 0.3 on the photenumeric Leeds acne scale

(baseline scores, 0.50-1.73).

Main Qutcome Measvres: Participants werc graded

on their acne severity using the Leeds acne scale, and had
their subjective stress levels assessed with the Perceived
Stress Scale questionnaire during both nonexamination
and examination periods.

Results: Subjects had a higher mean grade of acne se-
verity and mean perceived stress score (P<C.01 for both)
during examinations. Using regression analysis and ad-
justing for the effects of confounding variables, such as
changes in sleep hours, sleep quality, diet quality, and
number ol mezls per day, increased acne severity was sig-
nificantly assaciated with increased stress levels (r=0.61,
P<2.01), while self-assessed change in diet quality was the
only other significant association {P=.02).

Conclusions: Patients with acne may experience wors-
ening of the disease during examinations. Furthermore,
changes in acne severity correlate highly with increas-
ing stress, suggesting that emotional stress from exter-
nal sources may have a significant influence on acne.

Arch Dermatoel. 2003;139:897-900

CNE VULGARIS is the miost
commeon skin disease
treated by dermatolo-
gists, affecting an esti-
mated 85% of the popula-

67% ol students helieved that siress plays
a role in acne exacerbations. Moreover,
74% of palients with acne and their rela-
tives also believed anxiety was an exacer-
bating factor in their disease.® These [ind-
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tion at some time in their life.! The disease’s
niajor complications include physical sear-
ring and psychosocial effects, which may
persist long alter the active lesions have
disappeared. ™ For these reasons, much
dermatelogical research has been fo-
cused on therapeutic interventions to re-
duce the incidence and severity of acne.
Although it is widely believed that fac-
1ors such as stress and anxiely may not
only be a result of acne but can them-
selves exacerbate acne, little research has
been undertaken 1o demonstrate this lat-
ter relationship.

A recent study’ conducted on 215
graduating medical students showed that

ings suggest that the perceplion of stress
playing an exacerbating role in acne is not
only widespread among patients but may
be commmon in the practicing medical com-
munity as well.

Increased numbers of studies™® sup-
port the pathogenic link between chronic
stress and exacerbation of disease. Re-
search™? shows that stress significamily
slows wound healing, increases pain in-
tensily, and slows surgery recovery rates.
Gvidence'*" that psychological siress may
inltuence the conrse of dermatological dis-
ease is also growing, especially in the set-
tings of psoriasis, alopecia areata, and
alopic dermatitis.
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Figure 1. Change in acne severily by change in stress severity. An increase
in stress strongly correlated with a progressive increase in acne severity
(r=06t, P< 01).

Clearly, there are some psychological components
to the etiology of acne, because treatnents such as bio-
feedback relaxation and cognitive imagery have been
shown to be effective.’® More specilically, patients with
acne often complain of breakouts following the experi-
ence of frustrating or stressful events, ¥ and it has been
observed that postadelescent patients with acne tend to
be intense and ambitious people with high-visibility jobs,”
Another study? linking acne exacerbation with emo-
tivnal factors reported an increase in acne lesion counts
days [ollowing an interview during which anger was in-
tentionally provoked.

However, other reports of stress exacerbating acne,
as previously outlined, have mainly been aneedotal. De-
spite widespread patient and physician percepiion.
little research has been undertaken to demonstrate this
association in a convincing manner. This study uses
established and validated scales of acne severity and
perceived stress and the widely accepted model of ex-
antination stress to explore the possible interactions be-
tween psychological stressors and acne vulgaris.

— T ——

A clinical and questionnaire-based prospective observational
cohort study was conducted at the Department of Dermatol-
ogy. Stanlord University School of Medicine. Approval for the
study was granted by the university institutional review board.
Twenty-two healthy university students (age range, 18-41 years;
mean age, 22.25 years) with at least 1 academic examination
within the participating academic quarter were recruited for
the study by campus adveriisements and by recruitmen dur-
ing visits Lo the general dermatology clinic. The study subjects
were roughly representative of the student body in diversity.
Twenty-two subjects provided informed consent, 19 {7 men
and 12 women) completed the study, and 3 failed to return for
the second visit. Of the 19 subjects whe completed the swudy,
7 were whilte, 6 were Asian, 3 were Aflrican American. 1 was
Mexican American, 1 was Indian, and 1 was Native American.

