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Protective immunity against pulmonary tuberculosis (TB) is characterized by the formation in the lungs of
granulomas consisting of macrophages and activated T cells producing tumor necrosis factor alpha and
gamma interferon, both required for the activation of the phagocytes. In 90% of immunocompetent humans,
this response controls the infection. To understand why immunity fails in the other 10%, we studied the lungs
of six patients who underwent surgery for incurable TB. Histologic examination of different lung lesions
revealed heterogeneous morphology and distribution of acid-fast bacilli; only at the surface of cavities, i.e., in
granulomas with a patent connection to the airways, were there numerous bacilli. The mutation profile of the
isolates suggested that a single founder strain of Mycobacterium tuberculosis may undergo genetic changes
during treatment, leading to acquisition of additional drug resistance independently in discrete physical
locales. Additional drug resistance was preferentially observed at the cavity surface. Cytokine gene expression
revealed that failure to control the bacilli was not associated with a generalized suppression of cellular
immunity, since cytokine mRNA was up regulated in all lesions tested. Rather, a selective absence of CD4� and
CD8� T cells was noted at the luminal surface of the cavity, preventing direct T-cell–macrophage interactions
at this site, probably allowing luminal phagocytes to remain permissive for bacillary growth. In contrast, in the
perinecrotic zone of the granulomas, the two cell types colocalized and bacillary numbers were substantially
lower, suggesting that in this microenvironment an efficient bacteriostatic or bactericidal phagocyte population
was generated.

Mycobacterium tuberculosis is an extremely successful patho-
gen, spreading from individual to individual via the aerosoliza-
tion of infectious nucleus droplets. The infectious particles are
released from the lungs of patients with cavitary pulmonary
disease through coughing. Once inhaled and phagocytosed by
resident alveolar macrophages, the tubercle bacilli elicit the
production of soluble effector molecules, including the cyto-
kines tumor necrosis factor alpha and interleukin 12 (IL-12)
and a large number of chemokines (14, 17, 26). These mole-
cules regulate the development of the host cellular immune
response that presumably controls the infection in the majority
(90%) of immunocompetent individuals (3). Protective immu-
nity is characterized by the formation of granulomas at the site
of infection. The granulomas consist primarily of activated M.
tuberculosis-infected macrophages and T cells. In the mouse
model of M. tuberculosis infection, the maturation and main-
tenance of granulomas and the control of bacillary replication
within macrophages is dependent upon the continued produc-

tion of tumor necrosis factor alpha and gamma interferon
(IFN-�) by macrophages and activated T cells, respectively (2,
8, 12, 13), and the expression of inducible nitric oxide synthase
(iNOS) in infected macrophages (5, 16). In mice, CD4� T
lymphocytes are the principal mediators of resistance to tuber-
culosis (TB); CD8� T lymphocytes have been shown to con-
tribute to this resistance (22). An important role for CD4� T
cells in protecting the human host from TB is underscored by
the marked susceptibility to TB in patients with advanced hu-
man immunodeficiency virus-induced CD4�-T-cell depletion
(9, 11, 28). In addition to cytokine production, human CD4�

and CD8� T cells may directly induce the death of M. tuber-
culosis-infected macrophages, resulting in reduced viability of
the bacilli (10, 24, 30).

In 10% of apparently immunocompetent persons, the infec-
tion is not contained by the host immune response. Progressive
bacillary replication results in disease manifestations, tissue
necrosis, and cavity formation (19). The host immune response
directed at the infecting bacilli is believed to be the main cause
of tissue necrosis, which may result from cytokine-mediated
toxicity, as well as the release of activated proteolytic enzymes
by macrophages (6, 7, 27). Most TB patients, however, respond
to antibiotic treatment by clearance of the bacilli from the
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sputum, partial reversal of the granulomatous inflammatory
process, and successful clinical cure. In patients who fail to
respond to chemotherapy, including patients with multidrug-
resistant (MDR) TB, chronic progressive disease may be ob-
served. Pneumonectomy is sometimes employed in these pa-
tients in an attempt to reduce the bacillary load in the lungs, to
achieve sputum conversion, and/or to reduce spread of the
infection to the remaining healthy lung. In others, surgery may
be performed to reduce the life-threatening complications of
TB, such as severe hemoptysis (4, 32).

