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Abstract

There has been increasing interest in understanding the role of the human microbiome in skin
diseases. Microbiome studies are being utilized in skin cancer research in numerous ways.
Commensal bacteria are being studied as a potential tool to judge the biggest environmental risk of
skin cancer, ultraviolet (UV) radiation. Owing to the recognized link of skin microbes in the
process of inflammation, there have been theories linking commensal bacteria to skin cancer. Viral
metagenomics has also provided insight into virus linked forms of skin cancers. Speculations can
be drawn for skin microbiome that in a manner similar to gut microbiome, they can be involved in
chemoprevention of skin cancer. Nonetheless, there are definitely huge gaps in our knowledge of
the relationship of microbiome and skin cancers, especially in relation to chemoprevention. The
utilization of microbiome in skin cancer research seems to be a promising field and may help yield
novel skin cancer prevention and treatment options. This review focuses on recent utilization of
the microbiome in skin cancer research, and it explores the potential of utilizing the microbiome in
prevention, earlier diagnosis, and treatment of skin cancers.
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Introduction

Each year, more new cases of skin cancer are diagnosed than the combined incidence of
breast, lung, prostate, and colon cancer (1). In the United States, about 5 million people are
treated for skin cancer annually (2). Non-melanoma skin cancer (NMSC), the most common
cancer in the United States, includes basal cell skin cancer (BCC), squamous cell skin
cancer (SCC), and a number of less common skin cancers. The main risk factors for basal
cell and squamous cell carcinomas are UV light exposure, having light-colored skin, age,
and immunosuppressive status (3). The cancer that forms from melanocytes, melanoma, is
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the most dangerous form of skin cancer, as it is the most aggressive and most resistant to
treatment. Though it is less common than other skin cancers, melanoma is estimated to
account for 9730 deaths in 2017 (1). The annual cost for treating skin cancers in the United
States is estimated to be $8.1 hillion, with $4.8 billion for NMSC and $3.3 billion for
melanoma (2).

The human skin microbiome consists of all the bacteria, archaea, fungi, and viruses that
reside on human skin (4). It is estimated that the microbes that live on humans outnumber
human somatic and germ cells by ten-fold (5). Years of research from dermatologists have
shown that microbes influence the normal courses of many skin diseases (6). Germ-free
studies in animals have displayed the crucial role of normal flora in immunological and
physiological functions (7). Just as microbes can alter immunological and physiological
functions, the human body can alter the microbiome. For example, a recent study
demonstrated that the skin microbiome of cachectic cancer patients is less diverse than that
of healthy participants, portraying an effect of cancer and cachexia on human skin bacterial
communities (8).

Traditional culture-based methods of isolating microbes are mostly being replaced by
contemporary metagenomics. Metagenomics, introduced in 1998, allows microbial genome
studies in natural conditions; it has revolutionized human microbial research and has
revealed more about the diversity and complexities that make up the microbiome (9). Unlike
traditional culture-based methods of isolating microbes, contemporary human microbiome
research limits bias by sampling all genes from all members of the sampled communities
(10). Whole genome sequencing provides the entire DNA sequence of an organism’s
genome at a single time (4).

Microbial studies have been motivated by inquiries regarding the potentially beneficial role
of normal flora and the pathogenic microbes that cause cutaneous and systemic diseases (4).
Studying the relationship between microbiome and disease may provide new perspective
about human evolution. More specifically, by studying how environment may affect human
“micro-evolution,” human health and predisposition to disease may be better understood
(11). This review discusses both recent and potential utilization of the human microbiome in
skin cancer research, and outlines the potential of utilizing the microbiome in prevention,
earlier diagnosis, and treatment of skin cancers.

Microbiome, Immunity, Inflammation and Skin Cancer

Inflammatory responses play decisive roles at different stages of tumor development and
also affect immune surveillance and responses to therapy (12). Immune cells that infiltrate
tumors engage in an extensive and dynamic crosstalk with cancer cells. It has been found
that microbial exposure plays a critical role in cancer immunobiology by preventing
establishment of chronic inflammation in its early stages (12). Recently, a third subset of T-
helper (Th) cells, Th17 cells, and inflammatory cytokine, interleukin-23 (IL-23), have been
elucidated to play centre-stage in tumor-associated inflammation (13). On the other hand,
regulatory T cells (T-regs) have been found to suppress the inflammation induced by Th17/
IL-23 axis (14). Continuous microbial exposure strengthens this regulatory network, that in
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turn suppresses cancer-promoting inflammation. In inflammatory diseases of skin like
psoriasis and atopic dermatitis, Th17 cell induced inflammation and T-reg cell induced
immune tolerance is observed (12). Continuous signalling via toll-like receptors (TLRS) that
recognize pathogen associated molecular patterns (PAMPs) as well as damage-associated
molecular patterns (DAMPS) is critical for cell integrity, tissue repair and recovery from
injury but unregulated activation of TLRs leads to inflammatory responses that can
ultimately contribute to carcinogenesis (15).

