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Tumor necrosis factor receptor pS5 (TNFRp55) mediates host resistance to several pathogens by allowing
microbicidal activities of phagocytes. In the studies reported here, TNFRp55~'~ mice infected with the
intracellular parasite Trypanosoma cruzi showed clearly higher parasitemia and cumulative mortality than
wild-type (WT) controls did. However, gamma interferon (IFN-y)-activated macrophages from TNFRp55~/~
mice produced control levels of nitric oxide and killed the parasite efficiently in vitro. Trypanocidal mecha-
nisms of nonphagocytic cells (myocardial fibroblasts) from both TNFRp55~'~ and WT mice were also activated
by IFN-y in a dose-dependent way. However, IFN-y-activated TNFRp55 '~ nonphagocytes showed less effective
killing of T. cruzi than WT control nonphagocytes, even when interleukin 13 (IL-1f3) was added as a costimu-
lator. In vivo, T. cruzi-infected TNFRp55~'~ mice and WT mice released similar levels of NO and showed
similar levels of IFN-y mRNA and inducible nitric oxide synthase mRNA in their tissues. Instead, increased
susceptibility to T. cruzi of TNFRp55~/~ mice was associated with reduced levels of parasite-specific immu-
noglobulin G (IgG) (but not IgM) antibodies during infection, which is probably linked to abnormal B-cell
differentiation in secondary lymphoid tissues of the mutant mice. Surprisingly, 7. cruzi-infected TNFRp55~/~
mice showed increased inflammatory and necrotic lesions in several tissues, especially in skeletal muscles,
indicating that TNFRp55 plays an important role in controlling the inflammatory process. Accordingly, levels
of Mn?* superoxide dismutase mRNA, a TNF-induced enzyme which protects the cell from the toxic effects of
superoxide, were lower in mutant than in WT infected mice.

Tumor necrosis factor (TNF) is a multifunctional cytokine
effective in in vivo resistance to a variety of microorganisms.
TNF mediates macrophage microbicidal activity and, at the
tissue level, acute and chronic inflammation. TNF activity is
regulated by two homodimeric receptors with molecular sizes
of 55 and 75 kDa (25). These two receptors are usually coex-
pressed in most tissues but contain very different transmem-
brane and cytoplasmatic domains, thereby involving different
intracellular signal transducers (21, 34) related to distinct cell
functions. Thus, TNF receptor p75 (TNFRp75) has been im-
plicated in thymocyte proliferation and apoptosis (15, 50),
whereas TNFRpS5S5 appears responsible for most of the biolog-
ical functions of TNF. Also important, TNFRp55 acts in syn-
ergy with signals elicited by gamma interferon (IFN-vy), leading
to the production of NO, a major microbicidal factor (26, 43).
Thus, TNFRp55 mediates resistance to parasites, fungi, and
intracellular bacteria, as shown by the increased susceptibility
of TNFRp55~/~ mice to infections with Leishmania major
(56), Listeria monocytogenes (33), Candida albicans (45), and
Mycobacterium tuberculosis (9). Conversely, such mice are re-
sistant to shock induced by lipopolysaccharide and galactos-
amine (33). Moreover, TNFRp55 /"~ mice appeared to be pro-
tected from myosin-induced autoimmune myocarditis (31) and
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from formation of inflammatory granuloma induced by infec-
tion with Mycobacterium bovis or Corynebacterium parvum (39).
Correspondingly, TNFR signaling has been implicated in the
pathogenesis of experimental allergic encephalomyelitis and
human multiple sclerosis, arthritis, diabetes mellitus, and lupus
erythematosus (2).

Trypanosoma cruzi, the etiologic agent of Chagas’ disease,
infects 18 to 20 million people in South and Central America
(29). The infection induces cellular and humoral immune re-
sponses which play a vital role in the control of parasite growth
in humans as also shown in experimental 7. cruzi infections.
Activation of parasite-specific immune cells results in the re-
lease of cytokines, which are important in regulating the 7. cru-
zi load. However, morbidity is also mediated by the immune
response, as indicated by the presence of inflammatory lesions
and autoreactive cells and antibodies (48). TNF alpha (TNF-a)
has been shown to be produced during infection with 7. cruzi
(5, 6, 36, 37, 49, 59), but studies on its role have led to con-
tradictory interpretations. Thus, mice transgenic for soluble
TNFR or treated with anti-TNF-a antibodies have shown ei-
ther increased (38, 43) or reduced susceptibility to infection
(54). Moreover, administration of recombinant TNF-« exacer-
bated mortality (3), and increased levels of endogenous TNF
were associated with increased susceptibility (36) and shown to
mediate cachexia and inflammatory damage during infection
with T. cruzi (54). In vitro, TNF was shown to be microbicidal
to T. cruzi by itself (7, 54) or in synergy with lipopolysaccharide
(57) or IFN-y (30, 43) but was also shown to have no effect at
all (13).

