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Pathogenesis of Central Nervous System Tuberculosis
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Abstract: Central Nervous System (CNS) tuberculosis is a serious, often fatal form of tuberculosis, predomi-
nantly affecting young children. HIV co-infection and drug resistant strains of Mycobacterium tuberculosis are
making the diagnosis and treatment of CNS tuberculosis more complicated. Current concepts about the pat-
hogenesis of CNS tuberculosis are based on necropsy studies done in 1933, which suggest that tuberculous
meningitis develops subsequent to the rupture into the cerebrospinal fluid of tuberculomas that form around M.
tuberculosis deposited in the brain parenchyma and meninges during the initial hematogenous dissemination.

Foreign antigens including pathogens deposited in the brain parenchyma are not detected efficiently by the
immune system in the CNS. These experimental data may explain the clinical observation of delayed “para-
doxical” enlargement or development of intracranial tuberculomas, observed several weeks to months in pa-
tients receiving anti-tuberculous therapy.

Since severe sequelae are observed even when CNS tuberculosis is treated effectively, it is important to deve-
lop preventive strategies for this disease. Recent data utilizing animal models suggests that, in addition to host
factors, M. tuberculosis genes and their encoded proteins may contribute specifically to bacterial invasion and
survival in the CNS. Understanding how these microbial factors affect CNS disease would be essential to de-

veloping such preventive strategies.

In spite of the decline of tuberculosis (TB) incidence
within industrialized nations over the course of recent
decades, this disease remains prominent worldwide
and is still one of the leading causes of infection-related
mortality across the world. According to the World
Health Organization, there are approximately 9.2 mi-
llion new TB cases and 1.7 million deaths every year
[1]. Central nervous system (CNS) TB is a serious, of-
ten fatal disease predominantly affecting young chil-
dren [2-4]. CNS TB is difficult to diagnose and treat;
treatment includes four drugs, developed more than 30
years ago, and they only prevent death or disability in
less than half of patients. M. tuberculosis resistant to
these drugs threatens a return to an era of even grea-
ter mortality [5]. Two major forms of CNS tuberculosis
include meningitis which accounts for 0.5-1% of tuber-
culous disease and intra-cranial tuberculomas which on
a global level account for up to 40% of ‘brain tumors’
[3, 6].

Multi-drug resistant (MDR) Mycobacterium tubercu-
losis are on the rise, and approximately 4.8% of new
TB cases worldwide are due to MDR strains, represen-
ting 489,139 patients annually [7]. Treatment of MDR-
TB especially in the HIV co-infected individuals is much
more complex than in the case of fully drug-susceptible
organisms, and is associated with higher treatment
cost and longer treatment periods [8]. In addition, such
cases exhibit poorer patient outcome and higher morta-
lity rates [8, 9]. MDR-TB meningitis is especially cha-
llenging to treat due to limited CNS penetration of seve-
ral 2" line anti-TB drugs. Non-specific clinical presen-
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tation, especially in young children, poor diagnostics,
and delays in instituting appropriate anti-TB therapy, as
drug susceptibility testing may require up to 10 weeks,
further increase the risk of mortality or the onset of se-
vere, irreversible neurological damage [10, 11].

TB is the most common human immunodeficiency
virus (HIV)-related opportunistic infection and the most
important cause of morbidity and mortality in HIV-
infected individuals in the developing world [12]. Dual
infection with HIV and M. tuberculosis was responsible
for 600,000 deaths in 2004 [13]. Of the 2 billion latently
infected with M. tuberculosis, many develop reactiva-
tion disease, years after the initial exposure. Co-
infection with HIV increases the risk of development of
reactivation tuberculosis disease from a lifetime risk of
5-10% to approximately 10% per year [14-16]. Unfortu-
nately, the number of dual infections with HIV and M.
tuberculosis is increasing at an alarming rate with 2
million new double infections in 2004 alone [13]. Co-
infection with HIV not only increases the risk of deve-
lopment of CNS tuberculosis several times, [17] but
may also lead to a much higher case-fatality rate [18].

