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in experimental murine models induced by aerosol
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Summary

Intragranulomatous necrosis is a primary feature in the natural history of human

tuberculosis (TB). Unfortunately, this phenomenon is not usually seen in the experi-

mental TB murine model. Artificial induction of this necrosis in pulmonary granulo-

mas (INPG) may be achieved through aerosol inoculation of lipopolysaccharide (LPS)

3 weeks after Mycobacterium tuberculosis infection. At week 9 post-infection, the

centre of primary granulomas became larger, showing eosinophilic necrosis.

Interestingly, INPG induction was related to mice strains C57BL/6 and 129/Sv, but

not to BALB/c and DBA/2. Furthermore, the same pattern was obtained with the

induction of infection using a clinical M. tuberculosis strain (UTE 0335R) that natu-

rally induces INPG. In all the mice strains tested, the study of pulmonary mRNA

expression revealed a tendency to increase or to maintain the expression of RANTES,

interferon-g, tumour necrosis factor and iNOS, in both LPS- and UTE 0335R-induced

INPG, thus suggesting that this response must be necessary but not sufficient for

inducing INPG. Our work supports that INPG induction is a local phenomenon

unrelated to the resistant (C57BL/6 and BALB/c) or susceptible (129/Sv and DBA/2)

background of mice strains against M. tuberculosis infection.
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Intragranulomatous necrosis in pulmonary granulomas

(INPG) is a characteristic feature in lesions induced by

Mycobacterium tuberculosis infection in humans. These

lesions are well structured, with a macrophage-based ring

surrounding INPG and an outer lymphocyte-based layer well

limited by a fibrotic container (Grange 1998). This is basic in

the natural history of TB, because INPG is an important

source of latent bacilli (Gomez & McKinney 2004). The

difficulty in finding a successful short-course chemotherapy

(Mitchison & Dickinson 1978) to control both TB and latent
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TB infection (as well as the 8000,000 annual incidental new

cases and prevailing 2,000,000,000 infected people, respect-

ively) lies in the presence of these bacilli (World Health

Organization 2001). Unfortunately, the most commonly

used experimental model of tuberculosis (TB) does not show

INPG. At the most, similar lesions (named primary granulo-

mas) (Cardona et al. 2000) with a macrophage-based centre

surrounded by lymphocytes may be seen in the murine model

of TB. After a few weeks, these lesions are also surrounded by

a mantle of foamy macrophages profusely filling alveolar

spaces immediately related to the granuloma.

A few years ago, our group described a technique to induce

INPG in the murine model based on old data obtained with

the experimental TB model in rabbits (Lurie 1932). As other

authors did before (Rook & al Attiyah 1991), we supported

the hypothesis that the origin of INPG was related to the

Shwartzman reaction (Shwartzman 1937). This reaction was

originally described as a local skin reaction triggered by an

intradermal injection of endotoxin (preparatory injection),

followed 24 h later by an intravenous injection (provoking

injection). Approximately, 4 h later, a haemorrhagic skin

necrosis developed at the intradermal injection site

(Shwartzman 1937). In this regard, tumour necrosis factor

(TNF) secreted by locally activated macrophages would

cause haemorrhagic necrosis in mycobacteria-infected tissues

reacting as a ‘prepared site’. Indeed, intranasal inoculation

of lipopolysaccharide (LPS) 3 weeks after M. tuberculosis

infection induced INPG in primary granulomas of mice, thus

providing a kind of ‘human-like’ model of TB (Cardona et al.

2001). In this model, LPS inoculation caused the infiltration

of lung parenchyma with neutrophils (PMNs) after 24 h.

Necrosis could only be detected in primary granulomas at

week 3 after LPS inoculation, when the presence of eosino-

philic necrosis became apparent in the centre of the granulo-

mas. At week 6 post-LPS inoculation, necrosis extended and

presented a compact caseous consistency made by collagen

(Cardona et al. 2001). However, this model was also asso-

ciated with a high mortality rate in mice.