Here we present the results of studies of infection of
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TNFRp55~/~ mice with T. cruzi. Whereas control of the in-
fection is defective in such mice, this is not associated with
defective NO release and/or defective trypanocidal ability of
macrophages. However, a less efficient killing of 7. cruzi by
IFN-y-activated TNFRp55~/~ nonphagocytic cells and mark-
edly diminished levels of anti-T. cruzi immunoglobulin G (IgG)
antibodies may explain the increased susceptibility of mu-
tant mice to infection. Interestingly, TNFRp55~/~ mice also
showed more severe inflammatory lesions concomitantly with
decreased levels of transcripts for Mn?" superoxide dismutase
(MnSOD), a central component in the protective cellular an-
tioxidant cascade.

MATERIALS AND METHODS

Mice and parasites. TNFRp55~/~ mice were generated by using embryonic
stem cell technology (33). The mutant mice were backcrossed for nine genera-
tions with C57Bl/6 mice, and mice of the latter strain were used as wild-type
(WT) controls. Groups of mice were infected intraperitoneally (i.p.) with 10*
CA-I or 15 Tulahuén strain trypomastigotes obtained from peripheral blood of
infected mice. The CA-I strain was isolated from a patient with chronic myocar-
diopathy and characterized as having low virulence and being myotropic (14),
while the Tulahuén strain (47) is reticulotropic and virulent. Parasitemia was
measured periodically, and mortality was recorded.

For in vitro experiments, 7. cruzi trypomastigotes (Tulahuén strain) collected
from supernatants of L-929 cell monolayers 7 days after infection were used.

Competitive PCR assay. The accumulation of inducible nitric oxide synthase
(iNOS), IFN-y, MnSOD, and B-actin mRNA in freshly extracted organs from
infected mice was measured by competitive PCR assays as previously described
(35). Competitor fragments with a different length but using the same primers as
the target DNA were constructed by using composite primers and an exogenous
DNA fragment as described previously (42). Competitors were amplified by
PCR, purified (Qiagen, Studio City, Calif.), and quantified in a spectrophotom-
eter. The primer sequences for the amplification of the cDNA were as follows:
sense iNOS, 5’ CCC TTC CGA AGT TTC TGG CAG CAG CAG C 3';
antisense iNOS, 5" GGC TGT CAG AGC CTC GTG GCT TTG G 3'; sense
MnSOD, 5’ CCC AGA CCT GCC TTA CGA CT 3'; antisense MnSOD, 5" CGA
CCT TGC TCC TTA TTG AA 3'; sense IFN-y, 5" AAC GCT ACA CAC TGC
ATC TTG G 3'; antisense IFN-y, 5" GAC TTC AAA GAG TCT GAG G 3';
sense B-actin, 5’ GTG GGC CGC TCT AGG CAC CAA 3'; antisense B-actin,
5" CTC TTT GAT GTC ACG CAC GAT TTC 3.

Ten- or threefold serial dilutions of the competitor were amplified in the
presence of a constant amount of cDNA. Reactions were carried out for 28 to 45
cycles in a thermal cycler (Perkin-Elmer Cetus, Norwalk, Conn.) with an anneal-
ing step at 60°C (except 55°C was used for MnSOD).

Histopathological and immunohistochemical studies. Various organs were
fixed in 4% neutral buffered formalin and processed for conventional paraffin
embedding. Two samples each of skeletal muscle (hind leg) and heart, spleen,
and liver tissue were randomly selected. Sections were cut at 4-pm widths,
deparaffinized, and stained with hematoxylin and eosin. A blinded microscopic
evaluation of the two sets of serial sections from each organ was performed on
precoded slides.

The grade of inflammatory reaction on hematoxylin-eosin-stained paraffin sec-
tions was scored in 10 microscopic fields (MF) (magnification, X400) as follows.
Fewer than 10 inflammatory cells in no more than two MF was scored as 0. The
occasional presence of inflammatory cells (<10 cells per high-powered field) in
no more than five MF was scored as 1. The presence of occasional inflammatory
cells in at least six MF, small inflammatory cell clusters (10 to 100 cells) in no
more than two MF, or large inflammatory cell clusters (>100 cells) in one MF
was scored as 2. The presence of small inflammatory cell clusters in at least three
MF or large inflammatory cell clusters in two MF was scored as 3. A score of 4
was assigned when large inflammatory cell clusters were observed in three or
more MF.

Histological analysis was also performed by histocytometry with the aid of an
Integrationsplate eyepiece (Zeiss) with 100 hits. The presence or absence of
parasite nests for every hit was scored.

Immunostaining of skeletal muscle tissue sections was performed with poly-
clonal rabbit anti-mouse iNOS (Affinity Bioreagents, Falkenberg, Sweden) or
monoclonal rat anti-mouse CD45 (clone 30F11.1; Pharmingen, San Diego, Cal-
if.) antibodies or control rabbit or normal rat serum. Slides were developed by an
ABC peroxidase method using 3,3-diaminobenzidine as a chromogen, as previ-
ously described (35).

