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Abstract

Background: Acne vulgaris is a common inflammatory skin disease, affecting adolescents across the globe. Recent

evidences underline that Propionibacterium acnes (P. acnes) promotes acne through Toll-like receptor (TLR)

activation. Especially, Toll-like receptor 2 (TLR2) has emerged as one of the major classes of pattern recognition

receptors (PRRs) that are recognizing P. acnes in the epidermis and responsible for inflammation.

Conclusions: Although P. acnes has been known to be one of the major causes of acne vulgaris, an appropriate

drug to alleviate acne pathogenesis is poorly developed. This review focuses on the molecular structure of TLR2 as

well as mechanism how TLR2 recognize P. acnes to induce inflammatory cytokines, which is related to acne vulgaris

pathogenesis. Rigorous study about P. acnes mediated by TLR2 activation may provide insight into novel therapeutic

targets of acne vulgaris.
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Background

Acne is a chronic disease of the pilosebaceous unit,

which characterized by non-inflammatory lesions of

open/closed comedones, and inflammatory lesions of

papules, pustules nodules, and cysts of human beings

(Lynn et al. 2016; Qidwai et al. 2017; Kumar et al. 2016;

Pochi 1990). Acne vulgaris is the most common inflam-

matory skin disease that affects over 80% of adolescents

(Lynn et al. 2016; Qidwai et al. 2017). Although acne is

not life-threatening, it causes physical, psychological,

and social impacts by an exhibition of diverse lesions on

the face, chest, shoulders, and back (Kumar et al. 2016).

The mechanism of inducing acne vulgaris remains un-

clear; however, recent studies revealed that Propionibac-

terium acnes (P. acnes) implicated in the inflammatory

acne (Kumar et al. 2016; Pochi 1990). P. acnes is gram-

positive, facultative, anaerobic rod-shaped bacteria that

is generally present within the sebaceous follicles of the

human skin accounting for 87% of the clones with other

Staphylococcus, Corynebacterium, Streptococcus, and

Pseudomonas spp. (Ghodsi et al. 2009). These cutaneous

pathogens are harboring virulence genes and secreting

inflammatory substances such as lipase, porphyrins, hya-

luronate lyase, and endoglycoceramidase that may pro-

gress acne vulgaris pathogenesis (Kumar et al. 2016).

These substances are recognized by pattern recogni-

tion receptors (PRRs) which can detect a broad range of

pathogen-associated molecular patterns (PAMPs) and

conserved microbial structures, including lipopolysac-

charide (LPS), peptidoglycan (PGN), flagellin, and nu-

cleic acid ligands (Medzhitov 2001; Medzhitov and

Janeway 2000). Interaction between PRRs and PAMPs

initiates early immune responses, which influence subse-

quent adaptive immune responses (Medzhitov 2001;

Medzhitov and Janeway 2000; Kupper and Fuhlbrigge

2004). Especially, Toll-like receptors (TLRs) have

emerged as one of the major classes of PRRs. In fact, the

skin is indispensable for maintaining physical barrier

function as well as innate immune response (Kupper

and Fuhlbrigge 2004). Different types of cells expressing

TLRs, including keratinocytes and Langerhans cells

(LCs), are present in the epidermis. In the dermis, resi-

dent and trafficking cells express TLRs. In particular, im-

mune cells including monocytes, macrophages, dendritic
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cells (DCs), lymphocytes, and mast cells express TLRs.

Moreover, endothelial cells of skin microvasculature and

stromal cells such as fibroblasts and adipocytes also ex-

press TLRs (Kawai 2003; Miller et al. 2005; Miller 2008;

Miller and Modlin 2007).

Recent reports indicated that PAMPs induce TLR acti-

vation, which induces the expression of an immune re-

sponsive gene as well as cellular apoptosis. Subsequently,

inflammatory cytokines induce recruitment of host im-

mune cells for antimicrobial activity and regeneration of

a damaged tissue. TLR-mediated cellular apoptosis and

its corresponding robust inflammation often accompany

with concomitant tissue diseases (Miller 2008; Miller

and Modlin 2007; Valins et al. 2010), for instance, nerve

damage in leprosy, myocardial ischemia/reperfusion in-

jury, the manifestations of septic shock, and the patho-

genesis of inflammatory acne, atopic dermatitis, and

psoriasis (Kang et al. 2006; McInturff et al. 2005).

