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Abstract

The group A Streptococcus (GAS) pilus is a long, flexible, hair-like structure

anchored to the cell surface that facilitates the adherence of GAS to host cells,

thus playing a critical role in initiating infections. Because of its important role

in GAS virulence, the pilus has become an attractive target for vaccine

development. While current research mainly focuses on pilus function and its

potential as a vaccine component, there is a lack of knowledge on how the host

immune system recognizes and responds to this abundant surface structure.

Here we show that both assembled GAS pili and individual pilus proteins

induce a potent release of the proinflammatory cytokines tumor necrosis factor

and interleukin-8. We further show that the surface-exposed backbone pilin

and ancillary pilin 1 subunits are Toll-like receptor 2 (TLR2) agonists. Using

reporter cell lines coexpressing human TLR2 in combination with either TLR1

or TLR6, we determined that activation was mediated by the TLR2/TLR6

heterodimer. Finally, we used solid-phase and flow cytometry binding assays to

illustrate a direct interaction between the pilus subunits and TLR2. These

results provide further support for the suitability of the pilus as a vaccine

component and opens potential avenues for using GAS pili as an adjuvant or

immune-modulation agent.

INTRODUCTION

Streptococcus pyogenes, commonly known as group A

Streptococcus (GAS), is a Gram-positive bacterial

pathogen exclusive to humans. GAS is associated with a

wide range of diseases from self-limiting primary

infections to life-threatening invasive diseases, as well as

postinfection immune sequelae.1 GAS causes

approximately 700 million cases of pharyngitis annually

worldwide.2 While usually self-limiting, increasing

incidence of these mild symptoms can lead to invasive

conditions such necrotizing fasciitis and streptococcal

toxic shock syndrome. Furthermore, the greatest burden

is attributed to postinfection complications that can cause

lifelong injuries and premature deaths, such as acute

rheumatic fever and rheumatic heart disease. Estimations

of global disease burden show alarming figures of 16–30
million severe and invasive disease cases, and 200 000–
300 000 deaths in a given year.3-6 Despite being effective

in treating infections, antibiotics have failed to reduce

disease burden in less privileged areas where invasive

GAS infections still cause high mortality rates, and

superficial manifestations continue to consume

substantial health care resources.7

The ability of GAS to cause diseases with multiple

clinical manifestations is attributed to an array of

virulence factors.2,8,9 The pilus (plural, pili) is a long,

thin, hair-like surface structure associated with increased

virulence in in vivo models.10-13 The major part of the

pilus shaft is formed by 10–100 repeatedly joined

backbone pilins (BPs). Attached to either end of the pilus

fiber are one or two ancillary pilins (APs), AP1 and AP2.

While AP1 is found at the tip of the pilus structure and

has adhesive properties, AP2 is located at the base and

serves as anchorage to the bacterial cell wall.14 As surface-

exposed molecules, BP (also known as the T-antigen) and

AP1 have long been known to stimulate strong antibody

responses in humans and animals.15,16 The pilus is
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therefore considered as a potential vaccine target,17-21 and

more recently, as a vaccine carrier.22,23

Immunization of mice and rabbits with multivalent

recombinant T-antigen proteins induces specific and

cross-reactive anti-T antibodies with bactericidal

properties.18 Similarly, administration of pili expressed on

the nonpathogenic bacterium Lactococcus lactis stimulated

the production of functional antibodies that possessed the

ability to facilitate opsonophagocytosis and interfere with

adhesion of GAS to keratinocyte cell lines.17 Furthermore,

when the pilus was utilized as a peptide carrier in a

recombinant L. lactis–based mucosal vaccine platform,

high levels of antibodies specific to the antigen were

generated.23-25 Current research in the context of vaccine

development focuses on the adaptive immune responses

elicited by the pilus structure. However, there is a lack of

knowledge on the innate immune responses where the

immune system initially recognizes the pili and mounts

the immediate and broader responses downstream.26

The innate immune system senses intruding bacteria

through recognizing conserved bacterial molecules termed

“pathogen-associated molecular patterns” by the “pattern

recognition receptors” mainly found on immune

cells.27,28 In response to pathogen-associated molecular

patterns, immune cells initiate critical events for driving

both innate and adaptive immunity, including direct

crosstalk between different cell types and the production

of proinflammatory cytokines.29 The membrane-bound

Toll-like receptors (TLRs) are an important subset of

pattern recognition receptors that recognize an array of

microbe-derived molecules, including common cell

surface components such as lipoproteins (TLR1/2/6),

lipopolysaccharide (LPS; TLR4) and flagellin (TLR5), as

well as intracellular contents such as microbial nucleic

acids (TLR3/7/8/9).30 Among the 10 different TLRs found

in humans, TLR2 has the most diverse selection of

ligands, including proteins, lipids and lipid-modified

sugars or peptides. The capacity of TLR2 to recognize

such a wide range of bacterial components is attributed

to its dimerization with either TLR1 or TLR6.31,32

Advances in genetics and new animal models have helped

to confirm the involvement of TLRs in recognizing GAS

and activating innate immune responses. For instance,

quantitative reverse transcriptase-PCR (qRT-PCR) of

mouse dendritic cells illustrated a significant increase of

TLR2 and TLR4 transcription following treatment with

GAS, a trend which was also replicated in vivo.33

Furthermore, infection models with mice devoid of the

TLR adaptor molecule MyD88 illustrated that TLRs

facilitate innate immune responses to GAS. Upon

administration of GAS to MyD88�/� and wild-type (WT)