NO measurement. We assayed NO in vivo by serum nitrate measurements
after reducing nitrate to nitrite with Aspergillus sp. nitrate reductase (12). NO
released by cultured peritoneal cells was measured by the concentration of
nitrite. Cells were adjusted to 10° per ml in Dulbecco minimal essential medium
(DMEM) without phenol red containing 5% fetal calf serum and distributed in
triplicate in V-shaped 96-well plates. A 0.5 mM concentration of L-N°®-imino-
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ethyl-lysine (L-NIL) (Sigma, St. Louis, Mo.), a relatively specific inhibitor of
iNOS, was added to test wells. Supernatants were sampled after 24 h for deter-
mination of nitrite concentration by the Griess reaction (8). Nitrite concentration
in culture supernatants was determined by using a standard curve with NaNO, in
DMEM. The nitrate concentration in serum was determined by using a standard
curve with NaNOj in fetal calf serum.

In vitro infection of macrophages and fibroblasts. Fibroblasts were obtained
by enzymatic digestion of hearts from 4-week-old TNFRp55~/~ or WT mice. In
brief, the hearts were minced in Iscove’s modified Dulbecco medium supple-
mented with 10% fetal calf serum, penicillin, and streptomycin (IMDM) and
incubated in IMDM containing 1 mg of collagenase per ml at 37°C for 10 min.
The supernatant containing released cells was collected, the washed pellets were
further enzymatically digested for two cycles, and recovered free cells were
pooled. The pooled cells were plated and highly enriched cultures of adherent
cardiac, nonmyocyte cells were recovered during the plating procedure. After the
third passage, nearly all cells appeared to be fibroblasts by morphology and by
negative immunostaining for muscle-specific a-actin (Sigma). Such cultures were
trypsinized, and 1 X 10* to 3 X 10* cells were resuspended in IMDM and seeded
on a 24-well plate, each well containing a 13-mm-diameter coverslide. Activation
and infection were performed 48 h after plating as described below.

Peritoneal cavity cells from WT and TNFRpS55~/~ mice were suspended in
RPMI 1640 medium containing 5% fetal calf serum, penicillin, and streptomycin
and seeded into 24-well tissue culture plates containing a 13-mm-diameter cov-
erslide in each well. A total of 2 X 10° cells per well was allowed to adhere for
4 h at 37°C in a humidified CO, incubator and washed twice with phosphate-
buffered saline (PBS) to remove nonadherent cells.

Plated cells (macrophages or myocardial cells) were cultured in the presence
or absence of recombinant murine IFN-y, interleukin 18 (IL-1B), TNF-a,
anti-TNF-« (all from Pharmingen), and/or L-NIL for 24 h at 37°C. The mono-
layers were then infected with 10° tissue culture trypomastigote forms of 7. cruzi
obtained from the supernatant of L-929 cells. After 4 h for macrophages and 6 h
for fibroblasts, the monolayers were washed four times with PBS. The wells were
then replenished with fresh medium, containing cytokines and/or L-NIL. Two or
three days later, the cultures were washed three times with PBS, fixed with
methanol, and stained with Giemsa. All conditions were set up in triplicate. The
percentage of infected cells and the number of parasites were determined for at
least 200 cells per culture.

Antibody determinations. The anti-T. cruzi antibody contents in the sera from
infected mice were measured in an enzyme-linked immunosorbent assay
(ELISA). The plates were coated overnight with a 200-ug/ml concentration of
whole homogenate from T. cruzi epimastigotes prepared by pressure-depressure.
The plates were blocked with 1% bovine serum albumin in PBS before the sera
were added. The plates were subsequently developed with alkaline phosphatase-
conjugated goat anti-mouse IgG (y chain specific) (Sigma) or anti-mouse IgM
(p chain specific) (Sigma). The assay was standardized between plates by
including the titration of a serum sample from a mouse chronically infected
with T. cruzi.

Neutralization assay. A volume containing 10° parasites per ml was incubated
with 1 volume of serum (pooled from four individuals) from TNFRp55~/~ or
WT mice at 0 or 28 days after infection for 1 h at 37°C. SCID mice (six animals
per group) were subsequently inoculated i.p. with 10* treated parasites. Para-
sitemia was determined 16 days after infection.

RESULTS

TNFRp55~/~ mice were infected with the Tulahuén or CA-1
strain of 7. cruzi, and the course of infection in these mice was
compared with that in WT mice. WT mice showed low levels of
parasitemia which peaked 3 to 5 weeks after infection and were
controlled thereafter. No such control was observed in mutant
mice (Fig. 1). All mutant mice died, whereas 80 or 100% of the
WT mice survived when infected with strain Tulahuén or CA-I,
respectively (Fig. 1).

To determine if the defective control of 7. cruzi could be due
to an impaired capacity of TNFRp55~/~ macrophages to kill
parasites, macrophages from noninfected mutant or WT mice
were incubated with different concentrations of IFN-y be-
fore in vitro infection with 7. cruzi. When incubated with
low (5 U/ml) doses of IFN-y, macrophages from both geno-
types killed the parasite and released similar levels of NO
(Table 1).