Further experiments showed the convenience of aerosol LPS

inoculation to induce the same effects without such a high

mortality rate. Searching for a model of ‘human TB disease’,

and thus combining induction of INPG with spontaneous

reactivation, resulted in new experiments with a susceptible

mice strain, such as DBA/2 (Medina & North 1998). The

outcome was clear after tests had been conducted using both

intranasal and aerosol LPS inoculation: no INPG was induced

in either case, and thus additional experiments were carried

out with new mice strains. BALB/c and 129/Sv strains were

chosen to search for strains that shared the same H-2 back-

ground but also had different susceptibility to M. tuberculosis

infection, defined on the survival time after infection (Medina

& North 1998).

The aim of this work was to obtain more extensive data on

this ‘human-like’ model and the origin of intragranulomatous

necrosis in TB; hence, we used different common inbred

mouse strains with different resistance degrees against

M. tuberculosis infection to test a more refined and equally

effective model in which LPS mortality may be avoided using

an aerosol instead of an intranasal LPS inoculation. INPG was

not induced in all strains, appearing in H-2b mice strains

(e.g. C57BL/6 and 129/Sv), but not in H-2d strains (e.g.

BALB/c and DBA/2). Interestingly, this phenomenon was not

related to the resistant (C57BL/6 and BALB/c) or susceptible

(129/Sv and DBA/2) background of mice strains against

M. tuberculosis infection (Medina & North 1998). The asso-

ciation between LPS inoculation and INPG was demonstrated

by its induction in C3H/HeN mice, but not in LPS-resistant

C3H/HeJ mice. Furthermore, the accidental finding of clinical

M. tuberculosis strains that spontaneously induce INPG

(Cardona et al. 2003) has led to similar histopathological

findings. These data support the hypothesis of a Shwartzman

reaction-like response as the origin of INPG in the experimen-

tal murine TB models of infection probably linked to the

‘provoking’ action of endotoxin-like molecules of the M.

tuberculosis cell wall, like cord-factor. Finally, our data sug-

gest that the induction of INPG is not related to the degree of

resistance against M. tuberculosis infection.

Materials and methods

Mice

Parental inbred specific pathogen-free (spf) female mice, 6–8

weeks old, were obtained from Charles River Laboratories

(St Germain sur l’Abresle, France). The parental strains were

C57BL/6 (H-2b), 129/Sv (H-2b), BALB/c (H-2d), DBA/2

(H-2d), C3H/HeJ (H-2k) and C3H/HeN (H-2k). They were

shipped in adequate travel conditions, with the corresponding

certificate of health and origin. All the animals were kept

under controlled conditions in a P3 High Security Facility

with sterile food and water ad libitum.

Bacteria and infection

M. tuberculosis strains H37Rv NC007416 and UTE 0335R

(Cardona et al. 2003a, b) were grown in Proskauer Beck

medium containing 0.01% Tween 80 to mid-log phase and

stored at -70 �C in 2 ml aliquots. Mice were placed in the

exposure chamber of an airborne infection apparatus (Glas-

Col Inc., Terre Haute, IN, USA). The nebulizer compartment
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was filled with 7 ml of a M. tuberculosis suspension at a

previously calculated concentration (2.5 · 106 CFU/ml) to

provide an approximate uptake of 20 viable bacilli within

the lungs. Four mice were used for every time-point in every

experimental group. The numbers of viable bacteria in the left

lung and spleen homogenates were followed in weeks 9 and

18 by plating serial dilutions on nutrient Middlebrook 7H11

agar (Biomedics s.l., Madrid, Spain) and counting bacterial

colony formation after incubation for 21 days at 37 �C.
Special care was taken not to include hiliar lymph nodes

when removing the left lung so as not to artificially increase

colony-forming units (CFU) values. Lungs were immediately

removed after euthanasia by means of a halothane overdose

(Zeneca Farma, Pontevedra, Spain).