TLRs interact with different ligands, which, in turn,

are located on different types of organisms or structures.

Heterodimer formation of TLR is often required for

binding to ligands. For example, lipoproteins or lipopep-

tides are recognized by TLR2 in complex with TLR1 or

TLR6, viral double-stranded RNA is recognized by

TLR3, lipopolysaccharide is recognized by TLR4, flagel-

lin is recognized by TLR5, single-stranded RNA is recog-

nized by TLR7 or TLR8, and microbial DNAs are

recognized by TLR9 (McInturff et al. 2005; Jin and Lee

2008; Gao and Li 2017; Song and Lee 2012). Previous

studies have demonstrated TLR2 mediates the response

of several ligands by gram-positive bacteria including P.

acnes. Targeting TLR2-P. acnes interaction may provide

a fundamental strategy for future therapies or vaccine

development for acne vulgaris.

TLR2 interacts with P. acnes

TLR2 is a type I transmembrane glycoprotein receptor,

composed with an extracellular domain (ECD), a single

transmembrane domain, and an intracellular Toll/interleu-

kin-1 receptor (TIR) domain (Jin and Lee 2008; Akira and

Takeda 2004). The horseshoe-shaped ECD of TLR2 is com-

prised of 19 multiple LRR modules. LRR is a 20–30 amino

acid residue length module containing a conserved

“LxxLxLxxN” motif (Jin and Lee 2008; Botos et al. 2011).

Because TLR2 has two sharp structural transitions in the β

sheet, LRR domains can be split into three subdomains

which are the N-terminal, central, and C-terminal (Jin and

Lee 2008). What is more, ECD of TLR2 is indispensable for

recognition of PAMPs derived from P. acnes (Song and Lee

2012). ECD interacts with P. acnes-secreted lipoproteins

though attaching these lipoproteins to N-terminal cysteine

of TLR2 covalently and forms “m”-shaped heterodimer

with TLR1 either TLR6 (Jin and Lee 2008; Gao and Li

2017; Song and Lee 2012). To be specific, TLR2-TLR1

complex is a primary receptor for triacylated lipoproteins

(Song and Lee 2012). The three lipid chains of ligand bridge

TLR2 and TLR1, allowing TLR heterodimer by interacting

simultaneously; two lipid chains bind to the large hydro-

phobic pocket in TLR2, and the third amide-bound chain

binds to the narrow hydrophobic channel in TLR1 (Song

and Lee 2012; Botos et al. 2011; Kawai and Akira 2011). On

the other hand, diacylated lipoproteins are usually recog-

nized by TLR2-TLR6 heterodimer. The two ester-bound

lipid chains are only inserted into the same TLR2 pocket.

Unlike with TLR1, due to two phenylalanine residues of

TLR6, the third amide-bound chain of the ligand is not able

to bind with TLR6. This structural feature provides selectiv-

ity for diacylated over triacylated lipopeptides by TLR6.

Furthermore, due to the ligand-binding pocket of TLR1/

TLR6 and TLR2 located at the boundary of central and C-

terminal domain in the convex region, the formation of

ECD dimerization would become further stabilized (Jin and

Lee 2008; Gao and Li 2017; Song and Lee 2012; Akira and

Takeda 2004).

Subsequently, ECD dimerization activates intracellular

signal through the transmembrane domain to induce

TIR dimerization. Intracellular TIR domain is comprised

of 150 amino acid residues and has a common fold con-

taining a five-stranded β sheet surrounded by five α heli-

ces. The connecting region between second β-strand

(βB) and second α-helix (αB), referred as BB loop, is es-

sential for TIR dimerization (Jenkins and Mansell 2010;

Botos et al. 2011).

