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Recent experiments have shown that gamma interferon (IFN-y), either administered or induced in vivo, e.g.,
by certain bacteria, is a key mediator in inducing hypersensitivity to bacterial lipopolysaccharides. The source
of endogenous IFN-v in this context (natural killer versus Ty1 cells) has not been investigated yet. In order
to investigate the role of antigen-specific, IFN-y-producing T, 1 cells in murine Pseudomonas aeruginosa
infection, a murine T1 cell line was propagated in vitro by using recombinant P. aeruginosa outer membrane
protein I. Adoptive transfer experiments were performed by intravenous injection of various amounts of Tj;1
cells into P. aeruginosa-challenged SCID mice. Adoptive transfer of 5 X 10° T cells into SCID mice followed by
an intraperitoneal challenge with 1.4 X 10° CFU of live P. aeruginosa resulted in the rapid death of the animals
within 12 h postchallenge, whereas transfer of lower T-cell doses and saline as a control did not cause any
detrimental effects. After challenge with 2.8 x 10° CFU of P. aeruginosa, similar results were obtained 18 h
postchallenge; however, at the end of the 72-h observation period, no significant differences in survival rates
were obtained between the groups treated with different amounts of T cells. The rapid death of mice treated
with 5 X 10° T cells was reflected by 860-fold-elevated levels of tumor necrosis factor alpha (TNF-a) present
in serum 2 h postchallenge, whereas no significant differences in TNF-« serum levels were detectable in mice
treated with lower doses of T cells or with saline. Pretreatment of T-cell-reconstituted SCID mice with
neutralizing anti-IFN-y monoclonal antibodies completely protected mice from bacterial challenge and re-
duced TNF-« levels in serum. We conclude that under the experimental conditions described here, IFN-y- and
interleukin-2-producing Ty1 cells represent an important trigger mechanism inducing TNF-a-mediated hy-

persensitivity to bacterial endotoxin.

Tumor necrosis factor alpha (TNF-a) is presently recog-
nized to be the critical mediator of endotoxin-induced shock
reactions (6, 30). Infusion of endotoxin or bacteria results in a
brief, early serum TNF-a peak sufficient to induce a cascade of
secondary cytokines, including interleukin-1 (IL-1), IL-6, and
IL-8 (29, 34, 36). The source of TNF-« is the endotoxin-acti-
vated macrophage (6). Normal sensitivity to the lethal effects
of lipopolysaccharide (LPS) is enhanced under different exper-
imental conditions (treatment with hepatotoxic agents, grow-
ing malignant tumors, or infection with bacteria) (16, 17).
Recently, several investigators have found that gamma inter-
feron (IFN-y) plays an essential role in the development of
septic shock. Treatment of mice with IFN-y increased suscep-
tibility to endotoxin associated with increased levels of TNF-a.
Treatment with anti-IFN-y antibodies, however, blocked in-
duction of circulating TNF-a (21, 22). Thus, IFN-y seems to be
a key mediator of endotoxin-related hypersensitivity. Katschin-
ski et al. reported that certain bacteria induce sensitization to
LPS by stimulation of endogenous IFN-y production (26),
although in this study, the primary source of IFN-y (T},1 versus
natural killer [NK] cells) was not investigated. Previous studies
by Heremans et al. (23) demonstrated that depletion of NK
cells but not CD4" and CD8* T cells protected NMRI mice
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against LPS-induced Shwartzman-like reactions, although pu-
rified LPS was used, which is unlikely to activate T cells.

