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Abstract

We have reported that Toll-like receptor 2 (TLR2) is crucial for host resistance against chronic 

Mycobacterium tuberculosis (Mtb) infection; however, which cell types are key players in this 

response remain unknown. This led us to decipher the relative contribution of TLR2 on non-

hematopoietic and hematopoietic cells in resistance against chronic Mtb infection in mice infected 

with Mtb Erdman. Consistent with our previous report, at 8 weeks of infection, 

TLR2KO→TLR2KO (TLR2KO) bone-marrow chimeric mice exhibited increased bacterial 

burden, disorganized accumulation of lymphocytes and mononuclear cells, and extensive 

pulmonary immunopathology compared to WT→WT (WT) chimeric mice. Bacterial burden and 

pulmonary immunopathology of chimeric mice lacking TLR2 in the hematopoietic compartment 

[TLR2KO→WT (H-TLR2KO)] was comparable to TLR2KO mice. In contrast, chimeric mice 

deficient in TLR2 in the non-hematopoietic compartment [WT→TLR2KO (NH-TLR2KO)] 

exhibited a marked attenuation in granulomatous inflammation compared to WT mice. Although 

NH-TLR2KO mice did not exhibit improved pulmonary bacterial control, significant reductions in 

bacterial burden in the draining lymph nodes, spleen, and liver were observed. These findings 

establish that the TLR2-mediated hematopoietic response promotes stable control of pulmonary 

bacterial burden and granuloma integrity, while TLR2 signaling on non-hematopoietic cells may 

partly facilitate granulomatous inflammation and bacterial dissemination.

Introduction

A vast repertoire of mycobacterial ligands are recognized by TLR2, including numerous 

types of lipoproteins such as LprA, LprG, LpH (19-kDa lipoprotein), PhoS1 (38-kDa 

lipoprotein), and lipoarabinomannan (LAM) and glycolipids, as well as trehalose mycolate 

(1–5). Activation of TLR2 signaling by Mtb ligands has been found to modulate multiple 

APC functions, which are essential to eliciting and controlling an immune response to Mtb 
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(6, 7). Purified Mtb lipoproteins, including LpqH, LprG and LprA, have been identified to 

induce both stimulatory and inhibitory effects on host APCs via TLR2 (2–4). TLR2-directed 

Mtb ligands stimulate expression of multiple cytokines including TNF, IL-12, IL-10 and 

secretory protease inhibitor (8) by macrophages and dendritic cells (DCs) (3, 4, 9, 10) and 

enhancement of DC maturation (3, 11).

TLR2 activation also generates direct antimicrobial activity by augmenting expression of the 

vitamin D receptor and vitamin D hydroxylase resulting in up-regulation of antimicrobial 

peptides (9) and reciprocally the absence of TLR2 on Mtb-infected macrophages results in 

reduced antibacterial activity (12). TLR2 signaling by Mtb has also been associated with 

inhibition of macrophage responses. In vitro studies have shown that engagement of TLR2 

with Mtb ligands blocks macrophage responsiveness to IFNγ (13, 14) and prolonged 

exposure to Mtb lipoproteins inhibits IFNγ-induced expression of class II transactivator 

(CIITA), class II MHC (MHC-II), and MHC-II-restricted antigen presentation by 

macrophages (3–5, 14, 15). Furthermore, Mtb induction of the immunosuppressive cytokine 

IL-10 from DCs and macrophages is TLR2-dependent (16).

Except for one group (12), we and others found that TLR2-deficient (TLR2KO) mice are 

resistant to acute infection when infected with a low dose of Mtb (17–20). However, by 

extending the studies into the chronic phase, we determined that TLR2KO mice are unable 

to maintain stable bacterial burden, resulting in exaggerated immunopathology characterized 

by pneumonitis and enhanced cellular infiltration (21). We also found that TLR2 plays a key 

role in T regulatory cell (Treg) recruitment to the lungs and contributes significantly to 

maintaining the integrity of the tubercle granuloma in chronic infection (21). TLR2 

polymorphisms, particularly within the TIR domain, have been associated with increased 

susceptibility to pulmonary tuberculosis (TB) and an increased risk of extrapulmonary TB 

(22–27). Analysis of a polymorphic guanine-thymine (GT) repeat located upstream of the 

TLR2 translational start site correlated shorter GT repeats with development of TB and 

lower TLR2 expression (28). Although the mechanism behind how these polymorphisms 

affect the immune response to Mtb is unclear, nonetheless, these correlations suggest an 

important role for TLR2 in host defense against Mtb.