Addition of L-NIL, a selective iNOS inhibitor, blocked both
NO release (Table 1) and parasite killing (data not shown). On
the other hand, parasiticidal activity could not be blocked by
adding high levels of neutralizing anti-TNF-a antibodies in
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FIG. 1. Parasitemia and mortality of TNFRp55~/~ and WT mice infected i.p.
with 50 Tulahuén (A) or 10* CA-I (B) organisms. The mean number of organ-
isms per milliliter + standard error of the mean for one of two representative
experiments with each parasite strain is depicted. The cumulative mortality
at 20 (A) or 35 (B) days after infection is indicated in parentheses. Differ-
ences in cumulative mortality between WT and TNFRp55~/~ mice were
significant (P < 0.02, Fisher’s exact chi-square test). *, significantly different
from the value for WT infected controls (P < 0.05, Mann-Whitney-U Wil-
coxon test).

either the WT or mutant strains, suggesting that none of the
TNF receptors are necessary for IFN-y-mediated killing of
T. cruzi (data not shown). On the contrary, NO was released by
WT but not by TNFRp55 '~ macrophages when murine TNF-
o and IFN-y were used as stimuli in the absence of parasites
(Table 2). Upon such stimulation, 20 g of anti-TNF-« anti-
bodies per ml blocked accumulation of nitrites in the superna-
tant of WT macrophages (data not shown).

Since T. cruzi invades both professional and nonprofessional
phagocytes, we investigated whether a decreased capacity of
nonphagocytic TNFRp55 '~ cells to kill 7. cruzi could explain
the enhanced susceptibility of mutant mice. Primary cultures of
both WT and TNFRp55~/~ myocardial fibroblasts hampered
T. cruzi growth when activated with IL-18 (a potent iNOS
inducer for nonphagocytes (11, 41) (Table 3). This effect prob-
ably occurred in the absence of parasite killing since reduction
of the number of parasites per cell, but not of the number of
infected cells, was observed. In contrast, IFN-y-activated cells
killed T. cruzi in a dose-dependent fashion (Table 3). More-
over, IFN-y-activated myocardial cells from TNFRp55~/~
mice showed lower parasite killing than WT mouse cells (Table
3). Coincubation of TNFRp55~/~ or WT mouse myocardial
cells with both IL-18 and IFN-v increased their trypanocidal
activity, but comparatively less in mutant cells, suggesting the
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involvement of TNFRp55 in trypanocidal activation of non-
phagocytic cells (Table 4). The IFN-vy-activated trypanocidal
mechanism(s) of both TNFRp55~'~ and WT myocardial fibro-
blasts was mediated by NO, since killing was inhibited by L-NIL
(Table 5).

Since TNF-a plays a role in IFN-y release (1, 40), we
measured IFN-y mRNA in tissues from infected WT and
TNFRp55~/~ mice. TNFRp55 was not necessary for in vivo
accumulation of IFN-y mRNA, since increased accumulation
of cytokine transcripts was detected in tissues from WT or
TNFRp55~/~ mice infected with strain CA-I (Fig. 2) or Tu-
lahuén (data not shown). Also, no association between NO
release and increased susceptibility of TNFRp55~/~ mice was
found, since the levels of nitrite in cell culture supernatants,
nitrate in sera, and iNOS mRNA (Fig. 3) and of protein (data
not shown) in tissues were similar in TNFRp55 /~ and WT
mice during infection with 7. cruzi.

Immunoglobulin isotype switch and levels of IgM-specific
response did not differ in TNFRp55~/~ and WT infected mice
(Fig. 4). However, a decrease in anti-7. cruzi IgG level was ob-
served between days 14 and 28 after infection in TNFRp55~/~
mice whereas a further increase was observed in WT mice
(Fig. 4). Confirming previous observations (16, 27), spleens of
TNFRp55~/~ mice showed no germinal center formation dur-
ing infection with 7. cruzi, possibly explaining the low specific
IgG response (Fig. 4).

To determine whether the absence of TNFRp55 influenced
the cellular infiltrates associated with acute infection with 7. cru-
zi, the histology of heart, skeletal muscle, and liver tissue sec-
tions from infected mice was analyzed. Skeletal muscles from
TNFRp55~/~ mice showed markedly enhanced density of
mononuclear inflammatory infiltrates 30 days after infection
with the myotropic CA-I strain in comparison to that of WT
infected controls (Fig. 5). A higher density of CD45™ cellular
infiltrates and the presence of calcification and necrosis were
observed (Fig. 5; Table 6). However, the increased severity of
lesions in TNFRp55 /™ mice was not associated with a higher
number of parasite nests (Table 6). Inflammatory reactions in
heart and liver tissues were more intense in TNFRp55 '~ than
WT mice, although the lesions in such tissues were less severe
than those in skeletal muscles (Table 6). No differences in the
severity of tissue lesions between WT and TNFRp55~/~ mice
could be detected at an earlier time point (14 days after CA-I
infection).

