TNF-o is a critical negative regulator of type 1 immune
activation during intracellular bacterial infection

Anna Zganiacz,! Michael Santosuosso,! Jun Wang,! Tony Yang,! Lihao Chen,!
Maria Anzulovic,! Scott Alexander,! Brigitte Gicquel,? Yonghong Wan,!
Jonathan Bramson,! Mark Inman,! and Zhou Xing!

Infectious Diseases Division, Centre for Gene Therapeutics, and Department of Pathology and Molecular Medicine,
McMaster University, Hamilton, Ontario, Canada
2Unité de Génétique Mycobactérienne, Institut Pasteur, Paris, France

TNF-0 has long been regarded as a proimmune cytokine involved in antimicrobial type 1 immunity.
However, the precise role of TNF-o in antimicrobial type 1 immunity remains poorly understood. We
found that TNF-a~deficient (TNF~/-) mice quickly succumbed to respiratory failure following lung
infection with replication-competent mycobacteria, because of apoptosis and necrosis of granuloma
and lung structure. Tissue destruction was a result of an uncontrolled type 1 immune syndrome char-
acterized by expansion of activated CD4 and CD8 T cells, increased frequency of antigen-specific T
cells, and overproduction of IFN-yand IL-12. Depletion of CD4 and CD8 T cells decreased IFN-ylev-
els, prevented granuloma and tissue necrosis, and prolonged the survival of TNF~7- hosts. Early recon-
stitution of TNF-o by gene transfer reduced the frequency of antigen-specific T cells and improved
survival. TNF-o controlled type 1 immune activation at least in part by suppressing T cell prolifera-
tion, and this suppression involved both TNF receptor p55 and TNF receptor p75. Heightened type 1
immune activation also occurred in TNF~- mice treated with dead mycobacteria, live replication-defi-
cient mycobacteria, or mycobacterial cell wall components. Our study thus identifies TNF-o. as a
type 1 immunoregulatory cytokine whose primary role, different from those of other type 1 cytokines,
is to keep an otherwise detrimental type 1 immune response in check.
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Introduction um tuberculosis (M.tb) infection (4). Furthermore, a num-

TNEF-0, possesses multifunctional activities and is one
of the most important proinflammatory and proim-
mune cytokines (1). TNF-o was initially identified as a
major cause of toxic syndromes seen in endotoxic sep-
sis. This cytokine is also believed to play an important
pathogenic role in type 1 autoimmune diseases (1).
Thus, therapeutic modalities based on anti-TNF-ot have
been developed to treat these conditions (2). On the
other hand, TNF-o. is also involved in type 1 cell-medi-
ated immune responses to intracellular pathogens such
as mycobacteria (3). Indeed, human subjects undergo-
ing anti-TNF-o therapies experienced a dramatically
increased incidence of reactivation of lung Mycobacteri-
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ber of experimental studies have demonstrated that
hosts with a deficiency in TNF-0. or its receptors are sus-
ceptible to infection caused by mycobacteria including
Mycobacterium bovis bacille Calmette-Guérin (BCG)
(5-12). While the reasons underlying the death of these
hosts still remain speculative, necrosis of tissue granu-
lomas and heightened infection are observed frequent-
ly. Thus, all of the evidence together points to the
requirement of TNF-o. for host defense against intra-
cellular pathogens. However, the precise role of TNF-o.
in antimicrobial type 1 immunity has remained poorly
defined. In particular, little is known about whether
TNF-o is involved in the regulation of type 1 T cell acti-
vation, how the function of TNF-a. is related to mainte-
nance of macrophage granuloma, and what is the rela-
tionship among T cell activation, granuloma integrity,
and infection and death of the host. The importance of
solving these issues is further highlighted by recent clin-
ical and experimental findings that abrogation of
TNF-o unexpectedly worsened a number of type 1
autoimmune conditions (13-17).

In this study, we have observed that TNF-a-deficient
(TNF-/-) mice rapidly succumbed to respiratory failure
after lung infection by replicable M. bovis BCG (tBCG).
These mice suffered a severe type 1 immune syndrome
characterized by uncontrolled expansion of activated
CD4 and CD8 T cells, increased frequency of mycobac-
terium-specific T cells, heightened local and systemic
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levels of type 1 cytokines IFN-y and IL-12, and disinte-
gration of granuloma and lung structure. Depletion of
CD4 and CD8 T cells resulted in decreased IFN-y levels,
preserved macrophage granuloma, and prolonged the
survival of infected TNF~/~ hosts. A higher level of type 1
immune activation also ensued in TNF~7/- hosts follow-
ing treatment with heat-inactivated BCG or CFA, or
infection with a replication-deficient auxotrophic strain
of live M. bovis BCG bacilli. By using both in vitro and in
vivo approaches, we have obtained evidence to suggest
that TNF-0; controls type 1 immune activation at least
in part by suppressing T cell proliferation. Our study
thus reveals that TNF-o. is a critical negative regulator
that controls the level of type 1 immune activation by
restricting the number and activation of T cells during
intracellular mycobacterial infection. Removal of this
regulator results in an uncontrolled type 1 immune syn-
drome thatis detrimental, rather than beneficial, to the
host. Thus, rather than the usual mechanisms based on
immune depression, our findings present a mechanism
based on immune overactivation that leads to increased
host susceptibility to intracellular bacterial infection.
Our findings also call for caution in the use of
anti-TNF-o therapeutics for the treatment of type 1
immune conditions including tuberculosis, autoim-
mune diseases, and allograft rejection.

Methods
Mice. Breeding pairs of C57BL/6 TNF-o. gene-deficient
(TNF/) mice were purchased from The Jackson Labo-
ratory (Bar Harbor, Maine, USA). These mice were bred
in our central animal facility under level A specific
pathogen-free conditions. Breeding pairs of C57BL/6
TNF receptor pS57/~ (TNFRpSS5+/-) mice were original-
ly provided by Tak Mak (Ontario Cancer Institute and
University of Toronto, Toronto, Ontario, Canada) (18).
C57BL/6 WT (B6-WT) mice (Harlan Sprague Dawley
Inc., Indianapolis, Indiana, USA) were housed under
level B specific pathogen-free conditions until use.
After infection, all mice were kept in autoclaved cages
with autoclaved bedding, food, water, and microfilter
lids in a biohazard level B facility. All experiments per-
formed were in accordance with the guidelines of the
Animal Research Ethics Board of McMaster University.
Mycobacteria, viral cytokine gene transfer vectors, mycobac-
terial antigens, and antibodies. Live rBCG was originally
obtained from Connaught Laboratories Ltd. (North
York, Ontario, Canada). It was grown in Middlebrook
7H9 broth (Difco, Detroit, Michigan, USA) supple-
mented with Middlebrook OADC enrichment (GIBCO
BRL, Invitrogen Corp., Gaithersburg, Maryland, USA),
0.002% glycerol, and 0.05% Tween-80. A strain of live,
replication-deficient auxotrophic BCG was provided by
Brigitte Gicquel (Institut Pasteur). This strain of BCG
was amplified in 7H9 media containing kanamycin and
hypoxanthine (19). Dead BCG was generated by heat
inactivation of live replicable BCG at 80°C for 20 min-
utes, and the loss of viability was verified by colony
assay. A replication-deficient adenoviral vector express-