The skin is the body’s largest organ and acts as a physical barrier between invading
pathogens and the human body. Microbes, keratinized skin cells and immune cells work
together to maintain physical and immune barriers of skin under homeostatic healthy
conditions (16, 17). Keratinocytes and melanocytes, the main skin cell types involved in
melanoma and non-melanoma skin cancers express TLRs that induce inflammatory
responses against invading pathogens (15). Nevertheless, uncontrolled activation of TLRs
leads to chronic inflammation that may give rise to skin cancer. Interestingly, melanoma and
basal cell carcinoma have been found to be successfully treated by TLR agonists targeting
TLR 7, 8, and 9 (15).

Studies on how the skin microbiome affects/induces cancer remains in its infancy. However,
microbiome in inflammatory diseases have been suggested to be associated with skin
cancers. Psoriasis and acne, chronic inflammatory diseases involving Th17 immune
stimulation, are some of these diseases (18-20). It can be said that unregulated inflammation
in addition to microbiome dysbiosis may increase the risk of carcinogenesis. UV radiation, a
well-established carcinogen, has also been suggested to cause inflammation that may lead to
skin cancer. Inflammatory changes upon UV exposure include erythema (sunburn) and
production of inflammatory mediators (21). UV-induced inflammation and damage leads to
changes in cutaneous and systemic immunity that induces activation of suppressor T cells
and lowers cell-mediated immunity (21). These impairments of immune system reduce the
capacity of the body to reject skin cancers rather they promote carcinogenesis. Although UV
induced inflammation has been linked to skin cancer but its effect on skin microbiome has
not been much explored. Disruption of normal skin microflora may also contribute to
inflammatory mechanisms that lead to induction of carcinogenesis but further studies are
needed to prove the claim.

Numerous studies have suggested a possible role of bacterial microbiota in skin
carcinogenesis. In 1976, Sacksteder demonstrated a reduced rate of skin cancer in germ-free
rats (22). More recent studies have demonstrated a similar trend in mice lacking receptors or
adaptor molecules for pro-inflammatory bacteria microorganism-associated molecular
patterns (MAMP) (23-25). While there are no published studies on how microbes directly
influence either the onset or propagation of skin cancer specifically, there has been research
on how certain microbial components heighten immune-surveillance, providing anti-tumor
activity, in the bladder (26) and colon (27). Scientists hope future microbial studies will lead
to potential cancer prevention strategies with prebiotics, probiotics, and microbiota
transplants to reduce microbially induced activation of genotoxicity and activation of
inflammatory, proliferative and anti-apoptotic pathways (28). The introduction of microbes
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has actually been utilized for certain cancer treatments for a while. For example,
Mycobacterium bovis has been used to treat superficial bladder cancer since 1976 (29).

There have been a lot of theories about the relationship between external microbial
environments and carcinogenesis (30). Studies have shown that workers that are heavily
exposed to environmental microbes (such as farmers, fishermen, waste incinerator workers,
etc.) seem to have lower cancer rates (31). Similarly, a study conducted in various regions
throughout the world revealed a rather linear relationship between gross national product
(GNP) and cancer incidence. One explanation was that the more simple living conditions in
lower GNP areas provide greater exposure to environmental micro-organisms, and thus may
have anti-neoplastic potential (32). Because adequate exposure to a great variety of microbes
seems to be critical for development of a normal, functioning immune system and cancerous
growths, the study of potential deleterious effects of antibiotics and immunosuppressive
drugs on micro-biome and skin cancer is of great interest as well (12).

Studies have shown that tissue injury and chronic inflammation increase the risk for cancer
(30). For example, 2% of burn scars undergo malignant transformation, and SCC is the most
common form of cancer that develops (33). The skin microbiome is vital in inflammation
modulation and in immune system functioning, and there has been speculation of a
relationship between commensal species on inflammation and thus eventual skin malignancy
(30). Yuping et al. demonstrated how commensal skin bacteria reduce inflammation during
wound healing by regulating TLR3-dependent inflammation, displaying how microflora can
modulate particular cutaneous inflammatory responses (34). The way micro-biota may
directly influence the immune systems may be an area of active investigation in studying the
influence of microbiota on skin cancer (30). Further research in microbiome and skin cancer
may provide insight into novel skin cancer therapy utilizing micro-biota.