Intracellular TIR domains are found not only in the TLRs

but also in adaptor proteins that are binding with the intra-

cellular domain of TLRs. There are five adaptor proteins

including myeloid differentiation factor 88(MyD88), MyD88-

adapter-like protein (MAL), TIR-domain-containing adapter-

inducing interferon-β (TRIF), translocating chain-associating

membrane protein (TRAM), and sterile-α and Armadillo

motif-containing protein (SARM) are present in human

(Song and Lee 2012; Kawai and Akira 2011). Mutagenesis ex-

periments have shown that recruitment of adapters to the

intracellular domain of TLR heterodimer is mediated by TIR

dimerization between TLR and adaptor proteins. Mutation

Pro681His in the TLR2 BB loop abolishes signal transduction

in response to gram-positive bacteria stimulation (Underhill

et al. 1999). Pro681His mutation does not alter TIR struc-

tural changes but disrupts TIR dimerization between TLR2

and MyD88 (Xu et al. 2000). This research suggests that

ECD dimerization of TLRs leads to proper orientation of the

TIRs, recruitment of adaptor proteins, and initiation of intra-

cellular signaling that culminates in activation of transcrip-

tion factors such as nuclear factor-κB (NF-κB), AP-1,

interferon regulatory factor (IRF)-3, and the MAP kinase

family (Jin and Lee 2008; Gao and Li 2017; Song and Lee

2012; Akira and Takeda 2004; Jenkins and Mansell 2010;

Botos et al. 2011; Kim et al. 2002; Kawai and Akira 2011).
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P. acnes-bridged TLR2-TLR1 and TLR2-TLR6 hetero-

dimers interact with MAL (also called TIRAP) and

MyD88 to initiate signaling cascades that are required

for activation key transcription factors, including NF-κB

(Kawai and Akira 2011). The bridging adapter, MAL, is

necessary for MyD88-dependent signaling which is trig-

gered by TLR2 and TLR4 activation (Song and Lee 2012;

Jenkins and Mansell 2010; Kawai and Akira 2011). In

particular, MyD88 is a central adapter, which covers all

TLR activations except TLR3. MyD88 is composed of

three domains, N-terminal death domain, interdomain,

and C-terminal TIR domain (Song and Lee 2012; Jenkins

and Mansell 2010). MyD88 recruits IRAK family mem-

bers via homotypic death domain interaction (Jenkins

and Mansell 2010; Wesche et al. 1997). IRAK-4 is crucial

for NF-κB activation in response to TLR ligands and is

responsible for IRAK-1 recruitment and phosphorylation

(Jenkins and Mansell 2010; Suzuki et al. 2002; Li et al.

2002). Phosphorylation of IRAK-1 leads to recruitment

of tumor necrosis factor receptor-associated factor 6

(TRAF6) (Jenkins and Mansell 2010; Chen 2005). Once

activated TRAF6 recruits transforming growth factor-

activated kinase 1 (TAK1) and TAK1-binding protein 2

(TAB2), this complex interacts with upstream kinases of

p38, JNK, and inhibitor of NF-κB kinase (IKK) complex

inducing NF-κB activation and subsequent transcription

of NF-κB responsive genes, including proinflammatory

cytokines IL-1, IL-6, and TNF-α (Jenkins and Mansell

2010; Kawai and Akira 2011). From the above, TR2 in-

teracts with P. acnes that can motivate complicated but

interesting cascade reactions in response to invasion

from the cytomembrane to the cell nucleus.

P. acnes activates canonical NF-κB pathway via
TLR2

NF-κB is one of the significant transcription factors,

which transcribes numerous inflammatory genes that are

related to acne vulgaris pathogenesis. NF-κB transcribes

cytokines including TNF-α, IL-1, IL-6, and IL-8 (Miller

2008; Akira and Takeda 2004; Jenkins and Mansell 2010;

Kim et al. 2002; Chen 2005). NF-κB is negatively regu-

lated by interaction with IκB in the cytosol. Once serine-

specific IκB kinase (IKK) complex leads to disassociate

NF-κB from IκB by phosphorylation and degradation of

IκB, NF-κB translocates to the nucleus and serves as a

transcription factor (Chen 2005; Murphy et al. 1995;

Kunsch and Rosen 1993).

When TLR2 interacts with P. acnes, NF-κB acts as es-

sential TLR2 downstream signal that has a nonnegligible

impact on inflammatory acne vulgaris via the release of

abundant proinflammatory cytokines (Kunsch and Rosen

1993; Pivarcsi et al. 2003; Kim 2005). Kim J et al. used

TLR2 negative human embryonic kidney (HEK) 293

cells, which were transfected with TLR2, CD14, and NF-

κB responsive endothelial leukocyte adhesion molecule

(ELAM) enhancer luciferase (pGL3) reporter gene. P.

acnes induces NF-κB activation in HEK 293 cells (express-

ing TLR2, CD14, and a NF-κB responsive ELAM enhan-

cer), but it does not activate NF-κB in BaF3 cells

(expressing TLR4, CD14, MD2, and ELAM) (Kim et al.