ing murine TNF-ot (AdTNF) was previously construct-
ed in our center (20). This virus has its E1 and E3
genomic regions partially deleted but remains fully
infectious. As control, a replication-deficient adenoviral
vector that does not contain cytokine transgene was
used (Addl) (21, 22). Rat anti-mouse mAb’s GK1.5 and
2.43 were produced in SCID mice and used to deplete
CD4 and CD8 T cells, respectively. Rabbit anti-murine
TNF-o serum was a kind gift from Steve Kunkel (Uni-
versity of Michigan, Ann Arbor, Michigan, USA). Nor-
mal rabbit serum was used as control. Mycobacterial
antigens used in this study were M.tb culture-filtrate
proteins (M.tb CF) or M.tb cell wall lysates provided by
Colorado State University (Fort Collins, Colorado, USA)
under support by an NIH contract (NO1-AI-75320).

Mycobacterial infection and treatment with beat-inactivated
mrycobacteria or CFA. Pulmonary mycobacterial infection
was elicited via the airway as previously described
(22-26). Prior to infection, M. bovis BCG stock solution
was diluted in PBS, and the preparation was sonicated to
ensure proper dispersion of mycobacteria. Mice were
infected by intratracheal instillation of BCG at a dose of
5x10° CFUs in a total volume of 40 pl per mouse. In the
cases of auxotrophic BCG and heat-inactivated BCG,
doses of 6 x 10°and 6 x 107 CFUs per mouse, respective-
ly, were intratracheally delivered. For intravenous infec-
tion with auxotrophic BCG, a dose of 5 x 107 CFUs per
mouse was injected. A colony assay was performed to
assess the level of infection using tissue homogenates as
previously described (22-26). For replication-competent
BCG, Middlebrook 7H10 agar containing OADC enrich-
ment (Difco) was used, and for auxotrophic BCG, Mid-
dlebrook 7H10 agar containing kanamycin and hypox-
anthine (19) was used. Plates were incubated at 37°C,
and colonies were counted at days 11-13 under a dis-
secting microscope. A dose of 250 ug of CFA (Sigma-
Aldrich, St. Louis, Missouri, USA) was injected intraperi-
toneally into mice.

In vivo TNF-o reconstitution by gene transfer. In some
experiments, at the time of mycobacterial infection,
AdTNF or the control vector (Addl) was delivered
intranasally and intramuscularly into TNF7/- mice (22,
27-29). A dose of 2 x 108 PFUs of gene transfer vector
was intranasally delivered in a total of 30 ul to the nos-
tril. For intramuscular delivery, a dose of 5 x 107 PFUs of
gene vector was injected into the muscle of the hind leg.
We have previously demonstrated that intranasal gene
transfer renders transgene expression primarily in airway
epithelial cells and macrophages for a period of 8-12
days (22, 27), and that following intramuscular gene
transfer, transgene expression is localized to the muscle
of the injection site with transgene protein actively
released into the bloodstream for 10-12 days (28).

In vivo CD4 and CD8 T cell depletion. Groups of TNF-/-
mice were first infected intratracheally with live M. bovis
BCG. At days 22, 28, 35, and 44 after infection, they
were injected intraperitoneally with anti-CD4 mADb,
anti-CD8 mAb, or both (250 ug per dose). At day 37, a
group of mice was sacrificed, and the lungs and spleen
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were taken for FACS analysis, mycobacterial-colony
assay, and histopathologic examination. Depletion of
both CD4 and CD8 T cells was verified by FACS analy-
sis of splenocytes and was found to be greater than
99%. The rest of the mice were monitored for mortali-
ty. Mice treated with normal rat IgG antibody were set
up in parallel as controls.

Bronchoalveolar lavage, tissue bistopathology, and immuno-
peroxidase staining for identification of apoptosis. Peripheral
blood was taken retro-orbitally from mice for serum
preparation, and bronchoalveolar lavage (BAL) was car-
ried out on the lung by a standard procedure previous-
ly described (22-26). Sera and BAL supernatants were
stored at -20°C until cytokine assay. The lung and liver
tissues were fixed in 10% formalin. Tissue sections were
stained with H&E for conventional histopathologic
examination. Formalin-fixed and paraffin-embedded
tissue sections were also processed and stained for
apoptotic cells using an ApopTag Plus in situ apopto-
sis detection kit (Intergen Co., Purchase, New York,
USA). This kit allows specific detection of apoptotic,
but not necrotic, cells by labeling DNA cleavage and
chromatin condensation associated with apoptosis.
After immunostaining, tissue sections were counter-
stained with methyl green.

Ex vivo stimulation of total lymphocytes and purified CD4
T cells. Total splenocytes or thoracic lymph node cells
were isolated as previously described (22-26). These
cells were cultured for 72 hours with or without M.tb
CF. In some cases, CD4 T cells were purified from
whole-splenocyte preparations using mouse T cell CD4
subset purification column kits (R&D Systems Inc.,
Minneapolis, Minnesota, USA). Purified T cells were
stimulated with mycobacterium-infected alveolar
macrophages (APC) for 72 hours. For APC preparation,
alveolar macrophages isolated from naive C57BL/6 and
TNF7/- mice were seeded into 96-well plates (4,000 cells
per well) and infected with 20 CFUs per cell of live BCG
overnight prior to coculture with T cells.

Frequency of mycobacterium-specific T cells by ELISPOT
assayy. Isolated whole splenocytes, lymph node cells, or
purified CD4 T cells (0.4 x 10 per well) were seeded into
a 96-well PVDF microplate (Millipore Corp., Bedford,
Massachusetts, USA) precoated overnight with a mouse
IFN-y capture antibody (R&D Systems Inc.; 1:60 dilu-
tion). Cells were incubated for 24 hours with or without
stimulation by M.tb CF or phytohemagglutinin. The plate
was then developed by the standardized streptavidin-con-
jugated alkaline phosphatase and chromogen method
(R&D Systems Inc.). The number of IFN-y-releasing cells
was determined under a dissecting microscope.

