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Abstract t 

Oligodeoxynucleotidess (ODNs) containing CpG motifs activate immune cells to 

producee cytokines. CpG ODNs protect mice against intracellular bacteria by the 

inductionn of a Thl response. To determine the effect of CpG ODNs in pulmonary 

tuberculosis,, mice were treated with CpG or control ODNs at the time of intranasal 

infection.. CpG ODNs reduced mycobacterial outgrowth up to 5 weeks after 

MycobacteriumMycobacterium tuberculosis infection, which was associated with a decrease in 

inflammationn in lung tissue. CpG treatment was associated with elevated levels of 

interferonyy (IFNy) and decreased levels of interleukin (IL)-4 in the lungs, and an 

increasedd capacity of splenocytes to secrete Thl type cytokines. Repeated 

administrationn of CpG 2 weeks postinfection resulted in improved survival. 

Administrationn of CpG ODNs to IFNy-/- mice failed to reduce mycobacterial 

outgrowth,, indicating that CpG mediated protection is IFNy dependent. 
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Introductio n n 

Despitee optimism after the introduction of antituberculous agents in the 1950s, 

tuberculosiss (TB) remains the leading cause of death among infectious diseases, 

accountingg for 2 million deaths annually [1]. In addition to the increasing incidence 

off  TB, there is a global emergence of drug-resistant strains, posing a threat to 

existingg therapeutic possibilities [2]. The case fatality rate for multi-drug resistant TB 

iss 40-60%, which equals untreated TB [3]. Hence, new therapeutic strategies are 

requiredd for the control of TB. 

CpGG dinucleotides within bacterial DNA or synthetic oligodeoxynucleotides (ODNs) 

cann activate immune cells [4]. These sequence motifs are underrepresented in 

vertebratess [5], and it has been proposed that immune activation by CpG DNA has 

evolvedd as a result of evolutionary selections, contributing to host defense 

mechanismss that recognize invading microbial agents [6]. CpG motifs can stimulate 

BB cells, NK cells, T cells and macrophages to secrete cytokines [7]. A number of 

studiess indicate that CpG can switch on Thl immunity, with production of IgG2a 

immunoglobulinss [8-10] and a Thl dominated cytokine profile [7, 11-13]. Indeed, 

protectivee Thl biased immune responses can be induced by administration of CpG 

ODNss in animal models of listeria and leishmania infections. [13, 14, 15]. 

Itt is well known that a Thl immune response conveyes protection against infection 

withh M. tuberculosis. Indeed, mice deficient for EFNy or IL-12 are highly susceptible 

toTBB [16, 17]. 

Therefore,, in this study, we investigated the effect of CpG ODNs in a murine model 

off  pulmonary TB. Our results demonstrate that CpG ODNs protect against infection 

withh M. tuberculosis by inducing a Thl response. 

Methods s 

MiceMice .All experiments were approved by the Institutional Animal Care and Use 

Committeee of the Academic Medical Center. Balb/c mice (female, 7-8 weeks old, 

Harlann Sprague Dawley Inc., the Netherlands) were used. Each experimental group 

consistedd of 8 mice per time point. In some experiments, IFNy gene deficient (IFNy-

/-)) mice (Jackson Laboratory, Bar Harbor, Maine) back-crossed to a Balb/c 

backgroundd were used. 

ExperimentalExperimental infection. A virulent laboratory strain of Mycobacterium tuberculosis 

(H37Rv)) was grown in liquid Dubos medium containing 0.01% Tween 80 for 4 days. 
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AA replicate culture was incubated at 37 °C and stirred gently, harvested at mid-log 

phasee and stored in aliquots at -70 °C. Before each experiment, a vial was thawed 

andd washed twice with sterile saline to clear the mycobacteria of medium. Mice were 

anaesthesizedd by inhalation with isoflurane. During this brief anasthesia, intranasal 

inoculationn (l.n.) was conducted by placing 105 viable M. tuberculosis organisms in 

500 \i\ NaCl on the nares. The inoculum was plated immediately after inoculation to 

determinee viable counts. Control mice received 50 îl NaCi. After 2 and 5 weeks 

micee were anesthesized by FFM (fentanyl citrate 0.079 mg/ml, fluanisone 2.5 mg/ml, 

midazolamm 1.25 mg/ml in FLO; of this mixture 7.0 ml/kg intraperitoneally). 

