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3.3 RESULTS 

Confirmation of strains H37Ra and H37Rv. M. tuberculosis H37Ra (Trudeau Institute, 

Saranac Lake, NY) and H37Rv (Pasteur Institute, Paris) were used for the experiments. To 

first confirm that the M. tuberculosis strains were indeed H37Ra and H37Rv, RFLP analysis 

was carried out. The RFLP pattern for our laboratory strain of H37Rv was identical to a 

polymorphic variant of H37Rv previously characterized by Bifani et al. (Bifani, Moghazeh, 

Shopsin, et al., 2000) (Figure 3-1). Our strain of H37Ra was clearly distinguishable from 

H37Rv, and its IS6110 RFLP pattern indistinguishable from the H37Ra polymorphism 

recently described (Bifani, MOghazeh, Shopsin, et at., 2000). The results presented in Figure 

3-1 confirm that the two isolates used were the appropriate strains. These strains were used in 

experiments carried out both in New York and in Cape Town. 

Growth of H37Ra and H37Rv in human monocytes and monocyte-derived 

macro phages in vitro. Human monocytes were isolated from PBMC obtained from healthy 

persons. Monocytes, enriched by cytoadherence, were infected with H37Ra and H37Rv at an 

MOl of 1: 1. The ability of the M. tuberculosis strains to replicate within these cells was 

examined. No significant difference in the replication times ofH37Ra and H37Rv in freshly 

isolated rnonocytes was observed (Figure 3-2A). 

In monocytes infected immediately after introduction into culture, H37Ra and H37Rv 

showed a mean replication rate of 27.6 hand 31.9 h respectively over a 3-day period of 

infection. If monocytes were first cultured for 7 days and then infected, both strains grew 

more slowly with a generation time of 62.3 hand 56.9 h respectively (Figure 3-2A). Viability 

of either fresh monocytes or cultured monocytes was >90% throughout the experiments. To 

evaluate whether culture conditions, such as adherence to plastic, affected the growth rate of 

these two strains, human monocytes were cultured and infected in plastic wells (adherent) or 

teflon wells (non-adherent). The growth rates ofH37Ra and H37Rv were similar in adherent 
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-.. .. 

RFLP fingerprints of the M tuberculosis strains H37Ra and H37Rv used for 

these experiments. DNA was isolated from three cultures of each strain, digested with 

restriction endonuclease Pvull, Southern hybridized with labeled IS6110 probe, and 

visualized by enhanced chemiluminescence. H37Rv (lanes 3-5) and H37Ra (lanes 6-8) were 

identical to their respective reference strains (lanes 2 and 9 respectively). 
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Figure 3-2 

A 

replication times 
H37Ra: 27.6 h 
H37Rv: 31.9 h 

2 

B 

3 

replication times 
H37Ra: 62.3 h 
H37Rv: 56.9 h 

-+- H37Ra ---- H37Rv 

4 5 6 7 8 9 10 

Days post isolation 

- -.. --Ra Teflon • Ra Plastic 
--.. --Rv Teflon ---- Rv Plastic 

4 

Days post infection 

Growth of H3 7Ra and H3 7R v in human monocytes maintained in culture for 0 

or 7 days prior to infection (A), and in human monocytes cultured in teflon (non-adherent) or 

plastic (adherent) culture wells (B). Representative experiments of 2-4 experiments each are 

shown; standard deviations between replicate culture wells were less than 10%. 
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and non-adherent cells. Replication times for H37Ra and H37Rv were 35 hand 34.3 h 

respectively in non-adherent macrophages, and 34.1 hand 36.7 h in adherent macrophages 

(Figure 3-2 B). During the 3 day experimental period following infection, the viability of 

monocytes in either culture system was >90%. Thus, whether the monocytes were adherent 

or non-adherent, freshly isolated and introduced into culture or cultured for 7 days prior to 

infection, the growth rates ofH37Ra and H37Rv were similar during 3 days of infection. 

Growth of H37Ra and H37Rv in mouse macrophages in vitro. Unstimulated 

mouse peritoneal macrophages were obtained by lavage from C57B1I6 and 129 (wild-type) 

mice. After 3 days of culture, the cells were infected with H37Ra or H37Rv at an MOr of 1 

bacillus per 3 cells, and bacillary growth was evaluated. A clear difference in the growth of 

the two strains was noted (Figure 3-3A, p=0.006 and Figure 3-3B, p=0.04). In macrophages 

from 129 mice, H37Rv demonstrated fast logarithmic growth, with a mean replication time of 

21.6 h from day 1-2 and 32.1 h from day 2-4 of infection. In comparison, H37Ra initially 

multiplied with a mean replication time of 22.1 h from day 1-2. However, from day 2-4, the 

growth rate of H37Ra was significantly reduced (replication time 102.5 h). Thus, in 

macrophages obtained from 129 mice, from days 2-4 the numbers of H37Ra increased by 

only 35%, while the numbers of H37Rv increased about 300%. In macrophages from 

C57B1I6 mice, H37Rv replicated somewhat faster, with a mean replication time of 17.6 h 

from day 1-2, and 23.8 h from days 2-4 (Figure 3-3). H37Ra showed a replication time of 