FACS analysis of T cell phenotypes and intracellular staining
of IFN-y-secreting T cells. Immunostaining and FACS
analysis procedures were carried out as previously
described (23, 25, 26). Both BAL cells and thoracic lymph
node cells were subjected to flow cytometric analysis.
The phenotypes of T cells were examined using mAb’s
against murine CD3 (hamster; FITC label), CD4 (rat;
biotin), CD8 (rat; biotin), and CD69 (hamster; phyco-

erythrin). Data were collected by FACScan (Becton Dick-
inson Immunocytometry Systems, Sunnyvale, Califor-
nia, USA) with gating on the lymphocyte region, and
analyzed using PC-Lysis software (Becton, Dickinson
and Co., San Jose, California, USA). For intracellular
staining of IFN-y, isolated total splenocytes were cul-
tured for 6 hours in the presence of brefeldin (GolgiPlug)
with or without crude mycobacterial antigens. Cells were
then processed for staining with mAb’s for CD3 (ham-
ster; CyChrome label), CD4 (rat; FITC), or CD8 (rat;
FITC) and a phycoerythrin-conjugated anti-murine
IFN-y antibody (rat; phycoerythrin). Rat IgG1 was used
as an isotype control. Data collection and analysis were
carried out as described above. All of the reagents used
for FACS and intracellular staining were purchased from
BD Pharmingen (San Diego, California, USA).

In vitro and in vivo T cell proliferation assays. A H-thymi-
dine incorporation assay was used to calibrate lym-
phocyte proliferation in vitro as previously described
(29). For in vivo T cell proliferation assay, B6-WT and
TNF/- mice were intratracheally infected with live
replicable BCG for 7 days, and splenic CD4 T cells were
isolated. CD4 T cells were then labeled with CFSE
(Molecular Probes Inc., Eugene, Oregon, USA). Briefly,
cells were resuspended in PBS/10% FBS at 15 x 106 cells
per milliliter. CFSE was added to cells at a final con-
centration of 5 UM, and cells were incubated at room
temperature for 5 minutes. Cells were then washed
three times with 10 vol of PBS/10% FBS, resuspended
in 200 ul RPMI, and adoptively transferred via tail vein
injection into naive B6-WT and TNF-/- mice whose
lymphocytes had been eliminated 2 days earlier by sub-
lethal y-irradiation (6 Gy) (30). Eight days after T cell
transfer, the whole splenocytes were isolated and
immunostained with an anti-CD4 antibody. FACS
analysis was carried out by gating on CD4- and CFSE-
positive T cells.

Measurement of cytokines by ELISA. The concentration
of IFN-y, IL-12, TNF-q, IL-10, and IL-2 in BAL, sera, or
culture supernatant was measured by ELISA kits (R&D
Systems Inc.). The sensitivity of detection for all of
these kits was less than or equal to 5-10 pg/ml.

Measurement of respiratory and hepatic functions. The per-
centage of oxygen saturation of hemoglobin in the
arterial blood was measured at various times after
infection by a veterinary oximeter with the probe
placed on the well-shaved hind leg, and it was used as
an index of oxygen pressure in blood and respiratory
function (31). The level of alanine and aspartate amino-
transferases in serum was measured in an automated
analyzer as an index of liver injury (32).

Data analysis. Whenever applicable, the difference com-
parison was made using a Student ¢ test. The difference
was considered statistically significant at P < 0.05.

Results

TNF7/~ hosts succumbed to respiratory failure within a narrow
window of time after infection by replicable mycobacteria. Fol-
lowing pulmonary mycobacterial infection by live rBCG,
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the peripheral blood. While a slight decrease
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(a) Mortality of TNF7/~ mice following infection by rBCG. Both B6-WT and
TNF~/~ mice were infected intratracheally with rBCG, and the mortality of the
mice was monitored thereafter. Results are from 15-20 mice per group, repre-
sentative of more than two experiments. (b and c) Tissue level of mycobacteri-
al infection. Infected B6-WT and TNF”/~ mice were sacrificed at days 14, 27, and
37, and their lungs (b) and spleens (c) were homogenized and evaluated by
using a colony enumeration assay. Results are expressed as mean + SEM from
6-12 mice per group per time. The difference between B6-WT and TNF~/- at
both days 27 and 37 is statistically very significant (P < 0.01). (d) Hemoglobin
oxygen saturation in the peripheral blood over the course of pulmonary
mycobacterial infection. At various time points, the percentage of oxygen satu-
ration of hemoglobin was measured on live mice by using a veterinary oximeter.
Results are expressed as mean + SEM from 5-10 mice per group per time point.
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B6-WT mice remained healthy throughout the study.
TNF-/- mice remained healthy until day 30 after infec-
tion and became ill around day 35. All TNF7/- mice died
around day 40 (Figure 1a). We further examined the level
of infection in the tissue. There was no difference
between B6-WT and TNF~/- mice in the number of bacil-
li in both the lung (96,937 + 19,895 vs. 55,375 + 15,046
CFUs per lung, respectively) and the spleen (50 + 22 vs.
135 + 45 CFUs per spleen, respectively) by day 14 after
infection (Figure 1, b and c). However, the level of infec-
tion in TNF-/- mice was much higher at days 27 and 37
prior to the death of these mice (Figure 1,b and c). Upon
comparison with our previous study, which used SCID
mice, we found that SCID hosts endured a much higher
level of BCG infection and succumbed much later than
TNF/- mice (22). Furthermore, following M.t infection,
TNF/- mice were also reported to die by 35 days (10), a
time similar to that when our TNF/- mice succumbed
to M. bovis BCG infection. Since M.tb is much more viru-
lent than BCG, these findings together suggest that
TNF-/- hosts did not die of infection.

Thus, in a separate experiment, we examined the res-
piratory function of both B6-WT and TNF~/- mice at
various time points after infection by measuring the
percentage saturation of hemoglobin with oxygen in

contrast to B6-WT control granuloma (Figure
2a). By day 37, microscopically, at least one-
third of the area of all TNF~/- lungs was occu-
pied by massive necrotic areas (“caseous necro-
sis”) with destruction of normal lung
structure (Figure 2, h and i). To verify apopto-
sis, an ApopTag kit was used to specifically
label apoptotic cells in the tissue. While only a
very small number of macrophages in B6-WT
granuloma stained positive for apoptosis at
various times (Figure 2, b and e), a large num-
ber of apoptotic cells were found in the lung of
TNF-/- mice at day 27 (Figure 2g) (4.8 + 1.1 per
granuloma in B6-WT mouse lung vs. 61.6 + 14
per granuloma in TNF-/- mouse lung, P = 0.000001). By
day 37, many apoptotic cells were located throughout
necrotic areas, and lung structural cells at the periph-
ery of necrosis also stained positive for apoptosis (Fig-
ure 2j). In comparison with the lung, the liver of TNF-/-
mice contained small discrete granulomas and inflam-
matory infiltrates in the portal and perivascular areas,
but there was little evidence of extensive apoptosis and
necrosis (data not shown). These findings together
indicate that the lung represents a primary site of organ
failure caused by apoptosis and massive tissue destruc-
tion. Since such an extent of macrophage apoptosis
and granuloma necrosis was never seen in the lung of
other immune-compromised mouse strains suscepti-
ble to mycobacterial infection, including IL-12/- (23)
and SCID mice (22), it most likely resulted from mech-
anisms different from infection.