Recent studies have illustrated a role for pulmonary epithelium in regulating the immune 

response to Mtb. Alveolar epithelial cells can phagocytose mycobacteria using syndecans 

(29) and also produce pro-inflammatory cytokines and chemokines in response to Mtb 

infection, including TNF, IFNγ, CXCL8, CCL5, IL-1β, IL-6, IL-18, and MCP-1, which play 

central roles in cellular recruitment (30). Mycobacteria can also promote the secretion of 

IL-10 and IL-22, anti-inflammatory cytokines, from alveolar epithelial cells by inhibiting 

NFκB signaling in these cells (31). Furthermore, IFNγR on lung epithelial and endothelial 

cells is essential for controlling IL-17 expression and associated neutrophilic inflammation 

(32). Consistent with this finding, chimeric mice lacking IFNγR in the non-hematopoietic 

compartment are highly susceptible to Mtb infection (32). In Mycobacterium marinum-

infected zebrafish, epithelial cells have been implicated in regulating nascent granuloma 

maturation and bacterial growth; within epithelial cells, ESAT-6 was shown to induce 

MMP9 secretion, thereby enhancing cellular recruitment to sites of infection (33). Given that 

TLR2 is highly expressed on airway epithelial cells (34) and Mtb mediates cytokine 
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responses from these cells in a TLR2-dependent manner (35, 36), we consequently focused 

this current study on dissecting the functions of TLR2 in the hematopoietic and non-

hematopoietic compartments in controlling chronic Mtb infection. Bone marrow chimeric 

mice lacking TLR2 either in the hematopoietic compartment, non-hematopoietic 

compartment, or both were generated to investigate each compartment’s respective 

contribution to host resistance during the chronic phase of Mtb infection.

Materials and Methods

Mice

C57Bl/6 and B6-Ly5.2 congenic mice were purchased from Charles River NCI (Fredrick, 

MD). TLR2KO mice were developed by S. Akira and colleagues (37) and provided to us by 

Alan Sher (NIH). TLR2KO mice were bred and maintained under pathogen-free conditions 

at the transgenic animal facility at the Rutgers-NJMS. Female mice were studied at 6–10 

weeks of age. Mtb-infected mice were housed in the biosafety level 3 (BSL3) facility at the 

Public Health Research Institute at Rutgers-NJMS. Animal protocols used in this study were 

approved by the Rutgers IACUC.

Chimera generation

Radiation bone marrow chimeric mice which were WT or lacking TLR2 either in the 

hematopoietic compartment (H-TLR2KO), non-hematopoietic (NH-TLR2KO) 

compartment, or both (TLR2KO) were generated. Recipient mice were fasted overnight 

before irradiation. Recipient mice were loaded into an irradiation chamber and received a 

split dose of 600 Rads (6 Gray) (ca. 2 minutes per chamber). Irradiation rounds were spaced 

2 hours apart. After the second dose, fasting recipient mice were rested in their colony for 6 

hours before reconstitution with donor bone marrow. Donor B6-Ly5.2 congenic (CD45.1+) 

and TLR2KO (CD45.2+) mice were euthanized with CO2 asphyxiation, and femurs and 

tibias were removed aseptically. Bone marrow was flushed with cold DMEM (Invitrogen) 

supplemented with 10% heat-inactivated fetal calf serum (FCS) (Invitrogen) and 2mM L-

glutamine (Invitrogen) and pelleted. Cells were washed twice with sterile PBS (Invitrogen) 

with 1% fetal calf serum. Mature T cells were depleted from the suspension by adding 

microbeads coated with anti-Thy1.2 antibody (Miltenyi Biotec), which was followed by 

magnetic-activated cell sorting (according to manufacturer’s protocol). Viable cells were 

counted by trypan blue exclusion assay. At 6 hours after the second dose of radiation, 

recipient mice were reconstituted with 5 × 106 donor cells by intravenous retro-orbital 

injection. Food was returned to the mice and they were given an oral suspension of 

sulfamethoxazole (150mg/mL) and trimethoprim (30mg/mL) in their drinking water for 3 

weeks.

Chimeras were infected with Mtb after 6 weeks of transplantation. Before infection, 

reconstitution of all chimeric mice was confirmed by tail bleeds. Successful chimerism was 

confirmed by assessing the population of CD45.1+ and CD45.2+ cells in lungs, blood, 

spleen, and lymph nodes. We confirmed at least 85% chimerism by assessing the percentage 

of CD45.1+ and CD45.2+ in overall leukocytes and specifically T cells, B cells, 

macrophages, monocytes, and dendritic cells through surface staining with fluorochrome-

Konowich et al. Page 3

J Immunol. Author manuscript; available in PMC 2018 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



conjugated monoclonal antibodies. These levels did not vary over time after Mtb-infection. 