Cell culture studies have shown that TNF can induce the
expression of the antioxidant MnSOD, thereby protecting tis-
sues against oxidative insults. We therefore quantified levels of
MnSOD mRNA in tissues from TNFRp55~/~ and WT in-
fected mice. 7. cruzi infection induced a marked increase in
the MnSOD mRNA levels in the spleen tissue and skeletal

TABLE 1. Trypanocidal activity in and NO release of IFN-y-activated macrophages from WT and TNFRp55~/~ mice®

WT TNFRp55
IFN-y added No. of parasites/100 cells NO,™ release (LM) No. of parasites/100 cells NO,™ release (m)
(% infected cells) Medium Medium + L-NIL (% infected cells) Medium Medium + L-NIL
No 273+ 50 (28 = 7) 242 3= 351+ 58 (35 = 7) 11+9 5+ 1
Yes 10 = 6" (5 = 3)° 49+ 1° 3= 36+ 25 (3 = 1) 79 = 16° 6=3

“ Recombinant murine IFN-y (5 U/ml) and/or 0.5 mM L-NIL was added to macrophages 24 h before infection with T. cruzi. Four hours after infection, free parasites
were washed and reagents were replenished. The nitrite concentration in the supernatant was measured by the Griess assay 3 days after infection. Supernatants from
noninfected cells contained nondetectable levels of nitrite after 4 days in culture. The mean numbers of infected cells and the numbers of parasites per 100 cells +
standard errors of the means from triplicate determinations as recorded 48 h after infection are shown.

® Difference from the nontreated infected control value is significant (P < 0.05, Mann-Whitney-U Wilcoxon test).

¢ Difference from the nontreated infected control value is significant (P < 0.05, Pearson chi-square test).
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TABLE 2. TNFRp55 is necessary for NO release
after IFN-y and TNF-a stimulation”
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TABLE 4. Trypanocidal activity of IFN-y- and
IL-1B-activated myocardial fibroblasts”

NO, ™ release (M)

No. of parasites/100 cells (% infected cells)

Cytokine
IFN-vy added Medium + TNF-a Medium WT TNFRp55~/~
WT TNFRp55~/~ WT TNFRp55~/~ ~IL-18
IFN-y (U/ml)
$° <5$ <§ 22 2 0 606 + 198 (10 +2) 828 = 151 (15 = 3)
cs 5 340 = 45° (5 = 3) 356 + 53° (9 = 3)
“ Peritoneal cells were obtained from mice and plated at 10° per well in a 96- 100 147 = 31 42y 318 + 517 (8+3)

well plate. After nonadherent cells were washed, murine recombinant IFN-y
(5 U/ml) and TNF-a (500 U/ml) were added. Supernatant was collected after
48 h, and the nitrite concentration was measured by the Griess assay.

muscles of WT mice but not or only marginally in tissues from
TNFRp55 /" mice (Fig. 6).

DISCUSSION

Our observations suggest that TNFRpS5 signaling is in-
volved in both control of parasite proliferation and protec-
tion against tissue pathology during infection with 7. cruzi.
TNFRp55~/~ mice showed an exacerbated susceptibility to
infection with virulent and less virulent strains of 7. cruzi.
These findings extend and corroborate previous results with
mice treated with anti-TNF-a antibodies (43) or mice trans-
genic for soluble TNFR (38).

Macrophages play an important role in the control of infec-
tion with 7. cruzi, as shown by the increased susceptibility of
mice depleted of such cells (20, 24, 53). However, the increased
susceptibility of TNFRp55 ™/~ mice to infection was not related
to any in vitro demonstrable decreased ability of IFN-y-acti-
vated macrophages to kill 7. cruzi and to produce NO. Fur-
thermore, this microbicidal effect could not be attributed to the
action of TNFRp75, since T. cruzi killing was not blocked by
neutralizing anti-TNF-a antibodies. However, in contrast to
normal macrophages, TNF did not act in synergy with IFN-y
for NO production when 7. cruzi was not included in the
coculture with TNFRp55~/~ cells, in agreement with previous

TABLE 3. Trypanocidal activity of IFN-y or IL-1B-activated
myocardial cells from WT and TNFRp55~/~ mice®

Cytokine and No. of parasites/100 cells (% infected cells)

concn WT
IFN-y (U/ml)
0

TNFRp55~/~

315 £ 60 (15 £ 2)
5 77 £ 252 (5 = 1)
100 3777 (5 1)

337 +32(17 + 3)
219 + 60 (10 = 2)
169 = 507 (10 + 1)°

IL-1B (ng/ml)
0

933 + 76 (14 + 1) 677 + 160 (10 = 1)

0.1 693 = 15 (12 = 2) 529 + 210 (8 = 2)
1 557 = 55 (14 = 1)° 413 +37(12 % 1)
10 384 = 1507 (11 = 0)° 388 = 78" (9 = 1)

“ Recombinant murine IFN-y or IL-1B was added to cells which were infected
24 h later with tissue culture trypomastigotes. Six hours after infection, the cells
were washed and IFN-y or IL-18 was added again in the concentrations indi-
cated. Mean numbers of infected cells and numbers of parasites per 100 cells
from triplicate cells * standard errors of the means were recorded 72 h after
infection.