mice, the MyD88-deficient mice demonstrated a severely

dampened release of proinflammatory cytokines

compared with the WT mice.33,34 Specifically, production

of inflammatory cytokines such as interleukin (IL)-12,

interferon-c and tumor necrosis factor (TNF) as well as

chemoattractants such as monocyte chemoattractant

protein 1 (MCP-1) and keratinocyte-derived chemokine

(KC) was diminished, resulting in reduced recruitment of

neutrophils and macrophages to the GAS infection site.35

Furthermore, MyD88�/� mice had significantly decreased

expression of cell surface proteins associated with

dendritic cell activation. These results indicated a loss of

innate immune responses toward GAS when the TLR

pathway was disrupted.34

Despite the consensus of TLR recognizing and

inducing an innate immune response against GAS, the

importance and interactions between specific TLRs and

bacterial components are yet to be elucidated.

In this study, we examined the ability of GAS pilus to

stimulate proinflammatory cytokines and to activate innate

immune receptors. We focused on the pilus structure

expressed in the globally disseminated M1/T1 strain, which

has been shown to induce neutrophil IL-8 production in

murine models.10 Using both individual recombinant pilus

proteins and assembled pili heterogeneously expressed on

L. lactis, we show that the surface-exposed pilus

components AP1 and BP induce potent release of the

proinflammatory cytokines TNF and IL-8 in human

monocytic cells after engagement with TLR2.

RESULTS

The pilus from serotype M1/T1 group A Streptococcus

induces inflammatory responses

Our investigations began with evaluating whether the

pilus has the ability to induce cellular inflammatory

responses. To focus on the immune responses against the

complete pilus structure, we employed the nonpathogenic

surrogate species L. lactis to express the fully assembled

pilus from an M1/T1 serotype GAS strain (PilM1).23 The

L. lactis gain-of-function strain with cell surface

expression of the whole pilus structure (PilM1 L. lactis)

was incubated with human monocytic THP-1 cells, and

secretion of the proinflammatory cytokines IL-8 and TNF

quantified by ELISA (Figure 1a). Compared with the

untreated THP-1 cells, incubation with PilM1 L. lactis

significantly increased the level of TNF release; whereas

the cells incubated with WT L. lactis did not show

increased TNF production [157 pg mL–1 versus

12 pg mL–1, P < 0.001 at multiplicity of infection (MOI)

10; 69 pg mL–1 versus 4 pg mL–1, P = 0.003 at MOI 1].

A similar trend was observed with IL-8 expression, where

a threefold increase in cytokine production was seen in

cells incubated with PilM1 L. lactis compared with the
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untreated negative control, or with WT L. lactis at the

same MOI (Figure 1b). A recombinant form of the TLR-

5 agonist flagellin was used as a positive control36 and

triggered comparable TNF and IL-8 responses at a much

higher concentration (25 nM).

Recombinant AP1 and rBP stimulate cytokine release

Our next focus was to determine the specific component(s)

of the pilus structure responsible for the stimulation of

proinflammatory cytokines. In the pilus structure, AP1 and

BP are more likely to be recognized by the host immune

response because of their accessibility on the cell surface,

whereas AP2 is embedded in the cell wall and thus lacks

direct contact with the host. Therefore we focused this part

of the study on these two surface-exposed pilus proteins

only. THP-1 cells were incubated with rBP or rAP1, and

the production of TNF and IL-8 was quantified by ELISA

(Figure 1c). At either high (1 nM) or low (100 pM)

concentrations, both rBP and rAP1 induced the release of

TNF. The concentration of TNF detected from cells

incubated with rBP was sixfold higher than that from

untreated cells (180 pg mL–1 versus 29 pg mL–1, P < 0.05).

Cells incubated with rAP1 released 17-fold more TNF

than untreated cells (488 pg mL–1 versus 29 pg mL–1,

P < 0.001). Furthermore, a difference was observed in the

TNF-stimulating ability between BP and AP1. TNF

production was 2.7-fold higher in cells incubated with

1 nM rAP1, compared with cells treated with an equimolar

concentration of rBP (P ≤ 0.001). In line with these results,

IL-8 secretion was also highly upregulated in response to

both pilus subunits (Figure 1d). Notably, IL-8 expression

was more sensitive to pilin stimulation compared with

TNF, where incubation with just 1 pM of rBP or rAP1

resulted in significantly higher levels of IL-8 induction than

the negative control (P < 0.01 for rAP1 and P < 0.003 for

rBP). A range of concentrations were tested; however,

because of the hypersensitivity in IL-8 expression, a

difference in response between the two pilins could not be

discerned (data not shown).