Overproduction of type 1 cytokines in the lung and periph-
eral blood of TNF~~ hosts. To begin the investigation of
the mechanisms underlying tissue destruction in
TNF-/- hosts during rBCG infection, we measured the
level of type 1 immune cytokines in vivo. At day 14 after
infection, the level of IFN-y and IL-12 was similar
between B6-WT and TNF~- mice in both the lung (Fig-
ure 3,aand b) and peripheral blood (not shown). How-
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Figure 2

Histopathologic changes in the lungs of B6-WT
and TNF7/~ mice following pulmonary rBCG
mycobacterial infection. B6-WT (a-e) and
TNF/~ mice (f-j) were sacrificed at days 27 (a,
b, f, g) and 37 (c-e, h-j). Their lung tissue sec-
tions were stained with H&E (a, ¢, d, f, h, i) or
were subject to ApopTag Plus immunostaining
and methyl green counterstaining for identifi-
cation of apoptosis (b, e, g, j). B, bronchus;
NG, necrotic granuloma. Arrows show apop-
totic cells. These histomicrographs are repre-
sentative of the lungs from at least three mice
per group per time. Magnification, x20 (¢, h)

ever, by days 27 and 37, the level of these cytokines in
TNF7/ hosts was much higher than in B6-WT mice
(Figure 3, a and b). Compared with IL-12, the level of
IFN-y was much more elevated in both the lung and
peripheral blood. For instance, at days 27 and 37,
TNF-/- lung contained 4 and 140 times as much IFN-y,
respectively, as did B6-WT lung.

Hyperreactive CD4 and CD8 T cell responses in the lung and
lymphoid organs of TNF~~ hosts. To investigate the cellu-
lar basis of overproduction of type 1 cytokines, partic-
ularly IFN-y, in TNF7/- hosts, cellular and antigen-spe-
cific T cell IFN-y responses were examined following
rBCG infection. At day 27 after infection, while the
number of lung macrophages and neutrophils was sim-
ilar between B6-WT and TNF~/- mice, the number of
total lymphocytes was much greater in the lung of
TNF/- mice. By day 37, TNF/- lung contained 32 times
as many lymphocytes as that of B6-WT controls (not
shown). The thoracic draining lymph nodes of TNF-/-
mice contained ten times as many cells as those of
B6-WT control mice. By flow cytometric analysis, these
expanded lymphocytes were found to be primarily CD4
T cells, although the number of CD8 T cells was also
markedly increased (Figure 3, c and d) and many of
these T cells were activated, expressing lymphocyte-
activation surface marker CD69.

Since markedly increased T cell numbers and IFN-y
levels in TNF/- mice suggest the overactivation of type 1
immune responses to mycobacterial infection and
increased production of IFN-y by antigen-specific T
cells, we examined the level of IFN-y production by lym-
phocytes of lymphoid organs upon mycobacterial anti-
gen stimulation. There was relatively little antigen-recall
IFN-y response by whole splenocytes of B6-WT mice at

and x400 (a, b, d-f, i, j).

days 7 and 14 after infection (Figure 3e). In contrast,
while the antigen-recall IFN-y response was very small
in TNF/- mice at day 7, such responses were already
markedly higher in the splenocytes of TNF-/~ mice by
day 14 after infection (717 + 78 pg/ml in TNF-/~ mice vs.
86 + 6 pg/mlin B6-WT controls, P = 0.0006) (Figure 3e).
Since the level of infection was almost identical between
B6-WT and TNF~/- mice at day 14 (Figure 1, b and c),
these findings indicate that, firstly, an uncontrolled
type 1 T cell activation occurred early in the course of
immune responses to mycobacterial infection in TNF/-
hosts, and secondly, such heightened type 1 immune
activation was not due to a higher infectious burden in
these hosts. Such early heightened T cell activation con-
tinued to rise at an accelerated pace, and the magnitude
of mycobacterial antigen-stimulated IFN-y responses in
splenocytes was eight and ten times as much as in those
of B6-WT controls at days 27 and 37, respectively (Fig-
ure 3e). Antigen-stimulated IFN-y production by whole
thoracic lymph node cells of TNF~/~ mice was also many
times higher (not shown). To examine the relative con-
tribution of CD4 and CD8 T cells to IFN-y production,
the whole splenocytes were purified from TNF-/- mice
at day 27 after infection and then cultured in the pres-
ence of mycobacterial antigens along with anti-CD4 or
anti-CD8 mADb’s or both. Depletion of CD4 T cells
resulted in more than 90% reduction in IFN-y produc-
tion, whereas CD8 T cell depletion caused only about
30% reduction (Figure 3f). Depletion of both CD4 and
CD8 T cells reduced IFN-y production by more than
90%. These results suggest that CD4 T cells represent a
major source of [IFN-y production.

Increased frequency of antigen-specific type 1 CD4 and CD8
T cells in TNF7/~ mice. To investigate whether overpro-
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duction of IFN-y by T cells was at least in part due to an
increased number of mycobacterial antigen-specific T
cells, an ELISPOT assay was employed. In accord with
the higher amounts of IFN-y measured in lymphocyte
cultures of TNF-/~ mice (Figure 3e), there were twice as
many IFN-y-releasing, mycobacterial antigen-specific
cells in whole splenocytes at days 14 and 27 after infec-
tion (Figure 4,a and b). Significantly higher frequencies
of antigen-specific T cells in TNF-/- mice were also veri-
fied by intracellular IFN-y staining techniques and
FACS analysis (Table 1). B6-WT mice had a relatively
small frequency of antigen-specific CD4 and CD8 T
cells. In contrast, TNF-/- hosts had higher frequencies
of antigen-specific CD4 and CD8 T cells. These findings
suggest that heightened type 1 T cell activation that
manifested in TNF~/~ mice as early as 14 days after infec-
tion resulted at least partially from a greater number of
antigen-specific T cells, particularly Th1 cells. That the
magnitude of dramatically increased IFN-y production
in lymphocytes by day 27 in TNF~- mice cannot be
explained solely by increased frequency of antigen-spe-
cific T cells suggests an increased IFN-y-releasing capac-
ity of T cells after day 14 after infection.

Early TNF-a reconstitution by gene transfer in TNF7/~ hosts
controls the number of antigen-specific type 1 T cells. To fur-
ther investigate the requirement of TNF-o. for control
of the level of type 1 immune activation in the early
course of mycobacterial infection, a replication-defi-
cient adenoviral vector (AdTNF) was used to transfer
the gene coding for murine TNF-o. into TNF~/~ mice.
AdTNF was delivered both intranasally and intramus-

have previously shown that the gene transferred as such
will render transgene expression for a period of 10-12
days in the lung and muscle (22, 27-29). As control, an
empty adenoviral vector (Addl) was delivered to a group
of TNF~/~ mice in the same manner. Indeed, upon
TNF-o gene transfer to TNF/~ mice, circulating levels
of TNF-o were markedly raised (Table 2), and such
TNEF-o expression in TNF-/- hosts significantly decreased
the frequency of mycobacterium-specific T cells in the
spleen to a level similar to that in B6-WT controls (Figure
5a). The amounts of IFN-y released by these cells were
also correspondingly decreased (Figure 5b). Such tran-
sient TNF-o gene transfer at the time of infection also
improved the survival of TNF/- mice (not shown). These
findings suggest an important role of TNF-o. in govern-
ing the level of type 1 immune activation.

