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SUMMARY

We have previously demonstrated that mycobacterial lipoproteins engage TLR2 on human CD4+

T cells and up-regulate TCR triggered- IFN-γ secretion and cell proliferation in vitro. Here we

examined the role of CD4+ T cell-expressed TLR2 in Mycobacterium tuberculosis (MTB) Ag-

specific T cell priming and in protection against MTB infection in vivo. Like their human

counterparts, mouse CD4+ T cells express TLR2 and respond to TLR2 co-stimulation in vitro.

This Th1-like response was observed in the context of both polyclonal and Ag-specific TCR

stimulation. To evaluate the role of T cell TLR2 in priming of CD4+ T cells in vivo, naïve MTB

Ag85B specific TCR transgenic CD4+ T cells (P25 TCR-Tg) were adoptively transferred into

Tlr2-/- recipient mice that were then immunized with Ag85B and with or without TLR2 ligand

Pam3Cys-SKKKK (P3CSK4). TLR2 engagement during priming resulted in increased numbers of

IFN-γ secreting P25 TCR-Tg T cells one week after immunization. P25 TCR-Tg T cells

stimulated in vitro via TCR and TLR2 conferred more protection than T cells stimulated via TCR

alone when adoptively transferred before MTB infection. Our findings indicate that TLR2

engagement on CD4+ T cells increases MTB-Ag specific responses and may contribute to

protection against MTB infection.
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INTRODUCTION

Mycobacterium tuberculosis (MTB) is one of the most successful pathogens, infecting one

third of the world’s population and killing more adults than any other single microbe except

for HIV-1 [1]. One of the major barriers to develop new tools to prevent and treat

tuberculosis (TB) is our incomplete understanding of the factors required to steer the T cell

response towards achieving sterilizing immunity. IFN-γ secreting CD4+ T cells have a

central role in protection against TB. This was clearly demonstrated by the increased

susceptibility to TB observed in HIV-1+ persons in addition to the poor control of MTB

infection observed in IFN-γ- and MHC-II- deficient mouse strains and CD4+ T cell-depleted

mice[2-4]. IFN-γ produced by CD4+ T cells synergizes with TNF-α to activate macrophage

bactericidal and bacteriostatic functions and greatly contributes to long-lasting control of

MTB infection [3]. Dysfunction of the CD4+ T cell- IFN-γ- macrophage axis significantly

predisposes the host to mycobacterial diseases [5]. Since development and maintenance of

strong CD4+ T cell responses are essential to MTB infection control, enhancement of CD4+

T cell function is likely critical to improve next generation TB vaccines and to develop

novel TB immune therapies.

CD4+ T cell activation requires two signals, signal 1 elicited by MHC-II/peptide complex

engagement of the TCR, and signal 2 triggered when the co-stimulatory receptor CD28

binds CD80 or CD86 on the Ag presenting cell (APC) (reviewed in [6]). T cell co-

stimulation is an absolute requirement for naïve T cell priming and is also important for

regulation of effector and memory T cells [7, 8]. Thus, both Ag availability and expression

of co-stimulatory receptors may be limiting factors for T cell priming and memory

maintenance. In addition to CD28, other costimulatory receptors have been described on

CD4+ T cells [6]. Unlike CD28, which is constitutively expressed in both naïve and memory

T cells, many co-stimulatory receptors are induced after activation. Toll-like receptor 2

(TLR2) has been recently recognized as a costimulatory receptor on CD4+ and CD8+ T cells

[9-13]. TLR2 is unique among inducible costimulatory receptors in that it engages microbial

ligands instead of receptors expressed by APCs. Recently, we reported on the ability of

human CD4+ T cells to directly recognize mycobacterial lipoproteins via TLR2 [14]. In

combination with TCR triggering, TLR2 engagement induced CD4+ T cell proliferation and

secretion of IL-2 and IFN-γ. The role of this TLR2 ligand recognition system in CD4+T cell

activation/differentiation in vivo and its impact on immune responses to MTB infection

remains unexplored. CD4+ T cell expressed TLR2 may have a role in detection of MTB-

infected macrophages by recognizing membrane-associated or extracellular TLR2 ligands

and by providing additional co-stimulatory signals for naïve T cell priming or effector

memory T cell re-stimulation. In this way, T cell TLR2 may amplify Ag specific CD4+ T

cell responses and contribute to immune protection against MTB.
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We tested the role of TLR2 ligand recognition by CD4+ T cells in the development of MTB

Ag specific T cell responses in vitro and in vivo. Our findings indicate that engagement of

CD4+ T cell-expressed TLR2 during priming increases Th1 cytokine secretion and T cell

proliferation. Furthermore, adoptively transferred MTB Ag specific transgenic T cells

primed via TCR and TLR2 conferred more protection against MTB aerosol infection

compared to T cells primed via TCR alone. Thus simultaneous engagement of TCR and

TLR2 by mycobacterial ligands may serve as a mechanism to amplify T cell responses to the

pathogen. Failure of these mechanisms may explain deficient primary responses to MTB or

loss of immune control during latency and subsequent reactivation. TCR/TLR2 co-

engagement could be exploited to improve responses to immunization, thus increasing TB

vaccine efficacy.

