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What does this study add?
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pathogenesis may be explained by the disappeaiicrgliota hypothesis.
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Abstract

From our birth, we are constantly exposed to bagtéungi and viruses, some of which are
capable of transiently or permanently inhabiting different body parts as our microbiota.
The majority of our microbial interactions occurrithg and after birth, and several different
factors, including age, sex, genetic constitutemyironmental conditions and life style, have
been suggested to shape the composition of thisoma community.Propionibacterium
acnes (P. acnes) is one of the most dominant lipophilic microbestibe postadolescent,
sebum-rich human skin regions. Currently, the afl¢his bacterium in the pathogenesis of
the most common inflammatory skin disease acneavislgs a topic of intense scientific
debate. Recent results suggest that Westernizatrongly increases the dominance of the
Propionibacterium genus in human skin compared to natural populatibving more
traditional lifestyles. According to the disappearimicrobiota hypothesis proposed by Martin
Blaser a few years ago, such alterations in theposition of our microbiota are the possible
consequences of socioeconomic and lifestyle chamgmsring after the industrial revolution.
Evanescence of species that were important elenoénkee human ecosystem might lead to
the overgrowth and subsequent dominance of othecause of the lack of ecological
competition. Such changes can disturb the finedubalance of the human body and,
accordingly, our microbes developed through a lom@volutionary process. These processes
might lead to the transformation of a seeminglynilass species into an opportunistic
pathogen through bacterial dysbiosis. This migvieh@appen in the case IBf acnes in acne

pathogenesis.



Introduction

Our microbiota is the result of constant exposerdacteria, fungi and viruses, which
transiently or permanently inhabit our body paksny of these microbial species are not
simply passive bystanders, but, together with wariouman cells, form a complex ecosystem
1—3.

The first identified human-associated bacteri&stherichia coli, was isolated from stool
samples of healthy and diseased children by pédairTheodor Escherich in the 1880's
His contemporary Louis Pasteur had already hypatedsthat normal human flora were
essential for life (reviewed by Mackowiak, et al.) The idea that microbes can act as
important integral components of the human bodgived particular attention a decade ago,
and subsequently, studies on microbial communitibabiting various organs have become
increasingly popular. The Human Microbiome Proj@dMP) was launched in 2007 to
identify and characterize these microorgani§énduch interesting data has been gathered by
internationally coordinated research efforts in thst few years; however, we are still far

from completely understanding the exact role oséhmicrobes.

The microbiota

Various parts of the human body provide approprateronments for colonization by
several microbial species even in healthy indivisugurfaces that come into direct contact
with the external environment provide constant terajpure, moisture and nutrient
availability, allowing bacterial and fungal speciés be selected through a long co-
evolutionary proces§®. Colonization of our skin, regions of the alimegtaanal and parts of
our urogenital tract has been long known. Howewrgans previously considered sterile, such
as lung and placenta, may also have their owneasitbmmunity .

The relationship between resident microbial comiiesiand human cells is very
complex. Previously it was thought that residerntrofies inhabit the available niches and use
the nutrients that are present without pathogendsiday it is clear that these species and
their metabolic products also play important rafes wide range of biological functions. In
fact, they may regulate the development of cellaiad histological features of colonized

human organs and help to maintain their propertfans*?**

Factors shaping the composition of the skin microloita



The cutaneous microbiota populates the epidernisthe pilosebaceous unit of human
skin ' To date, approximately 1000 bacterial speciesrughg to 19 phyla, as well as
fungal (dermatophytes) and viral species have lmbamtified as members of this community
15 Actinobacteria (Propionibacterium and Corynebacterium species), Proteobacteria,
Firmicutes (Staphylococcus species) and Bacteroidetes are the most common representatives
of the four dominant bacterium phyla. Many fact@rsdividual, lifestyle, environmental)
influence the microbial diversity of our skin, adidanges in any of these conditions can result