Depletion of CD4 and CD8 T cells prevented granuloma and
tissue destruction and prolonged survival of infected TNF7/~
hosts. Thus far we have demonstrated that the death of
infected TNF-- mice is associated with a type 1 immune
syndrome, lung-tissue destruction, and respiratory fail-
ure, as a result of TNF-o. deficiency. To directly demon-
strate the causal relationship between the type 1 immune
syndrome and mortality, we used mAb’s to deplete CD4
and/or CD8 T cells in infected TNF-/- mice. Depletion
of T cells markedly improved the survival of these mice
(Figure Sc), and this was accompanied by markedly
decreased levels of IFN-y in the lung and peripheral
blood (Figure 5d; 107 pg/ml serum vs. 677 pg/ml serum

cularly to TNF-/- mice at the time of rBCG infection. We a b
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Figure 4

Increased frequency of antigen-specific, IFN-y-releasing T cells in
rBCG-infected TNF7/~ hosts. (a) ELISPOT at day 14. (b) ELISPOT at
day 27. At days 14 and 27, isolated total lymphocytes from spleens
were cultured in the presence or absence of mycobacterial antigens
(M.tb CF) and subject to Elispot assay to determine the relative fre-
quency of mycobacterial antigen-specific T cells. Results are
expressed as the average number of antigen-specific T cells per half
million cells from duplicate wells per condition, representative of two
independent experiments.

in the control group), decreased IFN-y release by spleno-
cytes (not shown), the maintenance of granuloma
integrity, and the prevention of tissue destruction (Fig-
ure 5, e and f). Of importance, compared with the level
in controls, the level of mycobacterial infection in the
lung and spleen of TNF/- mice was not significantly
altered by T cell depletion (4.5 X 10° + 3.3 X 106 CFUs per
lung vs. 6.3 x 106 + 2.0 X 10° CFUs per lung in TNF/- con-
trols). These findings suggest that, firstly, type 1 T cell
activation, when uncontrolled, is a direct cause of granu-
loma disintegration and tissue destruction and subse-
quent organ failure; secondly, heightened mycobacterial
infection in TNF~/~ hosts is not the cause of quick death;
and thirdly, TNF-o per se is not required for granuloma
formation during mycobacterial infection.

Both TNFRp55 and TNFRp75 played a role in controlling
the level of type 1 immune activation. Since TNFRpSS is
believed to mediate many biologic activities by TNF-q,
we investigated the contribution of TNFRpS5-mediat-
ed and TNF receptor p75-mediated (TNFRp75-medi-
ated) signaling to the control of type 1 immune activa-
tion in mycobacterial infection. At day 37, TNFRpSS+/-
mice infected with rBCG produced higher levels of
IFN-yin the lung (Figure 6a) or in lymphocyte cultures
compared with B6-WT controls (Figure 6b). However,
this level of enhanced type 1 immune activation had lit-
tle effect on the integrity of granuloma (Figure 6¢), and
the level of infection did not differ from that in WT
controls (not shown). These findings suggest that
TNFRp7S also plays a role in the regulation of type 1
immune activation. To investigate further, infected
TNFRpSS5 mice were treated with anti-murine TNF-0u
polyclonal antibodies at weeks 1, 2, and 3 after infec-
tion and sacrificed at day 37. We found that blockade
of the engagement of the TNFRp75-mediated pathway
in the absence of TNFRpSS led to further-enhanced
type 1 immune activation both in the lung and in lym-
phoid cells (Figure 6, a and b). Such heightened type 1
immune activation, as a result of a lack of TNFRp55-
and TNFRp75-mediated signaling, was accompanied

by macrophage apoptosis, granuloma disintegration
(Figure 6d), and increased mycobacterial counts in the
tissue (not shown) — changes reminiscent of those
found in TNF7/- mice (Figure 2). These findings thus
suggest that both TNFRpS5S and TNFp7S are involved
in the control of type 1 immune activation.

Heightened type 1 immune activation in TNF~~ hosts treat-
ed with dead mycobacteria, live replication-deficient aux-
otrophic mycobacteria, or mycobacterial cell wall components.
To further investigate the immune-suppressive role of
TNF-0, both B6-WT and TNF/- mice were treated with
heat-inactivated (dead) M. bovis BCG (dBCG) or infect-
ed with an auxotrophic strain of M. bovis BCG (auBCG)
that was rendered genetically incapable of replication
because of a lack of the gene required for purine syn-
thesis (19). This approach allowed us to investigate
whether lack of TNF-o would still result in heightened
levels of type 1 immune activation when the level of
mycobacterial antigen or organism loads was similar in
WT and TNF-/- hosts. Indeed, following lung inocula-
tion of dBCG, the level of IFN-y was higher in the lung
of TNF-/- mice (Figure 7a). The splenocytes isolated
from dBCG-treated TNF-/- mice at days 14 and 27
released much more IFN-y than those from their WT
counterparts upon antigen stimulation (Figure 7, b
and c). Reconstitution of TNF-o by adenovirus-medi-
ated gene transfer markedly reduced such heightened
IFN-y responses (Figure 7b). Qualitatively similarly
enhanced type 1 immune activation was also observed
in TNF7/- mice following intravenous injection of
dBCG (not shown). Using a different approach, mice
were infected with live but replication-deficient
auBCG. Following lung infection with auBCG, the fre-
quency of IFN-y-releasing splenocytes or CD4 T cells
in TNF~/~ hosts was higher than that in WT controls
(not shown). Likewise, following intravenous infection
with auBCG, splenocytes of TNF/~ mice produced
higher levels of IFN-y upon antigen stimulation, and
concurrent in vivo TNF-o gene transfer inhibited such
heightened responses (Figure 7d). In this model, the
differential regulation of type 1 immune activation was
independent of infection level, since the infection level
did not differ among groups of B6-WT mice, TNF/~
mice, and TNF~/~ mice that received TNF-0. gene trans-
fer (7,000-10,000 CFUs per spleen by day 21; data not

Table 1
Increased frequency of antigen-specific IFN-y-releasing CD4 and
CD8T cells by intracellular cytokine staining

CDA4T cells CD8T cells
B6-WT 0.84% (0.51%) 0.73% (0.56%)
TNF-/- 4.07% (1.29%) 3.57% (1.84%)

At day 27, isolated total splenocytes were pooled and cultured for 6 hours in
the presence of brefeldin with or without crude mycobacterial antigen stimu-
lation (cBCG), and the cells were then subjected to intracellular IFN-y stain-
ing and FACS analysis in conjunction with the use of anti-CD3, -CD4, and
-CD8 antibodies. The percentage represents the relative size of cell population
that coexpresses both IFN-y and CD4 or CD8 (the level of unstimulated con-
trols is in parentheses).