To better understand the etiology of progressive chronic TB,
we studied the lungs of six patients who underwent surgery for
incurable TB and/or complications related to their TB. The
excised lung tissue from these patients provided a unique op-
portunity to study the pathogenic process that occurs during
long-term antibiotic therapy and disease progression. By study-
ing the histology, immunohistology, and host cellular immune
response and by characterizing the bacterial populations
present, we hoped to gain insight into the dynamics of the
infectious process.

MATERIALS AND METHODS

Patients. Six patients who underwent pneumonectomy for TB at Groote
Schuur Hospital, Cape Town, South Africa, between January 2000 and Decem-
ber 2001 were studied. All subjects had been referred for the surgical manage-
ment of treatment-refractory TB (n � 3) or the complications of post-TB lung
disease (n � 3). All were residents of the Western Cape province of South Africa
and had received TB treatment supervised by their local clinics or hospitals.
Preoperative M. tuberculosis cultures from the diagnostic sputa and chest radio-
graphs were performed on all subjects. The studies were approved by the insti-
tutional review boards of Rockefeller University and of the University of Med-
icine and Dentistry of New Jersey and by the ethics committee of the University
of Cape Town.

Processing of lung tissues. The resected lungs were immediately transferred to
the biological safety level 3 facility for pathological dissection. TB lesions were
identified macroscopically; �0.5 g of tissue from each lesion was snap frozen in
liquid nitrogen for mRNA analysis; another 0.5 g from each lesion was homog-
enized and subjected to prolonged culture (up to 1 year) in mycobacterial growth
medium (MGIT; Becton Dickinson, Sparks, Md.) and on Lowenstein-Jensen
slants. The remainder of the lung was immersed in formalin and prepared for
microscopic analysis of the selected lesions.

Tissue sections (2 �m thick) were stained with hematoxylin and eosin or with
carbolfuchsin (Ziehl-Neelsen) to visualize acid-fast bacilli (AFB). The number of
mycobacteria in each area of the section was quantified, using a 40� objective,
as none, scanty (individual bacilli found in each granuloma), moderate (1 to 10
bacilli in each granuloma), or numerous (�10 bacilli in clumps found in each
field examined). For immunohistology, additional sections were collected on
charged glass slides (Superfrost/Plus; Fisher Scientific, Pittsburgh, Pa.), depar-
affinized, rehydrated in alcohol. and submitted to antigen retrieval by being
boiled in 0.1 M citrate buffer, pH 7.0 (CD3, CD8, CD68, or TIA-1), or in 0.1 M
EDTA buffer, pH 7.0 (CD4), for 20 min using a microwave oven. The phenotypes
of the cellular infiltrates in the tissue sections were determined by using mono-
clonal antibodies against a pan-T-cell marker, CD3 (Ventana, Tucson, Ariz.), at
a dilution of 1:100; against the T-cell subsets CD4 (Nova Castra, New Castle
upon Tyne, United Kingdom) at a dilution of 1:20 and CD8 (Dako, Carpinteria,
Calif.) at a dilution of 1:20; and against the cytotoxic cell marker TIA-1 (Coulter
Inc., Hialeah, Fla.) at a dilution of 1:300. KP1 (CD68) antibody (Dako) was used
as a marker of histiocytes and macrophages (dilution, 1:500). Reactions were
carried out in an automated immunostainer (Ventana) using an immunoperox-
idase-diaminobenzidene kit (Ventana) (29).