RESULTS

TLR2 expression is low in mouse naïve CD4+ T cells but increases after stimulation

Several studies have demonstrated expression of TLR2 protein and mRNA in human CD4+

T cells and in mouse CD8+ T cells but few reports exist on the expression and function of

TLR2 on mouse CD4+ T cells [10, 12, 15]. Thus, we tested if mouse naïve or in vitro-

generated effector CD4+ T cells express TLR2. Although we were unable to detect surface

TLR2 expression by flow cytometry (not shown), we detected TLR2 mRNA by RT-PCR

(Fig. 1A). Neither CD11c- nor CD11b-mRNA could be detected in highly purified CD4+ T

cells, indicating that detection of TLR2 mRNA in these samples was not due to

contaminating APCs (Fig. 1B). TLR2 mRNA expression in cells activated with anti-CD3-

and anti-CD28-mAbs alone was higher than in naïve T cells but not significantly different

compared to cells activated with anti-CD3- and anti-CD28-mAbs in combination with the

TLR2 agonist Pam3Cys-SKKKK (P3CSK4) (Fig. 1A, n=3). We confirmed TLR2 protein

expression on CD4+ T cells by western blotting and by fluorescence microscopy (Fig. 1C-

E). These data confirm that, like their human counterparts, mouse naïve CD4+ T cells

express very low levels of TLR2 that increase after activation.

Synergism of TLR2- and TCR signals in mouse naïve CD4+ T cells triggers Th1
differentiation in vitro

Before testing the role of CD4+ T cell-expressed TLR2 in vivo, we analyzed its role in the

modulation of mouse CD4+ T cell activation and differentiation in vitro. Naïve CD4+ T cells

were stimulated through the TCR with plate bound anti-CD3 mAb alone or combined with

P3CSK4. As expected, naïve CD4+ T cells were unresponsive to TCR stimulation alone,

with undetectable levels of IL-2 or IFN-γ and very low cell proliferation (Fig. 2 A-C).

P3CSK4 increased significantly both cytokine and proliferative responses to anti-CD3 mAb

in a dose-dependent manner. In absence of TCR stimulation, P3CSK4 did not trigger

cytokine secretion or cell proliferation, confirming that TLR2 serves mainly as a co-

stimulatory receptor.

To test the effect of triggering TLR2 on CD4+ T cells in Ag-specific responses, naïve CD4+

T cells from P25 TCR-Tg mice were stimulated with Ag85B-pulsed TLR2-negative

(TLR2neg) BMDM. The use of BMDM isolated from Tlr2-/- mice ensures that observed
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effects result from interaction of P3CSK4 with T cell-expressed-TLR2 and not APC-

expressed-TLR2. As shown in Fig. 2D-F, a dose-dependent up-regulation of both IL-2, IFN-

γ and proliferative responses were observed in cells stimulated with Ag85B in the presence

of P3CSK4 compared to cells stimulated with Ag85B alone. Neither IL-2/IFN-γ nor

proliferative responses were detected after stimulation of naive CD4+ T cells with P3CSK4

in the absence of Ag85B (Fig. 2D-F). In addition to IL-2 and IFN-γ, we found increased

TNF-γ and the IFN-γ-inducible chemokines IP-10 and MIG in supernatants of T cells

activated in the presence of TLR2 ligand (Supporting information Table T1, Fig. S1).

Importantly, we did not detect Th2 cytokines IL-4, IL-5 or IL-13. IL-17 also remained

undetectable both at 24 and 48 h after Ag stimulation (Supporting information Table T1).

This indicates that TLR2 engagement on mouse naïve CD4+ T cells synergizes with TCR

triggering for the induction of Th1 differentiation. Considering that MTB TLR2 ligands can

exit the phagosome and traffic outside the infected macrophage in small vesicles known as

exosomes (Supporting information, Fig. S2), recognition of these ligands by naïve CD4+ T

cells may have important implications for T cell priming and generation of MTB Ag-

specific responses in vivo.

TLR2 engagement on effector CD4+ T cells up-regulates TCR- triggered effector functions

Since TLR2 expression increases with activation, we hypothesized that, in addition to

regulating naïve CD4+ T cells during their first encounter with Ag, TLR2 could have a role

in direct regulation of effector CD4+ T cell function. As shown in Fig. 3A and B, TLR2

triggering increased responses of in vitro-generated effector CD4+ T cells to anti-CD3 mAb.

Furthermore, engagement of TLR2 on P25 TCR Tg effector cells increased MTB Ag85B

specific- IL-2 and IFN-γ responses (Fig. 3C, D). In the absence of TCR triggering (no anti-

CD3 mAb or Ag85B), P3CSK4 did not induce cytokine secretion by in vitro-generated

effector CD4+ T cells (Fig. 3).