PATHOGENESIS OF CNS TB AND SUBSE-
QUENT TB MENINGITIS

The initial point of tuberculosis infection is entry of
the bacilli into the lungs via inhalation of infectious dro-
plets, whereupon the bacteria colonize macrophages
within the alveoli. During the progression of active pul-
monary disease, bacteria may disseminate to local
lymph nodes and bloodstream, whereupon spread
throughout the systemic circulatory system may occur.
It is also likely that extensive bacteremia following dis-
semination from the lungs increases the probability that
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a sub-cortical focus will be established in the CNS [19].
Therefore, higher numbers of bacilli in the circulatory
system may be associated with increased likelihood of
CNS invasion and subsequent CNS TB.

The CNS is protected from the systemic circulatory
system by the physiological blood brain barrier (BBB).
This barrier is principally composed of tightly apposed
human brain microvascular endothelial cells (Fig. 1).
The basal portion of these endothelial cells is suppor-
ted by astrocyte processes interspersed with the extra-
cellular matrix [20]. Paracellular transport is limited by
the presence of endothelial cell tight junctions, while
transcellular movement is restricted by the relative
paucity of endocytic vesicles. Such properties render
the barrier impermeable to many large, hydrophilic mo-
lecules and circulating pathogens. Also protective of
the CNS is the blood- cerebrospinal fluid (CSF) barrier,
providing spatial separation of the circulatory system
from the CSF at the choroid plexus. Cells lining the
blood-CSF barrier share similar properties to those li-
ning the BBB, with enhanced tight junctions and more
stringent regulation of transcytosis. Despite the integrity
of this barrier, however, there are a number of bacterial
and viral pathogens capable of crossing the BBB and
causing subsequent meningitis / encephalitis.

Much of the current understanding of the pathoge-
nesis of CNS TB and subsequent meningitis comes
from the meticulous work of Arnold Rich and Howard
McCordock, who demonstrated upon autopsy that the
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majority of TB meningitis patients displayed a casea-
ting focus in the brain parenchyma or the meninges.
Rich postulated that these foci, also termed as “Rich
foci,” develop around bacteria deposited in the menin-
ges and brain parenchyma during the initial bacteremic
phase. Much later, the rupture of these foci allowed
dissemination of the bacilli into the subarachnoid spa-
ce, causing diffuse, inflammatory meningitis [21] (Fig.
2). Since the meninges and the brain parenchyma are
anatomically and physiologically protected from the
systemic circulation by the BBB, the mechanism(s) by
which the bacilli initially invade this barrier need to be
elucidated. Theoretically, M. tuberculosis can cross the
BBB as a free (extra-cellular) organism or via infected
monocytes/neutrophils. While the latter hypothesis
seems attractive, such cellular traffic is severely restric-
ted into the CNS prior to invasion by the offending pat-
hogen [22]. Intravenous inoculation of free M. tubercu-
losis or M. bovis in guinea pigs and rabbits has been
shown to produce CNS invasion as evidenced by the
formation of tuberculomas in their brain parenchyma
[21]. Further, one report utilizing CD18-/- leukocyte ad-
hesion deficient mice, suggests that free mycobacteria
may traverse the BBB independent of leukocytes or
macrophages [23]. Finally, it is unclear whether, after
invading the CNS, M. tuberculosis reside primarily wit-
hin the parenchyma of the brain, the vessel wall, or the
endothelial cells lining the microvasculature. Significant
vasculitis associated with CNS tuberculosis [24] and
robust human endothelial cell invasion observed in vitro
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Fig. (1). The blood brain barrier is composed primarily of brain microvascular endothelial cells, the basal portions of which are
supported by astrocyte processes. These endothelial cells afford protection of the central nervous system (CNS) by limiting ac-
cess between the CNS and the systemic circulatory system. Such limited access is facilitated by specialized tight junctions and
minimal transcytosis, thereby greatly reducing paracellular and transcellular movement.



96 Current Molecular Medicine, 2009, Vol. 9, No. 2

Tuberculomas or "Rich foci”

MENINGES

—>

BRAIN
PARENCHYMA

Be et al.