Serotype M1/T1 GAS pilus proteins activate TLR2

TLRs have been shown to mediate a range of

inflammatory responses to GAS; however, the specific

TLRs involved in these interactions are not yet

Figure 1. The M1/T1 group A Streptococcus pilus induces an inflammatory response in THP-1 cells. THP-1 cells were incubated overnight (a, b)

with wild-type (WT) or PilM1 Lactococcus lactis strains at a multiplicity of infection (MOI) of 10 or 1, or (c, d) with rBP or rAP1at varying

concentrations. The Toll-like receptor 5 agonist flagellin (1 µg mL�1) was used as the positive control and untreated cells as the negative control.

The concentration of tumor necrosis factor (TNF) or interleukin 8 (IL-8) in cell supernatants was measured by ELISA. Experiments were performed

in duplicates and data are shown as mean � s.d. One representative of three independently performed experiments is shown. Statistical

significance was determined by one-way ANOVA, and the P-values were calculated by Holm–�S�ıd�ak’s multiple comparisons test. *P ≤ 0.05,

**P ≤ 0.01 and ***P ≤ 0.001 compared with the negative control. AP, ancillary pilin; BP, backbone pilin; ns, not significant; s.d., standard

deviation.
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identified.35 To examine whether the proinflammatory

properties of M1/T1 pilus stems from its engagement

with any TLRs, a collection of human embryonic kidney

cells that are stably co-transfected to overexpress

individual human TLR genes and a reporter gene

encoding an nuclear factor-kappa B-inducible secreted

embryonic alkaline phosphatase33,37 was employed. The

HEK-Blue hTLR cell lines expressing either human TLR2,

TLR4 or TLR5 were selected for the purpose of this study

owing to their reported ability to recognize bacterial cell

surface components.38 Incubation of both WT and PilM1

strains of L. lactis caused a colorimetric shift in the

detection media of the HEK-Blue hTLR2 cells, indicative

of TLR2 activation (Figure 2a). As expected, the

absorbance of HEK-Blue hTLR2 cells incubated with WT

L. lactis was higher compared with untreated cells, as the

cell wall of Gram-positive bacteria contains large amounts

of peptidoglycan, a known ligand for TLR2. However, the

extent of TLR2 stimulation in cells exposed to PilM1 L.

lactis was substantially greater than that in cells incubated

with WT L. lactis (1.3-fold higher at MOI 100, P = 0.02;

1.3-fold higher at MOI 10, P = 0.02). When these assays

were repeated with either TLR4- or TLR5-expressing

HEK-Blue hTLR cells, neither WT L. lactis nor pili

expressing L. lactis were able to elicit TLR activation

(Figure 2b, c). These results indicate that despite the

background stimulation from L. lactis, the activation of

TLR2 was enhanced in the presence of pili, suggesting

that the pilus structure contains a TLR2 agonist.

AP1 and BP proteins from M1/T1 GAS activate TLR2

To evaluate the TLR2 stimulatory abilities of individual

pilus proteins, and to identify the main contributor of

TLR2 activation in the pilus structure, purified rAP1 and

rBP were employed in the HEK-Blue hTLR assays.

Incubation with rBP or rAP1 triggered significantly higher

responses in HEK-Blue hTLR2 cells compared with

untreated cells (P < 0.001; Figure 3a), indicating that both

rBP and rAP1 play a role in pilus-mediated activation of

TLR2. At 1 pM, both proteins equally caused a 1.6-fold

increase in the activation level relative to untreated cells.

However, at 10 pM rAP1 showed a more potent

stimulation, causing a threefold higher TLR2 activation

compared with untreated cells, whereas rBP triggered a 2.5-

fold higher activation (P < 0.001; Figure 3a).

To further verify the involvement of TLR2 in the

innate immune response to individual GAS pilus

proteins, cytokine secretion from HEK-Blue hTLR2

incubated with rBP or rAP1 was investigated. HEK-Blue

hTLR4 cells, which did not undergo activation following

exposure to pili expressing L. lactis, were included as a

negative control for comparison. MCP-1 was selected as

the read-out for this experiment as it is upregulated

downstream of both TLR2 and TLR4 activation.39 As the

sensitivity of pilus subunit–induced MCP-1 production

was lower than TNF and IL-8 production, HEK-Blue

hTLR2 cells were treated with 1 nM of either rBP1 or

rAP1 before cytokine levels were measured. HEK-Blue

hTLR2 treated with rBP and rAP1 released significantly

higher levels of MCP-1 than the untreated cells

(Figure 3b). Conversely, incubation with rBP or rAP1 did

not result in any marked difference in MCP-1 production

in the treated HEK-Blue hTLR4 cells compared with their

untreated counterparts. Specifically, there was a sixfold

difference between BP-induced hTLR2 and hTLR4

activation (P = 0.04), and a 3.5-fold difference between

rAP1-induced hTLR2 and hTLR4 activation (P = 0.04).