All participants were healthy and had an acne severity of a1
least 0.5 on the photonumeric Leeds acne assessment scale * This
scale gives a range of acne vulgaris severity from 0.0 to 10,0, with
0.25-U intervals. Subjects were allowed to use topical or oral acne
therapies, excluding isotretinoin, and were also allowed 10 take
oral contraceptives, as long as there was no change in these thera-
pies 8 weeks before enrollinent and throughout participation i

the study. No subjects were receiving sedatives, antidepressants,
or exogenous glucocorticoids,

A single observer (A.C.) graded all subjects’ acne severi-
ties according Lo the Leeds technique twice during the study.
The first time was approximately 1 month before any exami-
nations (nonexamination period}. The second assessment was
within a time frame of 3 days beflore an examination to 7 days
after an examination (examination peried). All grading was done
without knowledge of the subjects’ perceived siress scores. ow-
ever, because the investigator still knew whether it was a non-
examination or an examination peried, digital photographs were
taken of the subjects from a frontal view, left profile, and right
profile, m front of a blue background during the nonexamina-
tion and the examination periods. A different investigator
(5.Y.C.), blinded to which period the photographs were taken,
was then asked to identify in which set of photographs the acne
severily seemed improved or worse, or il it remained 1he same.
This investigator, who is a board-certified dermasologist, was
notasked Lo give an absolute Leeds acne score because palpa-
lion is an important consideration in the grading, and photo-
graphic representation did not allow the kind of detail and clay-
ity required for more vefined grading.

On both visits, participants’ perceived stress was mea-
sured hy the Perceived Siress Scale, a 14-item sell-question-
naire that measures perceptions of life stress, inchuding how
often subjects perceived their life to be uncontrollabte, unpre-
dictable, and overwhelming.?* This scale is widely used in
stress research and has demonstrated normasive data and re-
liability, with higher scores indicaling increased levels of per-
ceived stress. During each visit, subjects were also asked 1o
estumate how many hours of sleep per night they were experi-
encing, on average, during the past month; how many meals
per day they were eating; and to estimaie sleep and diet qual-
ity on a scale Iram 1 10 4 (1, poor; 2, fair; 3, good; and 4,
excellent). Statistical analysis using paired I tests, correlation
analyses, and regression analyses were completed using
Statistical Product and Service Solutions software (SPSS Inc,
Chicago, 11).

BN RFSULTS s

By using logistic regression and adjusting for change in
sleep hours, change in perceived sleep quality, change
in meals per day, and change in perceived diet quality,
an increase in stress strongly correlated with a progres-
sive increase in acne severity (r=0.61, B=.59, P<<.01)
(Figure 1). In other words, subjects who had the great-
est increases in stress during examination periods also
had the greatest exacerbations in acne severity. There were
5 students who reported similar stress levels at both vis-
its, with a perceived stress score either the same or within
3 points. In these subjects, acne severity either re-
mained the same during both periods or varied only by
0.25 in either direction.

Photagraphic grading by a separate investigator, who
was blinded as to which period Lhe pictures were 1aken,
agreed with that of the primary grader in 16 of 19 sub-
jects. One subject was graded as unchanged, instead of
worse; another was graded worse, instead of better; and
another was graded improved, instead of worse.

Figure 2 shows the dilferences in subjects’ acne se-
verity between nonexamination and examination peri-
ods. A paired ¢ test comparing acne severity showed a
higher mean Leeds acne score of 1.33 during examina-
tion periods (P<C.01), which is increased from a mean
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score of 0.97 during nonexamination periods. The mean
change in acne scores was 0.36, and this increase is sig-
nificant (8EM, .06), because the minimum clinically de-
tectable difference according to the Leeds technique is
0.25. This also seems to be a reasonable range of impact
given that prescription acne therapies typically improve
Leeds acne scores by 1.0 to 1.2.22 Not surprisingly, stu-
dents perceived significantly more stress during exami-
nations when compared with the beginning of the aca-
demic quarter, when there were no examinations {P<C.01).
Only 2 students reported lower stress levels during the
examination period. Although this increase is consis-
tent with the increases noted in other studies conducted
on siress experienced in the academic setting, it is no-
table that the nonexamination and examination period
siress scores were considerably higher in this popula-
tion when compared with the resulis of other studies us-
ing the same model.

