
Tumor necrosis factor (TNF) production is an

important part of the host’s control of infection caused by

Mycobacterium tuberculosis. Engulfment of mycobacteria

by lung-resident macrophages initiates a complex chain

of immune reactions among which TNF production is

one of the earliest important events leading to

macrophage activation and granuloma formation [1]. In

vivo studies in mice with genetically disrupted tnfα gene

encoding TNF demonstrated a critical role of this

cytokine in containment of tuberculosis (TB) infection

[2, 3]. Moreover, TNF is indispensable for TB granuloma

integrity, the phenotype important for prevention of dis-

semination of infection [4]. Another evidence indicating

the important role of TNF in TB control was obtained in

clinical studies: treatment of patients suffering from

rheumatoid arthritis and Crohn’s disease with anti-TNF

monoclonal antibodies in many cases resulted in reactiva-

tion of latent TB [5].

TNF is produced by various cells of the immune sys-

tem – macrophages, dendritic cells, neutrophils, and lym-

phocytes. Since CD4+ T-cells and macrophages are gen-

erally considered as key elements of anti-TB defense [6],

quite naturally, after introduction of methods allowing

selective silencing of genes in certain cell populations, it

was examined how switching off the tnfα gene in T-cells or

macrophages plus neutrophils shifts anti-TB response in

mice. It was shown that in T-TNF–/– mice parameters of

the disease remained unaltered at the early acute phase of

infection, but became more severe at the chronic phase. In

contrast, tnfα disruption in macrophages and neutrophils

caused more rapid disease progression starting from the

early phase of infection, followed by early mortality of ani-

mals. Overall, TNF production by myeloid cells appeared

to be more important for immune defense than by T-cells.

Combined disruption of the tnfα gene in T-cells and

myeloid cells led to a severe disease indistinguishable from

that caused by the systemic knockout mutation [7].

Participation of B-lymphocytes in TB immunity and

pathogenesis has acquired much less attention compared
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Abstract—Tumor necrosis factor (TNF) plays a pivotal role in the early control of Mycobacterium tuberculosis and M. avium

infections by a host. It was previously shown that both phagocyte-derived and T-cell-derived TNF productions are critical

for protective immunity against M. tuberculosis, but the role of TNF produced by B-cells remained unclear. By comparing

mice with B-cell-specific TNF deletion to littermate control mice, here we show that TNF production by B-lymphocytes

is essential for the formation of infection-specific aggregates of B-cells in the lung. It is likely that these compact foci rep-

resent a pathogenic feature of inflammatory response rather than an element of protective immunity, since the capacity to

form aggregates has no influence on the severity of M. tuberculosis- and M. avium-triggered diseases.
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to T-cells and macrophages. However, B-cells may affect

anti-TB immune response at different levels not only by

antibody production, but also as antigen-presenting cells

and the source of cytokines and chemokines. Thus, B-

cell-deficient CBA/N-xid mice and B–/– mice with a

total lack of B-lymphocytes are characterized by an

increased level of IL-10, a cytokine that plays a key role in

anti-inflammatory response [8-10]. In some TB mouse

models, efficient treatment of the disease with mono-

clonal antibodies against several mycobacterial antigens

has been reported [11, 12].

In numerous publications, it has been reported that

TB infection in humans, monkeys, and mice is accompa-

nied by formation of B-cell aggregates (BCA) in lung tis-

sue, resembling B-cell follicles of secondary lymphoid

organs [13-17]. In mice and humans, these structures are

predominantly located near necrotic granuloma, and in

the mouse model it was demonstrated that genetically

susceptible mice form more BCA than more resistant

mice do. Moreover, necrotization of granuloma and for-

mation of hypoxic zones in the lungs was characteristic

exclusively for susceptible mice [16]. Together with the

observation that aerosol TB infection leads to increased

inflammation and impaired granuloma formation in B-

cell-deficient mice [9], this suggests that BCA form either

as the attempt to localize immune response or because of

insufficient immunity.