CEREBROSPINAL
FLUID

Rupture of “Rich foci”
leading to diffuse
inflammatory meningitis

Fig. (2). Pathogenesis of Central Nervous System tuberculosis and subsequent tuberculous meningitis. In their seminal
publication on Central Nervous System (CNS) tuberculosis, Arnold Rich and Howard McCordock demonstrated upon autopsy
that the majority of tuberculous meningitis patients displayed a caseating focus in the brain parenchyma or the meninges. They
postulated that during primary infection, M. tuberculosis get deposited in the brain parenchyma and meninges during hemato-
genous dissemination. Rich and McCordock challenged both sensitized and non-sensitized guinea pigs and rabbits intravenous-
ly with M. tuberculosis and M. bovis respectively. Though no animal developed acute exudative meningitis, all animals develo-
ped few to several granulomatous lesions in the brain parenchyma and meninges. Based on these data, Rich further postulated
that tuberculomas or “Rich foci” develop around the deposited mycobacteria. Much later, the rupture of these foci allows disse-
mination of mycobacteria into the cerebrospinal fluid, causing diffuse, inflammatory meningitis.

[25] may suggest that M. tuberculosis reside, at least
initially, in the endothelial cells lining the microvascula-
ture.

The spread of M. tuberculosis into the sub-
arachnoid space following rupture of a Rich focus trig-
gers a robust inflammatory T cell response. Studies of
CSF cytokine levels in patients with TB meningitis have
found elevated levels of TNF-a and IFN-y [26]. The
clinical manifestation of CNS tuberculosis is primarily a
consequence of the inflammation which develops in
response to M. tuberculosis in the CNS. Obstruction of
the CSF by inflammatory infiltrate leads to hydrocep-
halus, and vasculitis contributes to infarction, causing
potentially irreparable neurological damage. Inhibition
of this inflammation may therefore help in preventing
the sequelae of CNS TB. Though thalidomide, which
inhibits TNF-a, has not be shown to be beneficial for
the treatment of TB meningitis in children [27], corticos-
teroids such as dexamethasone which suppress the
production of inflammatory cytokines and chemokines
lead to better outcomes and are recommended as ad-
junctive treatment for patients with TB meningitis [28,
29].

SELECTIVE AND MODIFIED IMMUNE REACTI-
VITY IN THE CNS

The brain parenchyma exists within a unique mi-
croenvironment, distinct in a number of different ways.
Though commonly referred to as “immunologically pri-
vileged”, immune reactivity in the brain parenchyma
can be better referred as being selective and modified

[22, 30], meaning that immune response to the presen-
ce of foreign antigen is relatively limited. Such a cha-
racteristic is essential in order to limit inflammatory da-
mage within an organ as indispensable and minimally
regenerative as the brain. Selective and modified im-
mune reactivity within the parenchyma is mediated by a
number of different cellular and physiological factors.
Antigen presentation within the parenchyma is severely
limited, as the presence of dendritic cells is highly res-
tricted and there is low level of expression of MHC
class Il molecules in the intact human brain [30]. In ad-
dition, microglia, the macrophages of the brain, exhibit
relatively poor antigen presenting capabilities and tend
to induce apoptosis of effector cells rather than prolife-
ration [31]. Access of systemic lymphocytes to the pa-
renchyma is limited by both the blood brain barrier [22]
as well as soluble and cell surface factors. Neuron-
dependent conversion of T-cells into FoxP3+ T-
regulatory cells that suppress inflammation is instru-
mental in regulating CNS inflammation [32].

Selective / modified immune reactivity within the
brain parenchyma may explain why inflammatory me-
ningitis is not established immediately following disse-
minated TB. Rich and McCordock observed that in-
flammatory meningitis often occurred many months
after the incidence of active disease [21]. Studies have
shown that there is an absence of T-cell or antibody
response to PPD testing following intracranial injection
of heat-killed Bacillus Calmette-Guérin (BCG) in rats,
indicating that BCG escapes immune recognition within
the parenchyma [33]. Studies have also shown that
subsequent peripheral sensitization of the immune sys-
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tem results in the development of an immune-mediated
delayed-type hypersensitivity (DTH) response, and in-
flammatory lesions surrounding the heat killed BCG
within the CNS [34]. These experimental data are in
concordance with the clinical observation of delayed
“paradoxical” intracranial tuberculomas, which develop
in patients several weeks to months following anti-TB
therapy [6]. Further, it should be noted that though the
brain parenchyma has limited immune surveillance, the
CSF has a much more robust immune response to fo-
reign antigens [22]. This is consistent with the observa-
tion that rupture of the “Rich foci” into CSF containing
subarachnoid space causes diffuse, inflammatory me-
ningitis.