This confirmed that the pilus subunits specifically

stimulated MCP-1 secretion via TLR2, further supporting

the implication that the pilus from M1/T1 serotype GAS

is a TLR2 agonist.

Pilus proteins from M1/T1 GAS physically interact with

TLR2

The results presented in the preceding sections suggest

that the M1/T1 pilus interacts with TLR2-expressing cells.

To further establish the specific interaction between pilus

proteins and TLR2, and to assess whether direct binding

between pilus proteins and TLR2 occurs, we first

examined the physical interaction using a solid-phase

binding assay. Binding of varying concentrations of rBP

or rAP1 to immobilized recombinant TLR2 was detected

using purified antibodies against rBP or rAP1 (Figure 4a).

rAP1 demonstrated notable dose-dependent binding to

rTLR2, with the measured absorbance increasing 10-fold

when the concentration of rAP1 was elevated from 5 to

100 pM. Conversely, rBP of the same concentration range

only caused a negligible change in absorbance, indicating

little to no binding between rBP and rTLR2. The

interaction between the pilus proteins and cell-associated

TLR2 was further evaluated by flow cytometry. HEK-Blue

hTLR2 was incubated with fluorescently labeled rBP or

rAP1. After performing washing steps to remove unbound

proteins, the fluorescence signals were measured. These

values were used to calculate the mean fluorescence

intensity, which correlated with the amount of cell-bound

pilus protein. When the HEK-Blue hTLR2 cells were

incubated with labeled rAP1, a significant increase in

fluorescence intensity was observed compared with the

untreated negative control (mean fluorescence intensities

of 1,493 and 583, respectively, P < 0.001; Figure 4b),

whereas incubation with labeled rBP did not result in a

significant shift in mean fluorescence intensity when

compared with control cells (Figure 4c). As expected,
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incubation with either labeled rBP or rAP1 did not alter

the fluorescence signals in HEK-Blue hTLR4 cells,

indicating the lack of interaction between pilus proteins

and TLR4 (Figure 4b, c).

Pilus proteins from M1/T1 GAS activate the TLR2/

TLR6 heterodimer

Endogenous TLR2 requires heterodimerization with

either TLR1 or TLR6 for activation.32 Inspection of the

crystal structure of the heterodimer suggests that upon

binding, the ligand stabilizes the two receptors and

facilitates interactions between their intracellular moieties

to trigger downstream signaling.40,41 HEK cells

endogenously express TLR1 and TLR6, and therefore the

HEK-Blue hTLR2 cells are able to dimerize with TLR1 or

TLR6 prior to receptor activation.42 To differentiate

specific pathways in pili-mediated TLR2 activation, we

utilized the HEK-Blue hTLR cell lines that have been

modified by a double knockout of endogenous TLR1 and

TLR2 genes, followed by coexpression of TLR2 with

either TLR1 or TLR6 and the nuclear factor-kappa B–
inducible secreted embryonic alkaline phosphatase

reporter. Recombinant BP or rAP1 were incubated with

these cell lines and absorbance was read at 655 nm to

identify the level of secreted embryonic alkaline

phosphatase released downstream of heterodimer

activation. In HEK-Blue hTLR2/hTLR6 cells exposed to

either rBP or rAP1, there was a significant increase in

absorbance compared with untreated cells (Figure 5a),

indicating that both pilus subunits activated TLR2

dimerized to TLR6. In addition, the activation level of

cells exposed to rAP1 was significantly higher than that of

cells exposed to rBP (twofold difference at 100 pM,

P < 0.001; 1.6-fold difference at 10 pM, P = 0.02). This

is consistent with the previous observation that rAP1 was

a more potent activator of TLR2. By contrast, no

activation of the HEK-Blue hTLR2/hTLR1 cells was

observed in the presence of either rBP or rAP1

(Figure 5b).

Figure 2. TLR2 is activated in response to the M1/T1 group A Streptococcus pilus. (a) HEK-Blue hTLR2, (b) HEK-Blue hTLR4 and (c) HEK-Blue

hTLR5 cells were incubated with wild-type (WT) or PilM1 Lactococcus lactis strains, positive control (1 lg mL�1 Pam3CSK4 for TLR2,

100 ng mL�1 lipopolysaccharide for TLR4 or 1 lg mL�1 flagellin for TLR5) or left untreated. Levels of TLR activation were determined by

absorbance at 655 nm. Comparisons with negative control denoted on experimental groups. Average of three independently performed

experiments is shown. Experiments were performed in duplicates and data are shown as mean � s.d. Statistical significance was determined by

one-way ANOVA, and P-values were calculated by Holm–�S�ıd�ak’s multiple comparisons test. ***P ≤ 0.001 compared with the negative control.