LPS aerosol inoculation

In Experiment B (Figure 1), mice were placed in the exposure

chamber of an airborne infection apparatus (Glas-Col Inc.) at

week 3 post-infection and submitted for half an hour to the

aerosol obtained after filling the nebulizer compartment with

3 ml of distilled water with 100 mg of Escherichia coli

0111:B4 LPS (St Louis, MO, USA). Animals were then sacri-

ficed at weeks 9 and 18 post-infection.

Animal health

Mice were weighed once a week. They were supervised every

day under a protocol paying attention to weight loss, apparent

good health (bristled hair and wounded skin) and behaviour

(signs of aggressiveness or isolation). Animals were euthanized

with halothane (Fluothane, Zeneca Farma) overdose so as to

avoid any suffering. Sentinel animals were used to check spf

conditions in the facility. Tests for 25 known mouse patho-

gens were all negative. All experimental proceedings were

approved and supervised by the Animal Care Committee of

‘Germans Trias i Pujol’ University Hospital in agreement with

the European Union Laws for protection of experimental

animals.

MRNA quantification

The procedures are described elsewhere (Cardona et al.

2003b). In short, total RNA from the middle right lobe was

removed with a commercial phenol-chloroform method,

RNAzol (Cinna/Biotecx, Friendswood, TX, USA). After a

Dnase treatment with DNA-free kit (Ambion, Woodward

Austin, TX USA), a denaturing agarose gel was used to assess

the stability of RNA. Five microgram of RNA was reverse

transcribed using a Superscript RT kit (Gibco BRL, Grand

Island, NY, USA) following the manufacturer’s recommenda-

tions to obtain cDNA. The quantitative analysis for inter-

feron-g (IFN-g), RANTES, iNOS and TNF was performed

using a LightCyclerTM System (Roche Biochemicals, Idaho

Falls, ID, USA). A real-time PCR was carried out in glass

capillaries to a final volume of 10 ml in the presence of 1 ml
of ·10 reaction buffer (Taq Polymerase, dNTPs, MgCl2,

SYBRGreen, Roche Biochemicals), 1 ml of cDNA (or water

as negative control, which was always included), MgCl2 to a

final concentration of 2–5 mM, and primers to a final concen-

tration of 0.5 mM were also added. A single peak was obtained

for each PCR product by melting the curve analysis, and only

one band of the estimated size was observed on the agarose

gel. Hypoxanthine guanine phosphoribosyl transferase

(HPRT) mRNA expression was analysed for every target

sample to normalize for efficiency in cDNA synthesis and

RNA loading. A ratio based on the HPRT mRNA expression

was obtained for each sample.

Histology and morphometry

Procedures have been described in previous works

(Cardona et al. 2003b). Briefly, two right lung lobes from

each mouse were fixed in buffered formalin and subse-

quently embedded in paraffin. Every sample was stained

with haematoxylin and eosin (H&E). For histometry, 5-

mm thick sections from each specimen were stained with

H&E and photographed at ·6 using a Stereoscopic Zoom

SMZ800 microscope (Nikon, Tokyo, Japan) and a Coolpix

990 digital camera (Nikon). Sections of eight lung lobes

were studied in each case. A sequence of appropriate soft-

ware programs was used, SCION IMAGE (Scion Corporation,

Frederick, MD, USA) and PHOTOSHOP 5.0 (Adobe Systems

Incorporated, San José, CA, USA), to determine the area of

each single lesion and the total tissue area on photomicro-

graphs. Sections were blindly evaluated to get a more

objective measurement.

Statistical analysis

Sigma Stat (Jandel Scientific Software, San Rafael, CA,

USA) was used to compare values. Mann–Whitney Rank

Sum Test or Kruskal–Wallis One Way Analysis of Variance

on Ranks and All Pairwise Multiple Comparison Procedures

(Student-Newman-Keuls Method) were used to determine the

differences among experimental groups when comparisons

were done between two groups or more, respectively.

Differences were significant when marked with * for

P < 0.05.
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Results

Induction of INPG in pulmonary granulomas at week 9

after aerosol infection

Preliminary data revealed that LPS aerosol inoculation at

week 3 post-infection with strain H37Rv caused a profuse

PMN infiltration both in the granulomas and in the alveolar

spaces after 24 h in all the mice strains tested but C3H/HeJ.

