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CHAPTERR 7 

Abstract t 

Toll-lik ee receptors (TLRs) play an essential role in the innate recognition of microorganisms 

byy the host. To determine the role of TLR4 in host defense against lung tuberculosis, TLR4 

mutantt (C3H'HeJ) and wild type (C3H/HeN) mice were intranasally infected with live 

MycobacteriumMycobacterium tuberculosis. TLR4 mutant mice were more susceptible to pulmonary 

tuberculosis,, as indicated by a reduced survival and an enhanced mycobacterial outgrowth. 

Lungg infiltrates were more profound in TLR4 mutant mice and contained more activated T 

cells.. Splenocytes of infected TLR4 mutant mice demonstrated a reduced capacity to produce 

thee protective type 1 cytokine interferon-y upon antigen-specific stimulation, indicating that 

TLR44 may be involved in the generation of acquired T cell-mediated immunity. These data 

suggestt that TLR4 plays a protective role in host defense against lung infection by XI. 

tuberculosis. tuberculosis. 
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Rolee of TLR4 in tuberculosis 

Introductio n n 

Tuberculosiss represents a serious threat to global health. An estimated one third of the 

world'ss population is infected with Mycobacterium tuberculosis, resulting in approximately 

eightt million new cases of tuberculosis and two million deaths each year (1). An adequate 

cell-mediatedd immune response plays a key role in resistance against tuberculosis {2). In 

murinee models of mycobacterial infection, type 1 cytokines, in particular interferon-y 

(IFN-y),, are essential for protective immunity (3, 4). The development of a protective T 

helperr 1 response during tuberculosis is driven by interleukin (IL)-12, which is produced by 

macrophagess upon phagocytosis of M. tuberculosis (5), and like IFN-y plays a pivotal role in 

thee control of mycobacterial infection (6). 

Innatee recognition of mycobacterial products is the first step in a chain of events that results 

inn an effective host defense against infection with M. tuberculosis. The innate immune 

systemm serves to mount a rapid protective response in the early phase of an infection, and also 

instructss the (later) adaptive T cell mediated immune response (7). Until recently it was 

unclearr how M. tuberculosis activates macrophages to initiate an innate immune response. 

Thee discovery of the Toll-like receptor <TLR) family has provided important insight into the 

recognitionn of various microbial pathogens by the host (8, 9), Two members of the TLR 

familyy have been demonstrated to mediate M. tuberculosis induced intracellular signaling in 

vitro,, i.e. TLR2 and TLR4. Indeed, experiments with Chinese hamster ovary (CHO) cells and 

murinee macrophages transfected with human TLR2 and or TLR4 have established that viable 

M.M. tuberculosis bacilli activate these cells via both TLR2 and TLR4 (10, 11). In addition, 

thioglycollate-elicitedd peritoneal macrophages from TLR4 deficient mice produced less 

tumorr necrosis factor-a (TNF) upon stimulation with whole cell lysates from M. tuberculosis 

thann normal wild type macrophages, also indicating that this microorganism activates cells 

viaa TLR4 and another receptor, presumably TLR2 (12). TLR2 has emerged as the signaling 

receptorr for purified mycobacterial products, including arabinose-capped lipoarabinomannan 

(AraLAM),, culture supernatant soluble tuberculosis factor, mycolylarabinogalactan-

peptidoglycann complex, the 19 kD antigen and total lipids (10, II . 13-18). 

Thee objective of the present study was to determine the role of TLR4 in host defense against 

lungg tuberculosis. While our experiments were in progress, two investigations on the role of 
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TLR.44 in pulmonary tuberculosis were published (19. 20). One study reported an increased 

susceptibilityy to M. tuberculosis infection in C3H HeJ mice, which have a nonfunctional 

TLR4,, as reflected by an enhanced mycobacterial outgrowth and an increased mortality (19); 

inn contrast, however, in the second study no differences in mycobacterial outgrowth or 

survivall  between C3H HeJ and normal C3HHeN mice were observed (20). Intraperitoneal 

administrationn of M. bovis bacillus Calmette-Guérin (BCG) resulted in an increased mortality 

off  C3H HeJ mice relative to mice with a normal TLR4 gene, as measured three days after the 

infectionn (11). After intravenous administration of high dose M. tuberculosis, a small survival 

disadvantagee of C3H HeJ mice relative to wild type mice was found, although the difference 

betweenn the two mouse strains was statistically not significant (21). In the current 

investigation,, we induced lung tuberculosis in wild type C3II HeN and TLR4 deficient 

C3HH HeJ mice by intranasal inoculation with M. tuberculosis (H37Rv). and monitored the 

coursee of the infection and host responses. 