The idea that M. tuberculosis can hide in the CNS
for months to years is intriguing. A review of 100 au-
topsies of patients with late generalized tuberculosis
performed between 1937-1959, revealed that 54% of
patients had evidence of meningitis and caseous CNS
foci that may have been the probable sources for
hematogenous dissemination [35]. Though late onset
TB meningitis may occur in adults and older children, in
young children, meningitis is likely to be concurrent
with miliary TB, as part of primary tuberculosis [19]

(Fig. 3).

MODELS FOR THE STUDY OF CNS TB

Models of Mycobacterial Translocation Across In
Vitro Cellular Barriers

Although the majority of research on in vitro infec-
tions by M. tuberculosis involves the invasion of ma-
crophages by the bacilli, similar interactions with non-
professional antigen presenting cells can be equally
informative to understand the pathogenesis of myco-
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bacterial disease. Several investigators have studied
the interaction of M. tuberculosis with cell types that
form cellular barriers [36, 37]. Bermudez et al. have
shown that M. tuberculosis invade A549 pulmonary
epithelial cells with an efficiency of 2 to 3% of the initial
inoculum. Interestingly, though bacteria did not invade
the endothelial cells efficiently, bacteria passaged
through A549 cells were subsequently able to be taken
up by endothelial cells with an efficiency of 5 to 6% of
the inoculum. In addition, free as well as intracellular
(within infected monocytes) M. tuberculosis were able
to traverse a bi-cellular monolayer (epithelial and en-
dothelial cells) efficiently [37]. A study by Menozzi et
al. has shown that the 28-kDa heparin-binding hae-
magglutinin adhesin (HBHA), required for extra-
pulmonary dissemination of the bacilli [38], induces a
reorganization of the actin filament network in con-
fluent endothelial cells, but does not affect the tight
junctions that link them. When coupled to colloidal gold
particles, HBHA-mediates attachment of the particles
to the membrane of HEp-2 epithelial cells and A549
epithelial cells. After attachment, the particles are in-
ternalized in membrane-bound vacuoles that migrate
across A549 cells to reach the basal side [39]. These
observations suggest that M. tuberculosis HBHA indu-
ces receptor-mediated endocytosis and epithelial
transcytosis, which may represent a macrophage-
independent extra-pulmonary dissemination mecha-
nism leading to systemic infection by M. tuberculosis.

An in vitro model composed of a monolayer of pri-
mary human brain microvascular endothelial cells
(HBMEC) was used to study bacterial invasion and
translocation across the BBB by M. tuberculosis [25]. It
was shown that M. tuberculosis strains H37Rv and
CDC1551 are capable of invading and traversing the
BBB with much higher efficiency than the non-
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Fig. (3). Tuberculosis: Spread to the Central Nervous System. The establishment of Central Nervous System (CNS) tuber-
culosis occurs after hematogenous dissemination of mycobacteria from the lungs. The mycobacteria invade / traverse the blood
brain barrier and get deposited in the CNS. When deposited in large numbers as part of primary tuberculosis in infants / young
children, they may cause tuberculosis meningitis and formation of tuberculomas. However, in adults / older children, deposited
mycobacteria may not elicit any immune response and cause latent disease until immune recognition / reactivation causes for-
mation of tuberculomas in the CNS. These tuberculomas may later rupture into the cerebrospinal fluid, leading to severe in-

flammation and tuberculous meningitis.
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pathogenic M. smegmatis by an active actin-dependent
process. By microarray profiling and experiments with
selected M. tuberculosis transposon mutants, this study
also suggested that specific M. tuberculosis genes may
be required for this invasion and traversal.

Though relatively inexpensive and easy to use, in
vitro models such as the ones described above have
limitations. This is because in vitro systems utilize one
or more cells lines grown in one or more compart-
ments, and therefore cannot mimic the complex inte-
ractions of the several cell types and compartments
representing a living in vivo system. Nonetheless, the-
se models may prove to be extremely useful as scree-
ning and proof of principle tools.