Gut Microbiome, Skin Microbiome and Skin Cancer

Many associations of gut microflora have been found to be with gastrointestinal cancer (18).
The most prominent is association of Helicobacter pyloriwith gastric adenocarcinoma and
gastric-mucosa associated lymphoid tissue lymphoma (18) (Table 1). Moreover, the
bacterium Campylobacter jejuni and Salmonella typhi have also been associated with small
intestine lymphoma and gall bladder cancer respectively (35, 36) (Table 1). In all these
cases, generally chronic inflammation at the tumor site induces carcinogenesis. Th17
mediated inflammation is usually been found to be associated with all such malignancies.
Interestingly, other reports support that gut microflora play protective roles as well against
cancer. Helicobacter pylorihas been found to reduce the risk of esophageal adenocarcinoma,
esophageal squamous cell carcinoma and pancreatic cancer (37, 38). Similarly, several
species of Lactobacillus have also been found to play preventive roles against colorectal
cancer (39) (Table 1). Immune response against cancer cells and activation of anti-
inflammatory T-regs has been suggested to be involved in such protections. Moreover,
activation of Th17 and TLRs by bacteria may decrease the risk of cancer by improving
immune surveillance of cancer cells (18). This suggests that a balanced microbiome is
necessary for a robust immune response. Therefore, dysbiosis may lead to induction of
mechanisms involved in carcinogenesis.

Photodermatol Photoimmunol Photomed. Author manuscript; available in PMC 2020 June 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sherwani et al. Page 5

Gut microbiome, in addition to having protective or carcinogenic effects against
gastrointestinal tract, has been found to have an association with cancers of other organs
including skin (40). Gut-skin connection of several skin diseases like acne vulgaris, atopic
dermatitis, psoriasis and icthyosis vulgaris has been suggested to be because of a link
between gut and skin microbiome (40). Inflammation and barrier defects in the gut appear to
have a correlation with the diseases of the skin. For instance, small intestinal bacterial
overgrowth is found to increase the risk of acne vulgaris by increasing immune response to
some species of gut bacteria. Interestingly, oral probiotics have been found to be beneficial
in treating acne (41). Moreover, Lactobacillus paracaser has also been found to induce
beneficial immunomodulatory effects on the skin (42). This indicates that gut microbiome
modulates immune function in the skin and can have a critical role in development/
prevention of skin cancer.

It is believed that as altering regulation of Th17, T-reg and innate pathways by gut
microbiome promotes malignancies of digestive tract, in a similar manner, skin microbiome
may have carcinogenic effects in the skin. Cutaneous T cell lymphoma has been linked to
colonization of skin by Staphyloccocus aureus (43, 44). Chlamydophila pneumonia and
Borrelia burgdorferi have also been found to be associated with cutaneous T cell lymphoma
(43) (Table 1). Moreover, Marjolin’s ulcer, a squamous cell carcinoma, has been associated
with inflammation caused by bacterial infection in denuded skin or burns (18, 33) (Table 1).
These data indicate that skin microbiome may promote skin carcinogenesis by inducing
chronic inflammation directly or indirectly by association with an auto-inflammatory disease
state. Microbiome may lead to inflammation or may be associated with inflammatory
mechanisms that ultimately give rise to cancer. It can be exemplified from increase in
squamous cell carcinoma in hiradenditis suppuritiva patients (18). Nevertheless, beneficial
microflora can also lead to reduction in inflammation by inducing T-regs and activating anti-
cancer immuno-surveillance as is done by gut microbes.

Viral Infections and Skin Cancer

Just as bacterial flora is present on normal skin and mucosa, viral flora is also present (45).
Viral metagenomics has been a powerful tool in investigating unrecognized etiology of
viruses and identifying novel viral species (46). The last 20-30 years have brought forth a
lot of data in the association between human cancers and viruses, and more than 20% of
cancers worldwide have been linked to viruses as their etiological agents. While most of the
viruses present on normal skin are considered resident symbiotic organisms, some of them
are linked with skin cancers (47).