Material ss and Methods 

Mice Mice 

Pathogen-freee 8-9 week old sex-matched C3H/HeJ (TLR4 mutant) and C3H/HeN (WT) mice 

weree purchased from Charles River (Someren, the Netherlands) and were maintained in 

biosafctyy level 3 facilities. C3H/HeJ mice have been demonstrated to have a mis-sense 

mutationn in the third exon of TLR4 predicted to result in a Pro712—>His substitution, yielding 

aa nonfunctional TLR4 (22. 23). Al l experiments were approved by the Animal Care and Use 

Committeee of the University of Amsterdam (Amsterdam, the Netherlands). 

ExperimentalExperimental infection 

Pulmonaryy tuberculosis was induced exactly as described previously (24-26). In brief, a 

virulentt laboratory strain of M. tuberculosis H37Rv was grown in liquid Dubos medium 

containingg 0.01 % Tween 80 for 4 days. A replicate culture was incubated at 37GC. harvested 

att mid-logarithmic phase, and stored in aliquots at -X0°C. For each experiment, a vial was 

thawedd and washed two times with sterile 0.9% NaCl. Mice were lightly anesthesi/ed by 

inhalationn with isoflurane (Upjohn. Hde. the Netherlands) and intranasally inoculated with 50 

^11 of mycobacterial suspension. The intranasal route of infection has been described 

previouslyy by our and other laboratories, and results in a reproducible infection of the lung 
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withh subsequent dissemination to liver and spleen (24. 25. 27, 28). Bacterial counts recovered 

fromm lungs one day after induction of infection were shown previously to be similar to the 

numberr of bacteria in the inoculum (25). Exact inoculum strength was determined by plating 

tenfoldd dilutions of the suspension on 7H11 Middlebrook agar plates immediately after 

inoculation.. Mice were inoculated with ICT Colony Forming Units (CFU) M. tuberculosis. 

Afterr 2 and 5 weeks, groups of 10-13 mice per time point were anesthesized by FFM 

(fentanyll  citrate 0.079 mg/ml, fluanisone 2.5 mg/ml, midazolam 1.25 mg/ml in FFO) and 

sacrificedd by bleeding out the vena cava inferior. Lungs, spleen and one lobus of the liver 

weree removed aseptically. For CFU count and cytokine measurements, lung and liver tissue 

weree homogenized with a tissue homogenizer (Biospec Products. Bartlesville, OK) in 5 

volumess of sterile 0.9% NaCl. and 10-fold serial dilutions were plated on Middlebrook 7H11 

agarr plates to determine bacterial loads. Colonies were counted after 21 days of incubation at 

37°C.. CFU are provided as total number in the lungs or as total per gram liver tissue. For 

cytokinee measurements, lung homogenates were diluted 1:2 in lysis buffer (150 mM NaCl, 

155 mM Tris, ImM MgCTFLO. 1 mM CaCl:, 1% Triton X-100, 100 rig/mi Pepstatin A, 

Leupeptinn and Aprotinin, pH 7.4) and incubated at 4°C for 30 min. Homogenates were 

centrifugedd at 1500 x g for 15 min after which the supernatants were sterilized using a 0.22 

p.mm filter (Corning, Corning, NY) and stored at -20°C until further use. 

HistologicHistologic examination 

Lungss for histologic examination were harvested at 2 and 5 weeks after infection and fixed in 

4%% formaldehyde and then embedded in paraffin. Haematoxylin and eosin, and acid-fast 

stainingg was performed on 4 u,m thick sections and analyzed for the total area of 

inflammationn and granuloma formation by a pathologist who was blinded for groups. 

