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Endogenous interleukin-12 (IL-12) mediates protection against Yersinia enterocolitica in C57BL/6 mice by
triggering gamma interferon (IFN-v) production in NK and CD4™" T cells. Administration of exogenous IL-12
confers protection against yersiniae in Yersinia-susceptible BALB/c mice but exacerbates yersiniosis in resis-
tant C57BL/6 mice. Therefore, we wanted to dissect the different mechanisms exerted by IL-12 during Yersinia
infections by using different models of Yersinia-resistant and -susceptible mice, including resistant C57BL/6
mice, susceptible BALB/c mice, intermediate-susceptible wild-type 129/Sv mice, 129/Sv IFN-y-receptor-defi-
cient (IFN-yR™'7) mice and C57BL/6 tumor necrosis factor (TNF) receptor p55 chain-deficient (TNFR
p55~/7) mice. IFN-yR~/~ mice turned out to be highly susceptible to infection by Y. enterocolitica compared
with IFN-yR*/* mice. Administration of IL-12 was protective in IFN-yR*/* mice but not in IFN-yR™~ mice,
suggesting that IFN-yR-induced mechanisms are essential for IL-12-induced resistance against yersiniae.
BALB/c mice could be rendered Yersinia resistant by administration of anti-CD4 antibodies or by administra-
tion of IL-12. In contrast, C57BL/6 mice could be rendered more resistant by administration of transforming
growth factor § (TGF-f3). Furthermore, IL-12-triggered toxic effects in C57BL/6 mice were abrogated by
coadministration of TGF-B. While administration of IL-12 alone increased TNF-« levels, administration of
TGF-B or TGF-f8 plus IL-12 decreased both TNF-a and IFN-y levels in Yersinia-infected C57BL/6 mice.
Moreover, IL-12 did not induce toxicity in Yersinia-infected TNFR p55~/~ mice, suggesting that TNF-«
accounts for IL-12-induced toxicity. Taken together, IL-12 may induce different effector mechanisms in BALB/c
and C57BL/6 mice resulting either in protection or exacerbation. These results are important for understand-
ing the critical balance of proinflammatory and regulatory cytokines in bacterial infections which is decisive

for beneficial effects of cytokine therapy.

Yersinia enterocolitica is a gram-negative, predominantly ex-
tracellularly located pathogen which causes enteritis and en-
terocolitis in humans and rodents (17, 24, 40). Moreover, sys-
temic infection including abscesses and granulomatous lesions
in the spleen and liver occur, particularly in immunocompro-
mised individuals (9, 36). As in infections with intracellular
pathogens, T cells, particularly CD4™ Th1 cells, in cooperation
with activated macrophages are required for clearance of pri-
mary Yersinia infection (1, 2, 5). The protective host response
to yersiniosis is mediated by various proinflammatory cyto-
kines. Thus, neutralization of tumor necrosis factor alpha
(TNF-a), gamma interferon (IFN-v), or interleukin-12 (IL-12)
abrogates resistance against this pathogen, suggesting that T-
cell-activated macrophages are important effector cells in the
protective host response to yersiniae (1, 4, 8).

Previous studies showed that C57BL/6 mice are resistant
against Y. enterocolitica while BALB/c mice are susceptible
(16). Administration of IFN-y, IL-12, or anti-IL-4 antibodies
(Abs) rendered BALB/c mice resistant to yersiniae. In con-
trast, in Yersinia-resistant C57BL/6 mice, administration of
IFN-v and anti-IL-4 Abs did not significantly affect yersiniosis.
However, IL-12 treatment of Yersinia-infected C57BL/6 mice
increased bacterial numbers in the spleen and caused toxic
effects in the liver (1, 8). Experimental viral infection revealed
that TNF-« is involved in IL-12-triggered toxicity (31). Fur-
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thermore, it was shown that the higher and predominantly
IL-12-dependent IFN-y levels produced by CD4* T and NK
cells of C57BL/6 mice correlate with resistance against
yersiniae compared to BALB/c mice. In line with these results,
IL-12-mediated protection of BALB/c mice was partially ab-
rogated by administration of anti-IFN-y Abs (8).

In various infection models, it was shown that transforming
growth factor B (TGF-B) counteracts IL-12-mediated resis-
tance. TGF-B is an immunoregulatory molecule which inhibits
the activation of macrophages (30, 45) and the generation and
cytolytic activities of cytotoxic T cells, natural killer cells, and
lymphokine-activated killer cells (23, 37, 38). The immunosup-
pressive effect of TGF-B appears to be mainly caused by inhi-
bition of IFN-y, TNF-a, IL-1, IL-2, and IL-12 production (12,
21, 37). TGF-B plays an important role in the progression of
infections including infections with Mycobacterium avium (11),
Leishmania amazonensis (7), Leishmania braziliensis (6, 7),
Trypanosoma cruzi (39), and Toxoplasma gondii (21). In con-
trast to these investigations, TGF-B plays a beneficial role in
acquired resistance against Candida albicans (41) and Listeria
monocytogenes (29) infection.