® Difference from the nontreated infected control value is significant (P < 0.0,
Mann-Whitney-U Wilcoxon test).

¢ Difference from the nontreated infected control value is significant (P < 0.05,
Pearson chi-square test).

+IL-1B (10 ng/ml)
IFN-y (U/ml)
0

274 +315¢(7+1) 381 +47° (11 = 2)

5 144 = 247¢ (4 = 3) 283 = 59%4 (9 = 3)
50 19 = 3%¢ (3 = 1)° 187 + 3124 (5 = 1)
—IFN-y

IL-1B (ng/ml)
0 472 + 71 (14 * 4)
0.5 233 =35 (7 = 3)
10 124 + 142 (7 * 2)

537 =89 (14 = 3)
233 £ 19" (8 £ 2)
133 26" (5 = 1)°

+IFN-y (5 U/ml)
IL-1B (ng/ml)
0 213 + 31%¢ (6 + 2)

0.5 99 + 117¢ (4 = 1)°
10 67 = 15%¢ (2 = 1)°

312 + 627¢ (10 = 2)
149 = 25%¢ (7 = 2)
120 = 1324 (5 = 1)°

“ Various concentrations of recombinant murine IFN-y or IL-1B were added
to WT or TNFRp55~/~ myocardial cells in the presence (+) or absence (—) of
a constant concentration of IL-1B or IFN-y. Six hours after infection, free
parasites were washed and cytokines were added again. Mean numbers of in-
fected cells and numbers of parasites per 100 cells = standard errors of the
means from triplicate cultures were recorded 72 h after infection.

’ Difference from the untreated control value is significant (P < 0.05, Mann-
Whitney-U Wilcoxon test).

¢ Difference from the untreated control value is significant (P = 0.05, Pearson
chi-square test).

“ Difference from the value for the similarly treated WT control is significant
(P < 0.05, Mann-Whitney-U Wilcoxon test).

¢ Difference from the value for the control in the absence of IL-18 (no IL-1B)
or IFN-y (no IFN-v) is significant (P < 0.05, Mann-Whitney-U Wilcoxon test).

observations (9). Thus, parasites provide a second signal for
NO production and killing that may overcome the absence of
signaling via the TNFRp55 and probably that of TNFRp75,
since killing is not abolished by neutralizing anti-TNF-a anti-
bodies. We also showed that IFN-y and IL-1B (which induces
iNOS expression in nonprofessional phagocytes [11, 41]) acti-
vated trypanocidal activity in both WT and TNFRp55~/~
mouse myocardial cells. However, the trypanocidal activity of

TABLE 5. Effect of a NOS inhibitor on the trypanocidal
activation of myocardial cells”

No. of parasites/100 cells (% infected cells)

IFN-y L-NIL
(5 U/ml) (0.5 mm) WT TNFRp55
- - 86 = 24 (9.0 = 3.0) 72 =21 (7.4 = 2.6)
+ - 26 = 3% (7.6 = 0.4) 12+1°(52=2.1)
+ + 69 =14 (84 =27) 51 =18(6.6 = 0.6)

“ Recombinant murine IFN-y was or was not added to myocardial cells in the
presence or absence of L-NIL. Six hours after infection, free parasites were
washed and IFN-y and L-NIL were added again. Mean numbers of infected cells
and numbers of parasites per 100 cells * standard errors of the means were
recorded from triplicate wells 72 h after infection. —, absence; +, presence.

’ Difference from the nontreated control value is significant (Mann-Whitney-U
Wilcoxon test).



2964 CASTANOS-VELEZ ET AL.

O TNFRp557-
A B WT B
2 =
& 10004 & 5007
H a
& A
o 2 7504 w* S
1) .
&= g~
&g > g
E 2 5004 2 8 250
;
S &= E g_ T* *
St
g 5 250 %5 1 1
L 2 % s 2
i m i
ol $E ) !
3 T E g
Q Q Q Q
& & o] &
£ = g k!
= =
=} =}

FIG. 2. IFN-y mRNA accumulation was determined in skeletal muscle (A)
and spleens (B) from TNFRp55~/~ and WT mice at 0 or 30 days after infection
with T. cruzi (CA-I). Total RNA was obtained from spleens or skeletal muscle of
individual mice, and IFN-y and B-actin mRNA were measured in a competitive
PCR assay. The mean moles of IFN-y mRNA per mole of B-actin mRNA (used
as a housekeeping gene) from four cDNA samples per group, of one of two
independent experiments, are depicted. *, significantly different from the value
for noninfected WT or mutant controls (P < 0.001, Mann-Whitney-U Wilcoxon
test). #, significantly different from the value for WT infected mice (P < 0.05,
Mann-Whitney-U Wilcoxon test).