At each time point, percentage of CD45.1+ and CD45.2+ cells in leukocyte populations was 

assessed in lungs and spleen.

Mouse aerosol infections

The virulent Erdman strain (Trudeau Institute, Saranac Lake, NY) of Mtb was used for all 

mouse infections. Bacterial stocks were generated by initial passage through C57Bl/6 mice. 

Bacterial colonies obtained from lung homogenates were grown in 7H9 media until mid-log 

phase, and the culture was stored in 1 mL aliquots at −80°C. The stock titer was determined 

by plating 10-fold serial dilutions on Middlebrook 7H11 selective medium (Difco BD, 

Franklin Lakes, NJ). Female mice (age 6–10 weeks) were infected using a closed-air nose 

only aerosolization system (In-TOX Products, Albuquerque, NM) for most experiments or 

Glas-Col Full Body Inhalation Exposure System. For experiments using In-TOX products, 

mice were exposed for 20 minutes to nebulized bacteria at a density optimized to deliver a 

standard low dose of around 100 CFU (unless otherwise indicated). For experiments using 

the Glas-Col machinery, mice were exposed for 30 minutes to nebulized bacteria at a density 

optimized to deliver either a standard low dose of ~50 CFU or a high dose of ~500 CFU. For 

all infections, the actual infection dose was determined by plating total lung homogenates 

from a minimum of 5 mice on Middlebrook 7H11 plates at 24 hours after aerosol exposure.

Determination of bacterial burden

At each time interval studied, infected animals were sacrificed by cervical dislocation. 

Lungs, spleens, lymph nodes, and livers were harvested at indicated time points post 

infection. Harvested tissues were homogenized in phosphate-buffered saline (PBS) 

containing 0.05% Tween-80. Total colony forming units (CFU) per organ was determined by 

plating 10-fold serial dilutions on Middlebrook 7H11 plates. CFU were counted after 21 

days of incubation at 37°C. The right superior lobe of the lung was used for determining 

bacterial burden. The right lower lobe was reserved for histological studies. The right middle 

lobe was reserved for protein determination. The postcaval lobe was reserved for tissue gene 

expression. The remaining lung tissue was used for isolation of lung leukocytes. Spleen and 

lymph nodes were used for bacterial burden and isolation of leukocytes. Liver was used for 

determination of bacterial burden.

Flow cytometry

In order to obtain single-cell suspensions, lungs were perfused with 10ml of sterile PBS and 

then harvested. Lung tissue was cut into small pieces and digested with 2mg/mL collagenase 

D (Roche) for 30 minutes at 37°C. The digestion was stopped by adding 10mM EDTA. The 

digested tissue was transferred to a 40μm pore nylon cell strainer (BD Falcon) and mashed 

through using a syringe plunger, and the suspensions were centrifuged for 10 min at 1200 

rpm. The collagenase solution was discarded, and the cell pellet was resuspended in 

ammonium-chloride-potassium (ACK) lysing buffer (Quality Biological, Inc) to remove red 

blood cells (RBCs). Viable cell number per tissue was determined by trypan blue dye 

exclusion.
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For surface staining, approximately 1 million cells were washed and resuspended in FACS 

buffer (PBS + 2% fetal calf serum (FCS) and 0.09% sodium azide) containing a cocktail 

with the appropriate concentrations of specific fluorochrome-conjugated monoclonal 

antibodies. The following monoclonal antibodies were used in the studies: CD45.1 (clone 

A20; FITC), CD45.2 (clone 104; V450), CD4 (clone RM4–5; V500), CD8 (clone 53–6.7; 

APC), Foxp3 (clone FJK-16s; PE), GR1 (RB6-8C5; PeCy7), Ly6C (AL-21; PerCPCy5), 

CD11c (clone HL3; AF700) and CD11b (clone M1/70; PE). Antibodies to Foxp3, CD45.1, 

and CD45.2 were purchased from eBioscience. The remaining antibodies were purchased 

from BD Biosciences. Following surface staining, samples were fixed in 4% 

paraformaldehyde for 30 minutes and then acquired on a LSRII flow cytometer (BD 

Biosciences). For enumerating innate cell subsets, cells were first gated on CD45.1+ cells 

and then the CD4−CD8− population was gated on. A side scatter plot for CD11b was used to 

gate on CD11bhi SSChi cells and from this population Gr-1+ cells were gated on. The 