To confirm that P3CSK4 effect was mediated by TLR2, responses of in vitro-generated

effector CD4+ T cells isolated from Tlr2-/- or from WT mice were compared. Unlike their

TLR2+ counterparts, TLR2neg effector CD4+ T cells did not display increased IL-2

responses when stimulated with anti-CD3 mAb and P3CSK4 compared to anti-CD3 mAb

alone (Fig. 4A). This demonstrates that P3CSK4 engages TLR2 on CD4+ T cells to trigger

co-stimulatory signals. We also tested the effects of the natural MTB TLR2 ligand LprG and

confirmed its co-stimulatory effect on mouse CD4+ T cell activation (Fig. 4B). These results

demonstrate that TLR2 ligation on effector CD4+ T cells up-regulates TCR-triggered Th1

cytokine secretion and this may contribute to amplification of protective immune responses

to MTB.

In vivo engagement of TLR2 on CD4+ T cells increases T cell priming with MTB Ag85B

To test the impact of TLR2 engagement on CD4+ T cells in MTB Ag specific responses in

vivo, we adoptively transferred GFP+ P25 TCR-Tg CD4+ T cells (Tlr2+/+) into Tlr2-/-

recipient mice that were then immunized with Ag85B plus CpG ODN1826 alone or

combined with P3CSK4. Increased percent and number of GFP+ P25 TCR-Tg CD4+ T cells

were detected in spleens after immunization with Ag85B. This expansion of GFP+ P25

TCR-Tg CD4+ T cells was more pronounced in animals that received Ag85B in combination
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with P3CSK4 compared to those immunized with Ag85B alone (Fig. 5A). In the absence of

cognate Ag, administration of P3CSK4 alone had no effect in the expansion of P25 TCR-Tg

CD4+ T cells (not shown). Co-administration of P3CSK4 with Ag85B significantly

increased the numbers of Ag-specific CD4+ T cells secreting IL-2, IFN-γ and IL-17

compared to Ag85B alone (Fig. 5, B-D). When compared to animals immunized with

Ag85B only, those receiving Ag85B in combination with P3CSK4 have double the numbers

of IFN-γ+ P25 TCR-Tg CD4+ T cells (Fig. 5C). IFN-γ-secreting cells represented the

predominant phenotype after challenge with Ag85B plus P3CSK4 (Fig. 5F). Although IL-4-

secreting cells were marginally increased by P3CSK4 co-administration, these cells

represented less than 2% of P25 TCR-Tg cells (Fig. 5E-F). These results demonstrate that in

the context of adequate DC activation (i.e. CpG ODN1826) expansion of MTB Ag-primed

IFN-γ and IL-17 producing CD4+ T cells is enhanced by ligation of TLR2 on CD4+ T cells

in vivo. Altogether these data suggest a role for T cell-expressed TLR2 in MTB specific-

CD4+ T cell priming and Th1 and Th17 differentiation that could have implications in MTB

infection and TB vaccine development.

Th1 cells generated in the presence of TLR2 ligand confer higher protection against MTB
infection

Gallegos et al. demonstrated that adoptive transfer of ESAT-6 TCR-Tg Th1 effector cells

confer protection against MTB aerosol infection [16]. We used a modified version of this

model to assess the impact of T cell-expressed TLR2 signaling on CD4+ T cell effector

function in vivo. Rested non-dividing GFP+ P25 TCR Tg CD4+ Th1 effector cells generated

in vitro in the absence (P25 Th1) or the presence of P3CSK4 (P25 Th1-P3CSK4) were

adoptively transferred into WT mice one day before MTB aerosol infection, and bacterial

load and TCR transgenic cells assessed in the lungs 28 days later. As shown in Fig. 6A,

animals transferred with Th1 cells activated in the presence of P3CSK4 had lower lung

CFUs compared to animals transferred with Th1 cells generated in absence of TLR2

stimulation and even lower compared to control mice. Also, recipients of P25 Th1-P3CSK4

cells showed higher numbers of transgenic T cells in the lung (CD4+ Vβ11+ GFP+; Fig. 6B)

compared to animals that received P25 Th1 cells stimulated in the absence of P3CSK4.

Interestingly, we also observed an increase of total lung CD8+- (Fig. 6C) but not total CD4+-

T cells (data not shown) in recipients of P25 Th1-P3CSK4 cells compared to controls. On

the contrary, we did not observe an increase of CD8+ T cells in recipients of P25 Th1 cells

compared to controls (Fig. 6C). These results suggest that engagement of TLR2 on CD4+ T

cells during priming may enhance effector function upon encounter with cognate Ag in vivo

and, in the case of MTB challenge, this might translate into better infection control.