Merkel cell carcinoma (MCC) is a rare, highly aggressive primary neuroendocrine
carcinoma of the skin that usually affects elderly Caucasians on sun-exposed regions of the
face, neck, and head (47). In 2008, a newly discovered human polyomavirus, Merkel cell
polyomavirus (MCPyV), was found to contribute to the development of the majority of
MCC, making MCPyV the first polyomavirus found to be associated with a human cancer
(47). Research shows that inhibiting production of MCPyV proteins causes MCPyV-infected
carcinoma cells to die, but does not have any impact on malignant Merkel cells that are not
infected by this MCPyV (48). About 80% of MCC have this virus clonally integrated into
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the cancerous cells. Because MCPyV infection is nearly present in all healthy subjects, it is
thought that MCPyV is a persistent resident of skin microbiome. Immunosuppressed
patients are more prone to develop MCC, indicating that the immune system modulates the
disease progression (49). However, the steps and co-factors required for this skin cancer to
develop are unknown (48). Current research focuses on strategies to target the virus by
inhibiting viral-induced carcinogenesis or by preventing infection (50).

Human papillomaviruses (HPV) are DNA viruses that are abundant among human
populations, and there are 155 known HPV types (51). The majority of HPV infect the skin
of normal and immunocompromised individuals. In non-immunocompromised individuals,
it seems that HPV establishes a latent infection of the skin, most likely as normal flora in
hair follicles (51). HPV can be transmitted directly or indirectly from warts and
condylomata to human hosts (52). Evidences have suggested that genus Beta Human
papillomaviruses (Beta-HPV) play an important role in the development of SCC of the skin
in humans (53). Although further investigations in the mechanistic association of Beta-HPV
and SCC are needed, this research suggests potential reduction of such skin cancers through
prevention or treatment of Beta-HPV infection (53). Ma et al. recently conducted a large-
scale survey of HPV using a shotgun sequencing approach (54). The study mapped HPV
infections among various body sites in a cohort of 103 healthy human subjects, displaying
some site specificity and co-occurrence or exclusion. The non-random organization of HPV
types described in the study indicates interaction among microbes, either competitive or
facilitative. Further research may study how these interactions of viral flora affect the
development of skin cancer. For example, some non-oncogenic HPV types may reduce the
risk of cancer by eliminating oncogenic viral infections with cross immunity or viral
interference. On the other hand, certain HPV types might increase the risk of cancer by
sustaining a supportive cellular environment, favoring a persistent infection in a co-infection
with oncogenic HPV (54). In addition, although statistical precision was limited, one
population based case-control study suggests that the association of HPV and SCC seems to
be even greater with those who have a history of glucocorticoid use, bringing into question
the complex relationship between immunosuppressive drugs, viral flora, and skin cancer
(53).

Research should focus in further clarifying the role of these viruses in skin cancer in order to
develop specific therapies. Some vaccines in the past have been developed to target virus-
associated cancers. For instance, a hepatitis B vaccine has demonstrated a reduction in
hepatocellular carcinoma in Taiwanese infants (55). However, it is unlikely that such an
expensive mass immunization program for a vaccine to target a polyomavirus like MCPyV
would be created considering the small number of MCCs, which usually occur late in life
(45). Anather option for future therapeutic intervention may be the silencing of specific viral
proteins, like E6/E7 proteins of HPVs and T antigens of polyomaviruses, which are
respectively essential in the maintenance of tumor (45).

UV Radiation and Microbiome

UV is a non-ionizing radiation from sunlight (56, 57), and it is valuable in many ways,
especially in its role in vitamin D synthesis (58). However, UV radiation is also considered
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the main environmental risk factor for non-melanoma skin cancers (59). In addition,
although melanoma is strongly dependent on genetics (as seen with the allelic variances in
melanocortin 1 receptor), experiments studying the UV-associated induction of benign nevi
and UV-induced mutation patterns suggest an important role of UV radiation as a risk for
melanoma as well (60). Global radiation fear makes it necessary to develop a simple bio-
dosimetry to predict the risk of radiation (61).

Various UV-mediated biological markers have been identified, including DNA damage
responses, transcription factor inductions (62), and cytokine regulations in skin cells (63).
Utilizing these biomarkers within skin cells in order to predict skin cancer is challenging.
Patients in healthy conditions are normally unwilling to provide skin samples (61). Skin
microbiome seems to be a more accessible realm for UV damage identification and skin
cancer prediction.