FlowFlow cytometry 

Pulmonaryy cell suspensions were obtained using an automated disaggregation device 

(Medimachinee System; Dako, Glostrup. Denmark) and processed as described previously 

(24.. 25). Total leukocytes in left lung cell suspensions were counted by using a 

hemacytometerr and TURK's solution (Merck. Darmstadt. Germany). The number of 

macrophages,, granulocytes and lymphocytes were calculated from these totals, using 

cytospinn preparations stained with modified Giemsa stain (Diff-Quick, Baxter. McGraw Perk. 

IL).. For FACS analysis, cells were brought to a concentration of 4 x 10 cells ml FACS 
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bufferr (PBS supplement with 0.5% BSA.0.01% NaN?, and 100 mM EDTA). Immunostaining 

forr cell surface molecules was performed for 30 mm at 4°C using directly labeled Abs against 

CD33 (anti-CD3 PE). CD4 (anti-CD4 CyChrome), CD8 (anti-CD8 FITC. anti-CD8 PerCP). 

CD255 (anti-CD25 FITC). and CD69 (anti-CD69 FITC). All Abs were used in concentrations 

recommendedd by the manufacturer (PharMingen. San Diego. CA). To correct for non-specific 

staining,, an appropriate control Ab (rat lgG2; PharMingen) was used. The number of positive 

cellss was obtained by setting a quadrant marker for nonspecific staining. FACS analysis was 

performedd using Cellquest (Becton Dickinson Immunocytometry Systems. San Jose. CA). 

Thee results are expressed as the percentage of CD4+. CD8--. CD25-" and CD69+ T-cells 

withinn the CD3+ population in the left lung. 

SplenocvteSplenocvte stimulation 

Singlee cell suspensions were obtained by crushing spleens through a 40 jum cell strainer 

(Bectonn Dickinson, Franklin Lakes. NJ). Erythrocytes were lysed with ice-cold isotonic 

NH4C11 solution (155 mM NH4C1, 10 mM KHCO.i, 100 mM EDTA, pH 7.4) and the 

remainingg cells were washed twice. Splenocytes were resuspended in RPMI medium (Bio 

Whittaker)) containing 10% FCS and 1% antibiotic-antimycotic (Life Technologies), seeded 

inn 96-well round bottom culture plates at a cell density of 1 x 106 cells in triplicate, and 

stimulatedd with 10 (ig/ml tuberculin-purified protein derivative (PPD, Statens Seruminstitut, 

Copenhagen,, Denmark). In a separate experiment, round bottom plates were coated overnight 

withh anti-CD3 Ab (clone nr. 145.2c 11) and washed twice with sterile PBS. 1 x 106 cells (in 

triplicate)) were added to each well and diluted with RPMI containing anti-CD28 Ab (1 

fig/ml.. Pharmingen. San Diego, CA). Supernatants of both experiments were harvested after 

aa 48 h incubation period at 37°C in 5% CCX Cytokine levels were analyzed by ELISA. 

CytokineCytokine measurements 

IFN-yy and IL-4 were measured in lung homogenates and spleen cell supernatants by specific 

ELISA'ss according to the manufacturer's instructions (detection limits for both assays 62.5 

pgg ml; R&D Systems. Minneapolis. MN). 

DelayedDelayed type hypersensitivity (DTH) response to PPD 

Too measure DTH responses, the swelling responses of the dorsal side of feet in mice were 

examined.. In brief. TLR4 mutant and WT mice were immunized intradermallv at the base of 
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thee tail with 0.1 mg of heat killed M. tuberculosis H37Ra (Difco Laboratories, Detroit, USA) 

inn 0.1 ml of mineral oil (Sigma). Fourteen days after immunization, mice were challenged 

withh 40 |ug PPD in 50 \x\ saline into the dorsal side of the left hind foot and in the right with 

500 p.\ saline alone. Measurements of the hind feet were performed before and 24 h after PPD 

injectionn with a Mitutoyo model 7326 engineer's micrometer (Mitutoyo MTI Corporation. 