CD11bhiSSChiGr-1+ cells were defined as the neutrophil population. With the remaining 

cells that were CD11b+SSClo, CD11b and CD11c gates were set-up to determine the 

CD11b+CD11c− and CD11b−CD11c+ populations. From the CD11b+CD11c− population, 

cells that were Ly6C+ were gated on. The CD11b+SSCloLy6C+ cells were defined as the 

inflammatory monocyte population. The number of cells for the indicated population in the 

lungs, as noted on the graph, was determined by multiplying the percentages of gated cells 

by total lung cell number. For enumerating CD4+Foxp3+Tregs, cells were first surface 

stained followed by fixation, permeabilization, and intracellular staining with anti-Foxp3 

antibodies according to the manufacturer’s protocol (eBioscience). Analysis was performed 

using FlowJo software (Tree Star, Inc.). Gating was based on isotype and fluorescence 

minus one (FMO) controls.

Histology

Mtb-infected mice were sacrificed at the indicated time intervals, and the lungs were 

perfused with 10 ml of sterile PBS. Lung tissue was excised and fixed in 4% 

paraformaldehyde for 4 days, followed by paraffin embedding. For histopathological 

analysis, 5 to 7μM sections were cut and stained using a standard H&E protocol. For 

quantitation of percent granulomatous inflammation in the lung section, photomicrographs 

of H&E stained lung sections were captured using a 5x objective lens. A 546-point grid 

overlay was superimposed onto each image using Image-Pro Discovery Software, and the 

numbers of points hitting areas of granulomatous infiltration were counted. The percentage 

of affected lung tissue was calculated as number of involved points/total points per section × 

100.

RNA isolation and real-time PCR

Lung lobes were homogenized in 1ml of TRIzol reagent in lysing matrix D tubes (MP 

Biomedicals) using a FastPrep homogenizer (MP Biomedicals). Samples were immediately 

stored at −80°C following lysis in TRIzol. Total RNA was extracted via the manufacturer’s 

TRIzol/chloroform method and purified using RNeasy columns (Qiagen). Total RNA was 

reverse transcribed into cDNA using Superscript II RT (Invitrogen) and Real-time PCR was 

performed. Total RNA from uninfected lungs was used as calibrator. Beta-actin was used as 
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the house keeping gene to normalize gene expression. Baseline gene expression from 

uninfected WT and KO was equivalent.

Results

Long-term control of Mtb infection is mediated by TLR2 on hematopoietic cells

To distinguish TLR2’s role on hematopoietic and non-hematopoietic cells in mediating host 

resistance against chronic Mtb infection, four groups of radiation bone marrow chimeric 

mice i) WT→WT (WT); ii) TLR2KO→TLR2KO (TLR2KO); iii) TLR2KO→WT (H-

TLR2KO); iv) WT→TLR2KO (NH-TLR2KO) were aerosol-infected with a low inoculum 

of Mtb, approximately 100 CFU, 6 weeks following irradiation and reconstitution. WT and 

TLR2KO bone marrow chimeric mice were generated to ensure that the irradiation and 

reconstitution did not affect the previously observed responses to Mtb infection. Pulmonary 

bacterial burden was monitored over 14 weeks of infection. At 8 weeks following infection, 

TLR2KO chimeric mice had a significantly higher pulmonary bacterial load compared to 

WT chimeric mice, confirming our previous findings (21). Akin to TLR2KO mice, H-

TLR2KO chimeric mice had bacterial burden significantly higher than WT mice (Fig. 1A). 

Similar differences in CFU were also seen at 14 weeks of infection (Fig. 1B). These results 

provide evidence that TLR2 signaling on hematopoietic cells mediates the stable 

maintenance of bacterial burden during chronic Mtb infection.

Consistent with the higher bacterial load, expression of Tnf and Ifnγ was increased in H-

TLR2KO and in TLR2KO mice compared to WT mice at week 8 of infection. No 

differences in Tnf and Ifnγ expression was found between NH-TLR2KO and WT mice (Fig. 

1C).