Interestingly, results also suggest that worsening per-
ceived diet quality is significantly associated with acne ex-
acerbation, although its influence on acne severity is weaker
than that of increasing siress levels (r=-0.48, =~ .48,
P=.02}. Estimated hours of sleep per night had asmall and
nonsignificant decline during examination periods, lrom
6.6 10 6.3 hours (P=.10). The association between wors-
ened sleep quality and acne exacerbation was close to sig-
nificant (P=.06). Of the other lifestyle lactors recorded, none
were significantly difterent between the examination and
the nonexamination periods, and none were associated with
changes in acne severity.

BN COMMENT __ p

Acne vulgaris is a common inflammatory condition of the
skin affecting more than 80% of teenagers and 25% of adulis.
One third of adults whao have acne admit (o feeling embar-
rassed or sel-conscious because of their skin ?* Despite the
prevalence of this condition and considerable research, there
is still inuch unsubstantiated myth surrounding the causes
of acne. Specifically, stress is often cited as playing a role
in acne [lares, even though there is little research to sup-
port this claim. Although it is wetl-known thal acne can
be a source of significant siress and anxiety,**® scientific
evidence outside of anecdotal reports that stress itsell may
worsen acne has been lacking.

In this study, subjects who demonstrated the great-
est increase in perceived stress during examinations also
displayed the greatest exacerbation of acne severity in a
proportional predictable manner. Although other changes
occur in a student’s life during examination periods that
can potentially confound this study, the association be-
tween stress and worsened acne remained significant even
after controlling for changes in diet and sleep habits. The
calculated correlation coefficient of 0.61 suggests a con-
vincing association, because this is well above the sta-
tistically accepied eritical coeflicient of 0.4+ in a study
with 20 subjects. More important, the primary investi-
gator (A.C.) did not know the subjects’ siress scores at
the time of acne grading and, thus, could not predict
whether they were more or less stressed.

To assess whether investigaior bias may have af-
fected the results of the study, we asked a board-ceriified
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Figure 2. A, Leeds acne scale score. B, Perceived Stress Scale score. Data
are given as mean + SEM during nonexamination ang examination periods.
The difference between the 2 periads was significant {P<.01) for A and B.

dermatelogist, blinded to examination period status, to grade
randomized clinical photographs of the subjects. There was
adiscrepancy in grading between the clinical and photo-
graphic investigators for only 3 of 19 subjects, suggesting
that investigator bias was unlikely a signilicant factor in af-
fecting study resulis. Differences in grading may have been
due ro difficulty in detecting deep or noninflamed lesions
on photographs or interrater variability.

[tis possible that other factors not controlled for in
our study, such as menstrual cycle or hormonal influ-
ence, facial hygiene, or picking and squeezing of acne le-
sions, may have coniributed to the worsening of acne dur-
ing examinations. None of the subjects reported acne
ftaring with their mensirual cycles. Furthermore, the in-
vestigator was trained 1o dilferentiate between truly wors-
ened acne and manipulated skin, as picking generally re-
sulis in acne excorice, characterized by crusts and
excoriations.

As in any study, finding a correlation between 2 vari-
ables does not necessarily mean a direct cause-and-
elfect relationship. It is certainly plausible that the cor-
relation observed is in part due to worsened acne itsell
causing increased stress, instead of the reverse relation-
ship. However, in a high-achieving population such as
university students, subjects tended to report becoming
less concerned with their appearance during examina-
tions. Thus, it is more likely that increasing stress exac-
crbates acne instead of the reverse relationship.