Real-time quantitative PCR (TaqMan). To evaluate the expression level of the
IL-2, IL-12, IFN-�, and iNOS genes in the lung lesions, quantitative reverse
transcription (RT)-PCR was performed with real-time TaqMan technology (Se-
quence Detection System model 7700; Perkin-Elmer, Wellesley, Mass.). Gene-
specific primers and 6-carboxy-fluorescein probes were designed using Primer
Express software and synthesized by Perkin-Elmer. RT-PCR was carried out
with the TaqMan RT-PCR core Reagents kit (PE Applied Biosystems, Foster
City, Calif.). Briefly, 5 ng of RNA extracted from the lung tissues was reverse

transcribed and amplified in TaqMan EZ buffer containing 300 �mol each of
dATP, dCTP, and dGTP/liter, 600 �mol of dUTP/liter, 3 mmol of manganese
acetate/liter, 0.1 U of DNA polymerase/�l, 0.01 U of AmpErase uracil N-glyco-
sylase/�l, 200 nmol of each primer/liter, and 100 nmol of each detection probe/
liter. The thermal-cycling conditions were as follows: 2 min at 50°C (initial step),
30 min at 60°C (RT), 5 min at 95°C (deactivation of uracil N-glycosylase), 40
cycles of 15 s at 95°C (denaturation), and 1 min at 60°C (annealing and exten-
sion). Sequence-specific amplification was detected as 6-carboxy-fluorescein flu-
orescence exceeding the threshold limit (10 times the standard deviation of the
baseline) during the amplification cycle. Gene-specific mRNA was quantified
using standard curves established from PCR amplifications of serial dilutions of
known mRNA levels. Samples were assayed at 10 to 3.2 ng per reaction per well.
Amplification of the gene for human acidic ribosomal protein was performed on
all samples tested to control for variability in the amount of RNA. The quantity
of cDNA for each experimental gene was normalized to the amount of human
acidic ribosomal protein in each sample. Levels of gene-specific messages were
graphed as normalized message units as determined from the standard curve. A
no-template control was included in each amplification reaction to control for
contaminating templates. For valid sample analysis, the fluorescence intensity in
the no-template control was required to be zero.

RFLP analysis and gene sequencing. Restriction fragment length polymor-
phism (RFLP) analysis of M. tuberculosis isolated from sputa, as well as various
lung lesions, was performed as described previously (31). Briefly, M. tuberculosis
was harvested from Lowenstein-Jensen slants, and DNA was extracted and
digested with PvuII restriction endonuclease. DNA fragments were separated by
agarose gel electrophoresis, transferred by Southern blotting, and hybridized
with labeled IS6110 probe. Bands were visualized by enhanced chemilumines-
cence and analyzed with Whole Band Analyzer software, version 3.4 (BioImage;
RM Luton, Inc., Jackson, Miss.). Direct DNA sequencing of rpoB, katG, inhA
(mabA), pncA, embB, rpsL, rrs, and gyrA was performed on all isolates as de-
scribed previously (25).

RESULTS

Patients. Six patients who underwent pulmonary resection
for complications arising from TB were studied. All six patients
had unilateral lung disease, all with (almost) complete destruc-
tion of the affected lung (Fig. 1). Three patients (two of whom
had MDR TB) underwent surgery for chronic sputum-positive
TB despite 18 to 24 months of supervised multidrug therapy
(Table 1). The other three patients, who were culture negative
at the time of sputum sampling, all had histories of pulmonary
TB. These patients had presented with hemoptysis and other
symptoms suggestive of relapse and had received empirical
treatment for TB for 7 to 15 months. Lung resection in these
patients was performed to relieve ongoing hemoptysis thought
to have arisen from a focus in the destroyed lung. Sputum
cultures from these three patients at the time of presentation,
however, failed to yield M. tuberculosis (Table 1). All patients
received TB therapy up to the time of surgery, and none of the
patients were coinfected with human immunodeficiency virus.