Dissemination of Mtb to extrapulmonary sites is decreased in the absence of TLR2 on non-
hematopoietic cells

We next investigated whether absence of TLR2 on either hematopoietic or non-

hematopoietic cells affects dissemination to extrapulmonary organs. Spleen, liver, and 

mediastinal lymph nodes (MLN), were harvested at weeks 8 and 14 (Fig. 2) to evaluate the 

dissemination of Mtb from the lungs. We observed no difference in CFU between WT, 

TLR2KO and H-TLR2KO chimeric mice in spleen, liver or MLN during the chronic phase 

of infection (weeks 8 and 14) (Fig. 2). Therefore, dissemination to extrapulmonary organs is 

independent of TLR2 on hematopoietic cells. Interestingly, there was significantly decreased 

dissemination of Mtb to the spleen, liver, and MLN in the NH-TLR2KO mice as compared 

to the three groups. These data indicate that TLR2 signaling on non-hematopoietic cells 

facilitates the dissemination of Mtb to extra-pulmonary organs during chronic infection.

Differential granulomatous response in H-TLR2KO and NH-TLR2KO chimeric mice

The development of pulmonary pathology in H&E stained sections of infected chimeric 

mice was next characterized. As shown in Figure 3A, at 8 weeks following infection, WT 

mice display a typical controlled response to Mtb infection with formation of compact 

granulomas (G) and conspicuous lymphocytic aggregates (L). Consistent with our published 

work (21) and that of others (17, 38), chronically infected TLR2KO mice did not show 
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compact granulomas and instead exhibited increased inflammation (I) (Fig. 3C) in 

comparison to WT mice (Fig. 3A). Similarly, H-TLR2KO mice exhibited extensive 

inflammation (I) and lacked compact granulomas (Fig. 3D). In both TLR2KO (Fig. 3C) and 

H-TLR2KO (Fig. 3D) chimeric mice, lymphocytic aggregates were smaller and less 

apparent, and the lung tissue exhibited a marked increase in cellularity, especially in the 

perivascular and bronchial areas. Inflammation induced pathology extended into most of the 

lung parenchyma in both the H-TLR2KO and TLR2KO chimeric mice and can be correlated 

with the significant increase in bacterial burden observed in these mice. The overall 

histopathological response of NH-TLR2KO chimeric mice, on the other hand, was similar to 

that of WT mice, as both exhibit immunopathology confined to granulomas (Fig. 3B). These 

histopathological differences were also observed in 14-week infected lungs as well (data not 

shown).

Consistent with the histopathological response, H-TLR2KO and TLR2KO chimeric mice 

had increased recruitment of CD11bhIGr-1+ neutrophils and CD11b+Ly6C+ inflammatory 

monocytes, albeit not statistically significant. On the other hand, NH-TLR2KO lungs 

exhibited an overall reduced recruitment of inflammatory innate immune cells, including 

CD11b+CD11c− recruited macrophages, CD11b−CD11c+ alveolar macrophages, 

CD11bhIGr-1+ neutrophils and CD11b+Ly6C+ inflammatory monocytes (Fig. 3E). These 

trends parallel the differences in inflammation observed in the lungs and reinforce that 

TLR2 signaling on non-hematopoietic cells may contribute to increased cellular recruitment 

and pulmonary inflammation.

We further examined the mosaic images of H&E stained lungs of WT and NH-TLR2KO 

mice and it revealed unexpected findings. NH-TLR2KO mice displayed more compact 

granulomas with less pulmonary pneumonitis (Fig. 4A and 4B). To confirm these 

observations, we examined pulmonary inflammation outside of granulomatous tissue in WT 

and NH-TLR2KO mice (Fig. 4A and 4B). Areas outside the granulomatous inflammation in 

the lung parenchyma were chosen in WT and NH-TLR2KO sections from acquired mosaic 

images. The sections analyzed are boxed in Figure 4, panels A and B. Stark differences in 

parenchymal inflammation are noticeable upon closer examination of alveolar spaces (Fig. 

4C and Fig. 4D). The alveoli in the NH-TLR2KOs display single layers of type I (long 

arrow) and type II (arrowhead) pneumocytes and endothelial capillaries with minimal 

inflammation, indicative of healthier lung tissue (Fig. 4D). A comparable image taken from 

WT lung parenchyma displays increased cellular infiltration between these cell layers. 

Distinct alveolar spaces are more apparent in NH-TLR2KO as compared with WT lung 

tissue (Fig. 4C and Fig. 4D). WT alveolar spaces are visible but difficult to distinguish. 

Within this section of WT lung tissue, there are no pulmonary alveolar spaces lined by a 

single layer of cells.