in rapid alterations of the species compositiornimithe community>*’*2

Early colonization

Cutaneous colonization generally starts at birtividual differences in the composition
of the microbiota of the gut and possibly of thengkay be caused by the mode and manner
of birth (vaginal or cesarean delivery, hospitahome setting, use of antibiotics, ett' 2
During vaginal delivery, babies come into contagdhwheir mothers’ vaginal microbes, and
this encounter will determine the composition ofe tipioneer colonizers, including
Lactobacillus, Prevotella, Atopobium and Shethia spp. Children delivered by C-section
acquire their first inhabitants from their enviroamt (mainlySaphylococcus spp. and other
skin bacteria), which do not necessarily originaben their mothers. Initially the flora of a
newborn is completely identical and undifferentiatg various anatomical sites (e.g., gut,
mouth, skin), regardless of the mode of deliv8@ry

Early colonization is a critical event and may h&weg-term consequences, as microbes
that most efficiently adapt to an environment wilbsequently become dominant. When two
species cannot coexist and compete for the sanoeirces, even a slight advantage (e.qg.,
faster growth, more effective use of the availalrients, or more efficient binding to the
available attachment sites of the surrounding éssmay allow one species to out-compete
the other. In ecology, this phenomena is refercedst competitive exclusiofi. In cases of
less severe competition, marked delays in the cohtion of beneficial species may occur:
babies delivered through C-section exhibit delayedlonization of Lactobacillus,
Bifidobacterium and Bacterioidetes spp. in the gut*®. Dominant microbes of a community
actively modify the properties of their environmentd, as a result, the microbial ecology.
Many commensals secrete factors, such as phend#somodulins and bacteriocins from

Saphylococcus epidermidis and acnecin froniPropionibacterium acnes (P. acnes), that are



bacteriostatic or antibacterial for other sped®&€ Early colonizers may also change their
microenvironment to enhance their own growth arshin the growth of other microbes.
Another factor that may also influence early catamion is the presence of vernix

caseosa (VC) on the newborn skin. This white, cgeanbstance is synthesized during the
%9;30'

third trimester of neonate It is highly cellular, in which polygonal, watéited

corneocytes are embedded in an amorphous, ligidmiaterial. Considering its structure it is

somewhat similar to the cornified envelope laydledastratum corneum (SC) of postnatal

skin, although corneocytes are not interconnecieddsmosomal cellular contacts, and the

lipid matrix does not possess a lamellar architectAs a result, VC is considered a mobile,
fluidic SC (Hoath, 2006; Rissmann, 2006).
VC is mainly composed of water (81%), lipids (9%)daproteins (10%}¥*. Its lipid

content is mostly of sebaceous origin, synthesfrah the third trimester onward, marking

an important step of neonatal epidermal barrieunaéibn. Other important components are

proteins, among which many exhibits antimicrobiedpgerties. As a result of its complex

composition and structure, VC exhibits multifacetbiblogic functions. It acts as a

mechanical barrier, offers lubrication during bjrtias important waterproofing properties,

and may aid thermorequlation after delivery. Beeapsits viscous and hydrophobic nature

and its protein constituents VC also has imporgtitmicrobial functions, protecting the baby

from the colonization and growth of pathogenic mis®***> The pH of the skin surface is
6.0 at birth and becomes slightly more acidic (pH¥%luring the first 6 weeks of life. VC
appears to facilitate these events, further fagptire_early colonization of skin commensal

microbes as opposed to pathogdh¥. It also provides an anti-oxidant shield and atus

wound healing properties of newborn skin upon iggir Overall, because of its complex

functions VC is an important substance providingnaooth transition between intra— and

extrauterine life (Hoath, 2006) and aiding the fatimn of a balanced, human—microbial

ecosystem.
Changes in the pattern of early colonization may l® unfavorable consequences. Early

stimuli can critically affect the developing immugsgstem of the baby, and might lead to the
development of atopic, chronic inflammatory ancemgic diseases later. These effects are

well studied in the case of the gut microbiota, litle is known about the exact nature and

effect of the cutaneous microbiota on the pathosisraf such diseasé$

Host factors



After early colonization and stabilization on thkins Streptococcaceae and other
Firmicutes, Bacteroidetes, f andy-Proteobacteria dominate the microbiome of children. The
composition of this community changes during puherhen endocrine-induced events result
in hyperplasia of sebaceous glands and subsequentiBnce sebum excretitt’. The most
pronounced alterations affect areas where the tyenissebaceous glands is the highest (face,
shoulders, chest and back). These locations li&eperience the largest shift in composition
of the resident microbes. By analyzing the compmsitof microbial communities,
investigators have noted that the species diverdésrly decreases with sexual maturation
and that lipophilic microbes, including members tifie Corynebacteriaceae and
Propionibacteriaceae families, gain dominance on the fatg®