Presence of mycobacteria in lesions obtained from the re-
sected lungs. The lungs of all six patients revealed evidence of
TB. The various areas of the lungs examined contained diverse
lesions with differing extents of pathology, including cavitating
granulomas, fibrosis, smaller nodules, closed necrotic noncavi-
tating granulomas, and bronchiectasis. Macroscopic caseation
(Fig. 1) was observed only in patients with active TB (patients
1 to 3 [Table 1]). Dissection of the lungs allowed us to identify
and sample a number of macroscopically distinct lesions (two
to six per patient) and, in some cases, lung tissue which ap-
peared uninvolved (Table 2). Each lesion was examined mi-
croscopically, characterized histologically, assigned a semi-
quantitative enumeration for the abundance of AFB, and
categorized according to its continuity with the airways. AFB
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were almost exclusively observed in the lesions of patients with
sputum-positive disease. M. tuberculosis was cultured from all
lesions of sputum-positive patients. Bacilli were not cultured
from any of the lesions of the sputum-negative subjects, in-
cluding those with scanty AFB.

Genetic analysis of M. tuberculosis cultures obtained from
lesions of resected lungs. Genetic analysis was carried out on
all isolates cultured from preoperative sputum samples and
lung lesions. IS6110-based RFLP analysis revealed a homoge-

neous bacterial population and no evidence of mixed infection
in each of the three patients with active disease (Fig. 2). In
contrast, sequence analyses 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 2). For example, the isolate cultured
from the upper-lobe cavity of patient 1 contained the
AAG3AGG K43R resistance mutation in the genetic target
of streptomycin (rpsL), whereas the wild-type gene was present

FIG. 1. Radiogram of the lungs of patient 2 before surgery (A) and the resected lung at the time of sample collection (B). The right lung is
almost fully destroyed. It contains areas with cavitations, fibrosis, nodules, and granulomas with central necrosis.

VOL. 71, 2003 M. TUBERCULOSIS GROWTH IN THE LUNG CAVITY 7101



in the isolate obtained from sputum, as well as a closed lower-
lobe granuloma (Table 2). Moreover, in the lung from patient
2, two mutations in the fluoroquinolone resistance-associated
gene gyrA, GAC3AAC and GAC3GGC (D89N and D94G,
respectively), were found in all three isolates obtained from
open lesions, whereas the bacilli from the sputum and the two
closed lesions bore the wild-type gyrA allele. Most strikingly,
patient 3 had three discrete bacillary populations identified,
with different alleles of the resistance-associated genes. Appar-
ently normal lung tissue from this patient contained few M.
tuberculosis cells, and these bore the wild-type alleles in the
katG (a target for INH), embB (a target for EMB), and rrs (a
target for aminoglycosides) genes. Bacteria isolated from the
sputum of patient 3 and from four pathological sites in 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 (G1484T) 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, becom-
ing the founder for acquisition of additional antibiotic resis-
tance 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 con-
nected to an airway where the bacilli were numerous (Table 2).

Cytokine and iNOS gene expression in lesions of resected
lungs. The different lung samples obtained from all six patients
were evaluated for expression of mRNA for IL-2, IL-12,
IFN-�, 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 2). No apparent correlation of the levels of
expression of the different genes with the type of lesion or the
presence of AFB was observed. Rather, our results showed
variable levels of immune activation in the tissue samples ob-
tained 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 (�0.5 g
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 spu-

tum-positive disease. However, the absolute levels of immune
activation in the lungs of these patients could not be deter-
mined, since we did not know the baseline level of immune
activation that would be induced in the lungs of normal or
infected individuals who do not develop active disease.

Histopathologic analysis of lesions of resected lungs. Exam-
ination of histopathology sections of the various lesions re-
vealed heterogeneous cellular architecture, most prominent in
the layered cavitating and noncavitating granulomas seen in
the lungs of patients with sputum-positive disease. Cross-sec-
tions of these lesions (examined from the inside of the cavity
luman outward) revealed striking cellular accumulation at the
luminal surface of the cavity consisting of numerous mononu-
clear cells essentially surrounded by a layer of acellular caseous
necrotic material (Fig. 3A, B, and C). Subtending the acellular
necrotic layer there was granulomatous-fibrotic tissue with a
mixed mononuclear-cell infiltrate consisting of Langhans-type
giant cells, sheets of epithelioid macrophages, and many scat-
tered lymphocytes (Fig. 3E and F).