To quantify what we have qualitatively detailed, the percent lung area involved in 

granulomatous inflammation was calculated from lung photomicrographs from WT, NH-

TLR2KO, H-TLR2KO, and TLR2KO mice. Granulomatous inflammation in both H-

TLR2KO and TLR2KO lung tissue was significantly higher as compared to WT lung tissue 

at both weeks 8 and 14 (Fig. 4E). Percent inflammation in H-TLR2KO mice ranged from 

60–80% at week 8 and 55–90% at week 14 (Fig. 4E). TLR2KO mice demonstrated similar 

Konowich et al. Page 7

J Immunol. Author manuscript; available in PMC 2018 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



results. In contrast, the NH-TLR2KO mice displayed significantly reduced lung area 

involved in granulomatous inflammation as compared to the other groups (Fig. 4E). The 

NH-TLR2KO mice displayed significantly lower inflammation at week 8. The range in 

inflammation for the NH-TLR2KO mice exhibited no overlap with WT chimeric mice. 

Similarly, at week 14, NH-TLR2KO mice had significantly lower inflammation as compared 

with WT mice. Reduced granulomatous areas in the NH-TLR2KO chimeric mice correlate 

with a significantly lower percentage of lung area involved in TB infection as opposed to 

WT mice (Fig. 4A–D). Together, these findings indicate that intact TLR2 signaling on WT 

non-hematopoietic cells may contribute towards TB-induced pathology in the lung 

parenchyma.

Recruitment of Tregs to the lungs is regulated by the hematopoietic compartment

Because the H-TLR2KO chimeric mice displayed similar pathology to TLR2KO chimeric 

mice, we next determined whether the Treg phenotype of the H-TLR2KO chimeric mice 

would be similar to the TLR2KO chimeric mice. Flow cytometric analysis of lung cells of 8 

week-infected chimeric mice showed that the percentage of CD4+ T cells remained similar 

between the four groups of chimeric mice (Fig. 5A). Consistent with our previous finding, 

TLR2KO chimeric mice accumulated significantly less CD4+Foxp3+ Tregs in their lungs 

compared to WT mice. Akin to the TLR2KO, H-TLR2KO chimeric mice also exhibited a 

marked decrease in CD4+Foxp3+ Tregs as compared with WT and NH-TLR2KO chimeric 

mice (Fig 5.B). The percentage of CD4+Foxp3+ Tregs in NH-TLR2KO chimeric mice was 

similar to WT chimeric mice. These data strengthen the immunoregulatory role of TLR2 and 

demonstrates that Treg recruitment is dependent on TLR2 on the hematopoietic cells.

Discussion

In this study we analyzed the compartment-specific function of TLR2 in host resistance 

against Mtb infection. We found that TLR2 on hematopoietic cells was necessary for stable 

control of bacterial growth and in maintaining granuloma integrity during chronic infection. 

TLR2 on hematopoietic cells also regulated Treg accumulation in the lung. Furthermore, the 

results suggest that TLR2 on non-hematopoietic cells may contribute to the pulmonary 

inflammation present during the chronic phase of infection which directly or indirectly may 

facilitate bacterial dissemination. Together, the findings from the study point to paradoxical 

roles for TLR2 on hematopoietic and non-hematopoietic cells.

There are abundant examples from in vitro work demonstrating that TLR2 engagement 

activates anti-bacterial responses in macrophages. In a series of studies, Modlin and 

colleagues have delineated the role of the vitamin D3-dependent cathelicidin pathway in 

killing of intracellular Mtb (39). Their studies implicate that TLR2-mediated activation of 

human macrophages is one of the principal pathway that activates the vitamin D3-dependent 

cathelicidin pathway (39). TLR2 signaling also engages the vitamin D/cathelicidin pathway 

to trigger anti-bacterial autophagy (40). Antimicrobial responses from TLR2 are also 

triggered via its interaction with NADPH oxidase 2 (41). Besides direct activation of 

microbicidal pathways, the operant mechanism of Mtb growth restriction by TLR2 could 

also be indirect. PAMPs can mediate recruitment of microbicidal macrophages, but PAMPS 
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are masked by cell-surface-associated phthiocerol dimycoceroserate (PDIM) lipids. These 

exposed PDIMs on intact bacteria, instead, recruit CCR2+ permissive macrophages (42). 