DISCUSSION

Microbial sensing by TLRs expressed on T cells has been described but the exact role of this

recognition system in the immune response to infection is not well understood. We

previously demonstrated that human CD4+ T cells recognize mycobacterial lipoproteins via

TLR2 and this triggers co-stimulatory signals that up-regulate TCR-driven activation [14].

In this study, we developed a mouse model to further understand the effects of TLR2

ligation on CD4+ T cells in the immune response to mycobacterial Ags and its impact in the
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control of MTB infection in vivo. We found that ligation of TLR2 on mouse CD4+ T cells

synergizes with TCR signals to increase the frequency of mycobacterial Ag specific T cells

after immunization and to promote Th1 differentiation and effector functions. More

importantly, simultaneous TCR and TLR2 ligation during in vitro priming confers Th1

effector CD4+ T cells with increased capacity to protect against MTB infection in vivo.

These results suggest that TLR2 ligand recognition by CD4+ T cells in vivo could influence

the quality and magnitude of the effector responses to MTB Ags.

MTB expresses two classes of TLR2 ligands, lipoproteins and glycolipids, that traffic in and

out the infected macrophage, and have major effects on both innate and adaptive immune

cells [17, 18]. The absence of TLR2 in mice results in a greater susceptibility to chronic or

high-dose aerosol MTB infection, suggesting a defect in acquired immunity [19-21].

Polymorphisms in TLR2 have been associated with an increased risk of TB or with

disseminated forms of TB in different populations [22, 23]. Although these genetic

association studies cannot provide a direct causal relationship between TLR2/1

polymorphisms and risk of TB, they do suggest that TLR2 may have a role in development

of protective immune responses to MTB.

The role of TLR2 in MTB infection remains controversial and this may be due to its

multifaceted nature. First, TLR2 has a dual role in regulation of APC function. On one hand,

TLR2 ligands stimulate innate immunity, i.e. trigger DC maturation, pro-inflammatory

cytokines (IL-12, TNF-α) and antimicrobial activity [24, 25]. On the other hand, chronic

exposure of APC to TLR2 ligands decreases MHC-II Ag processing and presentation in

macrophages [26, 27]. Thus, the balance of up and down-regulation of APC function by

TLR2 impacts CD4+ T cell responses. Second, TLR2 is also expressed on T cells, including

CD4+ T cells isolated from TB pleural effusions, where it plays a co-stimulatory role [9, 14,

28]. T cell TLR2 may impact development of cell-mediated immunity to MTB, and defects

of these mechanisms could be linked to susceptibility to develop active TB. Thus, novel in

vivo models for the analysis of TLR2 in different immune compartments and at different

phases of infection may provide a better insight on the role of TLR2 in infection than the

traditional knockout mouse models. A tissue-specific conditional knockout mouse system is

currently under development in our lab. The model used in this study is a preliminary

attempt to address the role of T cell TLR2 and to confine the effects of TLR2 ligands in vivo

to the CD4+ T cell compartment by using TLR2-deficient BMDM and mice in combination

with TLR2+ MTB Ag specific T cells. Our results indicate that TLR2 expressed on CD4+ T

cells may play an important role in T cell priming and regulation of effector function. These

results will require validation in models like the one mentioned above, where expression of

TLR2 in the APC compartment is preserved.

As demonstrated here, expression of TLR2 on T cells is several orders of magnitude lower

than that of APCs. In spite of low receptor expression, TLR2 ligation on CD4+ T cells

induces profound changes in T cell activation. Whether TLR2 engagement happens

uniformly in all CD4+ T cells at a low level or is restricted to a small and specialized CD4+

T cell subset is not known and merits further investigation. Since detecting TLR2 on T cells

by flow cytometry has proven difficult, this will require development of new reagents to
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improve the sensitivity of this assay to further explore regulation of TLR2 expression on T

cells both in vitro and in vivo.

The role of TLR2 in CD4+ T cell priming and differentiation is controversial. TLR2

engagement promoted Th2 responses in some studies [29], induced IFN-γ secretion in others

[10, 30] and either enhance [31] or down-regulate [32] T-reg activity. Also, TLR2

engagement has been shown to promote effector and memory IL-2/IL-17 secreting CD4+ T

cells in responses to an influenza Ag [33]. In most of these studies effects were the result of

TLR2 engagement on APCs. In agreement with Imanishi et al. [10], our results indicate that

TLR2 engagement on CD4+ T cells induces predominantly Th1 differentiation after both

polyclonal and Ag specific stimulation in vitro. Similarly, in vivo ligation of TLR2 on CD4+

T cells induced expansion of IFN-γ secreting T cells in response to MTB Ag. In accordance

to Chandran et al. [33], we also observed a TLR2 driven increase of IL-17 secreting Ag

specific CD4+ T cells in vivo but not in vitro. This suggests that Th17 differentiation in vivo

may require a combination of stimuli and conditions (i.e. TGF-β, IL-6, IL-21, IL-23) not

present in vitro but that TLR2 signaling in combination with these other stimuli may

contribute to Th17 commitment. Thus, upon primary encounter with a cognate Ag, the role

of CD4+ T cell-expressed TLR2 might be the amplification of signals initiated via TCR and

CD28 and strengthening of the Th1 and Th17 differentiation programs.