The Journal of Clinical Investigation |

February 2004

| Volume 113 | Number3 407



Table 2
Circulating levels of TNF-ot in TNF~/~ mice after TNF-ot gene transfer

Day 1
495.55£26.6

Day 3
492.74 £ 42.50

Day 5 Day 8
520.65+55.28 301.44+8.34

The peripheral blood was collected and sera were prepared at days 1, 3, 5,
and 8 after intranasal and intramuscular delivery of AdTNF. The level of cir-
culating TNF-o. was determined by ELISA. The results are expressed in
pg/ml as mean + SEM from three mice.

shown). To rule out that heightened type 1 immune
activation in TNF-/- hosts is dependent on delayed
clearance of phagocytosed whole mycobacterial organ-
isms, mice were injected intraperitoneally with CFA
containing mycobacterial cell wall components. Again,
splenocytes of TNF~/~ mice produced much higher lev-
els of IFN-y upon antigen stimulation (Figure 7e).
These results, in conjunction with the results obtained
from the experiments using rBCG, thus indicate that it
is TNF-o. that is critically required for control of the
level of type 1 immune activation upon exposure to
replication-efficient, nonreplicable or dead mycobac-
teria, or mycobacterial cell wall components.
Mechanisms by which TNF-o. controls type 1 immune acti-
vation. To investigate the potential mechanisms by
which TNF-a controls type 1 immune activation, we
first examined whether TNF-o. did so by inducing anti-

inflammatory cytokine IL-10. To this end we examined
the level of IL-10 production both in the lung and by
antigen-stimulated lymphocytes following rBCG infec-
tion. Rather than being lower, IL-10 levels in TNF~/-
mice were slightly higher than in B6-WT mice (not
shown), suggesting that this cytokine’s role is small. To
examine whether TNF-o controls type 1 immune acti-
vation by directly suppressing T cell IFN-y release,
splenocytes isolated from TNF-/- mice 27 days after
rBCG infection were stimulated in vitro with mycobac-
terial antigen in the absence or presence of exogenous-
ly added TNF-o.. TNF-o had little effect on heightened
IFN-y production, whether it was added concurrently
with antigen (Figure 8a) or used to pretreat cells before
antigen stimulation (not shown). In contrast, recom-
binant IL-10 as a positive control potently inhibited
such responses (Figure 8a). These results suggest that
TNEF-o does not control type 1 immune activation by
directly regulating IFN-y production in type 1 T cells.

To investigate the possibility that TNF-o controls
type 1 immune activation by regulating the level of T
cell proliferation, we examined mycobacterial anti-
gen-stimulated proliferation of splenocytes isolated
from dBCG- or auBCG-treated mice, using 3H-thymi-
dine incorporation assay. We found that while, without
exogenously added antigen, the splenocytes of TNF~/-
hosts demonstrated a higher level of spontaneous pro-

a b
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(aand b) Reconstitution of TNF-ot in rBCG-infected TNF/~ & D 600
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an adenoviral TNF-o. gene transfer vector (AdTNF) ora = 0 = o
control vector (Addl) at the time of mycobacterial infec- & 205 2 5 2 5 S
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levels in TNF/~ mice depleted of T cells. At day 37, several
CD4/CD8 T cell-depleted TNF~7/~ (TNF/~T cell/-) and con-
trol mice were sacrificed. The level of IFN-y in blood and BAL
fluids was evaluated. (e and f) Lung histopathogy in con-
trol TNF/~and CD4/CD8 T cell-depleted TNF7/~ mice on
day 37 after infection. The control TNF7~ lung underwent
massive necrosis of both granuloma and lung structure (e).
Note that part of the bronchus was also necrotic and filled
with necrotic tissue and nucleic debris. The lung of TNF/~
mice depleted of CD4/CD8 T cells contained largely intact
granuloma with typical epithelioid cells (f).
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Figure 6

Role of TNFRpS5S5 and p75-mediated signalling pathways in type 1
immune suppression by TNF-o.. TNFRp557/~ mice were treated with
anti-murine TNF serum or normal control serum at weeks 1,2, and 3
after pulmonary rBCG mycobacterial infection. B6-WT mice were set
up as controls. At day 37, mice were sacrificed and BAL fluids collect-
ed and measured for IFN-y (a). Isolated lymphoid cells were cultured
with or without mycobacterial antigens (PPD) and culture supernatant
measured for IFN-y by ELISA. PPD, purified protein derivatives (b).
While the control TNFRp557~ mouse lung contained intact, mature
granuloma (c), TNFRp557/~ mice treated with anti-TNF-0t contained
disintegrated granuloma in their lungs with many apoptotic cells (d).

liferation than those of their WT counterparts (Figure
8, b and ), upon antigen stimulation, TNF~/~ cells
underwent a remarkably higher level of proliferation
(Figure 8,b and c). In vivo TNF-o gene transfer reduced
not only heightened spontaneous proliferation but
also antigen-stimulated proliferation (Figure 8, b and
¢), which coincided with markedly reduced IFN-y pro-
duction by these cells (Figure 7, b and d). Since activat-
ed T cells of TNF/- hosts released a lot more IFN-y, we
could not completely rule out the possibility that the
heightened proliferation described above was due to
the effect of IFN-yin an ex vivo culture system. Thus,
CD4 T cells primed in vivo for 7 days by mycobacteria
were purified from the spleens of B6-WT and TNF~/-
mice, labeled with CFSE, and adoptively transferred
intravenously to sublethally y-irradiated naive B6-WT
and TNF-/- mice. The homeostatic proliferative poten-
tial of these transferred CD4 T cells was subsequently
analyzed and compared by FACS analysis. We found
that about 50% of WT CD4 T cells did not undergo
proliferation (stayed within the parental population)
and 34% and 20% of them underwent one round and
two rounds of proliferation, respectively (Figure 8d).
This proliferative profile was entirely reversed in TNF-/-
CD4 T cells: only 24% remained in the parental popu-
lation, 28% underwent one round of proliferation, 42%
underwent two rounds, and 4% underwent three
rounds (Figure 8d). These results strongly suggest that

TNEF-a controls the level of type 1 immunity by regu-
lating the number of activated T cells.