Mtb can release extracellular mycobacterial vesicles (MV) that are enriched for TLR2 

ligands (43, 44) and the TLR2 ligand, 19kda lipoprotein, can also be secreted via the SecA1 

pathway (45). This indicates that within the mature granuloma, TLR2 agonists can be 

secreted and potentially engage TLR2 on hematopoietic cells to recruit microbicidal 

macrophages and control chronic infection. Consequently, in the absence of TLR2 on 

hematopoietic cells, signaling from lipids, such as PDIM, may dominate leading to the 

recruitment of permissive macrophages and unrestricted Mtb growth. Exploring whether the 

underlying mechanism for stable control of Mtb in chronic infection is the activation of 

direct or indirect pathways by TLR2 on hematopoietic cells may provide means to enhance 

Mtb killing in the granuloma.

The mature granuloma is a dynamic structure and cells traffic in and out of this 

microenvironment (46). The finding that NH-TLR2KO mice exhibited decreased 

inflammation and reduced hematogenous spread suggests that TLR2 signaling on non-

hematopoietic cells may serve as one pathway of mediating the continuous recruitment and 

egress of immune cells to and from the granuloma. New macrophages that are recruited to 

the granuloma may provide new niches for Mtb and the exit of infected macrophages may 

promote the formation of new granulomas and hematogenous spread (47). Macrophage 

recruitment to the granulomas could be mediated through MMP9 secretion from cells of the 

non-hematopoietic compartment since Mtb-secreted protein 6-kD early secreted antigenic 

target (ESAT-6) can induce MMP9 secretion from epithelial cells (33). Mycobacterial 

infection upregulates TLR2 expression on airway epithelial cells and blocking of TLR2 

inhibits secretion of CXCL8 and IL-6 and consequent neutrophil recruitment (35) suggests 

that TLR2 activation on airway epithelial cells could also enhance inflammation in the lung 

via recruitment of neutrophils. Overall, our finding that TLR2 signaling on non-

hematopoietic cells is a significant regulator of the granuloma microenvironment provides 

opportunities for cell-specific blocking of TLR2 to curtail pulmonary inflammation.

Following a high dose of Mtb infection, CXCL5-deficient mice demonstrate reduced 

neutrophil recruitment to the lungs and do not develop subsequent destructive pulmonary 

inflammation. The CXCL5-deficient mice, in fact, exhibit heightened resistance to Mtb 

infection (48). This study also reported that CXCL5 induction from epithelial cells was 

TLR2-mediated (48). Our finding that the granulomatous inflammation is significantly 

reduced in the NH-TLR2KO mice is consistent with the above study. However, despite 

reduced inflammation, we did not observe increased resistance even at 14 weeks following 

infection in the NH-TLR2KO mice. In our study, mice were infected with a low dose of Mtb 

Erdman which does not elicit detrimental excessive inflammation in the WT setting, and so 

the removal of TLR2 probably did not impact host resistance in a significant way. 

Nonetheless, the insight provided by this study highlights the potential pathological role that 

TLR2 could play in the NH compartment when the host is infected with Mtb that induces 

excessive inflammation. In this context, development of disseminated TB has been reported 

to be dually influenced by Mtb strain and TLR2 polymorphism (49). Clearly, ascertaining 

the role of TLR2 in the non-hematopoietic compartment in response to infection with 

clinical strains will be significant.
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A recent study identified a gene (rv0431) that regulates mycobacterial vesicle formation and 

named it the “vesiculogenesis and immune response regulator” (virR) (50). VirR-deficient 

Mtb were hyper-inflammatory and their vesicles were enriched for TLR2 ligands in 

comparison to vesicles isolated from WT Mtb. Mouse infections revealed that the growth of 

the VirR-deficient Mtb was attenuated in WT but not in TLR2KO mice (50) indicating that 

host resistance can be improved by increasing the quantity of TLR2 ligands. This suggests 

that understanding the regulation of TLR2 ligand secretion is a potentially rich area for 

further investigations.

Overall, the current study demonstrates a definitive role for TLR2 in host defense and 

provides evidence that TLR2 on hematopoietic cells contributes to the protective functions 

in a non-redundant manner. Additional studies with clinical strains of Mtb are required to 

fully understand the pathology-inducing role of TLR2 on non-hematopoietic cells.
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Figure 1. TLR2 signaling on hematopoietic cells contributes to control of bacterial burden 
during chronic Mtb infection
Pulmonary bacterial burden was evaluated in the lungs of bone marrow chimeric mice at 8 

(A) and 14 (B) weeks following Mtb infection. NH-TLR2KO, H-TLR2KO, and TLR2KO 

chimeric mice were compared to WT mice. Time points were performed after separate 

aerosol infections with 4–5 mice used per group. The number of viable bacteria was 

determined by plating serial dilutions of lung homogenates onto 7H11 agar plates. Colonies 

were counted 21 days after incubation at 37°C to determine CFU in the lungs. Data are 

presented as mean CFU counts ± SEM. Significance was determined by Bonferroni Multiple 
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Comparisons test of One-Way ANOVA. *p<.05; **p<.01 *Denotes significance as 

compared to WT. Data is representative of two independent experiments with similar results. 