TNFRp55~/~ myocardial cells was lower than that of WT cells
after IFN-y (but not IL-1B) in vitro activation, suggesting
the involvement of TNFRpSS5 signaling in IFN-y-mediated
(thugh not in IL-1B-mediated) parasite killing by nonprofes-
sional phagocytes. Our data also suggest that IL-13 does not
operate downstream of IFN-y-mediated TNFRp55-dependent
killing, since TNFRp55 '~ cells also displayed a lower T. cruzi
killing than WT cells after stimulation with both cytokines.
Trypanocidal mechanisms of TNFRp55~/~ and WT nonphago-
cytic cells were NO dependent, as previously shown for mac-
rophages (10, 28, 30, 35).

TNF-a induces secretion of IFN-y (40, 51), but we could not
demonstrate decreased IFN-y mRNA accumulation in infect-
ed TNFRp55~'~ mice. The increased levels of IFN-y mRNA
detected in the skeletal muscle of infected mutant mice
as compared to that in the WT counterparts is likely due to
the increased inflammatory infiltrates in such tissues. En-
hanced levels of IFN-y transcripts in tissues from infected
TNFRp55 '~ mice were paralleled by increased iNOS ex-
pression at the mRNA and protein levels and NO release.
Thus, although displaying a crucial role in resistance against
T. cruzi (32, 55), IFN-y and high levels of NO are not
sufficient by themselves to provide protection. Instead, sus-
ceptibility appeared clearly related to diminished levels of
specific IgG, but not IgM, in TNFRp55 '~ mice. This defect
in the mature antibody response was related to a lack of
primary follicles and germinal centers in the spleens of
TNFRp55~'~ mice during T. cruzi infection, in agreement
with other studies (16, 27). This is in line with the protective
role of specific IgG, shown by protection of naive mice
against infection with 7. cruzi upon passive transfer of IgG
antibodies and by the distinct susceptibility of mice geneti-
cally selected for their low or high production of antibodies
(23, 46, 52). Moreover, the infectivity of 7. cruzi parasites
in SCID mice was neutralized by preincubation with sera
from WT but not from TNFRp55 /" infected mice (data not
shown). Thus, increased parasitemia in TNFRp55~/~ mice
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might be due to a defective antibody-dependent lysis of extra-
cellular parasites.

TNFRp55 has previously been shown to mediate the patho-
logic effects of TNF, which include inflammation and tissue
damage in autoimmune and infectious diseases. It was there-
fore surprising to find dramatically exacerbated rather than
decreased inflammation after infection of TNFRp55~/~ mice
with T. cruzi, a feature not related to an increased number of
amastigote nests. This observation contrasts with the reduced
inflammatory lesions observed in 7. cruzi-infected in soluble-
TNFRp55 transgenic mice (38). The possible presence of low
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FIG. 3. Nitrate concentration in serum (A), nitrite content in cell superna-
tants (B), and iNOS mRNA accumulation in the spleen (C) and skeletal muscle
(D) were determined in TNFRp55~/~ and WT mice after infection with T. cruzi.
Samples were obtained 20 and 30 days after infection with strains Tulahuén and
CA-I, respectively. (A) The nitrate level was determined in serum from five
individual mice for each group. The mean NO; ™~ concentrations are depicted.
#, significantly different from values for uninfected controls (P < 0.05, Mann-
Whitney-U Wilcoxon test). (B) To measure NO release, peritoneal cells from
individual mice (six per group) were cultured for 24 h in the presence or absence
of 0.5 mM L-NIL. NO production was measured 24 h later by the Griess assay,
and mean NO, ™ concentrations are depicted. The data of one of two indepen-
dent experiments are shown. *, significantly different from value for uninfected
mice (P < 0.05, Mann-Whitney-U Wilcoxon test). Differences between values for
WT and TNFRpS55~/~ infected mice are not significant. (C and D) Total
RNA was obtained from spleens (C) and skeletal muscle (D) of individual
mice. iNOS and B-actin mRNA were measured in a competitive PCR assay.
The mean moles of iINOS mRNA per mole of B-actin mRNA from four cDNA
samples per group, of one of two independent experiments, are depicted. *,
significantly different from value for uninfected controls (P < 0.05, Mann-
Whitney-U Wilcoxon test).
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levels of nonblocked TNF-« in such transgenic mice (which
might also explain the unaltered levels of specific antibodies in
this model) might account for the difference in pathology be-
tween these transgenic mice and infected TNFRp55~/~ mice.
TNF has been shown to reduce inflammatory reactions in some
autoimmune diseases (22, 60) but, to our knowledge, in no
infectious disease model. TNFRp55 mediates apoptosis of pe-
ripheral lymphocytes and might thereby control inflammatory
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FIG. 4. (A and B) Titers of anti-T. cruzi IgG (A) and IgM (B) in sera from
individual mice (six mice per group) at 17 and 28 days after infection with strain
CA-I. The mean numbers of arbitrary units of specific IgG and IgM per milliliter
obtained from one of two independent experiments are depicted. *, significantly
different from values for WT infected mice (P < 0.05, F-test, analysis of vari-
ance). #, significantly different from values for uninfected WT or TNFRp55 /'~
controls (P < 0.05, F-test, analysis of variance). (C to F) Hematoxylin-eosin
staining of spleen tissue sections from WT (C and D) and TNFRp55~/~ mice (E
and F) at 0 (C and E) or 15 (D and F) days after infection with 7. cruzi. It is
important to note the lack of primary follicles (E) and germinal center formation
(F) in tissues from uninfected or infected TNFRp55~/~ mice.