MOI, multiplicity of infection; ns, not significant; s.d., standard deviation; TLR, Toll-like receptor.
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DISCUSSION

TLR-mediated recognition of bacterial components is an

effective mechanism for mounting a rapid defense against

pathogens. Moreover, the interaction between pathogen

components and the TLRs have implications beyond

immediate nonspecific protection, as the activation also

serves the role of bridging innate and adaptive immune

responses.26,43 Here we show that the GAS pili and

individual pilus proteins are potent TLR2 agonists with

the ability to induce a strong proinflammatory cytokine

response.

GAS is known to induce a range of inflammatory

responses from cells. To isolate the effect of pilus from

other GAS components, we expressed the pilus structure

of an M1/T1 serotype GAS on the surface of L. lactis

(PilM1). The PilM1 L. lactis strain elicited significant

release of the proinflammatory cytokines IL-8 and TNF

by THP-1 monocytes when compared with the WT

bacterium. Furthermore, individual pilus proteins BP and

AP1 induced high levels of cytokine production,

suggesting that the assembled pili and individual pilin

subunits are potent stimulators of proinflammatory

cytokine responses. These results are in line with the

findings from previous studies of other Gram-positive

bacteria including Streptococcus agalactiae and

Streptococcus pneumoniae, which showed that the piliated

strains induced significantly higher levels of chemokine

release from immune cells compared with their respective

pili deletion mutants.44,45 Interestingly, we noted that the

AP1 subunit stimulated a higher level of cytokine release

compared with the BP subunit. This trend was echoed in

studies investigating Gram-positive Lacticaseibacillus

rhamnosus (previously Lactobacillus rhamnosus), which

indicated that deletion of the tip pilus subunit resulted in

a substantial reduction in cytokine release from dendritic

cells exposed to the bacterium.46

Numerous studies have implied the involvement of

TLRs in proinflammatory cytokine production in response

to GAS. For example, mice devoid of TLR signaling protein

MyD88 showed severely dampened proinflammatory

cytokine release upon GAS infection.35 Using the HEK-

Blue hTLR cell assays, we confirmed that the M1/T1 pilus,

either as a fully assembled structure or as individual

subunits, stimulated pronounced TLR2 activation.

Notably, AP1 appeared to be a stronger TLR2 agonist than

BP, which corresponds to its superior ability to induce

cytokine production in THP-1 cells. These results are

congruent with the investigations of Basset et al.47 on the

type 1 pilus of S. pneumoniae, which demonstrated that the

tip subunit RrgA, which shares over 70% amino acid

sequence similarity with AP1 from M1/T1 GAS,46 is the

main determinant of TLR2-dependent IL-8 stimulation in

both HEK cells and murine macrophages.34

Using a plate-based binding assay and a flow cytometry

binding assay, we confirmed the physical interaction

between AP1 and TLR2. The lack of association between

the pilus proteins and HEK-Blue hTLR4 further

Figure 3. The M1/T1 group A Streptococcus pilus and pilus subunits induce TLR2 activation. (a) HEK-Blue hTLR 2 cells were incubated with rBP

or rAP1, 1 lg mL�1 Pam3CSK4 (positive control) or left untreated (negative control). Levels of TLR2 activation were determined by measuring the

absorbance at 655 nm. (b) Alternatively, HEK-Blue hTLR2 cells and HEK-Blue hTLR4 cells were incubated with rBP or rAP1, positive control

[1 lg mL�1 Pam3CSK4 for TLR2 or 100 ng mL�1 lipopolysaccharide for TLR4] or left untreated. Levels of MCP-1 secretion in the culture

supernatant were measured as the absorbance at 450–570 nm. Absorbance values of the treated cells were expressed as fold change from the

absorbance value of untreated cells. Experiments were performed in duplicates and data are shown as mean � s.d. The average of two

independently performed experiments is shown. Statistical significance was determined by two-way ANOVA, and P-values were calculated by

Holm–�S�ıd�ak’s multiple comparisons test. **P ≤0.01, ***P ≤ 0.001 compared with the negative control. AP, ancillary pilin; BP, backbone pilin;

MCP-1, monocyte chemoattractant protein 1; s.d., standard deviation; TLR, Toll-like receptor.
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Figure 4. M1/T1 group A Streptococcus pilus proteins physically interact with TLR2. (a) Solid-phase binding assay of rBP and rAP1 to recombinant

TLR2. rBP and rAP1 at various concentrations were incubated with 1 µg mL�1 rTLR2 immobilized on a 96-well plate. Protein binding was detected

by ELISA using purified rabbit antibodies against rAP1 or rBP. A representative of three independent experiments is shown. Experiment was

performed in duplicates and data are shown as mean � s.d. Binding to TLRs expressed on HEK-293 cells was also analyzed on flow cytometry,

using fluorescence-labeled (b) rAP1 and (c) rBP. Untreated HEK-Blue hTLR2 was used as a negative control. Fluorescence intensities were

measured from 30,000 events for each group. Mean fluorescence intensity data are shown as mean � s.d. from three independent experiments.