Most skin commensal bacteria are found in the superficial layers of the epidermis, and
would thus have as much UV radiation exposure as skin keratinocytes (61). Utilizing skin
commensals to detect UV radiation risks is much easier than collecting live human tissue.
Analyzing skin commensal bacteria in response to sun radiation also produces a response
profile over time. The bacterial species can conveniently be collected and studied over set
periods instead of providing a snapshot from a single tissue. Wang, et al. demonstrated the
effects of UV-B exposure on the bacterial species Propionibacterium acnes (P, acnes)
collected from facial skin (61). £ acnesis an important commensal species on the skin flora,
and it makes up about half the total skin microbiome (64). The bacterium can produce
porphyrins such as coproporphyrin I11 and uroporphyrin 111 (65). UV-B exposure in this
study resulted in a dose-dependent decrease of porphyrins, suggesting the responsiveness of
facial bacteria to UV radiation. In untanned Caucasian humans, minimal erythema is
induced on un-irradiated skin by a dose of 20-70 mJ/cm? UV-B, and a decrease of
porphyrins in facial bacteria can be detected at doses less than 20 mJ/cm?. This indicates
that 2 acnes may respond to UV-B before significant skin damage is detected. In addition to
porphyrin production, the effects of UV-B radiation were compared to the effect of y
radiation on A2 acnes. Though both types of radiation resulted in a reduction of porphyrin
production, each form of radiation generated different signatures of protein oxidation/de-
oxidation. Additional work in establishing a UV-B-specific oxidative/de-oxidative signature
according to changes in time and dose-dependent studies may be used to help create a pre-
symptomatic diagnosis of skin cancer. This also opens the platform for investigation on the
effects of antioxidants contained in skin products and intrinsic factors, such as age, on
oxidative/de-oxidative signatures. Overall, studying bacterial response to UV, by using non-
invasive bacterial sampling, may serve as a detection tool of environmental and accidental
radiation and serve as a biomarker for skin cancers (61).

Microbiome and Chemoprevention

Fruits and vegetables have been told time and again to play protective roles in prevention of
various diseases including cancer (66, 67). In other words, diet plays an important role in
modulating the composition of our gut microbiota and is critical in respect to
chemoprevention. Therefore, a well-balanced diet may be a key factor in maintaining normal
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microbiome concerning good health and overall well-being and preventing microbial
imbalance that increases the risk of pathogenic infections and cancer. Our commensal
bacteria may reduce cancer risk by metabolizing dietary factors into bioactive food
components which may influence tumor microenvironment (66, 67). Therefore, evaluating
the effect of diet on microbial balance, microbial gene expression and metabolite production
is an active area of research.

Dietary fibers are one of the most extensively studied dietary factors in chemoprevention.
These are plant edible parts that are not digested and absorbed in small intestine but are up-
taken by the resident microbiota in large intestine after partial or complete fermentation (67).
Polysaccharides (starch, cellulose, hemicellulose, pectins, gums etc.), oligosaccharides and
lignins constitute fiber. The current trend of changing diets from high-fiber in-take to
processed foods has increased cancer incidence considerably (66). These dietary fibers
interact with gut microbiota and various metabolites are synthesized. Enterococcus
casseliffavus is described to be involved in the hydrolysis of sugar moieties, such as in
quercetin-3-glucoside, releasing the aglycone quercetin, with acetate, lactate, formate, and
ethanol production (67). Eubacterium ramulus, Eubacterium oxidoreducens, Flavonif ractor
plautii, as well as several Clostridium strains have been associated with the fermentation of
the aglycone quercetin, leading to the formation of taxifolin, 3,4-dihydroxyphenyl-acetic
acid, acetate, and butyrate (67, 68-70).

Butyrate is a short chain fatty acid (SCFA) which functions as an energy source and controls
epigenetic functions of epithelial cells and has tumor suppressive properties (66). It has been
recently demonstrated that dietary fibers change the composition of our gut microbiome
more than any other dietary factor. In a recent study, it has been found that fiber protects
against colorectal cancer in a gnotobiotic mice (in which the microbiota are known) in a
butyrate dependent manner (71). The high fiber diet was found to be effective against
colorectal cancer in mice having butyrate producing-bacterium but not in those lacking
butyrate producer. Interestingly, mice that lacked butyrate producing bacteria but were kept
on diet having butyrate had lower tumor burden than other groups. This suggests that fiber-
microbiota chemopreventive effect is because of butyrate. In normal colonic epithelial cells,
butyrate is the primary energy source and is almost wholly metabolized in the mitochondria.
In cancerous colonic cells, although glucose is the main source of energy due to Warburg
effect, butyrate is also transported but is hot metabolized in the mitochondria and
accumulates in the nucleus and functions as histone deacetylase (HDAC) inhibitor for
epigenetically controlling the genes involved in cell proliferation and apoptosis (66, 71).
This suggests that probiotic (butyrate producing bacteria) and/or prebiotic (fermentable
fiber) may be administered for increasing endogenous HDAC inhibition and reducing
tumorigenesis.