damage (44). However, we found comparable numbers of apo-
ptotic cells in inflammatory lesions from TNFRp55 /" and
WT infected mice as measured by the terminal deoxynucleo-
tidyltransferase-mediated dUTP-biotin nick end labeling stain-
ing method (data not shown).

Reactive oxygen species (ROS), implicated as important
pathological mediators in various disorders including inflam-
mation, are released during 7. cruzi infection (4, 36). TNF has
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FIG. 5. Hematoxylin-eosin stainings (A to D) and immunohistochemical study of CD45 expression (E to G) of skeletal muscles from TNFRpS5~/~ (A, C, D, and
G) and WT (B, E, and F) mice at 0 (A and E) or 30 (B, C, D, F, and G) days after infection with 7. cruzi (strain CA-I). Negative controls for immunohistochemical
stainings done by incubation with normal rat serum on tissues from 7. cruzi-infected mice showed no peroxidase staining (data not shown). It is important to note the
dramatically increased density of inflammatory infiltrates (C and G) and the presence of necrosis and calcification (D) in tissues obtained from infected TNFRp55 ™/~
mice.
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TABLE 6. Inflammatory lesions in tissues of WT and TNFRp55 /" mice during T. cruzi infection”

Inflammatory reaction score

Immunostained tissue results

Mouse (n=5) n="17
group Li Heart Skeletal % CD45 Inflammatory No. of
fver ear muscle cells? reaction score nests/mm?
WT 1402 02x02 2304 34 x0.7 21 %05 3209
TNFRp55~/~ 2.1 +0.19 1+03 3.9 +0.14 7.4 + 0.6 3.8 +0.2¢ 20+ 1.0

“ Tissue samples were obtained from mice 30 days after infection with the CA-I strain of 7. cruzi. The arbitrary inflammatory reaction scoring is described in Materials
and Methods. n, number of mice analyzed. Values are means = standard errors of the means.

> The percentage of area stained for CD45 (LyS)* cells in skeletal muscle sections was measured with an image analyzer (Q500MC; Leica, Cambridge, United

Kingdom).

¢ The number of parasite nests was quantified in 20 fields covering an area of 3.5 mm?>.
4 Difference from the value for the WT is statistically significant (P < 0.05, Mann-Whitney-U Wilcoxon test).

been shown to induce the expression of the mitochondrial
MnSOD (50, 58). SOD triggers the crucial first step of the
antioxidant cascade by catalysis of the dismutation of super-
oxide radicals (O,) to oxygen (O,) and hydrogen peroxide
(H,0,). Consequently, induction of MnSOD protects cells
against ROS-mediated damage, as well as lethal radiation, and
against IL-1- and TNF-induced cytotoxicity (19). Interestingly,
O, has been indicated to play a role in coxsackievirus B3
myocarditis in mice, and SOD has a favorable effect when
administered therapeutically during this infection (17, 18). Our
studies demonstrate that infection with 7. cruzi induced an
increase in MnSOD mRNA accumulation in WT mice that was
markedly impaired in TNFRp55~/~ mice. We speculate that
ROS are produced in the absence of TNF signaling. We could
thus explain the observed anti-inflammatory activity mediated
by TNFRp55.

In conclusion, our observations indicate that TNFRp55 con-
trols the parasite load possibly by its involvement in the mat-
uration of B-cell compartments in secondary lymphoid organs
and thereby the IgG antibody production and/or inactivation
of trypanocidal mechanisms of nonphagocytes. We suggest
that TNFRpS55 also plays a protective role against pathological
consequences of infection by induction of antioxidative mech-
anisms in TNF targets.
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FIG. 6. MnSOD mRNA accumulation was determined in skeletal muscle (A)
and spleens (B) from individual mice at 0 and 30 days after infection with 7. cruzi
(CA-I). MnSOD and B-actin mRNA were measured in a competitive PCR assay.
The mean moles of MnSOD mRNA per mole of B-actin mRNA from four
cDNA samples per group, of one of two independent experiments, are depicted.
*, significantly different from value for infected WT mice (P < 0.05, Mann-
Whitney-U Wilcoxon test). #, significantly different from value for uninfected
controls (P < 0.05, Mann-Whitney-U Wilcoxon test).
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