Surprisingly, self-perceived worsening of diet qual-
ity was also associated with increased acne severity in this
study. However, perceived dietl quality was recorded in
this study, not a quantifiable measure of the subjects’ di-
ets in terms of calories and grams of fat. Furthermore,
the scate used Lo measure diet quality was not a previ-
ously validated tool like the Perceived Stress Scale or the
Leeds acne scale. These resulis should, therefore, be in-
terpreted with caution because the hypothesis that diet
is an important factor in acne has been largely refuted in
previous reporis. ¥

Various mechanisms have been proposed for why
stress may potentially aggravate acne vulgaris. Some in-
vestigators’*? believe that increased glucocorticoids and
adrenal androgens, both hormones known to worsen acne
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and possibly induce sebaceous hyperplasia, are released
during periods of emotional stress. And corticotropin-
releasing hormone, the body’s coordinator in the stress
response, was found to increase sebacecus lipogenesis
and up-regulate sebocyte conversion of androgen pre-
cursors to testosterone.” There is also research* ¥ sup-
gesting that stress-induced release of neuroactive sub-
stances within the epidermis can activate inflammatory
processes in the skin. Recently, substance P, a neuro-
peptide elicited from peripheral nerves by siress, was
shown to stimulate the proliferation of sebaceous glands
and to up-regulate tipid synthesis in sebaceous cells.™ Last,
psychological stress, including examination stress, can
slow wound healing by up 10 40%.” which could be a
factor in stowing the repair of acne lesions.

Just how significant a role stress plays in the patho-
genic process of acne vulgaris is yet (o be determived. The
participants in this stucly are university students who may
be under more stress than the general population. Men were
also underrepresented in this study, making up only 37%
of the participants. Furthermore, becanse the subjects stud-
ied had acne severities at the lower end of the Leeds acne
scale. it is unclear whether the impact of stress will prove
1e be minimized with more severe lorms of disease. On the
other hand, the examination stress model studied herein
may actually understate the true effects of stress on acne,
because emotional conflicts, such as relationships and iden-
tity, nay have an even greater impact on disease than ex-
ternal stressors like examinations.

Ultimately, the relationship between stress and acne
is clinically relevant and worth exploration because pos-
sible behavioral interventions may become viable op-
tions for patients, as may therapeutic approaches that can
be adjusied during times of known stressors.
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1. Introduction

DMV International representative Angela Walter contracted with me on
December 10, 2004 to analyze data from a prospective study of acne in teenagers. [
received the data on December 18, 2004. The study information and the data
represented in this report were based on dermatologist data transmissions from
Jennifer Clark,

This was a single-group study, wherein all subjects received the same
treatment, known as A Bioactive Protein. The primary question of interest was
whether the number of blackheads and/or whiteheads changed over the time frame of
the study when the subjects were receiving the treatment. Ancillary questions
included whether the longitudinal changes were similar across levels of acne severity,

between genders, and across the age range represented in this study.

2. Study Design

Subjects received oral Bioactive Protein chewable tablets at 200mg per day for
12 weeks, to be consumed as two tablets in the morning and two in the evening.
Subjects had front profile photographs taken and evaluated by a dermatologist.
Subject data were collected at “Week 1” (baseline), which occurred before treatment
started, as well as at Weeks 2, 4, and 8. The study was designed for 12 weeks, but
only data through Week 8 were provided and analyzed. The numbers of blackheads
(comedones), whiteheads (papules), and cysts were counted on the forehead, left
cheek, right cheek, chin, and nose. Blackheads and whiteheads were summed over
the facial regions for each subject at each week, and these resulting sums are the focus

of this report.



3. Subjects

Forty-six subjects were enrolled into the study. Two subjects came into the
study at Week 2, and were evaluated at time intervals inconsistent with the other
subjects, so were excluded from the analyses in this report. Five other subjects
missed one of the post-baseline photograph sessions, but were included in the
analyses to the extent their data would allow. The 44 analyzed subjects included 23
males and 21 females, with an average age of 15.3 years (range 13 to 19). All

subjects had at least two blemishes (blackheads plus whiteheads) at baseline.