23.3 h from day 1-2 and 216 h from day 2-4. Thus, in macrophages obtained from C57B1I6 

mice, the numbers of H37Ra increased from days 2-4 by 18% while H37Rv increased by 

400%, a slightly greater rate of increase than that observed in macrophages obtained from 

129 mice. Throughout the experimental period, the viability of the macrophage cultures 

remained >90%. 
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Figure 3-3 Growth of H37Ra and H37Rv in peritoneal macrophages from C57B1I6 (A) 

and 129 (B) wild-type mice. Representative experiments of 2-4 experiments each are shown; 

standard deviations between replicate culture wells were below 10%. 
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Figure 3-4 Growth rates of H37Ra (black bars) and H37Rv (gray bars) in peritoneal 

macrophages from selected gene-deficient and wild type mice. Growth rates from day 1 to 2 

are displayed as hatched bars, from day 2 to 4 as solid bars. The ability of mouse 

macrophages to restrict the growth of H37Ra does not require signaling trough the IFN-y 

receptor or iNOS (A). In contrast, cells deficient in T1\lF-a or its receptors are significantly 

more permissive for replication of H37Ra. Results are the mean of 3 experiments (TNF-a­

KO, iNOS-KO and C57BLl6), 2 experiments (TNF-aRI-KO), or a single experiment (TNF­

aR2-KO, IFN-y-KO, and IFN-yR-KO). Error bars indicate standard deviations. 
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5 24 48 72 96 

Time post infection (h) 

Figure 4-1 Number of intracellular viable mycobacteria following infection ofMDM with 

M. smegmatis (vector) (gray bars) or M. smegmatis 19kDa (black bars). Cells were infected at 

an Mor of 3: 1 for 3 h and pulsed with gentamycin for 2 h. The results are expressed as the 

percentage of CFU nonnalized to the number of CFU of M. smegmatis at 5 h. Results are 

means of six experiments done in duplicate or triplicate, carried out on monocytes of 

unrelated donors. Error bars indicate standard error of the mean. 
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Figure 4-2 Electron micrographs of monocyte-derived macrophages 5h post infection 

with M. smegmatis (a, b) or M. smegmatis 19kDa (c, d). Both recombinant mycobacterial 

strains occupy individual vacuoles surrounded by tightly apposed, double membranes. 

Original magnification: 3300x (A), 13000x (B), 5000x (C), 26000x (D). 
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Classification of No Ethnicity Age Gender Rx(d) Pretreatment Chest Radiograph 
Patients No. of affected zones cavitation 

Limited Disease: 1 Coloured 37 M 12 3 yes 

2 Coloured 62 M 15 3 no 

3 Coloured 18 F 13 3 yes 

4 Coloured 37 M 20 2 yes 

5 Coloured 52 M 10 2 yes 

6 Black 52 M 13 1 no 

7 Coloured 61 M 19 2 yes 

8 Black 19 F 26 1 yes 

Mean± SD 42 ± 17 -- 2.1 0.8 --
Extensive Disease: 9 Coloured 28 M 0 6 yes 

10 Coloured 43 F 14 4 yes 

11 Black 55 M 7 6 yes 

12 Black 51 F 21 5 yes 

13 Coloured 36 M 15 5 yes 

14 Coloured 35 F 0 5 yes 

15 Black 30 M 7 4 yes 

16 Black 56 F 17 6 yes 

17 Coloured 37 F 9 4 yes 

• 

Mean± SD 41 ± 11 -- 1O± 7 5.0± 0.9 --
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Figure 5-1 Examples of pre-treatment chest radiographs of patients classified as having 

limited (A, B) or extensive (C, D) tuberculosis disease. 
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(Figures 5-1C and 5-1D). The mean number of lung zones involved in the group of patients 

with limited disease was 2.1 and in patients with extensive TB it was 5.0 (p<0.0001). 

Plasma cytokine levels in patients with TB. Cytokine levels in plasma from patients 

with limited or extensive TB were measured by ELISA. IL-12 levels were 2-fold higher in 

patients with limited pulmonary disease compared to patients who had extensive TB (p=0.02) 

(Figure 5-2A). IL-6 and IL-IO levels were similar in the plasma of patients with limited and 

extensive disease. However, levels of TNF-a were somewhat higher (p=0.12) in plasma of 

patients with limited TB (Figure 2B). These results suggest that IL-12, and possibly TNF-a 

production may be increased in TB patients who have less extensive pulmonary disease. 

Cytokine production by monocytes from patients witb limited or extensive TB. 

Peripheral blood monocytes from some of the patients were infected with the MTB clinical 

isolates CDC155l or HN878 in vitro, and release of IL-12 and TNF-a into the culture 

supernatants was measured. Up to 5 fold higher IL-12 production was observed when 

monocytes from patients with limited disease were infected with CDC155l or HN878 

(Figure 5-3A) compared to monocytes from patients with extensive disease (p<0.05). 

Monocytes from patients with limited disease also produced higher amounts of TNF-a 

(p<0.05) and IL-6 (p<0.005) (Figure 5-3B and 5-3C). When monocytes of the same patients 

were compared, infection with CDC1551 resulted in more IL-12 (p=0.00003), TNF-a 

(p=0.009), and IL-6 (p=0.0005) production than infection with HN878. 