Gut microbe derived metabolites can have broader bioavailability and effects other than gut.
There is a wealth of chemopreventive data on polyphenols that include flavonoids,
anthrocyanins, lignins and phenolic acids (66). Resveratrol can be converted to trans-
resveratrol metabolites like dihydro-resveratrol by gut microbiota and has been found to
have chemo-preventive effects (72). Ellagic acid, a polyphenol, present in berries and nuts
has anti-oxidant properties which contribute to chemoprevention (73). Colonic microbiota
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metabolize ellagic acid into urolithins which have anti-cancer effects (74). Daidzein is a soy
based isoflavone metabolized by gut microbiota into equol (75-77), which is suggested to
promote the population of sulphate-reducing bacteria and reduce the population of
Clostridium coccoides and Eubacterium rectale (78). Studies have linked Equol to reduced
breast and prostate cancer risks. Glucosinolates, present in broccoli and cabbage, are
converted to isothiocyanates such as sulphoraphane (butyrate-like HDAC inhibitor) by
bacteria-derived thioglucosidases (77). Certain gut microbiota such as Lactobacilliand
Bifidobacteria can conjugate linoleic acid, an omega-6 polyunsaturated fatty acid (PUFA)
and reduce its levels which is important for reduced inflammation as linoleic acid is a
precursor of arachidonic acid that gives rise to prostaglandins and inflammation (76).
Bacteria conjugated linoleic acid isomers have also been found to have anti-inflammatory
and anti-cancer roles (Figure 1).

The above section reviews the role of gut microbiome in cancer chemoprevention. It can be
speculated that skin microbiome can also perform similar functions. History has witnessed
the use of the same dietary factors when applied topically have led to reduced blemishes,
tanning and gave rise to healthy and glowing skin. Moreover, dietary factors like
polyphenolic antioxidants, isoflavones, green tea and grape extracts etc. have been found to
protect against skin cancer when applied topically (79). Interestingly, butyrate, the SCFA
produced upon fermentation by gut microbiota was found to induce apoptosis of
keratinocytes (80). This gives an indication that, in a manner similar to gut microbiome,
microbiota constituting skin microbiome may convert the plant fibers into metabolites
having anti-cancer/anti-inflammatory potential that gives them chemopreventive properties.
Lack of literature in this regard speaks about the little work done in this area, therefore, it
can be an active area of research as the research outcome may lead to development of novel
chemopreventive strategies and targets against skin cancer.

Vitamin D and Skin Microbiome

UVB radiation exposure is required for the synthesis of Vitamin D3 in the skin epidermis
from 7-dehydrocholesterol (81, 82). 7-dehydrocholesterol absorbs UVB and gets converted
to pre-vitamin D3 that is thermally isomerized to form vitamin D3. Vitamin D3 enters liver
from circulation and undergoes hydroxylation reaction to form 25-hydroxyvitamin D3
(25(CH)D). It is transported to kidneys where a second hydroxylation reaction occurs to
convert 25(OH)D to 1,25 dihydroxyvitamin D (1,25(0OH),D) which is the active metabolite
(81, 82) (Figure 2).

Vitamin D3 status may regulate the bacterial flora constituting the microbiome that may
further influence the outcome of immune function. Upon interaction with pathogens,
immune cells also synthesize 1,25(0OH),D seemingly through activation of TLRs or
stimulation by cytokines (82). Bacteria derived products like lipopolysaccharide (LPS) and
cytokines such as transforming growth factor (TGF)- and interferon (IFN)-vy induce
activation of immune cells such as monocytes and epithelial cells that lead to local synthesis
of 1,25(0OH),D, and induce the production of regulatory T cells (T-regs) for immune
tolerance (82, 83). 1,25(0OH),D may indirectly modulate the local microbiome by
influencing innate pathways such as antimicrobial synthesis and activation of autophagy
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(Figure 1). The crosstalk between vitamin D, microbiome and immune tolerance may reduce
inflammation as is observed in gut and lungs. Microbiome dysbiosis is observed in psoriasis
and atopic dermatitis (84). Interestingly, topical application of 1,25(0OH),D has been found
to be effective in treating psoriasis, atopic dermatitis and other inflammatory skin diseases
(85). Therefore, it can be speculated that vitamin D3 may help restore normal microbiome
which may inhibit inflammatory responses as seen in psoriasis and other inflammatory
diseases. Studies exploring a connection between vitamin D3 and microbiome of the skin
may give us an insight about vitamin D3 being a possible agent against skin cancer as
microbiome controls the responsiveness of immune cells to vitamin D3 which reduces tissue
inflammation that in turn may lead to reduction in cancer incidence.