Expression levels of Ifnγ and Tnf in the lungs of 8 week infected mice (C) were determined 

by isolation of total lung RNA followed by RT-PCR analysis. PCR data includes 5 mice per 

group. All data is represented as mean ± SEM. Data is representative of two independent 

experiments. Significance was determined by unpaired T-test. *p< 0.05.
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Figure 2. Dissemination of Mtb to extrapulmonary sites is influenced by TLR2 on non-
hematopoietic cells
Bacterial burden in the spleen, liver, and mediastinal lymph nodes (MLN) was evaluated in 

bone marrow chimeric Mtb-infected mice at weeks 8 and 14. Time points were performed 

after separate aerosol infections with 4–5 mice used per group. The number of viable 

bacteria was determined by plating serial dilutions of homogenates onto 7H11 agar plates. 

Colonies were counted 21 days after incubation at 37°C to determine CFU. Data are 

presented as mean CFU counts ± SEM. Significance was determined by Bonferroni Multiple 

Comparisons test of One-Way ANOVA. *p<.05; **p<.01. *Denotes significance as 

compared to NH-TLR2KO. Data are representative of two independent experiments with 

similar results.
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Figure 3. Absence of TLR2 on hematopoietic cells results in pneumonitis and loss of granuloma 
integrity
H&E stained sections of formalin-fixed paraffin-embedded tissues from the lungs of 8 week 

infected WT (A), NH-TLR2KO (B), TLR2KO (C), H-TLR2KO (D) chimeric mice. Images 

were created using Surveyor software with Turboscan by Objective Imaging at 20X. Figure 

is representative of 4–5 mice per group. Data is representative of 1 of 2 experiments. Lungs 

were harvested from WT, NH-KO, H-KO, and TLR2KO chimeric mice and single cell 

suspensions prepared and stained with a panel of antibodies reactive against CD11b, CD11c, 

GR1 and Ly6C to enumerate the following innate cell populations: CD11b+c−, CD11b−c+, 

CD11bhiGr1+, CD11b+Ly6C+. Neutrophils and inflammatory monocytes were distinguished 

based on their SSC and expression level of CD11b. SSChICD11bhI cells that expressed Gr-1 

were labeled as neutrophils and SSCloCD11b+ cells that expressed Ly6C were labeled as 

inflammatory monocytes (51). The data are presented as total cell numbers for each subset 

(E). Significance was determined by Bonferroni Multiple Comparisons test of One-Way 

ANOVA. Data are representative of two independent experiments with similar results. **p< 

0.01.
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Figure 4. Granulomatous Inflammation is improved in the absence of TLR2 on non-
hematopoietic cells
H&E stained sections of formalin-fixed paraffin-embedded tissues from the lungs of WT 

(A), NH-TLR2KO (B) chimeric mice obtained at 8 weeks post infection. Images were 

created using Surveyor software with Turboscan by Objective Imaging at 20X. Zoomed in 

sections (C and D) from mosaic images as designated by the light blue boxes in panels A 

and B. Long Arrow=type 1 pneumocyte; Arrowhead=type 2 pneumocyte; *denotes alveolar 

spaces. Percent of lung area involved in TB infection at week 8 and 14 determined using a 

grid layer in ImageProPlus (E). Data is shown as mean percentage ± SEM. Significance was 

determined by Bonferroni Multiple Comparisons Test for One-Way ANOVA as compared to 

WT. *p<0.05; **p<0.01. Data are representative of two independent experiments with 

similar results. Figure is representative of 4–5 mice per group.
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Figure 5. 
Lungs were harvested from WT, NH-TLR2KO, H-TLR2KO, and TLR2KO chimeric mice 

and single cell suspensions prepared. Flow cytometry analysis was performed and the 

percentage CD4+ T cells out of either CD45.1+ or CD45.2+ cells, as determined by the 

chimeric phenotype is presented (A). The percentage of Foxp3+ cells is presented as a 

percentage out of gated CD4+ cells (B). Data are presented as mean ± SEM. Significance 

was determined by Bonferroni Multiple Comparisons test of One-Way ANOVA. Data is 

representative of two independent experiments with similar results. **p< 0.01. Figure is 

representative of 4–5 mice per group.
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