Furthermore, this infiltration was not seen in mice infected

only with either H37Rv or UTE 0335R strain (data not

shown).

The presence of primary granulomas was detected in an

average of one out of eight lobes in all the 5 mm sections

examined (data not shown), as observed earlier (Cardona

et al. 2001).

INPG was described as the presence of an eosinophilic

necrosis with a scanty presence of macrophages in H&E

staining in the enlarged centre of a primary granuloma. This

lesion revealed a profuse presence of collagen as demonstrated

by Masson’s trichromic staining, thus reflecting scarring of an

older necrotic process. The presence of these lesions may be

detected at week 9 after infection, as described elsewhere

when LPS was administered by intranasal inoculation at

week 3 after infection (Cardona et al. 2001).

Figure 2 shows a primary granuloma at week 9 after

infection with H37Rv strain both with and without LPS

aerosol inoculation in C57BL/6 and 129/Sv mice, demon-

strating the presence and the absence of INPG after H&E

staining. These lesions may also be induced in C3H/HeN

mice, but not in DBA/2, BALB/c and C3H/HeJ mice (pic-

tures not shown).

Figure 3 shows primary granulomas in C57BL/6, C3H/HeN

and 129/Sv mice at week 9 after infection with the M. tubercu-

losis clinical strain UTE 0335R (Cardona et al. 2003a), which

may naturally induce INPG. In this case, images obtained after

Masson’s trichromic staining are also shown to demonstrate

the presence of collagen in the INPG at this point.

Figure 4 shows the evolution through time of the collagen-

based fibrotic tissue from the periphery to the necrotic centre

in C57BL/6 mice infected with M. tuberculosis clinical strain

UTE 0335R, which is also representative to what happens in

129/Sv and C3H/HeN mice strains, and also to the same mice

strains after being infected with H37Rv strain and inoculated

with LPS aerosol at week 3 post-infection. Trichromic of

Masson reveals the progressive occupation of the centre of

primary granulomas by a fibrotic tissue. This centre is initially

filled by a mixture of monocytes and neutrophils (week 3) and

becomes mostly necrotic and occupied by debris,

Harvesting 2Harvesting 1Aerosol

Aerosol

Experiment A: Infection with H37Rv

Weeks 0 9 18

Harvesting 2Harvesting 1Aerosol

Experiment B: Infection with H37Rv plus LPS inoculation 

LPS

Weeks 0 3 9 18

Harvesting 2Harvesting 1

Experiment C:  Infection with UTE 0335 R

Weeks 0 9 18

Figure 1 Designs of the experiments con-

ducted in this study. Experiment A is run

with mice only infected with H37Rv;

Experiment B with mice infected with

H37Rv and inoculated with lipopolysac-

charide (LPS), and Experiment C with

mice infected with UTE 0335R.
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karyorrhexis, fibrin and some neutrophils by week 6. At week

9, this centre finally forms a compact eosinophilic scar.

PGIP is not related to the induction of INPG

Figure 5 shows pulmonary granulomatous infiltration percen-

tage (PGIP), which is the ratio obtained by dividing the area of

granulomatous infiltration by the total area of the lung sec-

tion, multiplied by 100. LPS inoculation in H37Rv-infected

mice to strains 129/Sv and DBA/2 caused a significant increase

of PGIP compared with those mice non-inoculated with LPS.

Furthermore, infection with UTE 0335R generated a signifi-

cantly higher percentage of infiltration in all strains but C3H/

HeN and C3H/HeJ, compared with mice infected with

H37Rv and inoculated with LPS.

One way analysis on the variance on ranks and all pairwise

multiple comparison procedures (Student-Newman-Keuls

Method) revealed significant differences among all mice

strains but except for the comparison of 129/Sv and BALB/c

mice in Experiment A. No differences were seen only among

129/Sv, C3H/HeN and C3H/HeJ in Experiment B. In

Experiment C, differences were only significant when compar-

ing 129/Sv and C3H/HeJ strains to the other strains.