Our present study aimed to demonstrate the association of
antigen-activated Tp;1 cells in sensitization to LPS. An exper-
imental adoptive transfer model in the mouse was developed
by transfer of syngeneic IFN-y- and IL-2-producing Ty;1 cells
specific for the inoculated gram-negative pathogen Pseudomo-
nas aeruginosa, which represents a major cause of lethal gram-
negative sepsis and shock (19, 27). As an antigen for the gen-
eration of P. aeruginosa-specific T cells, we chose the P.
aeruginosa outer membrane protein I (Oprl), which is highly
conserved through all 17 serotypes of the IATS scheme and
which has recently been cloned by our group (14). In vitro
propagation of antigen-specific T cells requires soluble, non-
toxic antigens. Metal chelate affinity chromatography based on
the interaction of a stretch of histidine residues linked to the
recombinant protein with Ni**-nitrilotriacetic acid (NTA)
resin has been shown to provide these highly purified recom-
binant protein antigens in large amounts (32). The propagation
of a syngeneic murine Ty 1 cell line was performed by repeated
in vitro stimulation of in vivo-primed lymph node cells with the
purified recombinant P. aeruginosa Oprl. As an adoptive trans-
fer and challenge model, we used the severe combined immu-
nodeficiency (SCID) mouse, since this mutation is character-
ized by a defective antigen receptor gene rearrangement and
therefore lacks functional T and B cells (7, 8), whereas antigen-
presenting cells (APC) and NK cells are not affected (12, 13).
Thus, the pathways of infection in the SCID mouse are not
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modulated by host lymphocytes or specific antibodies to LPS
or other bacterial structures.

The adoptive transfer study presented here will provide ev-
idence that antigen-specific Ty;1 cells trigger LPS hypersensi-
tivity by release of IFN-y upon bacterial infection.

MATERIALS AND METHODS

Animals. Female BALB/c mice were purchased from the Zentralinstitut fiir
Versuchstierzucht, Hannover, Germany. Female C.B-17 scid/scid mice (SCID)
were purchased from Bombholtgard Breeding Centre, Ry, Denmark, and kept
under sterile conditions in a laminar flow unit. All mice were used at an age of
6 to 8 weeks.

Bacterial strains and growth conditions. Strains of P. aeruginosa serogroup 1
(ATCC 33348) and serogroup 12 (ATCC 33359) were obtained as a gift from A.
Bauernfeind, Max-von-Pettenkofer-Institut, Munich, Germany. Bacteria were
grown and adjusted to the required concentrations as described previously (38).

Preparation of native Oprl. For immunization of lymph node donor mice,
OPRs of P. aeruginosa serogroup 12 were isolated by detergent extraction as
described by Inouye et al. (25). Crude bacterial lysate was obtained by sonication
of live P. aeruginosa serogroup 1 in a Branson sonifier. Protein content was
determined by the Bio-Rad protein assay (Bio-Rad, Hercules, Calif.).

Preparation and purification of recombinant P. aerugi) Oprl from Esche-
richia coli. The P. aeruginosa Oprl gene sequence contained in plasmid pITaql
(14) was amplified by PCR with the two primers 5'-GCGGATCCATCGAGGG
TAGAATGTGCAGGCCACTCCAAGAAACCG-3' and 5'-CCAAGCTTATT
ACTTGCGGCTGGCTTTTTC-3'. Amplified DNA was purified, digested with
HindIIl and BamHI, and ligated into the corresponding sites of the expression
vector pQES (Diagen, Diisseldorf, Germany) downstream of a sequence encod-
ing an oligo-histidine peptide of six residues. The resulting construct, pQES-I,
was transformed into competent M15/pREP4 cells (Diagen). Expression of the
recombinant Oprl-(His), fusion protein was induced by 4 h of incubation in 1
liter of TB medium containing 1 mM IPTG (isopropylthiogalactopyranoside)
(31). Cells (6 g, wet weight) were suspended for 1 h at room temperature in 30
ml of lysis buffer (6 M guanidinium HCI, 0.1 M NaH,PO,, 0.1 M Tris [pH 8.0]).
After 20 min of centrifugation at 10,000 X g, the supernatant was loaded onto an
equilibrated Ni-NTA column (9-ml bed volume; Diagen). The column was
washed first with 50 ml of lysis buffer and subsequently with 50 ml of 8 M
urea-0.1 M NaH,PO,-0.1 M Tris (pH 8.0)-50 ml of 50 mM sodium phosphate
(pH 8.0)-100 mM KCI-0.1% Tween 20-10 mM B-mercaptoethanol-10 mM
EDTA-10 mM EGTA (ethylene glycol tetraacetic acid). The recombinant pro-
tein was eluted with 250 mM imidazole in the same buffer.