Aurora,, 111). The swelling was calculated as the difference in thickness of the hind feet 

betweenn the 0 and 24 h measurements. Specific DTH reactivity was calculated as the 

differencee between the swelling of the PPD-injected feet and the swelling of the saline-

injectedd feet. 

StatisticalStatistical analysis 

Al ll  data are expressed as mean  SEM. Differences between groups were analyzed by Mann-

Whitneyy U test. For comparison of survival curves Kaplan-Meier analysis with a log rank test 

wass used. P < 0.05 was considered to represent a statistically significant difference. 

Results s 

Surxival Surxival 

Too investigate the role of TLR4 in the outcome of tuberculosis, mice were intranasally 

inoculatedd with mycobacteria and were monitored in 2 separate, consecutive experiments. In 

thee first study, mice were observed for 15 weeks. As shown in Fig.lA, no mortaiity was seen 

inn the WT group. In contrast, 7/12 (58%) of the TLR4 mutant mice died (P = 0.002). In the 

secondd experiment, in retrospect, a higher mycobacterial inoculum was given (5 x 10̂  CFU) 

andd mice were followed for a longer period of time. This experiment showed a trend toward 

enhancedd mortality of TLR4 mutant mice: mortality after 23 weeks in the WT group was 

10/133 (77%) while all of the TLR4 mutant mice had died (non-significant; Figure IB). 

MycobacterialMycobacterial outgrowth 

Becausee of the differences in survival between TLR4 mutant and WT mice, we determined 

whetherr differences in mycobacterial load existed in earlier phases of the infection. At 2 and 

55 weeks post-infection, outgrowth of M. tuberculosis in lungs of both mouse strains was 

compared.. At the 2 weeks time-points, lungs of TLR4 mutant mice contained slightly but 

significantlyy more viable mycobacteria compared with lungs of WT mice (P = 0.004). 
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h. h. 
 TLR4 mutant 

-- WT 

dayss post infection 

200 40 60 80 100 120 140 160 

dayss post infection 

Figuree 1. Survival of TLR4 mutant and WT mice in two independent experiments after 
intranasall  infection with (A) 10" and (B) 5 \ 10' CPU \1 tuhercuU>sïs. N 12 13 mice per 
groupp in each experiment. * P value indicates difference between groups. NS = non 
significant. . 

C ^^ TLR4 mutant 

-=̂ =-- 1 1 I I ""  10' ni i 
22 weeks 5 weeks 22 weeks 

Fi«uree 2. Growth of M tuberculosis in (A) lungs and (B) liver of TLR4 mutant mice compared 
too WT mice at 2 and 5 wk post-infection. Data are mean and SHM from 10-13 mice per group. 
*P<0.05vs.. WTmice. 

Att 5 weeks post-infection, the difference between mycobacterial numbers recovered from 

lungss of TLR4 mutant and WT mice had grown showing a 2.8-fold increase of mycobacteria 

inn TLR4 mutant mice in comparison with WT mice (P = 0.003; Figure 2A). Since M. 

tuberculosistuberculosis is known to disseminate in mice, mycobacterial numbers were also determined 

inn a distant organ - the liver. The mycobacterial load in liver tissue was similar in TLR4 

mutantt and WT mice 2 weeks after M. tuberculosis inoculation. At 5 weeks post-infection, 

however,, the number of CFU in liver tissue of TLR4 mutant mice was 3.2-fold higher 

comparedd to the bacterial load in liver tissue of WT mice (P = 0.05: Figure 2B). In a 

subsequentt separate experiment we tried to determine mycobacterial outgrowth at a time 

pointt later than 5 weeks. However, this experiment was confounded due to the fact that in the 
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6thh week post-infection. 5/13 (38%) of the TI R4 mutant mice died while none of the WT 

micee died (P = 0.02). again suggesting that TLR4 mutant are more susceptible to M. 

tuberculosistuberculosis infection. 