OligodeoxynucleotidesOligodeoxynucleotides (ODNs). Phosphorothioate ODNs, which are resistant to 

nucleases,, were obtained from Eurogentec (Seraing, Belgium). The 

immunostimulatoryy CpG ODN has the sequence 5' TCCATGACGTTCCTGATGCT 

3'.. The control ODN in which the CpG motif was inversed has the sequence 5' 

TCCATGAGCTTCCTGATCCTT 3'. 30 ng CpG or control ODNs was dissolved in 

2000 u.1 NaCl and i.p. injected 2 h prior and 6 hours after M. tuberculosis infection. 

EnumerationEnumeration of mycobacteria. The lungs, liver and spleen were harvested and 

homogenizedd separately in sterile saline using a tissue homogenizer (Biospec 

Products,, Bartlesville, OK). 10-fold serial dilutions were plated on Middlebrook 

7H111 plates containing OADC enrichment (Difco, Braunschweig, Germany) and 

incubatedd at 37 °C in sealed bags. Colonies were counted after 3 weeks. 

PreparationPreparation of lung tissue for ELISA. Homogenates of lungs were diluted 1:1 with 

lysiss buffer (0.5% Triton X-100, 150 mM NaCl, 15 mM Tris, 1 mM CaCl and 1 mM 

MgCl,, pH 7.40) at 4° C for 20 minutes. Homogenates were then centrifuged at 

14,0000 rpm for 10 min. to remove cell debris, after which the supernatants were 

storedd at -20° C. Cytokines were measured by ELISA's according to the instructions 

off  the manufacturer. The following ELISA's (with detection limits in pg/ml) were 

used:: IFNy (31.2), IL-6 (37.5), IL-4 (31.2, all from R&D Systems, Abingdon, United 

Kingdom),, IL12p40, IL12p70 (both 31.2, Pharmingen, San Diego, CA), TNF (31.2, 

Genzyme,, Cambridge, MA) . 

SpleenSpleen cell stimulation assays. Single cell suspensions were obtained by crushing 

spleenss through a 40 u,m filter (Pharmingen). Lymphocytes were obtained by Ficoll-

Hypaquee density gradient centrifugation (Ficoll-Paque; Pharmacia Biotech, Uppsala, 

Sweden)) and washed extensively. Cells were suspended in RPMI medium containing 
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100 % fetal calf serum and 1% anlibiotic-antimycotic (GibcoBRL). Round bottom 

platess were coated overnight with anti-CD3 (clone nr. 145.2cll) and washed with 

sterilee PBS. 106 cells were added to each well, diluted with RPMI containing anti-

CD288 (Pharmingen) and incubated at 37 °C for 48 hours. Supernatant was harvested 

andd stored at -20 °C until assayed. 

HistologicalHistological Analysis. Lung and liver tissue samples were fixed in 10% neutral 

bufferedd formalin. After paraffin embedding, 4 u.m sections were stained with 

hematoxylinn and eosin or Ziehl-Neelsen (ZN) stain for acid fast bacilli. Slides were 

thenn coded and analyzed by a pathologist. Granulomas were defined as collections of 

100 or more macrophages and lymphocytes widespread in the peripheral lung 

parenchymm [18]. 

StatisticalStatistical analysis. Differences were compared using the Mann-Whitney-U test. 

P<0.055 was considered statistically significant. 

Results s 
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Figuree 1. 

Mycobacteriall  outgrowth in mice 

treatedd with 2x30 ug CpG ODNs or 

controll  ODNs and intranasally 

infectedd with 10" cfu's M. 

tuberculosis.tuberculosis. Horizontal lines 

representt median number of viable 

22 wks 5 wks bacteria 

CpGCpG ODNs reduce mycobacterial outgrowth. The inoculations with CpG ODNs 

weree not associated with adverse effects. Treatment with CpG resulted in a reduction 

off  the mycobacterial burden in lungs when compared to controls, which was present 

att 2 weeks (P=0.001), and lasted until at least 5 weeks after infection (P<0.001, 

Figuree 1). Mycobacterial burden was also investigated in distant organs. Outgrowth 

173 3 



ChapterChapter 16 

inn the liver did not differ from controls after 2 weeks. After 5 weeks, CpG treated 

micee showed a large variation in the number of mycobacteria in the liver, which 

tendedd to be lower than in control mice (P=0.059). 

LUNG G SPLENOCYTES S 

 r - 1 

^ C p G G 
11 innntml 

n n 
55 wks 

Figuree 2. 