Replication of M. tuberculosis in monocytes from TB patients. We next examined 

the intracellular growth ofMIB in vitro in monocytes from patients with limited or extensive 

disease. Growth rates were calculated from 24 h to 48 h post infection. Substantially faster 

growth of MTB was observed in monocytes obtained from patients with extensive disease. 

Mean replication times ofCDC1551 within the monocytes from patients with limited disease 
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Figure 5-2 Plasma cytokine levels in patients with a pulmonary TB who have 

limited disease (n=8, black bars) or extensive disease (n=9, gray bars) on chest 

radiograph. Error bars indicate standard deviations. IL-12 levels in patients with 

limited disease were increased compared to patients with extensive TB (p=O.02). 

105 



Univ
ers

ity
 of

 C
ap

e T
ow

n

A CDC1551 HN878 

3000 
'I: 

~ 2000 
tJ) 

.s 
N ... 
~ 

1000 

o 
day 1 day 2 day 1 day 2 

Figure 5-3 IL-12 (A), TNF-a (B) and IL-6 (C) production by freshly isolated monocytes 

from patients with limited disease (black bars) or from patients with extensive disease (gray 

bars), infected with MTB strains CDC1551 or HN878 in vitro. Supernatants from triplicate 

cultures were harvested on Day 1 and Day 2 post infection. The graphs display mean 

cytokine production by infected monocytes in a single representative experiment, using 2 

patients with limited TB and 2 patients with extensive TB as a source of monocytes. Error 

bars indicate standard deviations. 

Significance levels: * p<O.05, ** p<O.OI and *** p<O.005. 
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or extensive TB were 32.1 hand 20,3 h respectively (p=0,04); mean replication times of 

HN878 were 21.1 hand 16,6 h respectively (p=0.01) (Figure 5-4). When the intracellular 

growth ofCDCl551 and HN878 was directly compared within monocytes of the same donor, 

HN878 was noted to replicate significantly faster (p=0,007). 

5.4 DISCUSSION 

In this study, we observed that more extensive pulmonary TB disease (more extensive lung 

involvement on chest radiograph) was associated with lower pro-inflammatory cytokine (IL-

12, TNF-Ct and IL-6) production by monocytes in response to MTB. In addition, mOre 

extensive disease was associated with a reduced ability of patient monocytes to control 

mycobacterial replication. Faster replication within patient monocytes was also observed for 

the MTB isolate that induced lower cytokine production by these cells. Thus, an impaired 

ability of the host to mount a pro-inflammatory cytokine response and restrict mycobacterial 

growth in vitro, or infection with an MTB strain that induces low levels of these cytokines, 

may constitute risk factors for developing mOre severe disease. 

The observation that a less robust cytokine response may be detrimental to the host is 

supported by a number of prior studies. Mice display more severe disease following infection 

with MTB strains that induce low levels ofIL-12 and TNF-Ct (Manca, Tsenova, Barry, el aI., 

1999; Manca, Tsenova, Bergtold, el aI., 2001). Patients with smear positive TB have been 

shown to have lower serum IL-12 levels than patients who have paucibacillary, smear 

negative disease (Verbon, Juffermans, Van Deventer, et aI., 1999). Also, patients with 

advanced pulmonary TB have been shown to have lower serum interferon-gamma (IFN-y) 

levels than patients with mild or moderate disease as determined from chest radiograph 

(Dlugovitzky, Torres-Morales, Rateni, et al., 1997). Lymphocytes hom patients with more 

advanced disease also produced less IFN-y in response to heat killed MTB (Sodhi, Gong, 
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Figure 5-4 Intracellular growth of MTB in monocytes from patients with limited (n=5, 

black bars) or extensive (n=3, gray bars) TB. Faster growth ofMTB CDC1551 and HN878 

was observed in monocytes from patients with extensive TB. This resulted in higher 

numbers of colony forming units on Day 2 (A) and shortened replication times (B). Error 

bars indicate standard deviations; p values indicate significance levels: * p<O.05, ** p<O.Ol. 
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Silva, et aI., 1997). Thus, in mice and humans, activation of IL-12 production and signaling 

through the IL-12 receptor pathway may result in enhanced cell-mediated immunity and 

reduced TB disease. Indeed, administration of IL-12 to MTB infected mice reduces the 

bacterial load in infected tissues and improves survival (Flynn, Goldstein, Triebold, et aI., 

1995). Recently, IL-12 administration was also shown to be beneficial in a patient with 

disseminated TB who was refractory to chemotherapy (Greinert, Ernst, Schlaak, et aI., 2001). 

Several pathogens, including measles virus, Histoplasma capsulatum, Leishmania 

major, and human immunodeficiency virus have developed mechanisms to impair the host 

IL-12 response (Mosser and Karp, 1999; Nau, Richmond, Schlesinger, et aI., 2002). Two 

such mechanisms have been described for MTB. Mannosylated lipoarabinomannan 

(ManLAM), a compound of the mycobacterial cell wall, was shown to inhibit IL-12 and 

TNF-a induction in LPS-stimulated human mononuclear phagocytes through increased SHP-

1 tyrosine phosphatase activity (Knutson, Hmama, Herrera-Velit, et aI., 1998). In addition, 

the 19-kDa lipoprotein, an antigen secreted by MTB, was shown to inhibit IL-12 and TNF-a 

production by recombinant M. smegmatis (Post, Manca, Neyrolles, et aI., 2001). Of interest, 

both the 19kDa antigen and ManLAM required acyl moieties to inhibit cytokine production 

(Nigou, Zelle-Rieser, Gilleron, et al., 2001; Post, Manca, Neyrolles, et aI., 2001). It is 

possible that monocytes from patients with limited and extensive TB display differential 

susceptibility to the inhibitory effects of these MTB molecules on cytokine production. 