2002). Selway JL et al. determined NF-κB activation from

PGN (the primary toxicant from gram-positive bacteria)

stimulated keratinocytes. Interestingly, TLR inhibition by

TLR2 antibody to those cells restores IκB degradation as

well as IL-1α induction (Selway et al. 2013). Zhu et al. ex-

amined the expression IκBα and NF-κB p65 in HaCat cells

by western blotting after P. acnes treatment, and phos-

phorylated IκBα and NF-κB p65 expression levels were

obviously upregulated with 3 fold changes and 1.6 fold

changes more than control, respectively (Zhu et al. 2018).

In addition, immunofluorescence staining was used to de-

tect the location of NF-κB p65 in HaCaT cells and NF-κB

p65-positive staining was predominately discovered in

control cytoplasm and shifted to the nuclei upon P. acnes

treatment (Zhu et al. 2018). The same as previous findings

from extensive experiments, Lee WR et al. also deter-

mined that following the stimulation of heat-killed P.

acnes, increased expressions of cytosolic phosphorylated

IKK, IκB, and nuclear NF-κB were detected in HaCat cells

via western blotting (Lee et al. 2014). Furthermore, Lee

WR et al. evaluated expression levels of cytosolic

phospho-IKK, phospho-IκB, and nuclear NF-κB by heat-

killed P. acnes-treated mice model. Gel mobility shift

assays were performed that the DNA binding activity of

NF-κB was upregulated in P. acnes-treated mice group

(Lee et al. 2014).

In conclusion, the interaction between TLR2 with P.

acnes activates NF-κB signal pathway subsequently

through phosphorylation of IKK, the release of IκB in

the cytoplasm, and the translocation of NF-κB in the

nucleus.

P. acnes induces cytokine expression through

TLR2
NF-κB is responsible for the induction of various cyto-

kine expressions against bacterial infection. For example,

IL-12 could excite Th1 T cell in response to colonization

of gram-positive organisms. Cytokines trigger inflamma-

tion by recruitment of host immune cells and an anti-

microbial defense that cause tissue injury or unwanted

disease sometimes (Plevy et al. 1997).

In this aspect, many researchers have been investigated

whether P. acnes-induced cytokine production is associ-

ated with TLR2 activation. Selway demonstrated that

146% IL-1α is secreted from infundibular keratinocytes

compared to control in response to P. acnes mediated by

ELISA, and this IL-1α increase is downregulated in the

presence a TLR2 neutralizing antibody in the media
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(Selway et al. 2013). P. acnes induces production of IL-8,

TNF-α, IL-1β, and IFN-γ from keratinocytes (Stein and

Baldwin Jr. 1993; Zhu et al. 2018; Graham et al. 2004;

Song et al. 2002; Pivarcsi et al. 2003). Furthermore, TNF-

α, IL-1β, and TLR2 were transcribed from keratinocytes

that were exposed to heat-killed P. acnes (Graham et al.

2004). Interestingly, similar results were observed from

inflammatory animal model studies: TNF-α and IL-1β

are barely found in the normal skin tissue from the con-

trol mice group, whereas a significant upregulation of

these cytokine expression levels is observed from mice

that topically treated with heat-killed P. acnes (Lee et al.

2014). IL-12 and IL-8 levels are increased in a dose-

dependent manner of P. acnes treatment. P. acnes-medi-

ated IL-12 and IL-8 increase were attenuated by anti-

TLR2 antibody (Kim et al. 2002; Jarrousse et al. 2007). It

was demonstrated that peritoneal macrophages from

TLR6 knockout and TLR1 knockout mice, but not TLR2

knockout mice, produced IL-6 in response to P. acnes

infection (Kim et al. 2002; Takeuchi et al. 2001, 2002;

Ozinsky et al. 2000). There are numerous reports that P.

acnes contributes cytokine production which is pivotal

for the induction of inflammatory acne vulgaris through

a TLR2-dependent pathway in the skin (Kim 2005).