Meann  SE level of IFNy and IL-

44 concentrations in lungs or in 

supernatantss of 106 splenocytes of 

micee treated with 2x30 u,g CpG 

orr control ODNs and intranasally 

infectedd with 10' cfu's M. 

tuberculosis.tuberculosis. *P<0.05 (n=8 per 
groupp per time point). 

CytokineCytokine concentrations in lung tissue. A number of studies have demonstrated the 

Thll  stimulatory effect of CpG motifs [7, 11-13]. EFNy is considered the main Thl 

cytokine,, responsible for activation of macrophages and early T cell activation. To 

obtainn insight in mechanisms contributing to the inhibitory effect of CpG on 

mycobacteriall  outgrowth, IFNy as the principal Thl cytokine and LL-4 as the 

principall  Th2 cytokine were measured in lung homogenates of the mice used for 

bacteriall  counts in this study (Figure 2). CpG treated mice had higher IFNy 

concentrationss in the lung than mice treated with control ODNs (P<0.05). This 

differencee was most obvious at 2 weeks and was diminished at 5 weeks (P=0.06). 

FJL-44 concentrations were lower in lungs of CpG treated mice when compared to 

controlss (P<0.05). Again, this difference appeared early in the course of infection 

withh M. tuberculosis and had disappeared at 5 weeks. Therefore, the protective effect 

off  CpG in murine pulmonary tuberculosis seems to be associated with an enhanced 

Thll  and diminished Th2 response at the site of infection. LL-12 stimulates IFNy 

productionn and has been found important for the protective effects of CpG. IL-12 

existss in two forms, IL-12p40 and IL-12p70, the latter is biologically active [19] . 

Wee measured both forms in lung tissue, and found that at 2 weeks, concentrations of 

bothh LL12p40 and IL12p70 were lower in the CpG mice than in controls (P<0.05 and 
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SPLENOCYTES S 

Figuree 3. 

Meann  SE level IL-12p40 and 

p700 concentrations in lungs or 

inn supernatant of 10 

splenocytess of mice treated with 

2x300 ng CpG or control ODNs 

andd intranasally infected with 

10""  cfu's M. tuberculosis. 

*P<0.055 (n=8 per group per 
2 w k ss 5wks 2wks 5wks ,- • , , 

timee point). 

P=0.0011 resp., Figure 3). These differences were no longer observed at 5 weeks. Th2 

cytokiness other than EL-4 were also measured. There was no difference in levels of 

EL-100 and IL-6 between mice receiving CpG or control ODNs (Table). Macrophages 

aree important sources of TNF, which is essential for the formation of granulomas 

[20].. Therefore, we measured TNF levels in the lungs of mice. M. tuberculosis 

inducedd high levels of TNF, but no differences between CpG treated mice and mice 

receivingg control ODNs were found (Table). 

Table. . 

Cytokinee concentrations in lungs of mice intranasally infected with M. tuberculosis. 

22 wks 
CpG G control l 

55 wks 22 wks 55 wks 
TNF F 
IL10 0 
IL6 6 

8 8 
5 5 

1.1+0.2 2 

9 9 
5 5 

9.2+1.3 3 

3 3 
4 4 

1.4+0.3 3 

28.8+3.1 1 
2 2 

1 1 

CpGG (30 u.g) or control ODNs (30ug) were administered intraperitoneal'̂ at 2h before 
MycobacteriumMycobacterium tuberculosis infection and 6 hours thereafter. Data are mean + SE ng/ml of 8 mice per 
groupp per time point. 

CpGCpG increases the capacity of splenocytes to produce a Thl cytokine profile. Thl 

responsee was further studied by harvesting splenocytes during M. tuberculosis 

infection,, and the ability to release cytokines after stimulation with the T cell 

stimulatorr anti-CD3/CD28 was analyzed. Splenocytes of CpG treated mice produced 

moree EFNy compared to splenocytes from controls after 2 weeks (P<0.05). but not 

afterr 5 weeks (Figure 2). Levels of EL-4 tended to be lower in splenocytes of CpG 

treatedd mice after 2 weeks, which did not reach statistical significance due to a large 
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variationn (P=0.11). This suggests that CpG results in an enhancement of the ability of 

naivee splenocytes to mount a Thl response. The ability of splenocytes to produce IL-

122 was also measured. We found higher levels of IL-12p40 in supernatants of 

splenocytess of CpG treated mice after 2 weeks (P=0.06), but not after 5 weeks 

(Figuree 3). Splenocytes of both groups did not produce measurable IL-12p70. 