Alternatively, impaired Tl\IF-a and IL-6 production by monocytes from patients with 

extensive disease may have resulted in decreased cellular activation and impaired innate 

resistance to intracellular mycobacterial growth (Flesch and Kaufmann, 1990; Hirsch, Ellner, 

Russell, etal., 1994). 

One previous study reported higher IL-12 and TNF-a concentrations following in 

vitro stimulation of PBMC isolated from patients with advanced TB compared to cells from 
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Figure 6-1 Pre-operative chest radiographs and resected lungs of patients #2 (left) and #5 (right). 

The resected lungs were almost entirely destroyed. Both lungs contained areas of cavitation, fibrosis, 

nodules and granulomas with central necrosis, but only the lungs of patients with active disease 

contained caseous necrosis (*). 
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Patient # Age Gender Anti-TB Treatment at Surgery Sputum·· Indication Macroscopic 

Drugs Months Smear Culture for Surge~ Descri~tion Caseation Cavitation Fibrosis 

19 F RHZES 18 pos pos persistent TB destroyed L lung Y Y Y 

2· 17 M R H Z E S Et Th Km Of 18 pos pos persistent TB destroyed R lung Y Y Y 

3· 35 M R H Z E Et Th Km Of Cl 24 pos pos persistent TB destroyed L lung Y Y Y 

4 54 M RHZE 7 neg neg hemoptysis destroyed L lung N Y Y 

5 59 F RHZE 9 neg neg hemoptysis destroyed L lung N Y Y 

6 45 M RHZE 15 neg neg hemo~~sis destroyed L lung N Y Y 

*MDR-TB; "at the time of surgery 

R=rifampin; H=isoniazid; Z=pyrazinamide; E=ethambutol; S=streptomycin; Et=ethionamide; Th=thiacetazone; Km=kanamycin; Of=ofoxacin; CI=clofazamine 

Table 6-1 Characteristics of the patients and classification of their TB disease. 
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positive disease. M. tuberculosis was cultured from all lesions of sputum-positive patients, 

and from none of the lesions of sputum negative sUbjects. 

Genetic analysis of M. tuberculosis cultures obtained from the lesions of the 

resected lungs. Genetic analysis was carried out on all isolates cultured from pre-operative 

sputum samples and lung lesions. IS6110-based RFLP analysis revealed a homogenous 

bacterial population and no evidence of mixed infection in each of the three patients with 

active disease (Figure 6-2). In contrast, sequence analysis of several genes implicated in drug 

resistance revealed heterogeneity in the resistance-associated alleles among the isolates 

recovered from different lung lesions of the same patient (Table 6-2). For example, the 

isolate cultured from the upper lobe cavity of patient #1 contained the K43R resistance 

mutation in the genetic target of streptomycin (rpsL), whereas the wild type gene was present 

in the isolate obtained from sputum as well as a closed, lower lobe granuloma (Table 6-2). 

Moreover, in the lung from patient #2, two mutations in the fluoroquinolone resistance 

associated gene gyrA (D89N and D94G) were found in all 3 isolates obtained from the open 

lesions, whereas the bacilli from the sputum and the 2 closed lesions bore wild type gyrA 

alleles. Most strikingly, patient #3 had three discrete bacillary populations identified with 

different alleles of the resistance-associated genes. Apparently normal lung tissue from this 

patient contained few M. tuberculosis isolates and these bore the wild type alleles in the katG 

(a target for INH), embB (a target for EMB) and rrs (a target for amino glycosides) genes. 

Bacteria isolated from the sputum of patient #3 and from four other pathologic sites of the 

lung had identical katG (S315T) and embB (M306V) mutations but were wild type for rrs. A 

sixth site contained bacilli that, in addition to the katG and embB mutations, had acquired a 

resistance mutation (G 1484T) in the rrs gene. The mutation profiles of these isolates suggest 

that the acquisition of drug resistance is a dynamic process whereby an initial infecting strain 

may spread from one pulmonary site to another becoming the founder for acquisition of 
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Table 6-2 

Patient # Site Histopathological examination Bacteriology Genotypic analysis of selected drug targets mRNA expression 

2 

3 

4 

5 

6 

Lesion Airway AFB Culture rpoB katG inhA pncA embB rpsL rrs gyrA IL-2 IL-12 IFN-y iNOS 

sputum Numerous M.tuberculosis 

LUL Cavity wall (caseous necrosis) Open Numerous Mtuberculosis 

LLL Cavity wall (caseous necrosis) Open Numerous 

LLL Granuloma (fibro-caseous) 

LN Granuloma (non-necrotic) 