Different strategies are being pursued to develop more effective TB vaccines, including

subunit vaccines [34]. One of the roadblocks to progress in this field is the lack of adjuvants

to induce potent cell mediated immunity [35]. TLRs 3-5 and 7-9 are attractive targets for

new adjuvants because they activate DC, increase co-stimulation and induce IL-12 that

promotes CD4+ T cell priming and Th1 differentiation required for protection against

bacteria and viruses [36]. Lipoproteins have been tested as adjuvants for TB vaccines with

mixed results, i.e. Th1 [30, 37] or Th2 induction [38]. When lipoproteins were administered

as part of a subunit vaccine, they induced Th1 responses [30]. The emerging evidence that T

cells themselves recognize TLR2 ligands and that this, in combination with TCR signals,

triggers proliferation and IFN-γ secretion suggest this mechanism could be part of an

adjuvant effect [9, 14]. In light of this, we propose that combining a potent DC adjuvant

such as CpG, along with a TLR2 ligand, especially if delivery of the latter can be prolonged

so as to target TLR2 expressing-activated T cells, may improve T cell priming during

immunization by targeting both the innate and adaptive immune systems. Thus, TLR2

ligands used as vaccine adjuvants could improve CD4+ T cell responses by both indirect

(DC activation, increased T cell priming) and direct (T cell co-stimulation, clonal expansion,

amplification of cytokine responses) pathways to increase effector Th1 and memory

responses to subunit vaccines.

Although IFN-γ secretion by effector CD4+ T cells is considered to be essential for

activation of macrophages and MTB killing, recent work by Gallegos et al. supports that

CD4+ T cells have IFN-γ independent mechanisms for controlling MTB infection in vivo

[39]. In addition, Green et al. suggest that CD4+ T cell-derived IFN-γ might have a role in

enhancing CD8+ T cell function during MTB infection [40]. Our data demonstrates that Th1

effector CD4+ T cells activated in vitro in the presence of TLR2 ligand have increased

ability to expand and protect against MTB infection compared to Th1 cells generated in the
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absence of TLR2 ligand. This enhanced protection was associated not only with increased

numbers of Ag-specific CD4+ T cells but also higher number of CD8+ T cells. Thus, it is

possible that mechanisms other than IFN-γ activation of macrophages, including enhanced

CD8+ T cell function, might be involved in this anti-MTB effect. Further studies will be

required to confirm the protective effect of triggering TLR2 on CD4+ T cells in MTB

infection and to establish if cytotoxicity, bystander regulation of CD8+ T cells, or other

mechanisms are involved. Additionally, we speculate that engaging TLR2 on CD4+ T cells

during priming may have long-term protective effects due to enhanced function and survival

of effector and effector memory T cells. These cells could also have a lower TCR threshold

of activation, contributing to maintaining memory responses to antigens that are expressed at

low levels during chronic infection. Studies are in progress in our lab to address these issues

in a mouse model of chronic MTB infection.

In contrast to observations made by Gallegos et al. [16] using an ESAT-6 TCR Tg system,

we did not observe protection with P25 TCR Tg Th1 cells generated in the absence of

P3CSK4. This is probably due to technical modifications we introduced in our experimental

setup, namely the use of a different TCR Tg model, lower numbers of cells transferred, and

the use of polyclonal- instead of peptide specific- stimulation for the generation of Th1 cells.

Using Th1 cells of limited efficacy allowed us to demonstrate that TLR2 ligation during

priming improves the capacity of resulting effector T cells to protect against infection.

In conclusion, our data strengthens the notion that microbial sensing by the adaptive

immune system and more particularly via CD4+ T cell expressed TLR2, may play a role in

the amplification of Ag specific Th1 responses. We also provide preliminary evidence that

this mechanism may have a role in immune protection against MTB infection. Finally, we

put forward the concept of direct T cell adjuvanticity via innate receptors and their use in

novel vaccine designs to help improve Th1 effector and memory responses and protection

against MTB.

MATERIALS AND METHODS

Mice

8-12 week old female, C57BL/6J mice (WT) were purchased from Charles River

Laboratories (North Wilmington, MA). Tlr-2 gene knockout mice in the C57BL/6J

background (Tlr2-/-) were generously provided by O. Takeuchi and S. Akira (Osaka

University, Japan) [41]. Mycobacterial Ag 85B specific- TCR transgenic (P25 TCR-Tg)

mice were provided by Kiyoshi Takatsu (University of Tokyo, Japan) [42]. P25 TCR-Tg

were bred to GFP-expressing mice (C57BL/6-Tg(UBC-GFP)30Scha, Jackson laboratories)

to generate homozygous GFP expressing P25 TCR-Tg mice (Supporting information Fig.