Figuree 4. 
Representativee histopathology (H&E staining) of lung of mice sacrificed two weeks (a and b.original 
magnificationn xl 10) and five weeks (c and d, original magnification x70) after M. tuberculosis 

infection.. Mice treated with CpG (b and d) show significantly less inflammation and granuloma 
formationn than control ODNs treated mice (a and c) in the course of infection. 

CpGCpG administration results in less inflammation in lungs of M. tuberculosis infected 

mice.mice. Two weeks after M. tuberculosis infection, control mice developed small well-

definedd granulomas composed primarily of lymphocytes and macrophages 

throughoutt the lung parenchyma (Figure 4). Moreover, peribronchiolar and 

perivascularr lymphocytic infiltrates were present. In contrast, CpG treated mice 

displayedd significantly less formation of granulomas and less lymphocytic infiltrates. 
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Inn accordance with the degree of inflammation, acid-fast positive bacilli were much 

moree abundant in control mice than in CpG-treated animals. After 5 weeks, the lungs 

off  both groups showed more inflammation with confluent granulomas composed 

primarilyy of macrophages, granulocytes and lymphocytes. Still CpG-treated mice 

displayedd less extensive inflammation of the lung parenchyma (50%) than untreated 

micee (70%). 

101 1 

8 8 

6--

,_̂  ^ 
Ü Ü 

'EE 2' 

CDD 1 2 

> > 

U33 8-

4 4 

2--

11 xCpG 

\ \ 
- \ \ 

1 1 

11 ' 2xCpG G 

I I 

CpG G 
—— control 

60 0 

days s 

Figuree 5. 

Survivall  of mice treated with 

2x300 ug CpG or control ODNs 

att t=0 and infected with 

MycobacteriumMycobacterium tuberculosis 

(n=100 per group, upper panel) 

orr treated with 2x30 Hg CpG 

controll  ODNs at t=0 and after 2 

weekss (n=10 per group, lower 

panels). . 

SurvivalSurvival experiments. To determine whether CpG had an effect on survival of M. 

tuberculosistuberculosis infection, 10 mice injected with CpG and 10 mice injected with control 

ODNss were followed for 4 months. During this observation period, 50% of the CpG 

treatedd mice died versus 60% of the control mice (Figure 5). Considering that the 

enhancementt of a protective Thl response after single CpG treatment was 

diminishedd after 5 weeks when compared to the more profound effect after 2 weeks, 

anotherr survival experiment was carried out in which CpG administration was 

repeatedd two weeks after infection with M. tuberculosis. After 4 months, 40% of 

controll  mice had died, whereas all CpG treated mice were still alive (Figure 5). 

ProtectionProtection by CpG is abrogated in IFNy gene knock-out mice. Protection conferred 

byy CpG against M. tuberculosis was associated with elevated levels of lung rFNy. 

Consideringg that IFNy is essential for host defense against TB, we wished to 

determinee whether this protection was mediated by IFNy. Thus, TB was induced in 

EFNy-/-- mice, which were sacrificed 2 weeks after infection. As has been shown 
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Figuree 6. 

Mycobacteriall  outgrowth in 

IFNy-/-- and IFNY +/+ mice 

treatedd with CpG or control 

ODNs,, intranasally infected 

withh 10 cfu's M. tuberculosis 

andd sacrificed after 2 weeks. 

Horizontall  lines represent 

mediann number of viable 

bacteria a 

beforee [17, 21], IFNy-/- mice had higher numbers of mycobacteria in their lungs 

comparedd to wild types (P<0.05, Figure 6). Consistent with the previous results, 

wild-typee mice receiving CpG had lower numbers of mycobacteria in their lungs 

thann mice receiving control ODNs. (P<0.05). However, in IFNy-/- mice, the 

differencee in mycobacterial outgrowth between mice receiving CpG or control ONDs 

wass abolished, indicating that protection by CpG is IFNy dependent. Histology 

confirmedd these findings, i.e. IFNy-/- mice had more inflammation than wild type 

mice,, but CpG and control mice showed the same amount of inflammation (Figure 

7). . 

Discussion n 

Inn this study, administration of CpG ODNs to mice infected intranasally with M. 

tuberculosiss resulted in enhanced survival and a reduction in mycobacterial burden at 

thee site of infection, as well as in distant organs. Compared with mice receiving 

controll  ODNs, the lungs of CpG treated mice displayed significantly less 

inflammation,, with less formation of granulomas and less lymphocytic infiltrates 

aroundd small vessels and bronchi, while necrosis was absent. The beneficial effect of 

CpG,, which was associated with a Thl type immune response, was mediated by 

IFNy,, as indicated by the absence of protection in IFNy-/- mice. 