SDS-PAGE and immunoblotting of Oprl. Sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) on 12% slab gels and Western immu-
noblotting were performed as described previously (33). After blotting, nitrocel-
lulose sheets were incubated with 1:90-diluted 2A1 (28) hybridoma supernatant.
Binding was visualized with alkaline phosphatase-linked goat anti-mouse immu-
noglobulin G (IgG) diluted 1:3,000 and 5-bromo-4-chloro-3-indolyl-phosphate as
the substrate (Bio-Rad).

Generation of Oprl-specific T cells. T lymphocytes were obtained and cultured
as described by Corradin et al. (11). Briefly, BALB/c mice were injected subcu-
taneously at the base of the tail with 100 pl (100 ng) of OPRs of P. aeruginosa
serogroup 12 emulsified in complete Freund’s adjuvant. Nine days later, the mice
were killed, and the inguinal and periaortic lymph nodes were removed asepti-
cally. Lymph nodes were teased into a single-cell suspension in ice-cold RPMI
1640 with a tissue homogenizer (Braun Melsungen). The lymph node cell sus-
pension was washed twice. The cell pellet was suspended in complete T-cell
medium (CTCM; RPMI 1640 supplemented with 2.0 g of NaHCO; per liter,
10% fetal bovine serum, 5 X 10~ M 2-mercaptoethanol, 2 mM L-glutamine, 100
U of penicillin, and 100 g of streptomycin per ml). Viable cells were counted by
trypan blue exclusion and adjusted to a concentration of 2 X 10%ml. Then 12 ml
of the cell suspension was incubated in 50-ml upright tissue culture flasks
(Costar, Cambridge, Mass.) in the presence of 25 pg of recombinant OprlI and 20
U of recombinant murine IL-2 (rIL-2; Boehringer, Mannheim, Germany) per ml
at 37°C in a 5% CO, incubator.

Preparation of irradiated APC. To obtain syngeneic APC, spleens of female
BALB/c mice were removed aseptically. A single-cell suspension was prepared in
ice-cold RPMI 1640. Erythrocytes were lysed with 0.17 M NH,Cl. The remaining
cells were irradiated with 3,000 rads in a '3”Cs source. APC were then suspended
in CTCM at 4 X 10° cells per ml.

Long-term culture of T lymphocytes. Four days after in vitro cultivation of
lymph node cells, viable, blastlike cells were counted, washed twice, and resus-
pended in CTCM together with APC (4 X 10° T cells and 2 X 10° APC) in 50-ml
tissue flasks. Recombinant OprI (25 pg/ml) and 20 U of rIL-2 were added. Fresh
medium and rIL-2 were substituted after 5 days. Cycles of restimulation with
antigen and APC were repeated every 10 days for 10 restimulation cycles.

Lymphocyte proliferation assay. To determine the antigenic specificity of
established T lymphocyte lines, cells were tested for their ability to proliferate in
the presence of either recombinant or native Oprl. At 10 to 12 days after
antigenic restimulation, viable, blastlike cells were counted and seeded at 2 X 10*
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cells per well (50 pl) into 96-well flat-bottomed microculture plates (Costar).
Then 2 X 10° APC (50 pl) were added per well, followed by addition of 100 ul
of recombinant Oprl or P. aeruginosa serogroup 1 lysate in triplicate at serial
dilutions. After 54 h in culture, cells were pulsed with 1 wCi of [methyl->H]thy-
midine. Incubation was continued, and cells were harvested after another 18 h.
[methyl-*H]thymidine incorporation was counted in a liquid scintillation counter
and expressed in counts per minute (cpm) as mean values of triplicate cultures.