Since the importance of TNF for the maintenance of

the structure and integrity of lung granuloma is firmly

established (see ref. [4] for review), we decided to study

whether TNF produced by B-cells themselves partici-

pates in BCA formation and influences pathogenesis of

and/or protection against mycobacterial infections. In

this work, we studied two mycobacterial pathogens,

Mycobacterium tuberculosis (MTB) and Mycobacterium

avium (MA). Using aerosol challenge route, we compared

parameters of the diseases and BCA formation in the

lungs between the wild-type B6 mice and B-TNF–/– mice

on the B6 genetic background.

MATERIALS AND METHODS

Animals. Mice on the C57BL/6 genetic background

with flox sites in the tnfα gene and Cre-recombinase

under CD19 promoter (CD19-Cre+/–TNFflox/flox) [18]

and their wild-type (TNFflox/flox) littermates (control)

were obtained by mating CD19-Cre+/–TNFflox/flox mice

with TNFflox/flox mice under SPF (specific pathogen free)

conditions in the Pushchino Animal Facility, Moscow

Region, a branch of the Institute of Bioorganic

Chemistry, Russian Academy of Sciences. Genotyping by

PCR was performed as previously described [18, 19].

Adult mice were transferred to the Central Institute for

Tuberculosis (Moscow) and maintained under conven-

tional conditions with water and food provided ad libitum.

CBA/LacStoCit (hereafter, CBA) and CBA/NCit

(CBA/N) mice were bred and maintained under conven-

tional conditions at the Animal Facilities of the Central

Institute for Tuberculosis. Since no sex-related phenotyp-

ic differences were observed, mice of both sexes were used

at 2-3 months of age.

Mycobacteria and infection. Mice were infected with

the highly virulent M. tuberculosis strain H37Rv or M.

avium strain 724, which cause lethal infection in mice

accompanied by BCA formation in the lung [16]. Both

species were from the collection of the Laboratory for

Immunogenetics, Central Institute for Tuberculosis.

Mycobacteria were grown for 3 weeks in Dubos broth at

37°C, suspended in sterile saline containing 0.05% Tween

20, and kept at –80°C until use. Mice were infected via

the respiratory route with 102 CFU of MTB or 104 CFU

of MA per mouse using an inhalation exposure system

(Glas-Col, USA) as described [20].

CFU counts. To assess mycobacterial multiplication

in spleens and lungs, at week 8 after MTB infection or

week 16 after MA infection, 50-µl probes from sterile

whole-organ 2-ml homogenates were plated onto Dubos

agar in serial 10-fold dilutions, and colonies were count-

ed after 18-20 days of incubation at 37°C. The numbers of

CFU are displayed as recalculated CFU per the whole

organ (CFU/organ).

Histopathology and immune histochemistry. To eval-

uate BCA formation in lungs, samples of lung tissue were

frozen in the regimen of −60 to −20°C temperature gradi-

ent in an electronic CryotomeH (ThermoShandon, UK),

and serial 6-8-µm-thick sections were made across the

widest area of the middle right lobe. Sections were fixed

with acetone, dried at room temperature, and rinsed with

PBS (phosphate buffered saline). To avoid nonspecific

staining, sections were blocked with 10% goat serum for

15 min according to the manufacturer’s instructions.

Sections were incubated for 1 h at room temperature with

or without (control) monoclonal antibody anti-CD19

(rat anti-mouse; BD-PharMingen, USA) diluted in PBS

1 : 50. Sections were rinsed in PBS (2 min, 3 times) and

stained with secondary biotin-conjugated mouse anti-rat

IgG mAbs (BD-PharMingen) for 30 min, then rinsed and

incubated with labeled horseradish peroxidase for 30 min,

rinsed, and incubated with diaminobenzidine solution for

5-6 min. The reaction was stopped by distilled water (2-

3 min), and slides were rinsed three times in PBS con-

taining Tween 20, counterstained for 1 min with hema-

toxylin, and serially incubated in 50, 70, and 90%

C2H5OH and xylene with subsequent mounting in

HyperMount under cover slips.