These data established that infection with H37Rv induces

different PGIP values that are not related to the H-2 back-

ground, the Th1 or Th2 type or the resistance of the strains

against M. tuberculosis infection. This trend is also seen in

LPS-challenged mice. However, PGIP induced by UTE 0335R

seems not to be related to the infected mice strain and shows

similar values, except for the significant highest infiltration

found in strain 129/Sv. This analysis indicates that the

increase in granulomatous infiltration is not related to the

induction of INPG.

Inoculation of LPS transiently reduces bacillary

concentration in the lungs of H-2b haplotype mice

Bacillary concentration in the lungs and spleen tended to

decrease after LPS administration, although these differences

were only significant in the lungs of 129/Sv and BALB/c

(Figure 6). These differences were not observed when bacil-

lary concentration was assessed at week 18 after infection

(data not shown). Interestingly, UTE 0335R-infected mice

a b c

d e f

Figure 3 Intragranulomatous necrosis in

pulmonary granulomas in mice C57B/6

(a, d), C3H/HeN (b, e) and 129/Sv (c, f)

induced by the Mycobacterium tubercu-

losis strain UTE 0335R at week 9 post-

infection (Experiment C). Panels (a–c)

represent cuts stained with haematoxylin

and eosin (H&E). Panels (d–f) represent

cuts stained with Trichromic of Masson

which reveal a profuse presence of col-

lagen (in green) in the enlarged centre of

a primary granuloma, where H&E stain

shows eosinophilic necrosis. Bar repre-

sents 200 mm.

a b

c d

Figure 2 Induction of intragranulomatous necrosis in pulmonary

granulomas (INPG) after haematoxylin and eosin stain at week 9

post-infection in mice infected with H37Rv (Experiment B) after

LPS inoculation at week 3. INPG was described as the presence of

eosinophilic necrosis with a scanty presence of macrophages in

the enlarged centre of a primary granuloma. Panels (a) and (b)

show C57BL/6 and 129/Sv control mice. Panels (c) and (d) show

LPS-inoculated mice, C57BL/6 and 129/Sv, respectively. Bar

represents 200 mm.
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tended to show the opposite pattern when comparing with

H37Rv-infected mice, but in the case of BALB/c, that showed

lower values.

Furthermore, there were almost no significant differences

among the values obtained in the same experiment. The only

differences were observed in the lungs from Experiment C

a b

c d

e f

Figure 4 Evolution of intragranuloma-

tous necrosis in pulmonary granulomas

(INPG) through time in mice C57B/6

infected by the Mycobacterium tubercu-

losis strain UTE 0335R at week 3 (a, b),

6 (c, d) and 9 (c, f) post-infection

(Experiment C). Panels (a), (c), (e)

represent cuts stained with haematoxylin

and eosin (H&E). Panels (b), (d), (f)

represent cuts stained with Trichromic of

Masson which reveals the progression

from the periphery to the centre of the

collagen-based fibrotic tissue (in green)

to occupy the necrotic centre of a pri-

mary granuloma. Haematoxylin and

eosin stain shows a mixture of mono-

cytes and neutrophils at week 3; a centre

occupied by debris, karyorrhexis, fibrin

and some neutrophils at week 6 and a

compact eosinophilic scar at week 9. Bar

represents 100 mm.
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Figure 5 Values of pulmonary granulo-

matous infiltration percentage (PGIP) in

all experiments (A to C). PGIP values

were obtained after dividing the area of

granulomatous infiltration by the total

area of the lobes multiplied by 100. Data

are graphed as a box representing statis-

tical values. The boundary of the box

closest to zero indicates the 25th per-

centile, a line within the box marks the

median, and the boundary of the box

farthest from zero indicates the 75th

percentile. Differences between mice

groups were significant when marked

with * (P < 0.05).
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between DBA/2 and the other mice, save for 129/Sv

(P < 0.05). In the spleen, differences were only significant

among strains 129/Sv and DBA/2 in Experiment B

(P < 0.05).