S3). Mice were housed under specific-pathogen-free conditions in ventilated microisolator

cages (Lab Products, Inc., Maywood, NJ). All studies were approved by the Institutional

Animal Care and Use Committee at Case Western Reserve University.
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Bacteria, antigens and peptides

Mycobacterium tuberculosis—H37Rv (Colorado State University) was grown on 7H10

agar plates. Colonies were transferred to liquid GAS Media and grown to an absorbance of

1.1 (595 nm). Aliquots prepared in media supplemented with 20% glycerol were frozen at

-80°C until use. Stock bacterial counts were determined by the colony-forming unit (CFU)

method. Mycobacterial Ag 85B (Ag85B-Rv1886c) was cloned and expressed as described

(TBVTRM Contract HHSN266200400091c website; http://csucvmbs.colostate.edu/

academics/mip/Pages/Dobos-Laboratory-Manuals-and-SOPs.aspx). Endotoxin content in

purified protein was 3.6 EU/ml of 1,000x stock solution, as measured by the LAL

Chromogenic Endotoxin Quantitation Kit (Fisher). Ag85B, an immunodominant MTB Ag,

was used as a model antigen in this study because its sequence encompasses the major

epitope recognized by the P25 TCR-Tg T cells (peptide 25). The 15-mer sequence of Ag85B

(aa 240-254), i.e. peptide 25 (FQDAYNAAGGHNAVF) was synthesized by Invitrogen. The

synthetic analogue of mycobacterial lipoproteins Pam3Cys-SKKKK (EMC Microcollections

GmbH, Germany) was used as a surrogate TLR2/1 agonist due to the cost and time required

for cloning and expression of natural lipoproteins in the amounts required for these

experiments. P3CSK4 has been extensively validated as a reference compound for TLR2/1

activation. We have previously demonstrated that the P3CSK4 effect mimics that of

mycobacterial lipoproteins on human CD4+ T cell co-stimulation [14]. Mycobacterial

lipoprotein LprG cloned and expressed as described [14] was used in a limited number of

experiments to confirm results obtained with P3CSK4.

Isolation of naïve CD4+ T cells

Highly purified naïve CD4+ T cells devoid of APC contamination were isolated from

spleens using a combination of immune-magnetic cell sorting (MACS) followed by

fluorescence activated cell sorting (FACS) as described with some modifications [13, 14].

The average purity was 99.6 ± 0.15% CD3+, 93.87 ± 1.93 CD4+. See supporting information

for complete protocol and cell purity (Fig. S4).

In vitro generation of effector CD4+ T cells

Naïve CD4+ T cells from WT or P25 TCR Tg mice were stimulated with anti-CD3/CD28

mAb coated-microbeads (Invitrogen) with 1 μg/ml of recombinant IL-2 (eBioscience) as per

manufacturer instructions. After three days, microbeads were removed and cells rested

overnight. On day 4, dead cells and debris were removed by Ficoll gradient centrifugation

(Ficoll-Plaque Plus, GE Healthcare) and cell purity determined by FACS (100% CD3+, 93.9

± 1.51 CD4+, n= 4; not shown).

In vitro T cell stimulation assays

Anti-CD3 mAb stimulation—Naïve- or in vitro-generated effector CD4+ T cells (105

cells/well) stimulated with different concentrations of plate-bound anti-mouse CD3 mAb

(Fisher) in combination with different concentrations of P3CSK4 or media alone. Culture

supernatants (50 μl) were collected at 24 h (IL-2) and 48 h (IFN-γ) for cytokine

quantification. Cell proliferation was determined with the [3H]thymidine incorporation assay

as described [14].
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Ag85B-specific stimulation—Bone marrow derived macrophages (BMDM) from Tlr2-/-

mice were isolated and differentiated for 7 days in L-929 conditioned media as a source of

M-CSF (L-929 cells, ATCC). Forty eight hours prior to use, BMDM were incubated with 4

ng/ml IFN-γ (Peprotech, Rocky Hill, NJ) to upregulate MHC-II expression, then cultured

overnight in complete media with or without Ag85B. BMDM were then washed and co-

cultured with naïve- or with in vitro-generated effector P25 TCR-Tg CD4+ T cells. Culture

supernatants were taken at 24 and 48 h for cytokine measurements and cell proliferation was

determined as before.

Cytokine quantification

IL-2 was measured by ELISA with anti-IL-2 Ab pairs (eBioscience). IFN-γ was measured

by ELISA (R&D Systems).