Bacilli, apparently cell associated, were detected in large
numbers at the cavity surface (Fig. 3D). The area of acellular
necrotic material had few, if any, visible AFB. The granuloma-
tous-fibrotic layer, with abundant macrophages and giant cells,
was essentially devoid of visible AFB (Fig. 3F). In addition, no
AFB were seen in alveolar macrophages residing within air-
spaces of the residual functional lung (not shown). In closed
(noncavitary) necrotizing granulomas, small to moderate num-
bers of AFB were observed in macrophages infiltrating the
necrotic areas, most prominently where breakdown was occur-
ring (Fig. 3G and H). Thus, in the three patients with sputum-
positive disease, AFB were most numerous at the luminal
surfaces of the cavities, i.e., in granulomas with a patent con-
nection to the airways.

In comparison, in the patients who were sputum negative,
the surfaces of the cavities appeared inactive, with reepithe-
lization over fibrotic tissue (not shown). Multiple mononuclear
cells, including multinucleated giant cells, epithelioid macro-
phages, 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 per-
sistence of antigen in the absence of intact visible and/or cul-
turable AFB (Table 2).

TABLE 1. Characteristics of patients

Patient
no.

Age
(yr) Genderb

Treatment at surgery Sputumd

Indication for surgery Macroscopic descriptione Caseationf Cavitationf Fibrosisf

Drugsc Mo Smear Culture

1 19 F R H Z E S 18 Pos Pos Persistent TB Destroyed L lung Y Y Y
2a 17 M R H Z E S Et Th Km Of 18 Pos Pos Persistent TB Destroyed R lung Y Y Y
3a 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 R H Z E 7 Neg Neg Hemoptysis Destroyed L lung N Y Y
5 59 F R H Z E 9 Neg Neg Hemoptysis Destroyed L lung N Y Y
6 45 M R H Z E 15 Neg Neg Hemoptysis Destroyed L lung N Y Y

a MDR TB.
b M, male; F, female.
c R, rifampin; H, isoniazid; Z, pyrazinamide; E, ethambutol; S, streptomycin; E, ethionamide; Th, thiacetazone; Km, kanamycin; Of, ofloxacin; Cl, clofazamine.
d At the time of surgery. Pos, positive; Neg, negative.
e R, right; L, left.
f Y, yes; N, no.
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Immunohistologic localization of macrophages and T lym-
phocytes. Immunohistologic examination of lung sections re-
vealed that CD68� macrophages were most abundant in two
areas of the cavitating granulomas: (i) at the luminal surface of
the cavity and (ii) at the other side of the acellular necrotic
area in the granulomatous-fibrotic zone (Fig. 3A and E). The
necrotic area was itself diffusely stained CD68�, suggesting

that remnants of necrotic macrophages still expressed residual
antigen. 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). Contrary to dogma that assumes that at the cavity
surface bacilli grow in the extracellular necrotic matter, we
observed cells with macrophage morphology (that stained
CD68� in serial sections) that appeared to be infected with
multiple bacilli (Fig. 3D and inset). Staining for the presence of
CD3� CD4� and CD3� CD8� T lymphocytes revealed an
abundance of these cells within the granulomatous-fibrotic
layer and in lymphoid aggregates of the granuloma (Fig. 4A, C,
E, and G). Scattered T lymphocytes were seen within the
fibrotic areas and in the airspaces (not shown). In contrast, a
striking absence of CD3�, CD4�, and CD8� T cells was noted
in the acellular necrotic zone, as well as at the luminal surface
of the cavity (Fig. 4A and E). This area, however, contained
large numbers of CD3�, CD4�, CD8� mononuclear cells with
lymphoid morphology that stained for the presence of cyto-
toxic granules (TIA� cells) (Fig. 4D and H). Taken together,
these results suggest that the luminal surface of the cavity
represents a microenvironment within the lung in which mac-
rophages and T cells are not colocalized, thereby preventing
direct T-cell–macrophage interactions at those sites. In con-
trast, only millimeters away, at the other side of the necrotic
zone (Fig. 4D), another microenvironment exists in which the
two cell types are colocalized and free to interact directly,
resulting in an efficient immune response capable of inhibiting
mycobacterial replication.