Discussion

IL-12, IFN-y, and TNF-o. are among the type 1
cytokines crucial to type 1 immunity against intracel-
lular pathogens including mycobacteria, listeria, and
leishmania. While the role of IL-12 and IFN-y in
antimicrobial type 1 immunity has been well defined as
proimmune, the precise role of TNF-o. has remained
poorly understood. For instance, understanding of the
role of TNF-0. in antimycobacterial type 1 immunity
has been restricted largely to the observation that
infected TNF~/- hosts succumb to necrotic granuloma
and heightened infection (5-11). Such observations,
together with previous findings that TNF-o is a proin-
flammatory cytokine involved in cytokine cascade and
leukocyte recruitment (1) and a proimmune cytokine
required for IL-12 and IFN-y production (33, 34), Th1
polarization (34-36), and macrophage mycobacterici-
dal activities (37-40), have led to the belief that TNF-o
plays a proactive role in type 1 antimicrobial immuni-
ty by stimulating granuloma formation, type 1 T cell
differentiation, and IFN-y production. However, this
notion is confronted by several lines of independent
observations. First, TNF~/- hosts tend to die sooner
than IL-127/- or IFN-y7/- counterparts after M.th or BCG
infection (7, 41, 42). Second, IL-127/- mice that suffer
diminished IFN-y and TNF-o. responses and granulo-
ma formation and heightened M. bovis BCG infection
never succumb (23, 43). On the other hand, while SCID
mice lack granuloma formation and have markedly
diminished IL-12 and IFN-y responses, they rarely die
with the level of heightened BCG infection that TNF-/-
hosts die with (22). Of importance, regardless of high
levels of mycobacterial infection in the lung of IL-12-/
(23) or SCID (22, 25) mice, little apoptosis or necrosis
of granuloma and lung tissue was detected. Third,
TNF7/- mice appear normal or near normal in their
ability to form macrophage granuloma. This suggests
that these mice do not have a defect in cell recruitment
and, rather, that they suffer from a problem that caus-
es macrophage apoptosis and massive necrosis of gran-
uloma and tissue structure. Together, these observa-
tions prompted us to postulate that quick death of
TNF-/- hosts was not due to infection per se but rather
to yet poorly defined abnormalities underlying apop-
tosis and necrosis of tissue.

Indeed, our current study suggests the following: (a)
Contrary to the previous belief that TNF-o. is involved
in Thl polarization and type 1 cytokine responses
(33-35), it is a negative regulator of type 1 immune acti-
vation, required for restricting the number of type 1 T
cells, particularly Th1 cells, and subsequently the level
of total IFN-y production. Thus, lack of TNF-0-medi-
ated immune-suppressive mechanisms results in a detri-
mental type 1 immune syndrome during infection by
replicable mycobacteria, or dysregulated type 1 immune
activation during host responses to infection by repli-
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cation-deficient mycobacteria or exposure to dead
mycobacteria or mycobacterial cell wall components
(CFA). (b) TNF-o. may not be critically required for gran-
uloma formation. Instead, it helps to maintain the
integrity of granuloma indirectly via its role in prevent-
ing immune overactivation. (c) Lack of TNF-o. leads to
overexpansion of type 1 CD4 and CD8 T cells that cause
granuloma disintegration, tissue destruction, and rapid
death. (d) Thus, during intracellular bacterial infection,
in addition to its role in macrophage activation, TNF-0,
via both TNFRpS55-mediated and TNFRp75-mediated
signaling, plays a critical immune-regulatory role in
counterbalancing type 1 immune activation and ame-
liorating potentially detrimental immunopathology. It
is very unlikely that these findings result from the
immune-developmental abnormalities that may be
present in TNF~7/~ hosts. TNF~/~ mice exhibited no devel-
opmental or morphologic abnormalities in any aspect
of immune cells except that certain IgG responses were
impaired (44). A number of published studies using
TNF antibodies or other TNF antagonists in WT mice
duplicated a fatal outcome seen in our TNF~/- model
(6-9,11,45),and, in our current study, transient recon-
stitution of TNF-o. transgene almost fully reverted the
dysregulated immune phenotype, thus indicating a
TNF-o-specific phenomenon.

TNF-o possesses multiple proinflammatory activi-
ties, including induction of cytokines and activation of
endothelial cells, macrophages, and neutrophils (1).
TNF-o is also a key pathogenic player in endotoxic
shock. In addition to its role in innate immune
responses, TNF-o is ubiquitously induced during
chronic host responses to intracellular pathogens. In
this regard, TNF-a, together with IL-12 and IFN-y, has
long been classified as a type 1 immune cytokine (3, 46).

Figure 7

Role of TNF-01 in type 1 immune responses to treatment with dead
mycobacteria (dBCG; a-c) or to infection by live replication-deficient
auxotrophic mycobacteria (auBCG; d) or to treatment with
mycobacterial cell wall components (CFA; e). B6-WT or TNF/~ mice
were inoculated intratracheally (i.t.) with dBCG. Some TNF~/~ mice
were also injected intramuscularly with a dose of AdTNF at the time
of dBCG administration. These mice were sacrificed at days 14 and
28. The level of IFN-y was measured by ELISA in the BAL fluids, and
the results are expressed as mean = SEM from 4 mice per group (a)
or culture supernatants of crude mycobacterial antigen (¢cBCG)-stim-
ulated splenocytes isolated at days 14 (b) and 28 (c) after dBCG
delivery. In some experiments, groups of 3 B6-WT and TNF~~ mice
were infected i.v. with auBCG. Some TNF~- were also injected with
AdTNF or control vector Addl. The whole splenocytes were isolated
and stimulated with mycobacterial antigens and culture super-
natants measured for IFN-y by ELISA (d). In other experiments,
B6-WT and TNF7/- mice were injected intraperitoneally (i.p.) with
complete Freund’s adjuvant (CFA). The whole splenocytes were iso-
lated at day 27 and stimulated with M.tb cell wall antigens (M.tb CW)
and culture supernatants measured for IFN-y by ELISA (e).

However, in contrast to the tight regulation of IL-12 or
IFN-y expression, TNF-ot was quickly released inde-
pendent of other type 1 cytokines in the course of
mycobacterial infection (26, 47). The requirement of
TNF-0 in adaptive immune responses to mycobacteri-
al infection was first unequivocally demonstrated in a
study where administration of anti-TNF-o antibodies
resulted in disintegration of granuloma and weakened
host defense against M. bovis BCG infection (5). There-
after, many other laboratories also observed, using
TNF-/~ mice (6, 9, 10, 48-50), antibodies (6), or TNF-o
antagonist (7), that lack of TNF-a:led to necrotic gran-
uloma and weakened host defense against M. bovis BCG
or M.th infection. Furthermore, the host that lacked
TNF-o was even more susceptible than the one that
lacked IFN-y (7, 41). Recently, TNF-o. neutralization
was also found to lead to fatal reactivation of persist-
ent M.tb infection, which appeared to be associated
with severe lung pathology but not with only moder-
ately increased infection (45). The requirement of
TNF-o for optimal granulomatous responses and host
defense against mycobacterial infection was also
demonstrated in mouse models lacking TNFRp5S
(TNFRI) (6, 8, 11). However, while the requirement of
TNF-o for antimicrobial type 1 immunity has been
widely observed, its precise role has remained poorly
understood. In particular, little is known about
whether and how TNF-a is involved in the regulation
of development of type 1 immunity and T cell activa-
tion, how the functions of TNF-a relate to formation
and/or maintenance of macrophage granuloma, and
what is the relationship among T cell activation, gran-
uloma integrity, and death of the host.