In Vivo Models of CNS Invasion

Past studies have indicated that genotypic differen-
ces between strains of M. tuberculosis can contribute
to variations in virulence, host immune response, and
clinical outcome of disease due to differences in their
cellular and molecular profiles [40-44]. The existence of
bacterial genetic determinants of invasion is also sup-
ported by limited clinical data. In a study looking at ex-
tra-pulmonary tuberculosis during co-infection with mul-
tiple M. tuberculosis strains, it was observed that only
one of the infecting strains was capable of establishing
an extra-pulmonary infection, suggesting clonal selec-
tion during the process of dissemination [45]. Data from
one study has also shown that there was strain specific
compartmentalization of M. tuberculosis in the lung or
the CNS [46]. However, despite the above findings, a
study performed on patients from the Western Cape
Province, South Africa failed to identify an association
between M. tuberculosis genotype and patient presen-
tation or clinical outcome [47].

Gilla Kaplan and colleagues have developed a rab-
bit model for experimental TB meningitis, where rabbits
are infected via intra-cisternal injection of M. bovis Ra-
venel [43, 48]. An acute inflammatory response in the
CNS is induced by high dose infection (107 colony for-
ming units), or a delayed, chronic infection is induced
by employing a lower inoculum. Studies in the rabbit
model have also shown that intracisternal infection by
the HN878 or W4 strains of M. tuberculosis result in
higher bacillary loads, persistent elevation of TNF-a
within the CSF, and more severe clinical symptoms
[43]. van Well et al. have developed a similar model in
mice, where mice were infected intra-cerebrally with
high-dose of M. tuberculosis H37Rv [49]. All infected
mice developed meningitis, with extensive cellular infil-
trate in the CNS and meningeal inflammation. Though
the intra-cisternal / intra-cerebral injection models may
prove to be useful tools for studying acute or chronic
inflammatory tuberculous meningitis, a major limitation
of these models is that they do not simulate natural
CNS disease, caused by hematogenous dissemination
of M. tuberculosis and subsequent invasion of the
CNS. For the same reasons, these models cannot be
used to understand the mechanism(s) by which the
bacteria initially gain access to the CNS.

Be et al.

Our laboratory has focused on developing models
to study invasion of the CNS by M. tuberculosis and
simulate natural human CNS TB as part of hematoge-
nously disseminated disease. Rich and McCordock
challenged both sensitized and non-sensitized guinea
pigs and rabbits intravenously in their seminal work on
TB meningitis [21]. M. bovis were used for infecting
rabbits, while M. tuberculosis H37Rv were used for
guinea pigs. Though all animals developed few to se-
veral granulomatous lesions in the brain parenchyma
and meninges, none developed acute exudative me-
ningitis. These data suggest that unlike other meningi-
tis causing bacteria, M. tuberculosis do not enter the
CSF directly through the blood-CSF barrier at the level
of choroid plexi. Instead, they enter the brain paren-
chyma or meninges at the level of the BBB.

Based on these studies done by Rich et al. we op-
ted to detect M. tuberculosis in the whole brain tissue,
including the parenchyma, instead of just the CSF. Our
data indicate that M. tuberculosis are detected in the
brain tissue at each time point after intravenous infec-
tion [50]. Further, no significant immune response, as
measured by histopathological and cytokine profile
analysis, was elicited in the infected brain tissue, com-
pared with extensive inflammation noted in the infected
lung tissue at the same time. This model was subse-
quently used to study the role of M. tuberculosis genes
in the pathogenesis of CNS disease. A pool of defined
transposon disruption mutants of M. tuberculosis
CDC1551 was used to infect mice intravenously. The
study identified specific M. tuberculosis mutants (repre-
senting M. tuberculosis genes Rv0311, Rv0805,
Rv0931c, Rv0986 and MT3280) which displayed CNS-
specific phenotypes that were absent in lung tissue
[50]. It is hoped that more extensive use of this model
will likely identify further genetic determinants for CNS
invasion and/or survival by M. tuberculosis, and will
bring to light potential targets for treatment of the di-
sease.

In summary, despite a century and a quarter after
the discovery of M. tuberculosis, remarkably little is
known about the pathogenesis of CNS TB. Since seve-
re sequelae are observed even when CNS TB is trea-
ted effectively, it is important to develop preventive
strategies for this disease. Understanding how M. tu-
berculosis invade and survive initially in the CNS would
be essential to developing such preventive strategies.
Future studies on the genetic determinants of M. tuber-
culosis and their interactions with the blood brain ba-
rrier will hopefully lead to a more extensive understan-
ding of CNS TB / TB meningitis and ways in which it
may be combated.
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