Statistical significance was determined by one-way ANOVA followed by Holm–�S�ıd�ak’s multiple comparisons test. ***P < 0.001 compared with the

untreated negative control. AP, ancillary pilin; BP, backbone pilin; ns, not significant; s.d., standard deviation; TLR, Toll-like receptor.
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demonstrated that the interaction with, and the activation

of, HEK-Blue hTLR2 was specific to TLR2 rather than

nonspecific binding to other cell surface components of

the HEK-Blue hTLR cell lines. TLR2 is one of the most

promiscuous of the TLRs, largely owing to its

characteristics of heterodimerizing with either TLR1 or

TLR6 upon interacting with a ligand.32 While most of the

previously identified TLR2 ligands are either lipids or

lipid-modified polysaccharides or proteins, nonlipidated

bacterial proteins including the meningococcal porin

PorB48 and the staphylococcal SSL349 have been reported

to directly bind to TLR2. However, SSL3 is a TLR2

antagonist that inhibits cytokine production in murine

macrophages,49 and PorB interacts with TLR2 in its

TLR2/1 heterodimeric form.50 To our knowledge, the AP1

from M1/T1 GAS is the first bacterial protein recognized

by the TLR2/6 heterodimer without a lipid moiety,

emphasizing the unique properties of the GAS pilus.

In GAS, the pilus subunits are encoded by the pilus

operon within the FCT (fibronectin- and collagen-

binding T-antigen region) pathogenicity island, of which

nine different types have been identified.51,52 The M1/T1

GAS pilus investigated in this study is of the FCT-2 type,

which shares higher sequence similarity to the FCT-3 and

FCT-4 pili, but are less similar to pili of other FCT

types.51 Interestingly, GAS strains associated with distinct

clinical presentations often possess different pilus

variants.9 Therefore, it is reasonable to hypothesize that

different GAS pilus variants may exhibit different

properties in TLR signaling and cytokine stimulation, and

the varying immune-potentiating effects may link to the

different levels of disease manifestations caused by

different GAS strains. Further studies are warranted to

verify whether there is such connection between the

magnitude of cytokine stimulation and disease severity

between strains harboring distinct pilus types.

From the results we have amassed, it can be concluded

that the M1/T1 GAS pilus is a TLR2 ligand with the

ability to induce an innate immune response. The ability

of pili to intensify immune responses provides an

advantage over other GAS antigens with less intrinsic

immunogenicity, supporting the investigation of GAS pili

as a vaccine candidate.53 As nonlipidated molecules with

potent TLR2 activity, the AP1 from M1/T1 GAS exhibits

activities that suggest utility as a vaccine adjuvant. The

capacity to stimulate innate immune cells through TLR2

may also explain the intrinsic immunogenicity of an

emerging mucosal vaccine delivery platform based on an

L. lactis vector that expresses the serotype M1/T1 GAS

pilus.24,25

Further studies are ongoing to explore the molecular

basis for the interaction between AP1 and TLR2, and the

potential implications in the context of the role of pili in

GAS virulence and host immune responses.

METHODS

Bacterial strains and reagents

Bacterial strains are listed in Table 1. L. lactis MG1363 was
grown under static conditions at 28°C, in M17 broth
supplemented with 5% glucose and 200 µg mL–1 kanamycin
where appropriate. The plasmid containing the complete pilus
operon from the genome of S. pyogenes serotype M1/T1 strain
SF370 (ATCC 700294) under the control of the lactococcal
promoter P2323 was introduced into L. lactis by
electroporation as described previously.23 Escherichia coli BL21

Figure 5. The M1/T1 group A Streptococcus pilus subunits activate TLR2/TLR6 heterodimers. (a) HEK-Blue hTLR2/hTLR6 cells or (b) HEK-Blue

hTLR2/hTLR1 cells were incubated overnight with rBP or rAP1, positive control (1 lg mL�1 Pam2CSK4 for TLR2/6, or 1 lg mL�1 Pam3CSK4 for

TLR2/1) or left untreated. Levels of TLR activation were determined by absorbance at 655 nm. Experiments were performed in duplicates and

data are shown as mean � s.d. One representative of three independently performed experiments is shown. Statistical significance was

determined by one-way ANOVA, and P-values were calculated by Holm–�S�ıd�ak’s multiple comparisons test. *P ≤ 0.05, **P ≤ 0.01, ***P < 0.001

compared with the negative control. AP, ancillary pilin; BP, backbone pilin; ns, not significant; s.d., standard deviation; TLR, Toll-like receptor.
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was grown at 37°C in LB containing 50 µg mL–1 ampicillin
and 30 µg mL–1 chloramphenicol. The TLR2 agonist
Pam3CKS4, the TLR2/6 agonist Pam2CKS4 and the TLR4
agonist LPS from E. coli K12 strain (LPS-EK) were obtained
from InvivoGen (San Diego, CA, USA). ToxOut Endotoxin-
Free Water from BioVision (San Francisco, CA, USA) was
utilized as a negative control and diluent in the cell-based
assays.