Histology Histology 

Histopathologicall  analysis of the lungs two weeks after infection showed a slight interstitial 

infiltratee consisting of macrophages, lymphocytes and occasional neutrophils adjacent to 

smalll  airways and vessels in WT mice (Fig. 3A). At the same time, the lungs of TLR4 mutant 

micee showed larger areas of inflammation (Fig. 3B). At 5 weeks post-infection, the 

inflammatoryy infiltrates became more diffuse and intense, and involved between 50 and 60% 

off  the analyzed lung surface in WT mice (Fig. 3C). At this time point, the inflammation was 

alsoo more pronounced in TLR4 mutant mice with an involvement of 70 to 80% of the lung 

surfacee (Fig. 3D). Acid-fast staining of lung sections showed that cellular infiltrates in TLR4 

mutantt lungs contained more infected cells and more bacteria per infected cell than WT 

mousee lungs. All bacteria were cell-associated in both strains of mice (data not shown). 

Figuree 3. Representative slide of WT lung tissue 2 weeks post-infection with M. tuberculosis showing a 
slightt inflammatory' infiltrate around small vessels and bronchi (H&E staining, x 25) (A). TLR4 mutant 
lungg tissue 2 weeks post-infection showing more diffuse inflammation with in this case involvement of the 
pleuraa (H&E staining, x 25) (B). Five weeks after infection. WT mouse lungs displayed more intense and 
diffusee inflammatory infiltrates with small 'granulomas' (H&E staining, x 25) (C). At the same time point, 
TLR44 mutant lungs showed confluent inflammatory infiltrates (D). 
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CellularCellular composition of lung infiltrates 

Too obtain more insight into the cellular composition of the pulmonary infiltrates, we 

determinedd whole lung leukocyte counts and differentials, and further analyzed lymphocyte 

subsetss and activation status by flow cytometry (Table I). In accordance with the 

histopathology,, the lungs of TLR4 mutant mice contained more leukocytes than those of WT 

mice,, significantly so at 2 weeks post-infection. The proportional contribution of 

macrophages,, lymphocytes and granulocytes was similar in TLR4 mutant and WT mice. The 

increasee in lymphocyte numbers in lungs of TLR4 mutant mice was proportionally 

distributedd over the CD3/CD4+ and the CD3/CD8+ populations compared to WT mice. In 

addition,, the numbers of activated (CD25+ or CD69+) T cells were higher in lungs of TLR4 

mutantt mice, especially at 5 weeks post-infection in the CD3/CD8+ population. 

Cellss 2 weeks post-infection 5 weeks post-infection 

leukocytess (; tlO5) ) 

macrophagess (%) 

granulocytes s 

lymphocytes s 

CD4' CD4' 

cor r 
CD4/CD69* * 

CD4/CD25" " 

CD8/CD69" " 

CD8/CD25" " 

(%) ) 
(%) ) 

TLR44 mutant 

13.11 * 

16.55  1.6 

39.2  1.5 

44.33  1.7 

63.44 9 

25.55 1 

7.77  1.3* 

8.22  1.1 

2.77  1.5 

1.22 2 

WT T 

9.55 9 

19.00 5 

35.66 3 

45.55 0 

65.00 1 

21.99  1.7 

3.11 6 

5.77 7 

1.55 3 

0.77  0.3 

TLR44 mutant 

52.33 5 

12.66  1.0 

52.55 3 

34.77 1 

67.00 4 

21.00  1.2 

30.33 0 

9.99 5 

9.44 * 

4.00 * 

WT T 

39.44 3 

9.77  1.3 

0 0 

36.88 5 

72.22  1.4 

19.22  1.2 

38.22  1.8 

8.99 7 

8.22 8 

2.66 5 

Tablee I. Cell subsets in the left lung in TLR4 mutant and WT mice during pulmonary 
tuberculosis.. Cell subsets in the lungs of TLR4 mutant and WT mice infected with hi 
tuberculosistuberculosis 2 and 5 weeks post-infection. Total leukocyte counts per left lung. Differential 
countss as percentage of total leukocytes. Flow cytometry results are expressed as the 
percentagee of CD4+. CD8+. CD25  and CD69- T-cel!s within the CD3- population in the left 
lung.. Data are mean  SEM of 6-9 mice per group. * P < 0.05 vs WT at the same time point. 