P. acnes, one of the most dominant lipophilic microbes afrtan postadolescent skin, is
a Gram-positive, anaerobic fermenting, rod-shapactdoium.P. acnes has been shown to
secrete various enzymes, including lipases, thaemgee fatty acids from sebum lipids, and
might compromise the growth of other micro5&& P. acnes also secretes short-chain fatty
acids (SCFA) during anaerobic fermentation, onavbich, propionic acid, clearly exhibits
antibacterial effectd”*> The generated free fatty acids together withstreted SCFAs may
contribute to the maintenance of a skin pH thatcislic enough to restrict many microbés
These data together explain why this bacterium asnidant in sebum-rich skin. The
generation of an environment that is hostile toeptmicrobes suggests that the observed
decrease of microbiota diversity during puberts direct consequence Bf acnes expansion.

After this transitory period, the core compositiointhe cutaneous microflora stabilizes
by early adulthood. The type and number of badtgnaups that become accustomed to our
body is intriguingly limited, suggesting the presenof strong selective forces and co-
evolution *®. Marked differences in microbiome composition chowever, be detected in
samples originating from different anatomical lomas of the same individual, suggesting
that physiological properties of a given niche leadsite-specific differences in the local
composition™>*"** According to Griceet al., the dominant phyla in sebum-rich regions are

the Actinobacteria (Propionibacteria ssp.) and Firmicutes (Saphylococci ssp), moist areas

(e.q., armpit, interdigital areas, inguinal crease mostly populated b§orynebacteria and

Staphylococcus. Dry regions (forearm, buttock) Hbst most diverse, mixed population of
15, 17

Actinobacteria, Proteobacteria, Firmicutes andBacteriodetes

Gender also has a noteworthy impact on the miaafl8ex-specific differences likely
manifest directly after birth, as recent data ssgdkat the lipid composition of VC in

newborn boys and girls differs: the VC of girls eeto contain higher proportion of wax



esters and triacylglycerols with longer hydrocarbbains than those found in the VC of boys
. Fine anatomical and physiological propertieshef $kin (thickness, pH, composition and
rate of sebum secretion, cosmetic use) might atsaribute to gender-specific differences
even when comparing the same regittfé“® Skin surface pH is generally lower and sebum
secretion higher in males compared females in agfetrad cohortd’.

The reproductive organs also host a specializedotnieme due to their large differences
in anatomical and physiological properties (e.gemical composition, pH). Specific species
that normally populate the genitals have been shimwspread to other anatomical regions:
thus, bacteria previously characterized as geflifattobacillus, Gardnerella — in females,
Corynebacterium — in males) have also been detected in samplgmating from other areas,
such as the upper butto®

Geographic, environmental, socio-economic and lifestyle factors

Individual habits together with the propertiesué surrounding environment are important
determinants for the composition of human skin oberta. Westernized lifestyles have
clearly reduced the microbial load and diversityour environment. Epidemiological studies
at the end of the twentieth century revealed thHanges occurring after the industrial
revolution, including personal and household hygias well as declining family size, led to
enormous increases in the prevalence of atopio#rat diseases. In 1989, David P. Strachan
proposed the hygiene hypotheéis which suggests that the quantity and diversitythef
environmental microbes with which we come into eahtare crucial for the development of
our immune systems. In addition to the effects omtact with environmental microbes,
microbial components of the human ecosystem haa® la¢en suggested to play important
roles in the maintenance of our healthy and bathustates®>. Important questions remain
as to whether and how all these changes can affediody and homeostasis.