DISCUSSION

In this paper, 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, lead-
ing to the acquisition of drug resistance independently in dis-
crete physical locales, resulting in parallel evolution of het-
erogeneous subpopulations of drug-resistant bacilli. We also
show that the lung of a chronic TB patient contains a diversity
of microanatomical niches created by the different immuno-
logical processes occurring independently at these sites. Such
anatomical and immunological variability appears to be asso-
ciated with discrete genetic (mutated) subpopulations of ba-
cilli. We observe that the acquisition of new drug resistance
mutations is preferentially localized to the microenvironment
where bacillary growth seems most active, in macrophages
residing at the luminal surfaces of the cavities. At these sites,
the macrophages probably remain inactivated and thus permis-
sive for bacillary growth. The observation that the bacilli are
growing inside macrophages at the cavity surface is contrary to
common dogma, which presumes that bacillary replication at
this site is extracellular.

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 (Fig. 4). The
underlying mechanism for the exclusion of CD3� T cells from
the cavity surface is unknown. Interestingly, this exclusion ap-
pears to be selective: there is a relative enrichment at this site
for CD68� macrophages, as well as a population of as yet
undefined TIA-1� cytotoxic lymphoid cells. The anti-TIA-1 is

FIG. 2. IS6110 Southern blot hybridization patterns of M. tubercu-
losis isolates recovered from multiple anatomical sites in the lungs of
patients 2 and 3. The six isolates from patient 2 were recovered from
sputum (lane 1), right upper lobe open (RUL-O) (lane 2), right lower
lobe open (RLL-O) (lane 3), right lower lobe open (lane 4), right
middle lobe closed (RML-C) (lane 5), and right lower lobe closed
(RLL-C) (lane 6). The seven isolates from patient 3 were recovered
from sputum (lane 1), left upper lobe open (LUL-O) (lane 2), left
lower lobe open (LLL-O) (lane 3), left lower lobe open (lane 4), left
upper lobe closed (LUL-C) (lane 5), left lower lobe closed (LLL-C)
(lane 6), and left lower lobe normal (LLL-“Normal”) (lane 7) (Table
2). Lane STD, molecular weight standard.
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FIG. 3. Localization of macrophages and AFB in resected lungs. Macrophages, stained with CD68 (A, C, and E) and AFB stained with
carbolfuchsin (B, D, and F) in the left upper-lobe cavity wall of the open lesion of patient 1 are shown. CD68 staining is seen 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 granulomatous tissue (F). The
inset in panel D shows AFB in cells at the luminal surface of the right-lower-lobe cavity of patient 2. AFB are also seen in macrophages within
the liquefied (liq) material adjacent to the necrotic area (H) of the left-lower-lobe fibrotic nodule undergoing breakdown (liquefaction) in patient
3. Magnifications, �10 (A and B), �40 (C, E, F, and G), �80 (D, inset), and �200 (D and H).
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FIG. 4. Localization of lymphoid cells in lesions of resected lungs. CD4� (A, B, and C) and CD8� (E, F, and G) T cells are seen in the
granulomatous-fibrotic areas of the lung (arrows) but not in the necrotic (nec) zone or at the cavity (cav) surface. CD4� CD8� cytotoxic cells
(TIA-1�) are seen at the cavity surface but not in the necrotic zone (D) and are less frequent in the granulomatous area (*). These cells contain
cytotoxic granules that stain TIA-1� (H, inset). Magnifications, �4 (A, D, and E), �40 (B, C, F, G, and H), and �100 (H, inset).
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a monoclonal antibody that recognizes the 17-kDa granule
membrane protein (GMP-17) expressed predominantly in the
granules of CD8� 	
 T-cell receptor (TCR) natural killer
(NK) cells, as well as �� TCR� cells and some CD4� 	