Closed Scanty 

Closed None 

nd 

Mtuberculosis 

nd 

WT WT WT 

WT WT WT 

WT WT WT 

sputum Numerous Mtuberculosis S531 L WT C 15T 

RUL Cavity wall (caseous necrosis) Open Moderate Mtuberculosis S531 L WT CI5T 

RLL Cavity wall (caseous necrosis) Open Numerous Mtuberculosis S531L WT C15T 

RLL Cavity wall (caseous necrosis) Open Scanty Mtuberculosis S531L WT CI5T 

RML Small nodule (caseous) Closed Scanty Mtuberculosis S531 L WT CI5T 

RLL Infarction (coagulative necrosis) Closed Scanty Mtuberculosis S531 L WT CI5T 

WT 

WT 

WT 

WT 

WT 

WT 

WT 

WT 

WT 

WT WT WT 

WT K43R WT 

WT WT WT 

M306V K88R WT 

WT 

WT 

WT 

WT 

120 190 5400 nd 

100 220 6300 nd 

85 415 5000 nd 

80 340 8700 nd 

M306V K88R WT D89N 107 244 3149 46 

M306V K88R WT D94G 89 345 1630 621 

M306V K88R WT D89N 28 136 1465 21 

M306V K88R WT WT 32 240 1196 90 

M306V K88R WT WT 13 89 7243 135 

sputum Numerous Mtuberculosis S531 L S315T WT 173 (T del) M306V K43R WT D94G 

LUL Cavity wall (caseous necrosis) Open Moderate Mtuberculosis S531 L S315T WT 173 (T del) M306V K43R WT D94G 80 199 7536 207 

LLL Cavity wall (caseous necrosis) Open Scanty Mtuberculosis S531 L S315T WT 173 (T del) M306V K43R WT D94G 92 290 715 119 

LLL Fibrotic nodule (liquefaction) Open Moderate Mtuberculosis S531 L S315T WT 173 (T del) M306V K43R G1484T D94G 80 388 1142 129 

LUL Granuloma (caseous necrosis) Closed Moderate Mtuberculosis S531 L S315T WT 173 (T del) M306V K43R WT D94G 175 421 1861 38 

LLL Miliary nodules (caseous) 

LLL "Normal" lung tissue 

LUL Granuloma (non-necrotic) 

LUL Granuloma (non-caseous) 

LLL "Normal" lung tissue 

LUL Cavity wall (no necrosis) 

LLL Granuloma (fibrotic) 

LUL Cavity wall (no necrosis) 

LUL Granuloma (caseous) 

Closed Scanty Mtuberculosis S531L S315T WT 173 (Tdel) M306V K43R WT D94G 64 78 202 181 

Scanty Mtuberculosis S531 L WT WT 173 (T del) WT K43R WT 

Closed None 

Closed Scanty 

None 

Open None 

Closed None 

Open None 

Closed None 

Negative 

Negative 

Negative 

Negative 

Negative 

Negative 

Negative 

nd 64 138 605 274 

101 197 857 96 

313 289 1201 103 

78 107 362 373 

168 409 2407 102 

76 325 2066 J 4 

LLL Miliary nodules (caseous) Closed Scanty Negative 

87 234 1666 145 

159 385 2541 115 

90 152 1321 270 

LUURUL=LeftlRight upper lobe; LN=lymphnode; nd = not done 

Results of the histopathological, microbiological and host mRNA analysis carried out on the different lung lesions. 
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Patient #2 Patient #3 

STD 2 3 4 5 6 1 2 3 4 5 6 7 

Figure 6-2 IS6110 Southern blot hybridization patterns of M. tuberculosis isolates recovered 

from multiple anatomical sites of the lungs of Patients #2 and #3. The six isolates from Patient #2 

were recovered from (1) sputum, (2) right upper lobe open, (3) right lower lobe open, (4) right lower 

lobe open, (5) right middle lobe closed, and (6) right lower lobe closed lesions. The seven isolates 

from Patient #3 were recovered from (1) sputum, (2) left upper lobe open, (3) left lower lobe open, 

(4) left lower lobe open, (5) left upper lobe closed, (6) left lower lobe closed lesions, and (7) left 

lower lobe "normal" (see Table 6-2). STD refers to the molecular weight standard. 
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additional antibiotic resistance at secondary sites. Interestingly, in all three patients, the 

additionally acquired drug resistance mutations were seen in M. tuberculosis cultured from 

open lesions i.e. lesions connected to an ailWay (Table 6-2). 

Cytokine and iNOS gene expression in the lesions of the resected lungs. The 

different lung samples obtained from all six patients were evaluated for expression of mRNA 

for IL-2, IL-12, IFN-y, and iNOS. Cytokine and iNOS gene expression was observed in all 

lesions from patients with active TB as well as from those who had post tuberculous, culture 

negative lung disease (Table 6-2). No apparent correlation of the level of expression of the 

different genes and the type of lesion or the presence of AFB was observed. Rather, our 

results showed variable levels of immune activation in the tissue samples obtained from the 

different types of lesions of all subjects studied. This heterogeneity of cytokine expression 

suggests that the relatively large tissue fragments collected for study (about O.5g each) 

contained a mixture of microenvironments rather than a single specific histologic 

microenvironment (see below). Our results also suggested that failure to control the growth 

of the bacilli was not associated with a global suppression of cellular immunity in the lungs 

of the three patients with chronic sputum positive disease. 