Expression of mRNA in the lungs

Expression of IFN-g, RANTES, TNF and iNOS tended to

increase in LPS-challenged mice and to be even higher in

UTE 0335R-infected mice, when comparing with mice only

infected with H37Rv (Figure 7). Usually, mice infected with

UTE 0335R present higher expression values than mice

infected with H37Rv (LPS-challenged or not). This difference

is somewhat correlated with PIPG, although the relation is the

opposite in C3H/HeJ, because PIPG is lower. Again, the

intensity level of the expression of these parameters has no

correlation with the induction of INPG.

Significant differences between the strains in the same

experiment group were not found in any on the parameters

investigated, save for TNF expression in Experiment B

between 129/Sv and C57BL/6 strains (P < 0.05).

No expression of IL-4 and IL-10 was detected in any mice

strains, either in those infected with H37Rv and challenged or

not with LPS or in those infected with UTE 0335R (data not

shown).

Aerosol LPS inoculation and infection with UTE 0335R

did not affect the animal welfare

Aerosol LPS inoculation and infection with UTE 0335R did

not induce any suffering to the animals. End point protocol

was not required in any case. No weight loss or spontaneous

mortality was detected in any experimental protocol.

Discussion

This study aimed to improve the ‘human-like’ model of

experimental TB in C57BL/6 mice described elsewhere

(Cardona et al. 2001). In this model, INPG may be induced

by intranasal LPS inoculation, thus resembling the

Shwartzman reaction because TB granuloma would be con-

sidered to be a ‘prepared zone’ due to high levels of TNF

(Rook & al Attiyah 1991). In this context, local inoculation

of LPS suddenly increased neutrophil count in mice BAL,

whereas INPG was first detected at week 6 after infection

(3 weeks after intranasal LPS inoculation) and was well struc-

tured by week 9 (Cardona et al. 2001). Unfortunately, this

procedure resulted in a high mortality rate in mice (up to

20%) and thus required further refining.

We have demonstrated that the induction of INPG is not

related to the resistance against M. tuberculosis infection.

Moreover, this study raises some questions on the mechanism

of INPG in human TB, because it has been related to the

activity of TNF in a Th2 environment (Rook & al Attiyah

1991; Rook et al. 2004). Our data show that INPG has been

associated to C57BL/6 and 129/Sv strains but not to the

BALB/c and DBA/2 ones. This is very interesting because

several authors suggest that these strains tend to polarize

towards Th1 and Th2-type responses, respectively (Mattner

et al. 1996; Mills et al. 2000). In this regard, future studies
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Figure 6 Bacillary concentration in the

lungs at week 9 post-infection in all

experiments (A to C). Data are graphed

as a box representing statistical values.

The boundary of the box closest to zero

indicates the 25th percentile, a line

within the box marks the median, and

the boundary of the box farthest from
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Differences between mice groups

were significant when marked

with * (P < 0.05).
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need to be carried out to further determine whether H-2 back-

ground or Th1-Th2 response is responsible for INPG.

The experimental model in which the participation of the

Th2 response in the necrotic process was demonstrated is

completely different from the model presented in this study.

Therefore, it is difficult to compare both models. In fact, in

this study, we could not produce necrotic granulomas in

BALB/c; however, the model in which the influence of IL-4

combined with TNF induced necrosis was actually achieved

using this mouse strain (Hernandez-Pando et al. 1996).

Besides, that model used a very high infecting dose by intra-

tracheal inoculation, and necrosis was exclusively observed

during the progressive phase of infection. Nevertheless, in

our model, the infecting dose was very low, and animals

developed a very slow progressive disease, with very few

CFU that is usually related with a strong Th1 response and

where survival is prolonged for 2 years, instead of half a year.

In fact, it is quite difficult to induce an evident Th2 response

when the CFU is very low, and the lungs exclusively show

granulomas, but not pneumonia. In this regard, it must be

stated that the model used by Hernandez-Pando et al. (1996)

tries to induce a model of developed TB, whereas our model

tries to resemble the natural M. tuberculosis infection by

aerosol, which also induces necrosis in humans (Grange

1998).