TCR� cells (1, 18, 20). Although the role of GMP-17 remains
obscure, the protein is known to translocate to the cytotoxic-
T-cell surface after fusion of the granules with the cell mem-
brane and to have sequence homology with calcium channel
proteins (20). TIA-1� cells have been shown to kill target cells
by two distinct mechanisms, Fas receptor-mediated apoptosis
and granule exocytosis (15, 21, 23). However, in the present
study, there was no direct evidence of any cytotoxic activity of
these cells, nor do the cells appear to activate the adjacent
macrophages to a bacteriostatic-bactericidal phenotype. As ex-
pected, in the necrotic layer between the luminal surface of the
cavity and the perinecrotic granulomatous-fibrotic zone,
CD68� macrophages and TIA-1� cytotoxic cells, as well as
CD3� CD4� and CD3� CD8� T cells, are not seen. In con-
trast, where macrophages and T cells are colocalized and po-
tentially in close contact with each other, as observed in the
granulomatous-fibrotic areas, the macrophages are morpho-
logically activated (multinucleated giant cells or epithelioid)
and few if any bacilli are present. The phenotypic and func-
tional (cytokine response) identification of the TIA-1� leuko-
cytes seen at the surfaces of the cavities in patients with active
TB must await the immunohistologic probing of unfixed frozen
tissue that can be performed only in a specially equipped
biological safety level 3 facility.

The growth of M. tuberculosis is well known to occur in
proportion to oxygen tension (33). Thus, another factor con-
tributing to the florid bacterial growth seen at the luminal
surface of the cavity could be improved access to oxygen in this
microenvironment. The extent of bacterial growth appears to
follow an intuitive pattern with respect to oxygen concentra-
tion; the necrotic and deeper fibrotic regions are anticipated to
be largely anoxic and therefore free of visible AFB and almost
sterile. However, our inability to visualize the AFB does not
exclude the possibility that a few viable nonreplicating bacilli
remain within the macrophages in these sites. If and when
breakdown and liquefaction occur at these sites, the bacilli may
start growing and become more numerous, as seen in Fig. 3G
and H. The extent to which oxygen concentration and immune
pressure combine to suppress bacterial growth at sites distal
from the cavity lumen remains to be determined.

The presence of discrete populations of bacteria in patients
in which they are presumed to have acquired drug resistance
during therapy has not been carefully studied. Our results
suggest that relying on drug susceptibility tests of organisms
isolated from patient sputa may not provide an accurate rep-
resentation of the bacterial susceptibility in all subpopulations
within the lung. An examination of the levels of resistance
(MICs of drugs) of the bacilli isolated from different sites in
the lung would provide useful information for directing ther-
apeutic options. Because quantification of the bacterial sub-
populations and their absolute resistance levels was not per-
formed in this study, it is not possible for us to make specific
therapeutic recommendations. However, our observations sug-
gest the possibility that a careful analysis of resistance levels
and bacillary population size might lead to a recommendation
in some cases to continue therapy with a first-line or even a

second-line drug in the face of resistance to a given drug in the
sputum isolate.

These studies provide a preliminary analysis of the immu-
nological and bacterial attributes in the lungs of human pa-
tients during the dynamic process of tuberculous-lesion evolu-
tion. Continued study of lung tissues from patients with active
TB will provide important benchmarks for validation of animal
models of disease and may suggest alternative therapeutic
strategies for the treatment of chronic and MDR TB.
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