Prebiotics, Probiotics and Skin Microbiome

Proprionibacteria (2. acnes, P. avidum and P. granulosum), Staphylococci (Staphylococcus
epidermidis), Micrococci, Corynebacteriaand Acinetobacter are the normal microflora that
colonize the human skin as resident species while Staphylococcus aureus, Escherichia coli,
Pseudomonas aeroguinosa and Bacillus species are some of the transient species (86). The
resident microflora are considered to occupy the space that may be taken by pathogenic
microorganisms that can cause infection but at the same time resident microflora themselves
become pathogenic under conditions of trauma, injury and when the host becomes immuno-
compromised. The type of species to colonize the skin is regulated by several factors
including flow of secretions, pH, osmotic potential, integrity of barrier function and
biochemical products like lipids, amino acids, vitamins etc (86). As reported, neutral pH
favors most resident bacteria while acidic pH favors the growth of Propionibacterium spp
(86). It is important to keep into consideration the crosstalk between skin microflora and
skin immunity, which is of immense importance in overall health of skin and prevention of
various cutaneous diseases including skin cancer. Interestingly, skin microflora have been
observed to be decorated with immunoglobulins found in eccrine gland secretions (87, 88).
This gives a slight indication towards activation of adaptive immune response by skin
microflora. Innate immune responses have also been found to control microbial
colonization. Upon activation of TLRs on epidermal keratinocytes, B-defensins as well as
cathelicidin are released to inhibit microbial population. These data indicate that skin
microflora, skin integrity and skin immune system work coherently to control cutaneous
functions and prevent skin diseases (86).

Prebiotics, the soluble and fibrous food ingredients that selectively stimulate/limit the
growth of a particular microbial species for the benefit of the host, once considered in the
context of altering/modulating gut microflora are now being developed to modulate the skin
microorganisms (86). As stated above, various factors lead to dysbiosis i.e. imbalance of
normal microflora on the skin and administration of prebiotics helps restore normal balance
that decreases disease (Figure 2). In case of overgrowth of £ acnes, the pre-biotic approach
is to provide a cosmetic strategy that inhibits the growth of 2 acnes but preserves the growth
of beneficial bacteria (89). For instance, application of Ginseng or Black currant or pine
extracts to human skin was found to be effective against growth of £ acnes keeping the
population of coagulase negative Staphylococciunaffected (90). This is indeed superior to
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various anti-biotic approaches that focus only at the killing of the pathogenic organisms that
leads to elimination of the beneficial microbiota as well.

Prebiotic studies are in infancy but a good amount of literature is available for probiotics for
skin. It is now a general belief that probiotics are beneficial for overall health of the digestive
system by improving the features of gut microflora, in other words, restoring normal
microbiome balance (Figure 3). Oral probiotics have been found to be beneficial in the
management of gastroenteritis, diarrhoea, inflammatory bowel disease, irritable bowel
syndrome, etc (18). They have also been reported to be effective against colon cancer (18).
Similarly, oral probiotic supplements given to infants were found to be useful in treatment of
atopic dermatitis (91-94). Administration of oral probiotics is found to be effective against
atopic eczema in children (95). Intake of Lactobacilli have been linked to reduced UV
damage and risk of skin cancer (18). Therefore, it seems that probiotics may exert their
effect beyond the gut to the skin level. Alteration in the systemic immune responses seems to
be involved in the effects induced by probiotic gut flora. For instance, oral administration of
Lactobacillus casei reduced contact hypersensitivity only when CD4 cells were present (96).
Administration of Lactobacillus johnsoniito healthy hairless mice induced protection
against immunosuppressive effects of UVB-radiation (97). It indicates that modulation of
microbiome may be directly involved in modulating tumor microenvironment.

In addition to oral administration of probiotics, topical probiotics may influence skin
microbiome and modulate immune response of the skin to other diseases in a better manner.
As far as penetrating stratum corneum is concerned, topical probiotic may be of reduced
efficacy but the self-replicating nature of bacteria makes small doses enough for beneficial
effects (18). Topical application of Lactobacillus plantarum was effective in reducing £
aeruginosa infections of the skin (98). Moreover, Bifidobacterium longum reduced
inflammatory responses caused by substance P when applied topically (28). Topical
application of Vitreoscilla filiformis and Lactococcus is found to be beneficial in the
treatment of seborrheic dermatitis and atopic eczema by reducing mast cells and increasing
T-reg cytokines (18). Application of topical probiotic has also been linked to reduced risk of
atopic dermatitis in pregnant women and L. plantarum when applied topically has been
found to reduce burn infections (98). It can therefore be suggested that topical probiotics
may also reduce the risk of skin cancer by increasing immune-surveillance and reducing
chronic inflammation as is done by gut microbiome. Moreover, if a topical probiotic is
applied to a cutaneous tumor or injected into it, it may modulate tumor microenvironment by
altering immune responses which may lead to therapeutic effects.