Agricultural development, urbanization, the indistrrevolution and Westernization
represent prominent shifts in human cultural dgwelent that have resulted in changes in
individual lifestyles, and most probably, in ouramubiota. Analysis of these events is rather
difficult, as archive or archeological materialeggrving ancient microbiomes are not readily
available. A recent study of historic samples eate@ from a monastery in Germany
examined dental tissues of human skeletons (cal280 CE) exhibiting signs of periodontal
disease. Results suggests that currently known patiilogens (e.gTannerella forsythia,

Porphyromonas gingivalis, Treponema denticola) have long been associated with the



development of periodontal disease, regardlesbariaes in diet and personal oral hygighe

and my became part of the human oral flora in palradith the introduction of farming in the

early Neolithic periotf. It is also intriguing that these bacteria includedjuences similar to

antibiotic-resistance (AR) genes, long before aotits were available. The presence of such

sequences were also identified in another studydwcied on members of a most

contemporary population (Yanomami) in the Amazoniamgle, in Venezuela, who lives a

seminomadic, hunter-gatherer lifestyle that is pmesbly very similar to the lifestyle of our

ancestors. These individuals has been secluded Wasternized lifestyle and as reported,

have not been exposed to medical doses of antibithiroughout their history (Clemente).

Still, AR gene-like sequences are readily preseileir microbial genomes, suggesting that

our microbiome may have been serving as a researair source of antibiotic resistance
(ClementeY*?.
To model changes in the cutaneous microflora throughuman history, several groups

now focuses on the analysis of contemporary pojugtwith traditional, less industrialized

lifestyles. Comparing these groups with Westernigedulations might elucidate conditions
that can be associated with historical lifesty€¥. Strikingly, the results from these studies
also indicate that more traditional living conditgomostly correlate to higher microbiome
diversity °%°>°*¢ The most complex composition reported to date w&xovered on

Yamomami individuals, except for the oral samplelsere species diversity was comparable

to US individuals living a Westernized lifestyle

The cutaneous microbiota of these individuals apgpda be highly complex, but
Staphylococcus, Propionibacterium, Corinebacterium and Neisseria species are much less
dominant for Yamomami and South American Amerindiatividuals than for Westernized
populations °>*° Generally, Westernization seems to be associatitl an increasing
dominance of thé\ctinobacteria phylum and, particularly, thBropionibacterium genus_in
Mnse_

These data corroborate nicely with the disappeamgyobiota hypothesis proposed by
Martin Blaser. According to this proposition, theot major routes to acquire resident
microflora are vertical acquisition (by maternarsmission to the offspring) and horizontal
transfer (from the surroundings through contamihaevironment, food, drinking water and
physical contact). Because of changes in hygieoesihg and family models, the latter route
has gradually become less prominent in the humaulption. As a consequence, loss of
particular microbes in the maternal generation @¢dad inherited by subsequent generations,

and, thus, the loss could become permanent. Theffestt would be gradually decreasing



variability in our resident microbes, or, in otheords, disappearing microbiofd°’. The
combined effects of decreasing diversity for enwinental microbes (hygiene hypothesis)
and drastic changes in human ecology might alst teadeclining diversity in our resident
flora (disappearing microbiota hypothesis). Thesenes might be linked to the gradual
increase in the prevalence of Westernization desamcluding atopic diseases, such as
asthma, as well as obesity and metabolic syndfGi{e®