There are other experimental models that use a low dose

aerosol, which are able to induce extensive INPG. In these

models, immunodeficient mice strains are used that lack clue

Th1 cytokines (i.e. IFN-g or IL-12), ab T cells or TNF (Cooper

et al. 1993; North & Jung 2004). Unfortunately, these are not
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Figure 7 Evolution of mRNA expression

of Th1 response related cytokines, TNF

and iNOS in the lungs at week 9 post-

infection. These are expressed as the log10
of the ratio obtained after dividing every

value by the expression of HPRT in each

sample and multiplying it by a factor

(ranging from 10 to 107). Data are

graphed as a box representing statistical
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when marked with * (P < 0.05).
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good models for looking at latent bacilli, as they induce

extensive INPG, but growing bacilli are easily seen in the

necrotic tissue (Cooper et al. 1993). In this case, INPG is

much related to the presence of a high bacillary concentration.

Previous studies carried out to establish the virulence of

different clinical strains of M. tuberculosis revealed a natural

induction of INPG (Cardona et al. 2003b), and thus new

experiments were conducted to determine whether an associa-

tion existed between artificial induction caused by LPS inocu-

lation and INPG induced by one of the strains. The time point

chosen for these experiments was week 9 after infection again.

Interestingly, the UTE 0335R strain showed the same histolo-

gical INPG pattern in the same mice strains, as seen with the

LPS inoculation.

Clear differences can be established between M. tuberculo-

sis susceptible (129/Sv and DBA/2) and resistant (C57BL/6

and BALB/c) mice strains. In susceptible strains, LPS inocula-

tion induces an increase in PGIP and a decrease in pulmonary

CFUs (although not significant in DBA/2). Regarding mRNA

expression, there is an increase in TNF, and in IFN-g (only

significant in 129/Sv strain). After infection with UTE 0335R,

a different scenario can be seen, as PGIP raises, as well as the

expression of IFN-g, RANTES, TNF and iNOS, but the

important fact is that pulmonary CFUs also tend to increase.

In resistant mice strains, LPS challenge does not modify PGIP

(in fact, it decreases in BALB/c). The expression of IFN-g,
RANTES, TNF and iNOS does not vary either, although there

is a tendency to decrease bacillary concentration in the lungs.

Regarding UTE 0335R infection, there is a tendency to increase

PGIP (at least in C57BL/6) as well as the expression of IFN-g,
RANTES, TNF and iNOS. Nonetheless, the most important

point is that bacillary concentration in the lungs is controlled.

The aim to use C3H mice strains, which are also susceptible

against M. tuberculosis infection (Medina & North 1998), was

to obtain a negative control of LPS inoculation, as C3H/HeJ is

a LPS-resistant strain. Interestingly, the only difference between

both strains was that C3H/HeN developed INPG. In this case,

the parameters were almost the same as those used to compare

LPS or natural induction of INPG, although the latter also

induced a greater inflammatory and immunological response,

because it triggered a higher mRNA expression of RANTES

and iNOS. Once again, these data support the hypothesis that

the increase in the inflammatory and immunological response,

PGIP and bacillary concentration in the lungs are not para-

mount for the induction of INPG.

Regarding on the increase in the mRNA expression of

RANTES, TNF, IFN-g and iNOS, we must take into account

that the expression of the former tends to favour Th1 response

(Cardona et al. 2003b); TNF is a key factor that induces the

formation of granulomas and synergizes with IFN-g in the

activation of infected macrophages to trigger a bactericidal

response against bacilli. The expression of iNOS is a marker

of macrophage activation (Rhoades & Orme 1997) involved

in the production of reactive nitrogen intermediates (RNIs).

Because all these parameters tend to increase, a bacillary

control after LPS inoculation is not surprising, although this

response is observed 6 weeks after challenge. These data may

be interpreted as an external induction of an inflammatory

response, where LPS favours the host in its fight against

infection as previously described (Cardona et al. 2001),

although the difference between resistant and susceptible

strains is that the former do not increase PGIP. This is a

crucial factor, because the survival of mice infected with

M. tuberculosis is directly correlated with the control of

PGIP, and these animals finally die due to complete infiltra-

tion of the lungs (Cardona et al. 2000, 2003b; Medina &

North 1998). Hence, only resistant strains would take advan-

tage from this external agent in terms of survival.