Phenotype and cytokine secretion of OprI-specific T cells. Ten days following
stimulation with antigen, T lymphocyte cultures were assessed by flow cytometry
for the percentage of cells expressing the surface markers L3T4 and Lyt2.2.
Phycoerythrin-conjugated anti-L3T4 (rat IgG2a) and fluorescein-conjugated an-
ti-Lyt2.2 (rat IgG2a) antibodies were purchased from Dianova (Hamburg, Ger-
many). Samples were analyzed on a Becton Dickinson FACScan. Rat IgG2a
isotype antibodies were used to assess nonspecific binding of direct conjugated
antibodies. Lymphocytes were gated forward scatter versus side scatter.

For detection of cytokines released by activated T cells, culture supernatants
were prepared by restimulating 2 X 10° T cells per ml with 25 ug of recombinant
Oprl per ml in the presence of 2 X 10° APC per ml in total volumes of 1.5 ml
in 24-well tissue culture plates. T-cell cultures were used at least 10 days follow-
ing antigenic restimulation and cultured in the absence of exogenous IL-2. After
24 h, cell-free culture supernatants were collected and frozen at —20°C until
assayed. For detection of TNF-a, concanavalin A (ConA)-stimulated T-cell
supernatants were prepared in order to avoid the presence of TNF-a produced
by APC. T cells isolated by density centrifugation were incubated at 2 X 10/ml
with 2.5 pg of ConA per ml in 24-well tissue culture plates in total volumes of 1.5
ml. Supernatants were collected after 1, 2, 4, 8, 24, and 48 h.

IL-2 was assayed by the ability of T-cell culture supernatants to support the
proliferation of the IL-2-dependent CTLL-2 cell line (18). Results were ex-
pressed as international units (IU) per milliliter by comparison with a standard
curve of rIL-2.

IL-4 was assayed by the ability of T-cell culture supernatants to support the
proliferation of the IL-2- and IL-4-dependent CT.4S cell line (24) (kindly pro-
vided by W. E. Paul, National Institutes of Health) in the presence of the IL-2
receptor antibody 5A2 (1:90-diluted hybridoma supernatant). Results were ex-
pressed as IU per milliliter by comparison with a standard curve of rIL-4 (Boehr-
inger).

IFN-y present in T-cell culture supernatants was assayed by an enzyme-linked
immunosorbent assay (ELISA) (Holland Biotechnology BV, Leiden, The Neth-
erlands). Levels of IFN-y were expressed by comparison with the murine recom-
binant IFN-y standard.

Adoptive transfer and challenge experiments. Ten days after the 10th anti-
genic restimulation, viable cells were isolated by density centrifugation (His-
topaque 1.083; Sigma), washed twice, counted, and resuspended in sterile saline.
Groups of six mice were injected in the lateral tail vein with different amounts of
T cells (5 X 10%,5 x 104, 5 X 10°, and 5 X 10°). Control groups were injected
with sterile saline. Four hours later, all mice were challenged intraperitoneally
with either 1.4 X 10° or 2.8 X 10° live P. aeruginosa serogroup 1 organisms
suspended in sterile saline. Survival rates were monitored for the following 72 h.
For determination of TNF-«, blood samples were drawn from the tail veins of
five additional T-cell-reconstituted groups before or 2 and 4 h after challenge
with 2.8 X 10° P. aeruginosa.

In vivo neutralization of IFN-y. Groups of five mice were injected intraperi-
toneally with either 500 wg of neutralizing rat anti-mouse IFN-y monoclonal
antibodies (MADbs) (clone DB-1; Biosource) or 500 pg of human albumin
(Curasan, Kleinostheim, Germany) 2 h prior to intravenous reconstitution with
5 X 10° T cells. Challenge with 1.4 X 10° CFU of P. aeruginosa serogroup 1 was
performed 4 h following reconstitution with T cells. Blood samples for the
detection of TNF-a were drawn 180 min postchallenge, and survival rates were
monitored for the following 72 h.