4. Statistical Methods

For each week of'the study, simple descriptive statistics (medians, means,
standard deviations, etc.) were calculated for blackheads, whiteheads, and “total
blemishes™ (defined in this report as blackheads plus whiteheads). Changes across
weeks were tested for significance using the Wilcoxon Signed-Rank statistic. The
relative (percent) changes from baseline were also described, with respect to total
blemishes. A stratified approach was also used in examining the relative change
analysis, according to low (<=10), medium (11 to 50), and high (>50) baseline levels
of blemishes. Multivariate repeated-measures regression models were used, with a
non-constrained correlation structure, to test whether the effects were dependent on
either age or gender. For these regression models, the outcomes were transformed
using the square root function to improve normality. Hypothesis tests with P-values
less than 0.05 were considered statistically significant. Analyses were performed in
SAS 9.1 (2003, SAS Institute Inc., Cary, NC) and in Stata/SE 8.2 (2004, StataCorp,

College Station, TX).



5. Results

The median number of blackheads was 33 in the Week | photographs, which
decreased to 12 in Week 2, to 8.5 in Week 4, and to 1 in Week 8. In a similar pattern,
the median number of whiteheads started at 7.5, and then decreased to 5, 2, and 0 over
time. See Table I for details. All of these sequential differences were highly
significant (P<0.001 in all cases). Figure 1 show time trends of blackhead counts for
individual subjects (in blue) with the time trend of the medians superimposed (in red).
Similarly, Figure 2 shows whitehead counts and Figure 3 shows total blemishes. In
order to allow proper scaling and visualization in the figures, one subject with
extremely high baseline values was excluded from Figures 1 and 3, while two such
subjects were excluded from Figure 2.

Relative to Week | total blemishes, the median improvement among the
subjects was a 44% reduction by Week 2, a 71% reduction by Week 4, and a 95%
reduction by Week 8. The mean reductions relative to baseline for those three time
periods were 46%, 58%, and 89%, respectively. The percent reductions were
consistent regardless of whether there were medium or high levels of initial acne (see
Table 2). There were only 7 subjects who had low initial levels (10 or fewer) of total
blemishes. However, even based on that limited sample size, there was still statistical
evidence of improvement by Week 8 (median reduction of 95%; P=0.028).

Using regression models, we found no evidence that the changes over time
were affected by gender (P=0.165) or age (P=0.667). This implies that males and
females followed similar longitudinal patterns, as did subjects through the entire age

range of 13 to 19 years.

6. Discussion



The subjects in this study showed substantial improvement over time,
illustrated by a median reduction of 71% in blemishes after one month and 95% after
two months. Improvements over time were observed regardless of gender, age, or
baseline severity of acne. Since the shape of the data was non-normal, we
emphasized the analyses based on medians rather than means. However, the results
based on means showed a similar story of substantial improvement over time.

Since this study did not have a randomized control group, it can only be
speculated that the administered treatment was the actual cause of the decrease in
blemishes. The results from this study are promising enough to imply that a

comparative clinical trial has potential of showing real benefits.



Table I-—Descriptive Statistics for Counts of Blackheads, Whiteheads, and Total

Blemishes, by Week.

Qutcome Week Mean Minimum Median Maximum
(standard
deviation)
Biackheads 1 55.7(71.8) 0 33 404
2 24.7 (42.8) 0 12 267
4 17.6 (32.0) 0 8.5 194
8 3.8(6.9) 0 1 27
Whiteheads 1 15.5 (18.2) 0 7.5 77
2 8.2 (8.5) 0 5 35
4 4.6(5.2) 0 2 21
8 1.32.7) 0 0 12
Total ] 71.1 (81.4) 2 43.5 452
Blackheads 2 32.9(47.8) 1 18 302
+ 4 22.2 (34.3) 0 11 207
Whiteheads 8 5.2 (8.4) 0 1 30

Tabie 2—Median Percent Reduction in Total Blemishes, Overall and Stratified by

Level of Severity at Week |

Level of Severity Week 2 Week 4 Week 8
All Subjects (n=44) 44 .4%* 70.9%* 95.4%*
0 to 10 Biemishes at 12.5% 50% 87.5%**

Week 1
(n=7)
11 to 50 Blemishes at 40.0%* 72.8%* 97.3%*
Week 1
(n=20)
Greater than 50 66.9%* 71.8%* 95.1%*