LungLung IFN-y and IL-4 levels 

Thll  cells are essential for early host defense in M. tuberculosis infection (2). We therefore 

investigatedd whether the deteriorated outcome of TLR4 mutant mice was associated with a 

changee in the Thl and Th2 cytokine profile in the pulmonary compartment in early infection. 

Thll  (IFN-y) and Th2 (IL-4( cytokines were measured in lung homogenates. As shown in Fig. 
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4A.. IFN-y levels were similar at 2 weeks post-infection. After 5 weeks. IFN-y was elevated in 

TLR44 mutant mice compared to WT mice (P = 0.005). This finding paralleled the 

mycobacteriall  load in the lungs. In contrast, the Th2 cytokine IL-4 was produced in lower 

concentrationss in TLR4 mutant mouse lungs in comparison with WT mice at 5 weeks (P = 

0.017).. while at 2 weeks, no significant difference in IL-4 concentrations was observed (Fig. 

4B). . 

IFN-yy CZ l TLR4 mutant 
•• WT 

E E 

III  I  !
40n n 

E E 

'SS 20-

10 0 

L-4 4 

T T 
i = = 

1 1 
11 TLR4 mutant 
I W T T 

1 1 
!>w k k 

Kigur cc 4. IFN-y a nd 'L-4 concentrations in lungs of TLR4 mutant and WT mice. N = 12-13 
micee per group. Data arc expressed as mean and SEM. *P < 0.05 vs. WT mice. 

ThlThl response of ex vivo stimulated spleen cells 

Too obtain more insight in mechanisms contributing to the decreased survival of TLR4 mutant 

micee and the enhanced mycobacterial outgrowth in TLR4 mutant mouse lungs in comparison 

withh WT mice, the ability of splenocytes. harvested 5 weeks post-infection from TLR4 

mutantt and WT mice, to produce a Thl response after M. tuberculosis infection was tested. 

IFN-yy production by splenocytes upon ex vivo stimulation with either the T cell stimulator 

anti-CD3/anti-CD288 or PPD. was reduced 3.3 and 4.4 times respectively in TLR4 mutant 

micee compared with WT mice (P = 0.025 and P = 0.004 resp.. Fig. 5). The Th2 cytokine IL-4 

wass not detectable in supernatants of anti-CD3/anti-CD28 or PPD stimulated splenocytes 

fromm either mouse strain (data not shown). 
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300 • 

10 0 

anti-CD3/CD2 8 8 

:: TLR4 mutant 
ITLR44 WT 

PPD D 

IFN-Y Y 

1000 0 

:: TLR4 mutant 
II TLR4 WT 

IFN-Y Y 

figuree 5. Splenocytes from infected TLR4 mutant mice produce less IFN-
yuponn ex vivo stimulation by CD3/28 and PPD than splenocytes from WT 
mice.. Splenocytes ere harvested 5 weeks after i.n. inoculation with M. 
tuberculosistuberculosis and stimulated for 48 h. Data are mean and SEM of 6 mice per 
group.. *P<  0.05 vs. WT mice. 

E E 
EE 1.0 

]] TLR4 mutant 
IWT T 

Figuree 6. DTK) response in hind feet of mice. 
TLR44 mutant and WT mice were immunized 
withh heat killed M. tuberculosis and 
challengedd with PPD in the dorsal side of the 
leftt hind foot and with saline in the right one. 
Swellingg was measured before and 24 h after 
antigenn swelling and calculated as described 
inn the method section. Data are mean and 
SEMM of X mice per group. *P < 0.05 vs. WT 
mice. . 