Histopathologic analysis of lesions of the resected lungs. Examination of 

histopathology sections of the various lesions revealed that the luminal surface of the cavities 

in lungs from patients with sputum positive disease consisted of a superficial layer containing 

numerous mononuclear cells overlying a layer of caseous necrotic material. Subtending the 

necrotic layer there was granulomatous/fibrotic tissue with a mixed mononuclear cell 

infiltrate consisting of multi-nuclear (Langhans-type) giant cells, sheets of epithelioid 

macrophages and many scattered lymphocytes (Figure 6-3). In the closed (non-cavitary) 

necrotizing granulomas, the central area of caseous necrotic material was surrounded by 

fibrotic tissue and a multi-nuclear giant cells containing mononuclear cell infiltrate (Figure 
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6-4). The lung tissue surrounding these granulomas frequently contained an increased 

number of mononuclear cells. 

In the open granulomas, large numbers of apparently cell-associated bacilli were 

detected at the surface of the cavity (Figure 6-5D). The area of necrotic material had few, if 

any, bacilli, and the granulomatous/fibrotic layer with abundant macrophages and giant cells 

was essentially devoid of bacilli (Figure 6-5F). In the closed granulomas, occasionally, small 

to moderate numbers of AFB were observed in macrophages infiltrating the necrotic area, 

usually in areas with breakdown (Figure 6-5H). Thus, in the three patients with sputum­

positive disease, AFB were most numerous at the luminal surface of the cavities i.e. in 

granulomas with a patent connection to the airways. 

In comparison, in the patients that were sputum negative the surface of the cavities 

appeared inactive with re-epithelization over fibrotic tissue (not shown). Multiple 

mononuclear cells including multi-nucleated giant cells, epithelioid macrophages and 

lymphocytes were seen in the granulomatous/fibrotic tissue despite the absence of any visible 

AFB and the failure to grow bacilli from this tissue. The extensive cellular immune response 

may explain the high levels of expression of iNOS and cytokine genes in these lesions, 

suggesting the persistence of antigen in the absence of intact visible and/or culturable bacilli 

(Table 6-2). 

Immunohistologic localization of macrophages and T -lymphocytes. 

Immunohistologic examination of lung sections revealed that CD68+ macrophages were most 

abundant in the granulomatous/fibrotic area immediately below the necrotic layer, and at the 

cavity surface (Figure 6-5). In addition, scattered CD68+ macrophages were seen among the 

fibroblasts of fibrotic areas and large numbers of alveolar macrophages were seen within the 

airspaces (not shown). The macrophages within the granulomatous/fibrotic layer appeared 

free of visible bacilli, while the macrophages at the cavity surface appeared to be infected 
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Figure 6-3. Cross-section of an open granuloma (a TB lesion connected to an airway) of 

patient #1. The luminal surface of the cavity (*) consists of a superficial layer of 

mononuclear cells (E) which overlies a layer of caseous necrotic material (D,E). Subtending 

the necrotic layer there was granulomatous/fibrotic tissue with a mixed mononuclear cell 

infiltrate consisting of multi-nuclear giant cells (C), sheets of epithelioid macrophages (B) 

and many scattered lymphocytes (A). 

(Original magnification: right hand panel xlO; A-E x40) 
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Figure 6-4. Cross-section of a closed, non-cavitary granuloma from patient #1. The 

central area of caseous necrotic material (D) is virtually void of viable cells, and surrounded 

by granulomatous/fibrotic tissue with a mixed mononuclear cell infiltrate (C) and multi­

nuclear giant cells (B). Panel A shows the mononuclear inflammatory cell infiltrate within 

the surrounding lung tissue. 

(Original magnification: right hand panel xlO; A-D x40) 
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Figure 6-5 The localization of macrophages and AFB in the resected lung lesions. 

Macrophages, stained with CD68 (A, C, E) and AFB stained with carbolfuchsin (B, D, F) in 

the LUL cavity wall of the open lesion of patient #1 are shown. Staining for macrophages is 

observed at the cavity (cav) surface (A and C), within the necrotic area (nec) (A and C), and 

in the granulomatous area below the necrotic area (E). AFB are seen predominantly within 

macrophages at the cavity surface (D) and not in the Langhans cells or macrophages of the 

granulomtous tissue (F). The insert in D shows AFB in cells at the luminal surface of the 

RLL cavity of patient #2. Few AFB are also seen in macrophages within the liquefied (liq) 

caseous necrotic (nec) center of the LLL fibrotic nodule of patient #3 (H). 

(Original magnification: x10 in A and B; x40 in C, E, F and G; x200 in D and H) 
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T cells (A, C, E) and CDS+ T cells (B, D, F) are seen in the granulomatous/fibrotic areas of 

the lung (arrows), but not in the necrotic (nee) zone or at the cavity (cav) surface. CD4-CD8-

cytotoxic cells (TIA-ll are seen at the cavity surface but not in the necrotic zone and much 

less frequently in the granulomatous area (G*). These cells contain cytotoxic granules that 

stain TIA-I + (H, insert). 