Intratracheallyy instilled CpG ODNs in mice resulted in an increase in cell influx and 
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Figuree 7. 

Representativee lung histopathology (H&E staining) two weeks after M. tuberculosis infection in 

controll  ODNs treated IFNy+/+ mice (a), in CpG treated IFNy+/+ mice (b), in ODNs treated IFNy-/-

micee (c), and in CpG treated IFNy-/- mice (d). CpG treatment clearly prevents lung inflammation in 

controll  IFNy+/+ mice but has no beneficial effect in IFNy-/- mice (original magnification x 175). 

cytokinee production in the bronchoalveolar lavage fluid, thereby implicating a role 

forr CpG motifs in inflammatory lung diseases [22], We found that CpG ODNs 

conveyy protection in a murine model of pulmonary TB. These data are in line with 

previouss reports on the ability of bacterial DNA containing CpG motifs or synthetic 

CpGG ODNs to protect against intracellular bacteria [13-15]. The duration of 

protectionn and the fact that protection was present both in lung and in liver, suggests 

ann active response instead of a mere induction of intracellular killin g by 

macrophages.. Indeed, protection was associated with elevated levels of IFNY 'n the 

lung,, as well as an increase in the IFNy-producing capacity. The disappearance of the 

protectivee effect of CpG in IFNy-/- mice indicates that CpG-induced protection 

againstt TB was dependent on IFNy. This was also observed in a mouse model of 
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asthmaa [12] and of listeriosis [14]. Injection of CpG induced a sustained IL-12 
release,, associated with a protective effect against L, monocytogenes infection [14. 
IL-122 is a potent inducer of IFNy production by NK cells and T cells, and is 
consideredd essential for the generation of an optimal Thl response [19]. We found 
lowerr levels of both EL-12p40 and p70 in lungs of mice treated with CpG. It has been 
shownn that CpG can act directly on NK cells and T cells to produce IFNy [23]. Also, 
productionn of IFNy could be mediated by IL-18 [24]. Regardless of the mechanism, 
ourr data indicate that during TB, CpG-induced IFNy production may bypass the need 
forr IL-12 to shift towards a protective Thl response. 

Protectionn of a single administration of CpG lasted up to 27 days in murine 
leishmaniasiss and for 2 weeks in infection with L. monocytogenes [15]. We found 
thatt the protective effect of CpG during TB lasted at least 5 weeks. This difference 
mayy be explained by the lower replication time of mycobacteria compared to other 
pathogens.. When the time course of protection is coupled to the time course of 
bacteriall  growth, protection by CpG may be the result of activation of cells of the 
innatee immune system, which limits mycobacterial replication until an antigen-
specificc T cell response has developed. Interestingly, Thl cytokine levels in the lung 
ass well as in supernatants of stimulated splenocytes were elevated 2 weeks, but not 5 
weekss after infection. Apparently, an early protective Thl response is sufficient to 
reducee mycobacterial burden at later time points. However, survival was improved 
onlyy when CpG administration was repeated after 2 weeks. Further studies are 
warrantedd to establish the CpG regimen that confers optimal protection against M. 
tuberculosis. tuberculosis. 
Inn summary, treatment with CpG ODNs induces a protective Thl immune response 
inn murine pulmonary TB, resulting in enhanced survival, a reduction in 
mycobacteria!!  outgrowth and a decrease in inflammation. Protection was IFNy-
dependent.. These data provide the rationale for further development of CpG as a new 
adjunctivee therapy forTB. In previous studies, exogenous administration of IFNy has 
beenn shown useful as an adjuvant therapy for TB [25, 26]. CpG treatment results in 
endogenouss production of EFNy, which is subject to regulatory pathways of the 
innatee immune response. Presumably, this may be associated with less toxicity 
comparedd to exogenous IFNy administration. Another promising feature of CpG 
treatmentt is its long-term protection, requiring infrequent dosing. It should be noted, 
however,, that CpG may initiate inappropiate immune responses and has been 
reportedd to induce septic shock in mice, probably due to stimulation of TNF 
productionn [27]. Although no significant induction of TNF by CpG could be detected 
inn this study, further studies on possible toxicity are warranted. 
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