Blemishes at Week 1

(n=17)

*P<0.001, **P=0.028




Figure | -—Number of biackheads across time for individual subjects (in blue), with
median line superimposed (in red).
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Figure 2-——Number of whiteheads across time for individual subjects (in blue), with
median line superimposed (in red).
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Figure 3—Total blemishes (blackheads + whiteheads) across time for individual
subjects (in blue), with median line superimposed (in red).
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Summary

Methods—As instructed by Wendeline Wouters on May 23, 2006, comparisons were
made on outcomes within and across three study groups of Praventin (1-Low Dose, 2-Medium
Dose, and 3-High Dose). The primary outcome was the total number of lesions, while secondary
outcomes included inflammatory lesions, non-inflammatory lesions, and total subjective score.
The comparisons within group focused on whether there was any evidence of change from
baseline to the final (Week 8) measure. The comparisons across groups included a) a general
test of whether any difference was seen among the three groups, b) comparing Groups 2 and 3
with Group 1, ¢} comparing Groups 2 and 3 with each other.

Results—For total lesions, Week 8 outcomes were significantly lower than baseline in
Group 2 {(p=0.019). There was also a trend towards significant decline in Group 3 (p=0.096). If
Groups 2 and 3 are combined, the analysis also shows significant decline (p=0.005). However,
there was no significant difference among groups in the amount of change across time (p=0.660
for general test; p=0.655 for comparing Group 3 vs. Group 1; p=0.369 for comparing Group 2
vs. Group 1; p=0.365 for Group 2 & 3 vs. Group 1; and p=0.981 for Group 2 vs. Group 3).

For inflammatory lesions, there was a borderline significant increase over time in Group
1 (.060}, but not in Groups 2 and 3. The formal comparison of these changes over time in
inflammatory lesions in Groups 2 & 3 versus Group 1 also approached significance (p=0.097).
For non-inflammatory lesions, there was a decrease over time in Groups 2 and 3 (p=0.003 when
combining those two groups), but with no significant differences across groups. For subjective
scores, there was a significant decrease in Group 3 (p=0.017), and decrease in Group ! that
approached significance (p=0.07%); however, no significant differences across groups were
observed,

Conclusions—There were no significant differences across groups in any of the four
outcomes measures (total lesions, inflammatory lesions, non-inflammatory lesions, and
subjective score). For inflammatory lesions, there was a trend that suggested that Groups 2 & 3
had better results than Group 1, as Group 1 had a an apparent increase across time, whereas
Groups 2 and 3 did not. Hence, medium or high doses of Praventin might be useful in
preventing the seasonal increases in inflammatory lesions.



INTRODUCTION

A randomized longitudinal study of Praventin was performed by DMV International. Group 1
received a dosage that was so low that it was considered to be a placebo. Thus, comparing
Groups 2 and/or 3 with Group 1 is interpreted as a measure of the efficacy of Praventin. The
primary outcome was the total number of lesions, while secondary outcomes included
inflammatory lesions, non-inflammatory lesions, and total subjective score.

METHODS

Subjects were enrolled into the study and the total, inflammatory, and non-inflammatory lesions
were counted by a dermatologist. A subjective score was also determined at baseline. These
outcome levels were measured again after 2 weeks, 4 weeks, 6 weeks, and 8 weeks. The primary
outcome was the difference between the total lesions at § weeks and the total lesions at baseline.
Likewise, the secondary outcomes (inflammatory lesions, non-inflammatory lesions, and the
subjective scores) were also quantified in terms of a difference between Week 8 and baseline.
The four outcomes were also analyzed as percent changes from baseline, as the average post-
baseline value minus the baseline, and as a Week 8 measure with covariate adjustment for the
baseline value (performed in the original scale and in the square root scale to increase normality).
Since the results of those analytical approaches were very similar to that of using the simple
change from baseline, only that results based on the simple change from baseline are given in
this report.