(Original magnificaiton: x4 in A, Band G; x40 in C, D, E, F and H; xIOO in H, insert) 
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with multiple bacilli (Figure 6-5). Staining for the presence of CD3+ CD4+ and CD3+CDS+ T­

lymphocytes revealed an abundance of these cells within the granulomatous/fibrotic layer 

and in lymphoid aggregates (Figure 6-6). Scattered T-lymphocytes were seen within the 

fibrotic areas and in the airspaces (not shown). In contrast, a striking absence of CD4+ and 

CDS+ T -cells was noted at the luminal surface of the cavity. This area, however, contained 

large numbers of CD4- CDS- mononuclear cells with lymphoid morphology that stained for 

the presence of cytotoxic granules (TIA+ cells) (Figure 6-6). Taken together, these results 

suggest that the luminal surface of the cavity represents a microenvironment within the lung 

in which macrophages and T-cells are not co-localized, thereby preventing direct T-cell­

macrophage interactions at those sites. In contrast, only mm away, at the other side of the 

necrotic zone, another microenvironment exists in which the two cell types are co-localized 

and free to interact directly, resulting in an efficient immune response capable of inhibiting 

mycobacterial replication. 

Mycobacterial gene expression in the human lung. To gain insight in the adaptive 

responses of M. tuberculosis to the effects of the host immune response, we studied 

mycobacterial gene expression in bacilli from the open (cavitary) lung lesions of the 3 

patients with active TB. Levels of bacillary mRNA expression in the human lung were 

compared to the level of gene expression by mycobacteria in the lungs of immune competent 

mice and IFN-y deficient mice. Studies in mice of MTB gene expression had revealed that 

four genes (mbtB, pckA, icl and hspX) were strongly induced following bacterial growth 

restriction by the adaptive immune response. These genes encode enzymes involved in iron 

scavenging, gluconeogenesis, fatty acid metabolism and counteracting the effects of nitric 

oxide and hypoxia respectively. When MTB gene expression in human and mouse lungs was 

compared, marked differences were noted. Whereas the host immune response in mice was 

associated with marked upregulation of mbtB, pckA, and icl expression, minimal induction of 
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Induction of M. tuberculosis stress-response mRNAs in mouse and human 

lungs. Mice were infected by aerosol with ~ 1000 CFU of H37Rv, and lung samples were 

obtained from C57B1I6 mice at 2 w (lane 1), 4 w (lane 2) and 9 w (lane 3), and from IFN-y 

deficient mice (lane 4) at 4 w post-infection. Human lung biopsies (lanes 5-9) were obtained 

from the cavities of 3 HIV -negative patients with chronic, active TB: patient 1 (lanes 5,6), 

patient 2 (lane 7), patient 3 (lanes 8,9). Target mRNAs were mbtB (A), pckA (B), icl (C) and 

hspX (D), which are markers of the bacterial responses to iron limitation (A), glucose 

starvation (B), fatty acid catabolism (C), and nitric oxide exposure (D). Target mRNAs were 

quantified by real-time RT-PCR, internally calibrated to sigA mRNA, and are expressed as 

induction ratios (IR). Values represent averages for at least four independent RT-PCR 

reactions; error bars indicate standard deviations. 
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these genes by MTB obtained from the human cavities was observed (Figure 6-7 A, 6-7B and 

6-7C). These results suggest that, in contrast to the granulomas in the lungs of immune 

competent mice, the availability of iron and carbon sources at the surface of the human cavity 

may be less restricted. The rnRNA expression profile for mbtB, pckA, and iel in the bacilli 

located at the human cavity was remarkably similar to the gene expression profile ofMTB in 

the lungs of IFN-y deficient mice (Figure 6-7). However, in contrast to the blunted 

expression of mbtB, pckA, and iel in human lung tissue, potent induction of hspX expression, 

the gene encoding the chaperonin alpha-crystallin, was noted (Figure 6-7D). 

6.4 DISCUSSION 

In this chapter, we present data supporting the idea that in the lungs of patients affected by 

TB, a single founder strain of M. tuberculosis may undergo mutagenesis during treatment 

leading to the acquisition of drug resistance independently in discrete physical locales, 

resulting in heterogeneous sUbpopulations of drug resistant bacilli. We also show that the 

lung of a chronic TB patient contains a diversity of micro anatomical niches created by the 

different immunologic processes occurring at these sites. Such anatomical/immunologic 

variability appears to be associated with discrete subpopulations of bacilli. We observe that 

clonal expansion of isolates harboring new drug resistance mutations is preferentially 

localized to the microenvironment where bacillary growth appears to be most active, the 

luminal surface of the cavities. At these sites, the macrophages appear to remain non­

activated, and thus permissive for bacillary growth. 

Lack of macrophage activation to a bacteriostatic state may be due to the selective 

exclusion of CD3+ CD4+ and CD3+ CD8+ T-cells from the lumen of the cavity (Figure 6-6). 