TNF-a bioassay. The content of TNF-« in individual serum samples and in
T-cell culture supernatants was determined in a cytotoxicity assay with the TNF-
sensitive 1929 cell line (kindly provided by C. Galanos, Max-Planck-Institut fiir
Immunbiologie, Freiburg, Germany) in the presence of 1 pg of dactinomycin per
ml as described previously (2). TNF-a activity was expressed as units per milli-
liter, 1 U being the amount of TNF-a causing 50% lysis of L.929 cells. Recom-
binant TNF-a (Boehringer) was used as a standard control. The neutralizing
anti-TNF-a MAb MP6-XT3 (1 pg/ml) (Pharmingen, San Diego, Calif.) was used
as a control to exclude the presence of TNF-f.

RESULTS

Purification of recombinant P. aeruginosa Oprl. To obtain
large amounts of purified Oprl, metal chelate affinity chroma-
tography was performed. Figure 1A shows the purification
steps for recombinant Oprl containing an amino-terminal pep-
tide tag of six histidine residues. This procedure allowed us to
prepare about 30 mg of recombinant OprI from a 1-liter cul-
ture of IPTG-induced recombinant E. coli with a purity of at
least 95% as estimated by SDS-PAGE (Fig. 1B). In the recom-
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FIG. 1. (A) SDS-PAGE of the purification steps for recombinant Oprl. Be-
fore loading the samples onto the 17% polyacrylamide gel, the proteins were
diluted (dilutions are indicated in parentheses) so that signals of similar intensity
were obtained. L1, lysate of cells before IPTG induction (10™%); L2, lysate of
cells 5 h after IPTG induction (3 X 107°); S, supernatant of guanidinium-lysed
cells (3 X 107°); F, flowthrough of the supernatant of guanidinium-lysed cells
through the Ni-NTA column (3 X 107°); Wash A (2 X 107°); Wash B, buffer B
(2 X 107%); Wash C, buffer C (2 X 10~%); Elutions 5 to 9, fractions 5 to 9,
respectively (5 X 10~%); M, molecular size markers (in kilodaltons). (B) Silver
staining of purified recombinant Oprl. Oprl was subjected to SDS-PAGE as in
panel A. Gels were stained with a commercial staining kit (Pharmacia, Freiburg,
Germany). Lanes A and B, pools of recombinant OprI after the last purification
step; lane C, molecular size markers.

binant Oprl preparation, the 8-kDa band corresponding to
native Oprl could be demonstrated by Western blotting after
reaction with the Oprl-specific MAb 2A1 (data not shown).

Antigenic specificity of established T cells. The specific in-
corporation of [*H]thymidine by 2 X 10* T cells and 2 X 10°
APC in the presence of both recombinant and native Oprl
contained in P. aeruginosa serogroup 12 lysate is shown in
Table 1. Significant proliferative responses were obtained for
both antigen preparations, with maximum stimulation indices
of 32.5 in the case of recombinant Oprl and 26.3 in the case of
native Oprl. After incubation of T cells with E. coli M15/
pREP4 lysate (the host strain for recombinant OprI) as well as
after incubation with Oprl in the absence of APC (data not
shown), background activities were obtained.