Adoptive transfer of naïve CD4+ T cells and Ag85B immunization

Age and sex-matched Tlr2-/- mice were inoculated with GFP+ P25 TCR-Tg naïve CD4+ T

cells by retro-orbital injection (106 cells/mouse). One day later, mice were immunized in the

base of the tail with CpG-ODN1826 (10 μg/mouse; Invivogen) alone or in combination with

Ag85B (5 μg/mouse) or with Ag85B (5 μg/mouse) and P3CSK4 (30 μg/mouse) in

incomplete Freund’s adjuvant (GibcoBRL; 100 μL emulsion/mouse). CpG-ODN1826 was

used as a TLR9 agonist to generate optimal DC co-stimulatory function during priming. In

preliminary experiments, a group of animals were immunized with P3CSK4 alone. Mice

were sacrificed and spleens harvested 7 days after immunization. GFP+ P25 TCR-Tg cells

(CD4+ Vβ11+ GFP+) in spleens were enumerated by flow cytometry.

Adoptive transfer of Th1 effector cells and aerosol infection with MTB

Generation of Th1 cells and adoptive transfer—Naïve CD4+ T cells from spleens of

GFP+ P25 TCR-Tg mice were stimulated with anti-CD3 mAb/anti-CD28 mAb coated beads,

10 ng/ml IL-12, 5 μg/ml of neutralizing anti-mouse IL-4 mAb (R&D Systems) and with or

without 2 μg/ml P3CSK4. Stimuli were removed on day 3 and cells rested overnight. On the

next day, dead cells were eliminated as before and viable cells re-suspended in normal

saline. Lack of cell proliferation before adoptive transfer was confirmed in a small sample of

cells with the 3[H]thymidine incorporation assay (data not shown). Age and sex-matched

WT mice were inoculated with non-dividing GFP+ P25 TCR-Tg effector Th1 CD4+ T cells

(2 × 106 cells/mouse) as before.

Aerosol infection with MTB—Mice were exposed to aerosolized H37Rv for 30 min in

the animal BSL-3 facility as previously described [43]. Lungs were removed and bacterial

loads were determined with the CFU method as described [43]. The initial MTB inoculum

was determined 1 day after infection and ranged between 100-200 CFUs/lung. GFP+ P25

TCR-Tg cells (CD4+ Vβ11+ GFP+) in lungs were detected by flow cytometry.
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Cell surface receptors, intracellular cytokines, TLR2 protein and TLR2 mRNA
quantification

Cell surface receptors and intracellular cytokines were measured by flow cytometry as

described[43]. TLR2 protein expression in CD4+ T cell lysates was determined by western

blotting and TLR2 mRNA was quantified by RT-PCR as described[14]. For additional

details on these methods see Supporting information.

Statistical analysis

GraphPad Prism version 6 for MacOSX (GraphPad Software, San Diego CA) was used to

test for differences in means between specific treatment groups. The null hypothesis of no

difference in means between specific treatment groups was tested using a Student's t-test

with a p-value <0.05 taken as evidence of a significant difference between groups (*p <0.05;

**p <0.01; ***p <0.005; **** p<0.001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. TLR2 expression on mouse CD4+ T cells increases after activation
Highly purified naïve CD4+ T cells were either left untreated (naïve) or stimulated with anti-

CD3/anti-CD28 mAbs alone or in combination with P3CSK4. BMDM or CD11c-purified

spleen cells were used as positive controls for TLR2 and CD11b or CD11c expression

respectively. (A, B) TLR2, CD11b and CD11c mRNA expression was determined by RT-

PCR and expressed as a relative quantity using the 2-ΔΔC
T method. Horizontal bars represent

means ± SEM of three independent experiments. Each data point represents the mean of

triplicates of one independent experiment. Each experiment was conducted with a separate

pool of cells isolated from five animals. NS: differences not statistically significant. (C)
TLR2 protein expression in cell lysates was determined by Western blotting. β-actin was
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used as the loading control. Image was cropped at the 100-kDa and 42-kDa MW ladder

regions. (D) Western blots were analyzed in a VersaDoc Imaging system (Bio-Rad) and

band intensity was expressed as a relative optical value. Shown is one representative

experiment of three. (E) BMDM or activated CD4+ T cells (CD4+) were labeled with PE-

CD11b or PE-CD4 Abs respectively, and with anti-TLR2 followed by a secondary FITC-

anti-mouse IgG1 Ab and counterstained with DAPI. Control cells (Isotype, bottom panels)

were labeled with correspondent isotype-matched IgG. Cells were analyzed by fluorescent

microscopy on a Leica DMI 6000 B inverted microscope using 40x (BMDM) and 63x

(CD4+) NA 1.4 objectives. Adobe Photoshop CS5.1 was used for RGB image overlays and

minor adjustments to image contrast. Scale bar = 10μm. Shown is one representative

experiment of three.
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Figure 2. TLR2 engagement on naïve CD4+ T cells up-regulates IL-2 and IFN-γ secretion and
proliferation in response to both polyclonal and Ag-specific TCR stimulation
Naïve CD4+ T cells from WT mice (A-C) or from P25 TCR Tg mice (D-F) were stimulated