Protein cloning, expression and purification

Open reading frames encoding BP and AP1 without the N-
terminal signal peptide were amplified from genomic S.
pyogenes SF370 (ATCC 700294) DNA using primers M1_bp.fw
+ M1_bp.rev, M1_ap1.fw + M1_ap1.rev listed in Table 2, and
subsequently cloned into the pET32a vector and the pROEx-
Htb vector, respectively, to be expressed in E. coli BL21(DE3)
pLysS (Novagen, San Diego, CA, USA). DNA encoding full-
length flagellin was amplified from Salmonella enterica subsp.
enterica serovar Typhimurium strain 13-931 using the primers
Fla_BamHI.fw and Fla_XhoI.rev listed in Table 2 and cloned
into the pROEx-Htb vector. Cultures were induced mid-log
phase (OD600nm = 0.6) using 0.1 mM IPTG for 4 h at 28°C.
The E. coli cells were harvested and, following resuspension in
lysis buffer (20 mM Tris, 0.5 M NaCl, 10% glycerol, 0.1 mM
phenylmethylsulfonyl fluoride, 0.1% Triton X-100), lysed by
sonication. The His6-tagged proteins were purified from the
lysates on Ni2+-nitrilotriacetic acid Sepharose 6 Fast Flow
nickel resin (GE Healthcare, Chicago, IL, USA) according to
the manufacturer’s instructions. All purified proteins were
pretreated with 100 µg mL–1 Polymyxin B (Sigma-Aldrich, St.

Louis, MO, USA) for 15 min at room temperature (RT) prior
to use in assays to inactivate any contaminating endotoxins.

Fluorescently tagged recombinant pilus proteins were
prepared by incubating recombinant AP1 (rAP1) and rBP in
bicarbonate buffer (50 mM NaHCO3) with equimolar amounts
of Red Mega 485 NHS fluorescent label (Sigma-Aldrich, St.
Louis, MO, USA) for 1 h at RT. Labeled proteins were separated
from unbound fluorescent tags by passing through a G-25
Sephadex desalting column (Cytiva, Marlborough, MA, USA).

Cell lines

Human myelomonocytic THP-1 cells (ATCC TIB-202) were
maintained in Roswell Park Memorial Institute-1640 (RPMI-1640)
medium supplemented with 10% fetal bovine serum, 0.05 mM
2-mercaptoethanol, 100 U mL–1 penicillin and 100 µg mL–1

streptomycin. The commercially available HEK-Blue hTLR cell
lines (InvivoGen, San Diego, CA, USA) were maintained in
Dulbecco’s Modified Eagle Medium with 10% fetal bovine serum
and the antibiotics specified in the manufacturer’s instructions,
grown at 37°C with 5% CO2 and kept below 15 passages.

Cytokine assay

THP-1 cells were seeded into a 96-well plate at a density of
1 9 105 cells per well in antibiotic-free RPMI-1640 medium. L.
lactis cells were grown overnight and resuspended in RPMI-1640,
using the conversion rate of OD600nm of 1.0 =
~1 9 108 CFU mL–1 to determine the cell density. THP-1 cells
were treated with 1 9 105 or 1 9 106 L. lactis cells to achieve an
MOI of 1 or 10, respectively. Alternatively, rBP or rAP1 were
added at a final concentration of 1 nM or 100 pM. RMPI-1640
medium was used as a negative control and 2.5 µM recombinant
flagellin protein or 1 µg mL–1 LPS-EK was used as a positive
control where appropriate. The plate was incubated for 20 h at
37°C in the presence of 5% CO2 before culture supernatants
were collected and assessed for presence of cytokines with the
Crux Biolab human cytokine ELISA kits (Bayswater, VIC,
Australia) as per the manufacturer’s instructions.

HEK-Blue hTLR cells were grown until 80% confluency was
achieved, then detached and resuspended in HEK-Blue Detection
medium (InvivoGen, San Diego, CA, USA). L. lactis cells were
prepared as above and added to the HEK-Blue hTLR cells at an
MOI of 10. Alternatively, rBP or rAP1 was added to cells at a
concentration of 2 nM. Pam3CSK4 or LPS at 1 µg mL–1 was

Table 1. Bacterial strains used in this study.

Species Strain Relevant characteristics

Lactococcus lactis MG1363 Wild-type strain

MG1363 plZ12-Km2:P23R:PilM1 Expresses fully assembled pilus from GAS SF370 (serotype M1/T1 strain)

Escherichia coli BL21 pET32a3c:bp Expresses rBP from GAS SF370, fused to a thioredoxin and N-terminal His6
tag and a protease 3C site54

BL21 pPROEX-Htb:ap1 Expresses rAP1 from GAS SF370 with N-terminal His6 tag

BL21 pPROEX-Htb:Fla Expresses flagellin from Salmonella enterica subsp. enterica serovar Typhimurium strain

AP, ancillary pilin; GAS, group A Streptococcus.