DelayedDelayed type hypersensitivity (DTH) response to PPD 

Thee recruitment of T cells and phagocytes into inflamed areas is critical for the development 

off  a DTH response. To study the role of TLR4 in Thl mediated immune responses more 

extensivelyy we determined DTH reactions in TLR4 mutant and WT mice. Mice were 

immunizedd and subsequently challenged with PPD in hind feet, after which local swelling 

wass measured. Both TLR4 mutant and WT mice showed significant swelling following 

challengee with PPD in comparison with saline controls (data not shown). As shown in Figure 

6.. swelling responses in TLR4 mutant mice were significantly reduced compared with WT 

micee (P = 0.001). This finding parallels the results obtained from ex vivo stimulated 

splenocytess and suggest that TLR4 mutant mice have an impaired T cell mediated immunity 

againstt M. tuberculosis. 
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Discussion n 

TLRss play a pivotal role in the induction of an innate immune response to various infectious 

agents.. In vitro studies have implicated TLR2 and TLR4 in the innate recognition of XL 

tuberculosis.tuberculosis. We here demonstrate that TLR4 plays a protective role in host defense against 

pulmonaryy tuberculosis in vivo, as reflected by an increased mortality and mycobacterial load 

inn the lungs of mice with a nonfunctional TLR4. 

Whilee our experiments were in progress, two studies examining the role of TLR4 in 

pulmonaryy tuberculosis were published. Abel et al. (19) found an increased susceptibility to 

XLXL tuberculosis infection of TLR4 mutant mice in terms of a reduced survival and an 

impairedd mycobacterial clearance. Reiling et al. (20). however, using a similar inoculum, 

showedd no difference in survival or in pulmonary mycobacterial load in TLR4 mutant and 

WTT mice. In two other publications, the role of TLR4 in mycobacteria! infection in vivo was 

examinedd in slightly different models. One study, in which M bovis BCG was injected 

intraperitoneal'̂' into TLR4 mutant and WT mice, reported an enhanced mortality (9 of 20) of 

TLR44 mutant mice three days after the infection when compared with WT mice (1 20) (11). 

Thee second study found a modest, but statistically non-significant, increase in mortality of 

TLR44 mutant mice after intravenous injection of high dose M.tuberculosis (21). Our present 

dataa are largely in line with the earlier findings by Abel et al. (19). Indeed, in two 

independentt experiments, with follow ups of 15 and 6 weeks respectively, TLR4 mutant mice 

displayedd an enhanced mortality when compared with WT mice. Although in a third 

experiment,, with a slightly higher inoculum and a follow up of 23 weeks, the difference 

betweenn TLR4 mutant and WT mice was not significant, a trend in the same direction was 

seen.. Notably, these experiments were conducted several months apart, and besides the exact 

inoculumm size, the use of different -batches' of mice from different shipments may have 

contributedd to the variation in absolute mortality rates. We would like to emphasize, however, 

thatt all comparisons between wild type and TLR4 mutant mice were done in experiments in 

whichh all mice were inoculated at the same time with exactly the same inoculum. Together 

thesee data suggest that TLR4 plays a role in protection of the host against lethality due to 

mycobacteriall  infection. 

TLR44 mutant mice demonstrated an increased outgrowth o\~ XL tuberculosis at 2 and 5 weeks 

afterr the infection. Although the difference with WT mice was highly statistically significant 

(P(P = 0.003). the absolute difference was modest. Indeed, TLR4 mutant mice on average had 3 
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timess more mycobacteria in their lungs than WT mice at the latter time point. For 

comparison,, mice that are devoid of IFN-y or IL-12 activity were reported to have several 

logss more CFU during mycobacterial infection than their respective WT mice (3. 4. 6). In 

accordance.. IFN-y and IL-12 deficient mice display a profoundly reduced survival in models 

off  mycobacterial infection (3. 4. 6). whereas we here found that the consequence of TLR4 

deficiencyy on survival during lung tuberculosis is more modest. 

TLR44 mutant mice tended to have a stronger inflammatory response in their lungs than WT 

mice,, which was accompanied by higher IFN-y concentrations in lung homogenates at 5 

weekss post-infection. The higher mycobacterial load in TLR4 mutant may have contributed 

too these findings. Also, the number of activated CD8+ T cells was higher in TLR4 mutant 

micee at this time point. Thus, a deficient local production of the protective cytokine IFN-y or 

aa deficient recruitment of activated CD8~ T cells cannot explain the enhanced mycobacterial 

outgrowthh in TLR4 mutant animals. In any case, the histopathology of the lungs and the 

evaluationn of leukocyte counts and differentials in whole lung cell suspensions clearly 

establishh that TLR4 is not essential for mounting an inflammatory response to pulmonary 

infectionn with M. tuberculosis. Furthermore. TLR4 is not indispensable for the recruitment of 

(activated)) CD4+ or CDH+ T cells to the site of infection during lung tuberculosis. 