Phenotype and cytokine secretion of Oprl-specific T cells.
The percentage of in vitro-propagated T cells expressing the
L3T4 and Lyt2.2 surface markers was determined by flow cy-
tometric analysis of double-stained samples. Nearly 99% of
gated cells were positive for the murine T helper cell marker
L3T4, and 1% stained double positive for L3T4 and Lyt2.2. In
24-h supernatants of 2 X 10° Oprl-specific T cells, 88 U of IL-2
per ml was detected by a CTLL-2 assay, 8,000 ng of IFN-y per
ml was detected by ELISA, and 2.11 U of TNF-a per ml was
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TABLE 1. [*H]thymidine incorporation by T lymphocytes*

. Concn 3H]thymidine incorporation
Antigen (pg/ml) [ ](m};an cpm * S]%M)
None (medium only) 4,327 = 574
Recombinant Oprl 100 140,670 * 3,262
P. aeruginosa lysate 50 113,233 *+ 2,939
E. coli M15 lysate 50 7,027 =193
ConA 2.5 96,741 = 2,382

“ [*H]thymidine incorporation by the established T-lymphocyte line in re-
sponse to recombinant OprI or sonicated P. aeruginosa was determined during
the 10th restimulation period. T cells (2 X 10*) were incubated with 2 X 10° APC
in the presence of serial dilutions of recombinant Oprl or sonicated P. aerugi-
nosa. Controls were incubated with either sonicated E. coli M15/pREP4, ConA,
or medium alone. Values are means of triplicate cultures = standard error of the
mean.

detected by a TNF bioassay. No IL-4 was measurable in culture
supernatants with the CT.4S assay.

After incubation of 2 X 10° T cells per ml in the absence of
APC, maximum TNF-a concentrations of 80 U/ml were ob-
tained 8 h after addition of 2.5 pg of ConA per ml.

Adoptive transfer and challenge experiments. The survival
rates of groups of six SCID mice, each reconstituted with
various amounts of T cells after intraperitoneal challenge with
1.4 X 10° live P. aeruginosa serogroup 1 cells, are presented in
Fig. 2. Reconstitution of the control group with 5 X 10° T cells
without subsequent bacterial challenge did not cause any vis-
ible detrimental effects (data not shown). All mice in the saline
control group as well as in the groups treated with 5 X 103, 5
X 10* and 5 X 10° T cells survived the 72-h observation
period. In contrast, in the group that was treated with 5 X 10°
T cells, five of six animals died rapidly, within the first 12 h.
Thus, transfer of 5 X 10° T cells apparently enhanced the
susceptibility of animals to the effects of P. aeruginosa infec-
tion. Figure 3 shows the same experiment after challenge with
2.8 X 10° live P. aeruginosa. No significant differences in sur-
vival rates were obtained after 72 h, although the time to death
differed depending on the number of T cells applied. At 18 h
postchallenge, five of six mice in the group treated with 5 X 10°
T cells had died, whereas only one mouse in the group treated
with 5 X 10* cells died. Thus, at 18 h postchallenge, significant
differences in survival rates (P = 0.0024) were obtained, as
calculated by a two-tailed Fisher exact test.

TNF-« in serum samples. TNF-a serum levels in P. aerugi-

=6)
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FIG. 2. Survival of SCID mice reconstituted with 5 X 10° (), 5 x 10* (O),
5 X 10° (A), or 5 X 10° (V) Oprl-specific T cells or saline (CJ) after intraperi-
toneal challenge with 1.4 X 10° CFU of P. aeruginosa serogroup 1.
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FIG. 3. Survival of SCID mice reconstituted with 5 X 10° (¢), 5 x 10* (O),
5 X 10° (&), or 5 X 10° (V) Oprl-specific T cells or saline (OJ) after intraperi-
toneal challenge with 2.8 X 10° CFU of P. aeruginosa serogroup 1.

nosa-challenged SCID mice are shown in Fig. 4. TNF-a was
not detectable immediately before challenge. At 2 h postchal-
lenge, however, TNF-a was detectable in all groups, including
those animals which were not treated with T cells (saline con-
trol). No significant differences were obtained between TNF-«
levels in saline-treated SCID mice (11.29 * 3.74 U/ml) and
animals receiving 5 X 10% (15.08 = 2.60 U/ml), 5 X 10* (13.61
+2.22 U/ml), or 5 X 10° (17.94 = 2.08 U/ml) T cells. However,
mice injected with 5 X 10° T cells demonstrated an 860-fold
increase in serum TNF-a levels, measuring 9,465 * 1,350
U/ml. At 4 h postchallenge, increased levels of TNF-a, exceed-
ing those measured at 2 h postchallenge in all other groups,
were still detectable in the group treated with 5 X 10° T cells
(37.05 = 18.5 U/ml). No significant differences were observed
among the groups treated with 5 X 10,5 X 10%, or 5 X 10° T
cells or saline.