Clearly, socioeconomic changes and the resultiegtlile differences have a great impact
on our microbiota; however, it is less clear hoassmal changes, climate and ethnicity affect
our cutaneous microbial community. Most of the ently available studies are associated
with the HMP>° and have been conducted in Western countries. ®tigndful of reports
have investigated populations living under différelimatic zones in different geographical
areas’*°%® According to the available data, while the capenposition of the microbiome
is similar for different populationgP(oteobacteria, Firmicutes, Actinobacteria phyla), clear
differences have been detected. Relative abundawfcgarious genera can be diverse —
perhaps even unique — and population-specific rbesohave been identified, such as the
Enhydrobacter genus in the cutaneous samples of Chinese inditsidtiat should be noted
that dissimilarities among populations may not bgrely caused by geographic differences.
The lifestyle and socioeconomic differences desdilabove should also be taken into
consideration when comparing geographically distipgpulations. It is difficult to assess
how substantial the impact of environmental diffexes on the skin microbiome composition
is, as such a comparison should include, for examefually modernized populations
exhibiting a very similar lifestyle. One investigat compared groups living in two states
within the United States, Colorado and New Yorkekvhough socioeconomic differences
were likely to be small, subtle alterations in timécrobiome composition were apparent,
suggesting that geographic and climatic factors aisy have some effet®

Nonetheless, these studies clearly indicate th@itapce of well designed and large-scale
investigation of different populations to furthenciease our understanding of pan-

microbiome composition.
What can we learn about the role of the cutaneousigrobiota in acne pathogenesis?
A balanced interaction between microbial and huneafis is important for the

maintenance and promotion of healthy functiéf§*® Microbes can synthesize and release

nutrients from our food for use by human cellstgcbus from the colonization of pathogenic



or harmful invaders, beneficially modulate our immausystem and even facilitate
differentiation and renewal of certain tissues.(eggt mucosaj*®% When this delicate and
intricate equilibrium is disturbed in our ecosystatysbiosis develops, leaving us vulnerable
to microbial diseases. Changes in the microenviemtnand colonization by an extraneous
microbe can contribute to dysbiosis and, togeth#r ather pathogenic factors, might lead to
diseases such as seborrheic dermatiialdssezia spp), atopic dermatitis §aphylococcus
aureus), post-operative infectionstgphylococcus epidermidis) or acne vulgarisR. acnes)
12;17;62l

In many cases it is difficult to clearly distinghibetween commensal, symbiotic and
pathogenic microbes, as the behavior and impaca oficrobe can be strongly context
dependent®. For these reasons, the pathogenic roles of despeaies, including. acnes
and its involvement in acne vulgaris, are a matféntense scientific debaf&°%°°

Several changes occurring in puberty, such as hmmmohanges, androgen excess,
sebaceous gland hyperplasia and subsequently esthaabum secretion, create a permissive
environment for lipophilic bacteria. At this tima,shift from the “childhood” microbiome, in
which Streptococcaceae, Firmicutes - and y Proteobacteria predominate, to a more
“mature” composition dominated I§orynebacteriaceae andPropionibacteriaceae occurs®’.
Changes in the skin microenvironment drive thesentss as well as the possible strong
competitive exclusion generated by the “newcomddsiiing this transitory period, dysbiosis
can occur before the stabilization of the adultsgstem.

Keeping in mind these natural, developmentally elmivchanges in microbiome
composition, it is interesting to consider the mimal consequences of Westernization. In
natural populations, the composition of the cutaisemicroflora is more complex and
balanced compared to Westernized groups, wRegaenes clearly dominate the postpubertal
microbiota *>°%. What causes these differences is currently nawkn During puberty,
enhanced sebum secretion may provide a growth gatyarfor the lipophilid®. acnes, and
the bacterium can subsequently modify its enviramni®y/ lowering the pH as a result of
SCFA secretion. In contrast, the disappearing rbiota hypothesis may also provide some
explanation. Competing microbes controllifgacnes growth might have been gradually lost
as a result of Westernization. The consequencedf a loss might be the dominancePof
acnes, its enhanced growth and the resulting dysbiasagling to acne pathogenesis during
puberty.

This could also imply that acne is a disease of téfezed populations. Although no

reports are available on the incidence of acneatniral populations, earlier reports suggest
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that acne does not equally affect all populati@tsie vulgaris is present in 80 to 90% of the
adolescents living in developed countfi&&’, whereas, in isolated communities, this ratio can
be much lower. Some reports suggest that acnevim®monexistent in the inhabitants of the
island of Okinawa before World War f, the Bantus in South Afric&®'"° isolated South
American Indians’’, and Pacific Islander&’, the lifestyles of all of these populations are
considerably less Westernized than in developedtdes .