Inn contrast to the modestly elevated lung IFN-y levels in TLR4 mutant mice, the capacity of 

splenocytess to produce this prototypic type 1 cytokine upon non-specific stimulation with 

anti-CD33 CD28 or antigen-specific stimulation with PPD was reduced in these animals. 

Moreover,, the DTH response in TLR4 mutant mice was impaired. The reduced IFN-y 

releasingg capacity of splenocytes upon stimulation with a standardized (recall) antigen and 

thee diminished DTH response suggest that TLR4 may be involved in the generation of 

acquiredd T-cell mediated immunity to M. tuberculosis. Interestingly, a recent study also 

suggestedd a role for TLR signaling in the generation of an antigen specific type 1 T cell 

response.. Indeed, mice with deficient TLR signaling were found to be incapable of mounting 

ann ovalbumin specific T helper 1 response after immunization with ovalbumin in the footpad 

(29).. Additional research is warranted to further explore the role of TLRs in acquired T cell-

mediatedd immunity. 

Inn our experiments. TLR4 mutant C3H HeJ and WT C3H HeN mice were used. C3HUeJ 

micee have long been known to be hyporesponsive to LPS. which is related to a point 
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mutationn in the TLR4 gene resulting in a Pro712^dIis substitution (22, 23), yielding a 

nonfunctionall  TLR4. Several reports compared the LPS responsiveness of C3H HeJ mice and 

TLR44 knockout mice in in vitro experiments, showing a similar phenotype (23. 30). 

However,, it cannot be excluded that C3HHeJ mice have other differences in genetic 

backgroundd (in addition to the mutation in TLR4) that have impact on host defense against 

infectionss compared to the WT C3H HeN mice. Studies using TLR4 knockout mice are 

warrantedd to definitively establish this. Likely, extensive backcrossing of such mice is 

required,, since the commonly used 129/SvJ background to generate knockout mice is 

associatedd with an increased susceptibility for M. tuberculosis infection (31). 

Iff  TLR4 only modestly influences the innate host response to M. tuberculosis, how then is 

thiss pathogen recognized by the immune system'? All TLRs known to date share a common 

signalingg component, myeloid differentiation protein 88 (MyD88) (8, 9). In the absence of 

MyD888 XI. tuberculosis can not activate macrophages in vitro, strongly suggesting that 

signalingg via TLRs is of major importance in the first step of immune activation by this 

microorganismm (32). Means et al. have documented that viable M. tuberculosis bacilli are 

recognizedd by both TLR2 and TLR4 (11. 13). In line with these observations. Takeuchi et al. 

reportedd that tumor necrosis factor-ct production by TLR4 deficient macrophages upon 

stimulationn with M. tuberculosis lysates was reduced but not abolished, suggesting that 

besidess TLR4 another receptor is involved in this response (12). Purified components and 

productss of mycobacteria, such as AraLAM, culture supernatant soluble tuberculosis factor, 

mycolylarabinogalactan-peptidoglyeann complex, the 19 kD antigen and total lipids, 

invariablyy utilize TLR2 as signaling receptor (10. 11. 13-18). Using transfected human 

dermall  microvessel endothelial cells, Bulut et al. demonstrated that heterodimerization of 

TLR22 and TLR6 provides optimal signaling conditions for purified culture supernatant 

solublee tuberculosis factor (15). Together, these data suggest that M tuberculosis is 

recognizedd by the host by a repertoire of different TLRs. among which TLR2. TLR4. TLR6 

andd possibly others. Indeed, very recently, TLR2 deficient mice were reported to be more 

susceptiblee to lung tuberculosis (20). Investigations with mice that are deficient for more 

TLRss are required to resolve the individual and combined roles of different TLRs in the 

innatee immune response to XI. tuberculosis. 
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