In vivo neutralization of IFN-vy in T-cell-reconstituted SCID
mice. The effects of pretreatment of mice with anti-IFN-y
MAbs on survival and serum TNF-a levels following bacterial
challenge were determined. A single injection of 500 g of
anti-IFN-y MAbs completely protected all the mice (five of

100000

10000 ] <

1000

TNFox (Uil

hours post challenge

FIG. 4. Time course of TNF-a production by SCID mice reconstituted with
5 X 10% (), 5 X 10* (O), 5 X 10° (A), or 5 X 10° (V) Oprl-specific T cells or
saline (OJ) after intraperitoneal challenge with 2.8 X 10° CFU of P. aeruginosa
serogroup 1. Serum for TNF-a estimation was collected 1 h before or 2 and 4 h
after challenge. Each point of the curve represents the results (mean * standard
error of the mean) for six individual animals.
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five), whereas all five albumin-treated control mice died, ac-
companied by a significant decrease in serum TNF-a levels (7
+ 2.9 U/ml) in antibody-treated animals compared with the
controls (523 = 114 U/ml) measured 180 min postchallenge.

DISCUSSION

Despite the lack of functional T and B cells, naive SCID
mice show a relatively high resistance against challenge with P.
aeruginosa. In former studies, a 50% lethal dose (LDs) of 2.49
% 10° CFU after challenge with P. aeruginosa serogroup 1 was
calculated by the probit regression model (data not shown),
whereas after challenge of immunocompetent BALB/c mice,
an LDy, of 2.17 X 107 CFU was calculated (38). This obser-
vation indicates that effective, non-antigen-specific and anti-
body-independent defense mechanisms are present in the
SCID mouse. The cellular effectors responsible for the clear-
ance of P. aeruginosa in the SCID mouse are likely to be APC
and NK cells, which are not affected by the SCID mutation (12,
13). The T-cell-independent mechanism of macrophage acti-
vation defined in the SCID mouse, which has been confirmed
for a number of bacterial pathogens and lipopolysaccharides
(3, 4), also seems to be responsible for the clearance of P.
aeruginosa. Stimulation of macrophages by bacterial endotoxin
results in release of TNF-a, leading to the activation of NK
cells (39). Activated NK cells react by subsequent release of
IFN-vy and thus augment macrophage activation, followed by
increased antigen presentation and phagocytosis. This is sup-
ported by our finding that in vitro incubation of SCID mouse
splenocytes with a lysate of P. aeruginosa promotes the secre-
tion of significant levels of IFN-vy into the culture supernatants
(data not shown). Consequently, IFN-y secreted by adoptive
transferred antigen-specific T;1 cells should increase resis-
tance against the particular pathogen. In fact, our present
study demonstrates that opposite findings were obtained after
transfer of P. aeruginosa Oprl-specific Ty 1 cells into P. aerugi-
nosa-challenged SCID mice. Whereas transfer of 5 X 103, 5 X
10, and 5 X 10° T cells did not exhibit any significant effects on
survival rates and serum TNF-a levels of mice compared with
the saline controls, transfer of 5 X 10° T cells induced rapid
death of the mice within 12 h after challenge with 1.4 X 10° P.
aeruginosa cells. Obviously, after transfer of 5 X 10° T cells, a
critical threshold was exceeded, inducing hypersensitivity to
bacterial challenge. The rapid killing of the animals was re-
flected by an immense increase in serum TNF-o levels.
Whereas no differences in TNF-a levels were obtained be-
tween the saline control group and the groups treated with 5 X
10,5 x 10% and 5 X 10° T cells, transfer of 5 X 10° T cells
resulted in an 860-fold increase in serum TNF-a levels mea-
sured 2 h postchallenge. Thus, under the experimental condi-
tions presented here, Tyl cells seem to play a key role in
inducing TNF-o-mediated hypersensitivity to bacterial endo-
toxin, although beneficial effects of antigen-specific Tiy1 cells
cannot be excluded without performing dose titration experi-
ments with smaller bacterial inocula and assessing CFU in
various tissues.