Future Studies

Cancer chemoprevention in respect to gut microbiome is an active area of research but we
are very far when it comes to cancer chemoprevention in the context of skin microbiome. It
is said that diet can change the gut microbiome that influences chemoprevention, so, the
question arises can the same diet also lead to alteration in skin microbiome, does skin
microbiome convert the plants fibers to same metabolites as obtained in gut and can those
metabolites produce chemopreventive effects as those observed for colon. To address these
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queries, further studies are needed which will open new avenues in the skin microbiome-
chemoprevention area and may help developing novel strategies to combat cancer.

Conclusion

In summary, the relationship between microbiome and skin cancer is the subject of ongoing
study, and there are considerable gaps in our knowledge about the subject. Continued
investigations with advanced sequencing technology will be useful in further understanding
the complex human microbiome and its relationship with host. Much of the current data on
microbiota and cancer focus on the gut microbiome, and similar research within the skin
microbiome could be highly relevant for skin cancer studies. Utilizing the microbiome to
study environmental risks of skin cancer may eventually provide excellent ways to diagnose
skin cancers early and create novel skin cancer prevention and treatment plans. Investigating
the effects of environmental UV, the main risk factor of skin cancers, on commensal
bacteria, such as £ acnes, seems to be a promising step to efficient, pre-symptomatic
diagnosis of radiation risk. Studying the link between vitamin D and microbiome of skin
may seemingly help in identifying vitamin D as skin cancer therapeutic. It is interesting to
find association of several bacterial species with cutaneous T cell lymphoma and Marjolin’s
ulcer. On the other hand, reduction in UV damage and skin cancer risk upon oral intake of
probiotic containing Lactobacilli indicates that modulation of microbiome may directly
influence tumor microenvironment. Advances in viral metagenomics has helped identify
new virus-cancer interactions, such as MCPyV in MCC and HPV in BCC, and a better
understanding of the specific roles these viruses play in the development of specific skin
cancers is needed to develop applicable therapies. Association between gut microbiome and
chemoprevention to colon cancer indicates that a similar link may be present between skin
microbiome and skin cancer prevention. Research focused on the complex relationships
between microbes, immune system, and skin cancer may eventually provide novel insight
into microbial therapies. There are many unanswered questions regarding the complex
relationship between the human microbiome and skin cancer, and attempting to answer these
questions shows great promise in potential skin cancer therapies.
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Figure 1.

Various dietary components are converted to bioactive food components by gut microbiota
that are useful in chemoprevention.
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Figure2.
UVB exposure leads to conversion of 7-dehydrocholesterol to pre-vitamin D3 in the

epidermis that gets isomerized to vitamin D3. Vitamin D3 enters circulation and gets
transported to liver where it hydrolyses to 25(OH)D. Second hydroxylation reaction occurs
predominantly in kidneys where 25(OH)D is converted to 1,25(OH)D. Immune and
epithelial cells also synthesize 1,25(OH)D from 25(OH)D upon activation by bacterial
products like lipopolysaccharide (LPS) and cytokines such as transforming growth factor
(TGF)- and interferon (IFN)-y. 1,25(0OH)D leads to production of antimicrobials and
induce autophagy in bacterial cells that may help restore normal microbiome. Normal
microflora may lead to decreased inflammation and reduced inflammatory diseases and
cancer. On the other hand, microbiome dysbiosis in response to infection may induce
inflammatory diseases.
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Figure 3.
Imbalance in normal microbiome or dyshiosis leads to diseased state. Administration of

prebiatics and/probiotics helps restore normal balance that reduces disease.
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Table 1.

Association of skin/gut microbiome with various types of cancer

Gut microbiome

Helicobacter pylori
Campylobacter fejuni
Salmonella typhi

Helicobacter pylori

Lactobacillus

Skin microbiome

Staphyloccocus aureus
Chlamydophila pneumonia
Borrelia burgdorferi

Bacterial infection in denuded skin or burns

Association with the type of cancer
Carcinogenic effect
Gastric adenocarcinoma, gastric-mucosa associated lymphoid tissue lymphoma (18)
Small intestine lymphoma (35)
Gall bladder cancer (36)
Protective effect

Esophageal adenocarcinoma, esophageal squamous cell carcinoma and pancreatic cancer (37,
38)

Colorectal Cancer (39)

Association with the type of cancer
Carcinogenic effect

Cutaneous T cell lymphoma (43, 44)

Cutaneous T cell lymphoma (43)

Cutaneous T cell lymphoma (43)

Marjolin’s ulcer (squamous cell carcinoma) (18, 33)
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