Within each group, a Wilcoxon Signed-Rank test was used 1o test whether there was any
significant change from baseline to Week 8 of the study. The comparisons across groups
included a) a general test of whether any difference was seen among the three groups, b) a test
comparing Group 3 with Group 1 (high dose vs. “placebo™), ¢) a test comparing Group 2 with
Group 1 (medium dose vs. “placebo™), ¢) a test comparing Groups 2 and 3 combined with Group
I (any dose vs. “placebo™), and d) a test comparing Group 3 with Group 2 (high vs. medium
dose). A three-group Kruskal-Wallis test was used for the general test across groups, while two-
group Wilcoxon Rank-Sum tests (also known as Mann-Whitney U tests) were used for the other
across-group comparisons. The three main statistical methods employed (the Wilcoxon Signed-
Rank test, the Kruskal-Wallis test, and the Wilcoxon Rank-Sum test) are all appropriate for count
data, in that they do not assume normality.

Ali analyses were performed in Stata/SE Version 8.2 (StataCorp, College Station, TX). Primary
analyses were performed based on the “intention to treat” principle, meaning that all subjects
were included in their assigned study groups, regardless of whether or not they complied with
dosage and other protocol requirements, Analyses were also performed after excluding those
who did not comply with dosage requirements.

The analyses performed for this report were based on a dataset received from Wendeline
Wouters on March 31, 2006, with a clarification received on May 3, 2006. According to this
dataset, forty-five subjects were enrolled into Groups 1-3 of the study: 15 into Group 1, 14 into



Group 2, and 16 into Group 3. One subject had missing data for Week 4 (Subject #4 from Group
2); one had missing data for Week 6 (Subject #30 from Group 1); and three had missing data for
Week 8 (Subject #88 from Group 2; Subjects #62 and #63 from Group 3). Hence, there were 42
subjects who had data for Week 8, and 40 subjects with complete data. Values for missing data
were not explicitly imputed; however, the “average post-baseline value minus the baseline”
analysis (mentioned in the Methods section) implicitly accommodated the missing data and was
based on all 45 subjects. The primary analysis {Week 8 minus baseline) used data from the 42
subjects who had Week 8 data. In order to aid interpretation, descriptive statistics for all
available data and for the 40 complete cases are presented separately,

RESULTS

Table 1a shows the means, standard deviations, medians, and sample sizes of each group for the
primary outcome (total lesions), based on all available data. Tables 1b, I¢, and 1d show the
medians for each group for the secondary outcomes, also based on all available data. Tables 2a-
2d show corresponding information for the complete cases.

For total lesions, Week 8 outcomes were significantly lower than baseline in Group 2 (p=0.019).
There was also a trend towards significant decline in Group 3 (p=0.096). If Groups 2 and 3 are
combined, the analysis also shows significant decline (p=0.005). However, there was no
difference among groups (p=0.660 for general test; p=0.655 for comparing Group 3 vs. Group 1;
p=0.369 for comparing Group 2 vs. Group 1; p=0.365 for Group 2 & 3 vs. Group 1; and p=0.981
for Group 2 vs. Group 3).

For inflammatory lesions, there was a nearly significant increase over time in Group 1 (p=0.060),
but not in Groups 2 and 3 (p=0.325 and p=0.850). The comparison of these changes in
nflammatory lesions in Group 3 versus Group 1 was approaching significance (p=0.076), as was
the comparison of Groups 2 & 3 combined versus Group 1 (p=0.097).

For non-inflammatory lesions, there was a decrease over time in Groups 2 and 3 (p=0.016 for
Group 2; p=0.074 for Group 3; p=0.003 when combining the two groups), but not in Group 1
(p=0.320). However, there was no real evidence for any significant differences across groups
(p>0.30 for all comparisons).

For subjective scores, there was a significant decrease in Group 3 (p=0.017), and decrease in
Group 1 that approached significance (p=0.079); however, no significant difference across
groups were observed (p>0.80 for all comparisons).

Overall, dosage compliance in the study was high, with only 6 of 45 subjects (13%) deemed as
non-compliers. The proportion of subjects who complied was similar across the three groups
(p=0.489, based on Fisher’s Exact test). The compliers-only analysis which excluded the 6 non-
compliers gave similar results as that of the standard intention-to-treat analysis (details not
shown).