WhetherP. acnes load is higher in the skin of acne patients thaafiected individuals is
currently not clear. Earlier reports provided camiihg results*’® the reason for this
disagreement is likely that the bacterium is lodateep in the pilosebaceous units, that it
exhibits different culturing properties and thabften presents in a biofilm form. It seems,
however, that increased incidence Faf acnes biofilms is detectable in the lesional skin
samples of patientS. How and why exactly this happens is currently kown. Bacterial
guorum sensing could possibly explain this disanegaby reaching a threshold density, the
bacterium may start to form a biofilm in the pilbaeeous unit and express molecules
contributing to bacterial pathogenicif§, Such transformations might lead to dysbiosis and,
subsequently, also to acne pathogenesis.

Even if the relative abundance of the bacteriuinglar, there are indications that tRe
acnes population structure of controls is different e patients. Strains that preferentially
present in lesional skin samples might have altgestetic and microbiologic properties, as
well as pathogenicit{’.

Although it has not been explicitly proven, we beé that all these data strongly suggests

thatP. acnes has a role in acne pathogenesis.

Are there any ways to put all these knowledge intpractice?

Can we somehow overcome the potentially deleteraftexcts of the disappearance of

various species from our microbial ecosystemsfdessible to artificially modify the pattern

of microbial transfer, or aid the transfer of a gdax, balanced microbiota in order to prevent

various diseases? It may be possible. There agadbirexploratory clinical studies that utilize

this idea. Alteration of the gut flora by fecal mubiota transplantation (FMT) has already

shown efficacy in sever€lostridium difficile infections, and has been proposed for the

treatment of other conditions (e.q., inflammatoowkl disease, irritable bowel syndrome,

metabolic syndrome), in which composition of thé microbiome differs from the healthy

state (Kelly, 2015). Another, now widely used methim restore a balanced intestinal
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microflora is to use probiotics, which are cledsbneficial after antibiotic use. They may also

have beneficial healthy effects in diseases suabasity, insulin resistance syndrome, type 2

diabetes and non-alcoholic fatty liver disease, this requires further, well-designed,

rigorous clinical investigations (Saez-Lara, 2016).

There are also attempts to provide an approprimeepr flora to babies who are not

delivered vaginally. In a recent article Domingugaio and colleagues report a clinical trial

to establish a healthy microbiota in C-sectionagekd babies by wiping them with a gauze

previously exposed to vaginal fluids of their mathd=ven though the results are preliminary,

the analyzed sample size is relatively small anlg partial microbiome reconstitution was

achieved, the results clearly suggests that duhirganalyzed time period the microbiota of

wiped, C-section delivered babies are more sintdavaginally delivered ones compared to

untreated, C-section delivered neonates (Domindedn, 2016). The consequences of such

procedures on the overall health and the prevaleheeg., atopic and chronic inflammatory

diseases would be really interesting to followdnd-term studies.

If the above proposed model of acne pathogenedishenrole ofP. acnes is true, would

it be possible to treat this condition by artiflostamodifying the composition of cutaneous

microbiota of the teenager population? Currentlg difficult to answer this question. Further

studies of natural populations living more tradifd lifestyles would be really useful to

define a core ‘ancient’ cutaneous microbiota contjmrs From that we could select microbes

that might provide an appropriate control offeacnes dominance but were most likely lost

during our socioeconomical evolution. Topical fotations including these selected species

may be envisioned to be applied in a way analogousobiotic use. Naturally, detailed and

rigorousin vitro andin vivo experiments would be needed to test the interaabiothe

different microbes with one another, their effeots skin cells and finally on the whole

organism.

Conclusion

A complex interplay between a host and its micrtabie important for the maintenance of
healthy skin function. Because of the polygenic amdtifactorial nature of the disease, there
are many possible alternative paths leading tgp#tkeogenesis of acne vulgaris. One possible
mechanism may be a change of the interaction betwlee skin cells and the cutaneous

microflora leading to an imbalanced state and sybsatly causing a “harmless” commensal,

such a$. acnes, to become pathogenic.
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