Following in vitro stimulation with recombinant Oprl, the
established T cells produced IFN-v, IL-2, and TNF-a. Conse-
quently, the established P. aeruginosa Oprl-specific T cells
could be identified as Ty41 cells (9, 15). After adoptive transfer
into P. aeruginosa-challenged SCID mice, cytokine release by
activated Ty1 cells has several implications. IFN-y is activating
mononuclear phagocytes, resulting in enhanced endotoxin-in-
duced TNF-a release (10), phagocytosis, and presentation of
bacterial antigens. IL-2 is known to be a strong activator of NK
cells, resulting in further secretion of IFN-y by NK cells (20).
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High levels of IFN-y produced by both Ty;1 cells and NK cells
finally promote excessive TNF-a release by mononuclear cells.
Consequently, a positive-feedback loop is generated, resulting
in an overwhelming immune response, leading to the develop-
ment of septic shock. The role of IFN-y as an initiating signal
is supported by our findings that pretreatment of T-cell-recon-
stituted SCID mice with anti-IFN-y MAbs both protected mice
from bacterial challenge and significantly reduced serum
TNF-a levels. Furthermore, the sensitivity of mice to TNF is
enhanced by the ability of IFN-y to induce increased expres-
sion of cellular TNF receptors (1, 35). Thus, IFN-y not only
promotes increased TNF-a levels but also augments the toxic
activities of TNF-a.

The immense concentrations of TNF-a detected in serum
samples of mice treated with 5 X 10° T cells (9,465 = 1,350
U/ml) are unlikely to be produced by Ty;1 cells themselves.
Even after in vitro stimulation of 2 X 10° T cells with the T-cell
mitogen ConA, maximum concentrations of 80 U/ml could be
observed. Furthermore, if 5 X 10° transferred T cells are ca-
pable of producing 9,465 U of TNF-a per ml, lower doses of T
cells should also deliver sufficient concentrations of TNF-« to
be detectable in serum. In fact, that was not the case, since no
significant differences in TNF-a levels were obtained between
the saline control group and the groups treated with 5 X 107,
5 % 10* and 5 X 10° T cells. The death of the animals was not
strictly correlated to the elevation of serum TNF-a levels.
Although the animals reconstituted with 5 X 10° T cells died
more rapidly than the animals reconstituted with lower T-cell
doses or saline, significant differences in survival rates were not
obtained after 72 h. Obviously, a distinct threshold in serum
TNF-a level is required for triggering lethal shock reactions in
mice. However, provided that a sufficient bacterial dose is
applied, nonreconstituted SCID mice are also capable of gen-
erating corresponding TNF-a serum levels, according to recent
observations by Heremans et al., who demonstrated that naive
SCID mice can be primed for the LPS-induced Shwartzman
reaction (22).

The data presented are in accordance with recent studies
showing IFN-v to be the essential cytokine inducing sensitiza-
tion to LPS (21, 23, 26). The critical aspect of our findings,
however, is that under experimental conditions, Ti;1 cells de-
liver sufficient amounts of IFN-vy to trigger LPS hypersensitiv-
ity. Future studies on the pathogenesis of endotoxin-induced
shock should therefore also consider the role of Tyy1 cells with
respect to their possible association with the development of
endotoxin hypersensitivity.
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