CONCLUSION

For total lesions and non-inflammatory lesions, significant decreases were seen at medium and
high doses of Praventin; however, there were no significant differences across groups in any of
the four outcomes measures (total lesions, inflammatory lesions, non-inflammatory lesions, and
subjective score). For inflammatory lesions, there was a trend that suggested that medium and
higher doses of Praventin (Groups 2 and 3) had better results than the low “placebo” level
(Group 1), since Group 1 had an apparent increase across time, whereas Groups 2 and 3 did not.
Hence, medium or high doses of Praventin might be useful in preventing the seasonal increases
in inflammatory lesions.



Table 1a — Total Lesions (using all available data)

Means (Standard Deviations), Medians

Samyple Sizes

Baseline Week 2 Week 4 Week 6 Week 8
Group 1 | 59.2 (38.0), 52.0 | 71.5(67.6), 54.0 | 74.0(63.6). 54.0 | 73.0 (38.5), 68.5 | 62.5 (74.4), 49.0
15 15 15 14 15
Group 2 | 48.9(32.1),42.0 | 43.1(35.1),40.0 53.2(33.0), 59.0 50.1(34.4),44.0 | 33.0(18.2), 30.0
14 14 13 14 13
Group 3 | 58.9 (52.1), 46.5 | 59.1 (36.3), 45.5 | 73.6(57.2). 55.0 | 57.3(57.3), 46.5 | 45.0(45.1), 34.0
16 i 16 16 14
Table 1b — Total Inflammatory Lesions (using all available data)
Medians
Baseline Week 2 Week 4 Week 6 Week §
Group 1 6 9 9 11.5 13
Group 2 4.5 5.5 5 7.5 6
Group 3 4.5 7 5.5 6 6.5
Table 1¢ — Total Non-inflammatory Lesions (using all available data)
Medians
Baseline Week 2 Week 4 Week 6 Week 8
Group 1 35 41 43 52 31
Group 2 37 30.5 46 30 23
Group 3 4] 39.5 51 36.5 26
Table 1d — Total Subjective Scores (using all available data)
Medians
Baseline Week 2 Week 4 Week 6 Week 8§
Group 1 4 3 3 3 3
Group 2 3.5 3 3 2 2
Group 3 3.5 3 3.5 3 3




Table 2a — Total Lesions (Complete Cases Only)

Means (Standard Deviations), Medians
Baseline Week 2 Week 4 Week 6 Week 8
Group 1 | 62.5(37.1), 54.5 | 754 (68.5),57.5 | 77.6 (64.4), 58.0 | 73.0(38.5), 68.5 | 66.8 (75.3), 55.0
(g]:(;fs)Z 53.0(32.3),49.5 | 493 (34.1). 41.5 | 52.7 (34.4), 62.5 | 48.3 (32.1),44.0 | 32.8(19.0), 27.0
C(J:ouls} 62.4 (54.8),46.5 | 64.1 (35.4),50.5 | 76.5(60.5), 55.0 | 63.8(58.4), 53.5 | 45.0(45.1},34.0
(n=14

Table 2b — Total Inflammatory Lesions (Complete Cases Only)

Medians
Baseline Week 2 Week 4 Week 6 Week §
Group 1 (n=14) 6.5 10.5 10 11.5 i3
Group 2 (n=12) 4.5 6.5 4.5 7.5 7.5
Group 3 (n=14) 5.5 8.5 5.5 6 6.5
Table 2c — Total Non-inflammatory Lesions (Complete Cases Only)
Medians
Baseline Week 2 Week 4 Week 6 Week 8
Group | (n=14) 42 42 43 52 35.5
Group 2 (n=12) 47 37 45 30 21
Group 3 (n=14) 41 42.5 51 45.5 26
Table 2d — Total Subjective Scores (Complete Cases Only)
Medians
Baseline Week 2 Week 4 Week 6 Week 8
Group | (n=14) 3.5 3 3 3 2.5
Group 2 (n=12) 3.5 2.5 2.5 2 3.5
Group 3 (n=14) 4 3 4 3 3
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