Besides, infection with UTE 0335R also increased these

parameters, but in this case, the bacillary load in the lungs

was not reduced, thus indicating that the increase in these

values does not always imply a control of bacilli. In fact, in

the progression of M. tuberculosis infection, values always

rise after an increase in bacillary load (Cardona et al. 2000,

2001, 2003a, b). In other words, bacilli always take the

initiative. However, as an external factor, LPS inoculation sti-

mulates this expression differently from the natural infection: it

enhances an extra production of Th1 response not proportional

to the magnitude of bacillary concentration, thus tending to

favour the host (although, as mentioned above, PIPG may

increase too much and be deleterious for the host).

The time when the immunological response is triggered is

also crucial: it must be triggered at the precise moment. For

example, in the evolution of iNOS expression, this parameter is

related to the activation of macrophages, but also to the induc-

tion of local immunosuppression, thus being a factor that

favours chronicity in infection. For instance, in a susceptible

mice strain like DBA/2, this parameter tends to increase spec-

tacularly at week 18–22 post-infection as a consequence of its

accumulation in the foamy macrophages surrounding the gran-

ulomas. These cells are not sufficiently stimulated and may not

induce levels of iNOS high enough to produce enough RNIs

(Rhoades & Orme 1997). These micobacteriostatic levels allow

bacilli to survive inside them and may also induce local immu-

nosuppression, thus favouring the survival of bacilli, which

may potentially reactivate with time (Cardona et al. 2003b).

At all events, these data are obtained when INPG takes

place and, despite providing information on the later stages

of INPG, they do not allow us to fully understand the direct

mechanisms that induce it. In this case, the parameters related
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to Th1 response (RANTES and IFN-g) and macrophage activ-

ation (TNF and iNOS) are maintained or increased, whereas

Th2 expression is not found, thus not supporting previous

hypothesis (Rook & al Attiyah 1991).

Moreover, the presence of PMNs is not crucial for the

induction of INPG, as this reaction is induced both after

favouring its local increase (with the LPS inoculation) and

without such increase (after UTE 0335R infection).

Finally, the most interesting fact is that, in both cases, no

histopathological differences were found between LPS and nat-

ural induction of INPG by the M. tuberculosis strain UTE

0335R, thus supporting the hypothesis that the generation of

INPG may be a localized phenomena temporally limited at the

beginning of infection. These data also support the hypothesis

that the Koch reaction is related to the Shwartzman reaction

(Shwartzman 1937) and thus to a nonspecific response trig-

gered against a ‘provoking’ factor, like endotoxin-like mole-

cules of M. tuberculosis, such as cord-factor (Roach et al.

1993), and not to a delayed-type hypersensitivity

(Dannenberg 1991). Differences in the composition and quan-

tity of these molecules in M. tuberculosis strains may explain

why some of these molecules spontaneously induce INPG while

others do not. This opens a new field to study new aspects

related to the virulence of M. tuberculosis. Nevertheless, this

aspect needs to be further studied by searching for more strains

able to induce INPG and studying their endotoxin-like

molecules.

In conclusion, the search for a new ‘human-like’ model has

revealed a new feature of murine response against M. tuber-

culosis infection, i.e. that the induction of INPG is related to a

Th1-type environment (as in mice C57BL/6 and 129/Sv), that

it is a local phenomenon temporally limited at the beginning

of infection and unrelated to an increased resistance or sus-

ceptibility against infection. This is associated with the pre-

sence of LPS or LPS-like molecules, thus linking the Koch

phenomenon with the nonspecific Shwartzman reaction.

Although further studies will clarify this aspect, this work

opens a new field in which new experiences may help study

this paramount pathological process in humans and will pro-

vide new data on the virulence of M. tuberculosis.
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