Table 2. PCR primers used in this study. Restriction enzyme

sequences are underlined.

Primer name Sequence (5’-3’)

M1_bp.fw CGGGATCCGCTACAACAGTTCACGG

M1_bp.rev CGGAATTCTTATTCAAAGACTTTTTTATTTG

M1_ap1.fw GGATCCAAGACTGTTTTTGGTTTAG

M1_ap1.rev CTCGAGCTAACCAGTTTCTGGCAAAGGCTCTTT

ATTATTTTC

Fla_BamHI.fw GCGGATCCATGGCACAAGTCATTAATAC

Fla_XhoI.rev GAGAGAGACTCGAGACGCAGTAAAGAGAG

GACG
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added where appropriate as a positive control, and RPMI-1640
was used as a negative control. The plate was then incubated for
20 h at 37°C and 5% CO2, and culture supernatants were
assayed for cytokines with the Crux Biolab human cytokine
ELISA kits as per the manufacturer’s instructions.

Toll-like receptor reporter assay

The HEK-Blue hTLR cells grown to a confluency of 80% were
detached and suspended in HEK-Blue Detection medium at a
density of 2.8 9 105 cells mL–1. Overnight L. lactis cultures
were washed in phosphate-buffered saline (PBS), and the cell
density was determined as earlier. Aliquots of L. lactis were
stored in 10% glycerol at �80°C and used across assays for
consistency. Immediately prior to setting up the assay, aliquots
were thawed completely on ice, washed in PBS and
resuspended in endotoxin-free water at 2.5 9 108 CFU mL–1

and 2.5 9 107 CFU mL–1. Recombinant BP or rAP1 was
diluted in endotoxin-free water at concentrations of 1 nM or
100 pM. Where appropriate, 1 µg mL–1 Pam3CSK4,
10 ng mL–1 Pam2CSK4, 100 ng mL–1 LPS-EK or 25 nM
recombinant flagellin was prepared in endotoxin-free water for
use as positive controls, and endotoxin-free water was used as
a negative control. Test or control samples were added to each
well of a 96-well plate at 20 µL followed by 180 µL per well of
the HEK-Blue cell suspension. The plate was then incubated at
37°C, 5% CO2 for 6–9 h before the A655nm was read.

Solid-phase binding assays

Recombinant TLR2 (Sino Biological, Beijing, China) was diluted
to 1 µg mL–1 in carbonate–bicarbonate buffer and added to a
96-well plate at 100 µL per well. The plate was incubated
overnight at 4°C, then washed with PBS-T buffer (19 PBS/
0.05% Tween-20) and blocked with 3% bovine serum albumin
in PBS-T. After a washing step, the plate was incubated for 3 h at
RT with 100 µL per well of rBP or rAP1 in PBS at concentrations
between 100 pM and 1.73 pM. This was followed by plate
washing and the addition of 100 µL per well of purified primary
rabbit antibodies against rBP or rAP123 for 2 h at RT. The plate
was subsequently washed and incubated with HRP-conjugated
goat anti-rabbit IgG antibody (1:1000; Abcam, Cambridge, UK)
for 1 h at RT. After a final wash step, the plate was incubated for
10 min with 100 lL per well of 3,3,5,5-tetramethylbenzidine,
before 100 lL per well of 1 M HCl was added to stop the
reaction prior to taking A450/570nm readings.

Flow cytometry binding assay

HEK-Blue hTLR2 cells and HEK-Blue hTLR4 cells were
detached using 10 mM ethylenediaminetetraacetic acid, washed
with PBS and suspended in cold fluorescence-activated cell
sorting buffer (19 PBS/1% fetal bovine serum/5 mM
ethylenediaminetetraacetic acid) at a density of
1 9 107 cells mL–1. Recombinant BP or rAP1 labeled with
Fluorescent Red Mega 485 NHS-ester (Sigma-Aldrich, St.
Louis, MO, USA) was diluted in fluorescence-activated cell
sorting buffer to a concentration of 2 nM, and incubated with

the HEK-Blue hTLR2 or HEK-Blue hTLR4 cell suspension at a
1:1 ratio for 30 min. HEK-Blue hTLR2 with fluorescence-
activated cell sorting buffer only was also prepared as a
negative control. Cells were washed two times, resuspended in
0.5 mL fluorescence-activated cell sorting buffer and strained
before fluorescence data were acquired on an LSR II Flow
Cytometer set to record 30 000 events and analyzed with
FlowJo version 10.7 (BD Biosciences, San Francisco, CA, USA).

Statistical analysis

Statistical significance was determined by one-way ANOVA
(two-way ANOVA for the MCP-1 assay) followed by Holm–�S�ı
d�ak’s multiple comparisons test using PRISM (version 8.0;
GraphPad Software Inc.).
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