Our current study has provided, for the first time to
our knowledge, unequivocal evidence that TNF-o is a
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Figure 8

Mechanisms by which TNF-o controls type 1 immune activation.
Splenocytes were isolated from rBCG-infected TNF/~ mice and cul-
tured without (control) or with mycobacterial antigens (M.tb CF) in
the presence or absence of recombinant murine TNF-0, or IL-10. Cul-
ture supernatants were measured for IFN-y (a). In separate experi-
ments, splenocytes were isolated from B6-WT and TNF7/~ mice treat-
ed intratracheally with dBCG (b) or i.v. with auBCG (c) at the
specified time. Some TNF~/~ mice were also injected intramuscularly
with AdTNF at the time of dBCG administration or auBCG infection.
These cells were cultured for 3 days with or without mycobacterial
antigen stimulation (M.tb CF). 3H-thymidine was added to cells in
the last 18 hours of culture. Cell proliferation was measured on a
counter. To measure T cell proliferation in vivo, mycobacterium-
primed splenic CD4 T cells were purified from B6-WT and TNF~/~
mice, labelled with CFSE and adoptively transferred i.v. to y-irradiat-
ed naive B6-WT and TNF7/~ mice, respectively. Total splenocytes were
then isolated from these mice eight days after cell transfer, and the
proliferative profile of transferred CFSE-labelled CD4 T cells were
analyzed by FACS (d). P, parental population; G1, generation 1 (cells
that have undergone one round of proliferation in vivo).

critical negative regulator of type 1 immune activation
during intracellular mycobacterial infection. Prior to
our study, a number of previous studies involving mod-
els of intracellular infection presented clues concerning
the anti-inflammatory/immune property of this
cytokine. TNF7/- mice mysteriously developed an
intense, “disorganized” tissue-inflammatory response
and succumbed to challenge with heat-killed Corynebac-
terium parvum (44), which was later found to be associ-
ated with elevated circulating IL-12 (51). In a model of
leishmaniasis, lymphocytes of TNF/~ mice released
more IFN-Y than those of WT controls at day 18 after
infection (52). Heightened chemokine responses were
also found in the lung of M. bovis BCG-infected TNF/-
mice (49). Persistent expression of proinflammatory
mediators including IL-1 and IL-18 and heightened tis-
sue inflammation were also found in the lung of M.tb-
infected mice with lung-specific TNF-o. deficiency (50).
Mycobacterium avium-infected mice lacking TNFRpSS5

had increased type 1 cytokine levels in plasma and tis-
sue homogenates prior to death (11). Furthermore,
there is also increasing evidence from both human and
experimental studies that the immunosuppressive
property of TNF- is required for control of the level of
autoimmune responses (15-17). In our current study,
we have provided evidence that TNF-o. controls the level
of antibacterial type 1 immune activation, primarily by
limiting the proliferation of antigen-specific type 1 T
cells, particularly Th1 cells. Such immune-suppressive
functions of TNF-o. begin to be required from the
early stage of type 1 immune activation. We found that
in the absence of TNF-o, T cell proliferation and the
number of antigen-specific type 1 T cells were already
markedly increased by day 14, when the level of infec-
tion was similar between B6-WT and TNF/- mice and
when little activation was discerned in WT controls.
The early requirement of the immune-suppressive
property of TNF-o for counterbalance of immune acti-
vation is apparently well met by its early abundant
expression in macrophages and dendritic cells upon
infection, and therefore other regulatory molecules are
not required for such expression (26, 47). Control by
TNF-o of type 1 immune activation via limitation of
T cell proliferation does not seem to be restricted only
to intracellular bacterial infection, since TNF-o has
been shown in an autoimmunity model to directly
suppress Th cell proliferation and activation by atten-
uating TCR signaling (53, 54).

In our study, we have also established a causal link
between overactivation of type 1 immunity and tissue
destruction and death in TNF~/- hosts infected by replic-
able mycobacteria by depleting T cells with monoclonal
antibodies. Depletion of both CD4 and CD8 T cells
markedly decreased the level of IFN-y production, pre-
vented granuloma disintegration and lung tissue injury,
and prolonged survival without affecting the level of
infection. However, depletion of either CD4 or CD8 T
cells only moderately improved the survival of these
mice. Since CD4 T cells were found to be a greater source
of IFN-y than CD8 T cells, it is likely that both IFN-yand
T cell-mediated cytotoxicity were responsible for
macrophage apoptosis and tissue destruction in this
model. Indeed, IFN-y was shown to induce apoptosis of
monocytic cells in vitro (55, 56), and high levels of this
cytokine were also associated with a high level of apop-
tosis and tissue immunopathology in vivo during intra-
cellular infection (57). Caseous necrosis in human tuber-
culosis was also recently found to be associated with
enhanced IFN-yand apoptosis (58, 59). It is important
to point out that the nature and regulation of immune
responses in human TB could be more complicated than
what we have learned from our current model system. In
this regard, there are also reports that link decreased
TNF-o and increased IFN-y with improved clinical pres-
entation (60, 61). Overproduction of TNF-a. may also
lead to unwanted histopathology (46).

The immune-suppressive role of TNF-o. during
mycobacterial infection was further consolidated in our
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models in which heat-inactivated or live replication-defi-
cient mycobacteria or mycobacterial cell wall compo-
nents (CFA) were used. Although no longer succumbing
to ongoing immune responses, TNF/~ hosts still dis-
played heightened type 1 immune activation when the
level of mycobacterial antigens or infection was set to be
identical or similar to that in WT control mice, whereas
TNF-o gene transfer brought the level of immune acti-
vation back close to normal. A lethal type 1 immune syn-
drome does not develop unless TNF7/- hosts are exposed
to replicable mycobacteria, most likely because of a
vicious combination of uncontrollable mycobacterial
replication, antigen overloading, and lack of critical
immune-suppressive mechanisms mediated by TNF-o..
The importance and potency of such TNF-0-mediated
immune regulation is further highlighted by findings
that heightened mycobacterial infection in mice defi-
cient in IL-18, IL-1, or IL-6 failed to uplift the level of
type 1 immune responses, since such cytokine-deficient
mice suffered diminished type 1 activation (62-64). We
believe that our findings call for a rethinking of the role
of TNF-0.in type 1 immune activation. Given the indis-
pensable role of TNF-o. in control of the level of type 1
immune activation, a partial, rather than a complete,
TNF-o blockade should be considered for anti-TNF-a
therapy designed to treat type 1 immune conditions.
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