with plate-bound anti-CD3 mAb (A-C) or with Ag85B-pulsed TLR2neg BMDM (D-F) alone

or in combination with P3CSK4 at indicated concentrations. IL-2 (A, D) and IFN-γ (B, E)

were measured in culture supernatants by ELISA. Cell proliferation (C, F) was determined

by [3H]thymidine incorporation and expressed as counts per minute (CPM). Means ± SEM

of three independent experiments are shown. Each experiment was done in triplicates with a

separate pool of cells isolated from five animals. * p < 0.05, ** p < 0.01, *** p < 0.005

compared with values obtained without P3CSK4.
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Figure 3. TLR2 engagement on in vitro-generated effector CD4+ T cells potentiates TCR-
triggered IL-2 and IFN-γ secretion
Effector CD4+ T cells were generated in vitro from naïve CD4+ T cells isolated from WT

(A, B) or P25 TCR-Tg (C, D) mice, then re-stimulated with plate-bound anti-CD3 mAb or

with Ag85B-pulsed TLR2neg BMDM respectively and without or with P3CSK4 at the

indicated concentrations. IL-2 (A, C) and IFN-γ (B, D) were measured in culture

supernatants by ELISA. Means ± SEM of three independent experiments are shown. Each

experiment was conducted in triplicates with a separate pool of cells isolated from five

animals. * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001 compared with values

obtained without P3CSK4.
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Figure 4. Co-stimulation of CD4+ T cells by P3CSK4 is TLR2 dependent and can also be
triggered by mycobacterial LprG
Effector T cells generated in vitro from naïve CD4+ T cells isolated from WT (A, B) or

Tlr2-/- mice (A) were re-stimulated with plate-bound anti-CD3 mAb alone or with P3CSK4

at indicated concentrations (A, B) or LprG (B). IL-2 was measured in culture supernatants

by ELISA. Means ± SEM of three independent experiments are shown. Each experiment

was conducted in triplicates with a separate pool of cells isolated from five animals. * p <

0.05, ** p < 0.01 compared with values obtained without P3CSK4 or LprG. NS: not

statistically significant.
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Figure 5. Engagement of TLR2 on CD4+ T cells during priming increases mycobacterial Ag
specific responses
Naïve CD4+ T cells isolated from Tlr2+/+ GFP+ P25 TCR Tg mice were adoptively

transferred into Tlr2-/- hosts (106 cells/mouse). Recipient animals were immunized with

CpG-ODN1826 (No Antigen) or with CpG-ODN1826 plus Ag85B (5 μg/animal) alone

(Ag85B) or in combination with P3CSK4 (30 μg/animal) (Ag85B+P3CSK4). Animals were

sacrificed and spleens harvested seven days after immunization. (A) GFP+ P25 TCR-Tg

cells in spleens were enumerated by assessing cell surface staining for CD4 and Vβ11 in

combination with GFP expression using flow cytometry. (B- E) Numbers of GFP+ P25

TCR-Tg cells expressing intracellular IL-2, IFN-γ, IL-17 or IL-4 were determined in spleens

after in vitro re-stimulation with Ag85B peptide 25 followed by intracellular staining and

flow cytometry. Panels A-E represent a compilation of three experiments performed with

3-5 animals/group/experiment (no antigen, n=12; Ag85B, n=10; Ag85B + P3CSK4, n=11).

Each symbol represents data from an individual mouse. Horizontal lines indicate the means

± SEM. NS: not statistically significant. F. Percent distribution of cytokine positive cells

among GFP+ P25 TCR- Tg cells recovered from mice (n=11) immunized with Ag85B and

P3CSK4 and measured after in vitro re-stimulation with Ag85B peptide 25.
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Figure 6. TLR2 ligand up-regulates ability of Th1 effector cells to confer protection against MTB
infection upon adoptive transfer
Th1 effector CD4+ T cells were generated in vitro by stimulating naïve CD4+ T cells from

GFP+ P25 TCR-Tg mice with anti-CD3 mAb- and anti-CD28 mAbs, IL-12 and anti-IL-4

mAb in the absence (P25 Th1) or presence (P25 Th1-P3CSK4) of P3CSK4 (2 μg/ml). CD4+

Th1 effector cells were adoptively transferred to WT recipient mice (2 × 106 cells/mouse)

that were subsequently infected with MTB H37Rv. (A) CFUs were determined in lung

homogenates 28 days after infection. (B) GFP+ P25 TCR Tg (CD4+ Vβ11+GFP+) T cells

and (C) total CD8+ T cells were determined in lungs 28 days after infection by flow

cytometry. Figure represents a compilation of three experiments performed with 3-5

animals/group/experiment. Each symbol represents data from an individual mouse (no

antigen, n=12; Ag85B, n=11; Ag85B + P3CSK4, n=13). Horizontal lines indicate the

means ± SEM. NS: not statistically significant.
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