RESULTS AND DISCUSSION

We first assessed whether TNF production by B-cells

affects the growth of mycobacteria in lungs and spleens of
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infected animals. At week 8 after MTB infection and at

week 16 after MA infection, we estimated the number of

CFU in lungs and spleens of the wild-type and B-TNF–/–

mice. As shown in Fig. 1, TNF production by B-cells did

not influence the mycobacterial growth.

Another important characteristic of a lethal infection

is the speed of mortality. Interestingly, during TB infection

rapid mycobacterial multiplication in the lungs not always

correlates with the early death of infected animals, suggest-

ing that these basic parameters may have different genetic

control [21]. We compared mortality curves of animals

infected with two mycobacterial species and found no dif-

ference in lifespan between the wild-type and B-TNF–/–

mice (Fig. 2). Thus, production of TNF by B-cells, unlike

that by T-cells and macrophages [7], plays a marginal to no

role in host defense against mycobacterial infections.

These negative results raised the question whether

the absence of TNF in B-cells results in any phenotypic

changes during infectious inflammation. BCA formation

Fig. 1. TNF production by B-cells does not affect mycobacterial multiplication in organs of infected animals. The wild-type (WT) and B-

TNF–/– mice were infected with M. avium (a, b) or M. tuberculosis (c, d) as described in “Materials and Methods”, and the numbers of

mycobacteria in lungs (a, c) and spleens (b, d) were assessed by CFU counting. No statistically significant differences between groups were

observed.
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Fig. 2. TNF production by B-cells does not affect the lifespan of

infected animals. The results are displayed as the median survival

time ± SEM. No statistically significant differences between

groups were observed.
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looked as the most appropriate phenotype to study due to

two observations. First, studies in noninfectious models

demonstrated that the TNF production by B-cells is

required for maintenance of the follicular structure in

Payer’s patches and intestine follicular dendritic cells

[19]. Second, as mentioned above, TNF is essential for

maintenance of the structure of tuberculosis granuloma

[4, 22]. Thus, we anticipated that for organization of

BCA, which are forming during mycobacterial infections

and consist mostly of B-cells, TNF production by B-cells

themselves might be essential.

Indeed, BCA formation appeared to depend upon

the capacity of B-cells to produce TNF. Figure 3 displays

histological evaluation of BCA in lung tissue at weeks 8

and 16 after MTB and MA challenge, respectively (stain-

ing with anti-CD19 mAb). MTB challenge leads to quan-

titative differences: more and larger BCA in the lungs of

the wild-type mice compared to B-TNF–/– mice (Fig. 3,

a and b). MA infection results in the phenotypic differ-

ences that are extreme: BCA appeared only in the lungs of

wild-type but not in B-TNF–/– mice (Fig. 3, c and d). We

performed control experiments in pleural B1-cell-defi-

cient CBA/N-xid mice and their wild-type CBA counter-

parts and demonstrated that during MA infection TNF

production by B-cells is as crucial for BCA formation as

the presence of B-cells themselves. After aerosol infection

with MA, no BCA where found in the lungs of CBA/N-

xid mice (Fig. 3f), whereas in CBA mice their numbers

were normal (Fig. 3e).

Previous data and the results reported herein indi-

cate that TNF production by cells forming compact

structures in the lung tissue, e.g. complex tuberculosis

granuloma [4, 22] or BCA ([16] and this work), is

required for maintaining the integrity of these inflamma-

tory foci. However, the functional importance of these

structures is presumably completely different. Stability of

granuloma consisting of many types of lymphoid cells is

very important for host defense [7], whereas maintenance

of the BCA structure does not influence the course of

infection (see above).

Thus, TNF-dependent BCA formation should be

considered as an additional factor of pathogenesis of

mycobacterial infections rather than a part of protective

immunity.
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