The underlying mechanism for the exclusion of CD3+ T-cells from the cavity surface is 

unknown. Interestingly, this exclusion appears to be selective as there is a relative 
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60 F Y 30 34 (W321) 2.5 1 LO 16 alive 

2 27 M N 51 157 2.0 9.0 5 deceased 

3 29 F N 28 34 (MH) 1.5 17.0 2 deceased 

4 32 M Y 26 34 (W616) 3.0 13.5 4 deceased 

5 47 F N 17 2 1.0 2.0 13 alive 

6 39 M N 61 857 1.0 3.0 10 alive 

7 36 M Y 69 2 1.5 14.5 II deceased 

8 33 M N 21 34 (W616) 3.0 15.5 6 deceased 

9 32 M N 83 34 (W451) 2.0 8.0 4 alive 

10 25 F Y 43 34 (W451) 1.5 10.0 2 alive 

II 44 F N 41 79 1.0 13.0 8 deceased 

12 40 M N 49 34 (W616) 2.5 1 LO 7 alive 
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Patient 

# 

1** 

2 

5 

8 

9*'" 

10'" 

11 

12** 

Initial TB Treatment 

Drugs 

R H Z E 

R H Z E 

R H Z E 

R H Z E 

R H Z E 

R H Z E 

R H Z E 

R H Z E 

R II Z E 

R H Z E 

R H Z E 

R H Z E 

R H Z 

(m)* 

12 

3 

4 

8 

5 

5 

16 

3 

6 

l3 

7 

7 

Treatment since Diagnosis ofMDR-TB 

R H Z E Et Th Sm K 

H Z E Et Th Sm K 0 Cf Te 

H Z E Et Th A K 0 Cf Cy CIa 

H Z Th K 0 

H Z E Et Th Sm 0 

H Z E Et Th Sm K 0 Cf Te 

H Z E Et Th Sm K 0 Cy 

H Z E Et Th Sm K 0 Cf 

R H Z E Et Th Sm K 0 Cf 

H Z E Et Th Sm 0 

18 

48 

24 

18 

12 

56 

53 

18 

77 

30 

R H Z E Et Th Sm K 0 Cf CIa 34 

H Z E K 0 42 

H Z 

Treatment During Study 

E 0 Cf 

E Et 0 Cf 

H Th A 0 Cf CIa 

H Z Et Th 0 

H Z E Et Th 0 

H Z E Et Th 0 Cf Te 

H Z E Sm 0 

H Z E Th 0 

H Z E Et Sm 

H Z E Th 0 

H Z E Et Th 0 

H Z E 0 

pa'I ...... ,'" who received aerosolized 

treatment to 
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# RIF INH gyrA 

R 0516V R WI 

2 R S531L R S315I WI nd WI S M3061 S C492T,G217T (rrs) S WI R A90V 

3 R L51IR,0516V R 5315I 017I nd 173 (G ins) S M3061 S A514C (rrs) R A1401G R 094G 

4 R S531L R WT CIST nd Y103SIOP S WT R K43R (lPsL) R CI402T R 094G 

5 R S531L R S315T WT nd L85R S WT S WI S WT S WT 

6 R D516V R WT* WT nd WI S WI S C492T (rrs) S WI S WI 

7 R S53lW R S315N WI nd WI S M306V S WI R A140lG R A90V 

8 R S531L R WI CI5I nd Y103 SIOP S M306V R K43R (lPsL) S A1401G S WI 

9 R S531L R LlOIP WI nd 18 (24 bp del) S M306V R A514C (rrs) S WI S WI 

10 R 5531L R WT WT nd L27R S M3061 S WI 5 WI 5 WI 

11 R S531L R 5315I WT nd 08H S M3061 S WI 5 WI R 094G 

12 R S531L R WI CI5I nd Y103SIOP S M306V R K43R (lPsL) S WI S WI 

13 R H526Y R WT CISI nd WT S WI S WI S A1401G S A90V 

between genotypic drug susceptibility is highlighted in bold; 

Genotypic resistance indicates amino acid substitution (lPoB,katG,pncA,embB,lPsL,gyrA) or nucleotide substitution (inhA,pncA,rrs) 

.. resistance-conferring mutations were identified at later timepoints (see Table 7-4) 
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o 6 12 0 ~ 7 53 0 6 56-

-.. 
Figure 7-1 IS 611 0 fingerprints of MTB isolated from sputum of 3 patients at baseline, and 

after 6-56 weeks of additional treatment. 
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Rx Patient #1 Patient #2 Patient #fJ Patient #10 

(w) /wIG embB gyrA pncA gyrA rrs gyrA pncA rpoB /wIG gyrA pncA 

0 WT WT WT WT A90V G217T,C492T WT WT D516V WT WT L27R!WT 

WT WT WT 

2 WT WT WT DI2AIWT D94Y C492T 

4 GI18A WT WT 

6 GI18A G406D D94YIWT DI2A D94Y C492T WT WT SS31W E261K 

8 WT G406D D94YIWT DI2AIWT D94Y C492T WT WT S531W E261K D94G WT 

12 WT G406D D94YIWT DI2A D94Y C492T 

16 WT G406D D94YIWT WT WT S531W E261K 

24 WT G406D D94YIWT 

30 WT G406D D94G WT WT S531W WT 

36 WT G406D D94Y G88A VIS7G S531W E261K 

40 WT G406D D94CIWT WT 131 (GG ins) S531W E261K 

44 WT G406D D94CIWT G88AIWT 131 (GG ins) S531W E261K 

48 WT G406D D94CIWT WT 131 (GGins) S531W E261K 

52 WT G406D D94G WT 131 (GG ins) S531W E261K 

56 WT G406D D94G 
Changes in genotype are highlighted in bold 

Table 7-4 Genotypic polymorphism of selected M.tuberculosis genes. 
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