Discussion

Several in vivo and in vitro studies have demonstrated

that TLR2 is overexpressed in acne vulgaris (Rocha et al.

2017; Kim 2005; Shibata et al. 2009; Ma et al. 2016;

Bakry et al. 2014; Taylor et al. 2011). P. acnes-derived

Fig. 1 TLR-mediated inflammatory cytokine induction. P. acnes secreted lipases, proteases, and hyaluronidases which can be recognized by TLR2

of keratinocytes nearby sebaceous follicles primarily. Next, the invading signals are transported from ECD dimerization of TLR2 and TLR1/6 to TIR

dimerization of TLR2 and TLR1/6. TIR dimerization recruits adaptor proteins including MAL and MyD88. Adaptor proteins initiate phosphorylation

of IRAK and promote TRAF6 activation that facilitates the phosphorylation of IKK and release of IκB. NF-κB translocates to the nucleus after

disassociation with IκB and transcribes cytokines. As a result, cytokines induce inflammatory acne in the sebum-clogged pore and lasting cytokine

levels may contribute to progress acute acne into chronic disease
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PAMPs are recognized by TLR2, which leads to cytokine

expression and inflammation (Fig. 1). P. acnes is regarded

as a resident flora in human sebaceous follicles and

colonize in excessive sebum. P. acnes releases lipases, pro-

teases, and hyaluronidases which can be recognized by

TLR2 of keratinocytes nearby sebaceous follicles firstly.

PAMPs derived from P. acnes interact with the extracellu-

lar domain of TLR2 in keratinocyte cytomembrane. TLR2

and TLR1/TLR6 form a heterodimeric interface via hydro-

phobic and hydrophilic interactions of their surface-

exposed residues. Following heterodimerization of the

extracellular domain, dimerization of their cytoplasmic

TIR domains will come up spontaneously. A shortage of

range heterodimers is believed to trigger recruitment of

adaptor proteins including MAL (also known as TIRAP),

MyD88 to the intracellular TIR domains (Botos et al.

2011; O’Neill and Bowie 2007). MyD88 is responsible for

IRAK phosphorylation and promotes TRAF6 activation,

which facilitates IKK phosphorylation and IκB degrad-

ation. Subsequently, the invaded signal will be transmitted

to the nucleus and expressed from mRNA to protein via

activation of transcriptional nuclear factors, such as NF-

κB. Upon interaction between P. acnes and TLR2 of kera-

tinocytes nearby sebaceous follicles, inflammatory cyto-

kines are secreted and recruit immune cells, such as

Langerhans cells, dendritic cells, macrophages, natural

killer (NK), and neutrophils.

To alleviate acne vulgaris, many drugs have been used.

Some of the drugs are reported to inhibit TLR2 activity.

For example, a third-generation topical synthetic retin-

oid, adapalene had been treated for acne patients. Ada-

palene induces dose-dependent inhibition of TLR2

expression and downregulates IL-10 expression from

keratinocytes in perifollicular space (Nguyen et al. 2018;

Grange et al. 2009). A main steroidal saponin extraction

from Paris polyphylla rhizomes, referred as Polyphyllin I

(PPI), attenuates TLR2 expression as well as IL-6, IL-8,

and TNF-α expression (Zhu et al. 2018). A major com-

ponent of honeybee venom, melittin, attenuates TNFα,

IL-8, IL-1β, and IFN-γ secretion as well as phosphoryl-

ation of IKK, IκB from TLR2-induced cells, which acti-

vated by P. acnes treatment (Lee et al. 2014). Durational

treatment of isotretinoin for 1 week eliminates TLR2 ex-

pression and subsequent inflammatory cytokine re-

sponse to P. acnes (Dispenza et al. 2012). These general

anti-acne treatments accompany with downregulation of

the TLR2 signaling pathway. Thus, future research on

TLR2-specific inhibitor would be beneficial for acne

therapeutics.

Conclusions

TLR2 plays a crucial role in P. acnes recognition and ini-

tiation of inflammatory response. Excessive P. acnes can

result in promoting inflammation and tissue destruction

by TLR2-mediated proinflammatory cytokines. TLR2 is

an effective target for therapeutic intervention to block

inflammatory responses in P. acnes invasion. Therefore,

targeting with TLR2 will provide new insights into novel

therapeutic targets of acne vulgaris.
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