The aim of this study was to analyze the mechanisms of
IL-12 exerted in Y. enterocolitica infections in different strains
of mice. For this purpose, we have used various mouse models
including Yersinia-resistant C57BL/6 mice, Yersinia-susceptible
BALB/c mice, Yersinia-intermediate-susceptible 129/Sv mice,
and 129/Sv IFN-y-receptor-deficient (IFN-yR /") mice, and
C57BL/6 TNF receptor p55 chain-deficient (TNFR p55~/7)
mice to dissect the differential and ambiguous IL-12-mediated
mechanisms which cause either protection or exacerbation.
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MATERIALS AND METHODS

Mice. Female, 6- to 8-week-old C57BL/6 and BALB/c mice were purchased
from Charles River Wiga (Sulzfeld, Germany) and kept under specific-pathogen-
free conditions (positive-pressure cabinet). Female, 6- to 8-week-old 129/Sv/Ev
IFN-y receptor type II"/*, 129/Sv/Ev IFN-y receptor type 11"/~ mice (20), and
C57BL/6 TNFR p55~/~ (34) were bred under specific-pathogen-free conditions.

Infection of animals. Freshly thawed, plasmid-harboring Y. enterocolitica WA-
314 serotype O:8 organisms suspended in 0.1 ml of sterile phosphate-buffered
saline (PBS), pH 7.4, were used for intravenous and oral infection as described
previously (1). The actual number of bacteria administered was determined by
plating serial dilutions of the inoculum on Mueller-Hinton agar and counting
CFU after an incubation period of 36 h at 26°C. In kinetic studies, five mice per
group were killed by carbon dioxide asphyxiation on days 1, 3, and 7 postinfection
(p.i.) with 5 X 10? bacteria for both mouse strains if not otherwise stated. The
spleens were aseptically removed, and single-cell suspensions were prepared by
using 5 ml of PBS containing 0.1% bovine serum albumin. Duplicates of 0.1 ml
of serial dilutions of these preparations were plated on Mueller-Hinton agar. The
limit of detectable CFU was 25 (log;,25 = 1.4). All animal experiments were
repeated at least three times and gave comparable results.

Abs. The Abs used in this study were anti-CD4 (GK1.5 [Dianova, Hamburg,
Germany)] and YTS 191), anti-CD8 (53-6.7 [Dianova] and YTS 169), anti-CD3
(145 2C11), anti-IFN-y (R4-6A2 and AN 18.17.24), anti-IL-4 (BVD6 24G2
[Pharmingen, San Diego, Calif.] and 11B11), anti-TNF-a (MP6-XT22 [Pharm-
ingen] and polyclonal anti-TNF-a [Pharmingen]), polyclonal anti-asialo GM1
(Wako, Neuss, Germany), and EE5 (control Ab; kindly provided by W. Bohne,
Wiirzburg, Germany). Abs were purified from hybridoma supernatants by pro-
tein G-Sepharose 4 Fast Flow (Pharmacia-LKB, Uppsala, Sweden) and fast-
performance liquid chromatography (Pharmacia-LKB), and then coupled to
normal human serum-biotin (Sigma, Deisenhofen, Germany) or fluorescein iso-
thiocyanate (FITC) (Sigma) by standard methods (15).

Lymphocyte preparation. A part of the splenic single-cell suspensions de-
scribed above was used for in vitro cultures. Erythrocytes were lysed by a short
incubation in 0.15 M NH,CI, washed three times with Hanks balanced salt
solution and resuspended in Click/RPMI 1640 cell culture medium (Biochrom,
Berlin, Germany) supplemented with 2 mM L-glutamine (Biochrom), 10 mM
HEPES (Biochrom), 5 X 107 M 2-mercaptoethanol (Biochrom), 10 pg of
streptomycin (Biochrom) per ml, 100 U of penicillin (Biochrom) per ml, and
10% heat-inactivated fetal calf serum (FCS) (Roth, Karlsruhe, Germany) at a
final cell concentration of 2 X 10° per ml of Click/RPMI 1640 medium containing
10% FCS.

Cytokine assays. For determination of cytokine production, 2 X 10° spleno-
cytes were cultured in 2 ml of cell culture medium in 12-well macroculture plates
(Nunc, Roskilde, Denmark) in the presence of 10 pg of heat-killed yersiniae
(HKY) per ml or 3 pg of concanavalin A (ConA) per ml. Cytokines were
modulated by incubation with recombinant IL-12 (kindly provided by M. Gately;
0.1 ng per ml of medium), and recombinant TGF-B2 (kindly provided by G.
Zenke, Sandoz Pharma-Ag, Basel, Switzerland, 1 to 4 ng per ml of medium).
After 48 h, supernatants were harvested and used in the cytokine assays.

(i) IFN-y. IFN-y levels were determined by using a capture enzyme-linked
immunosorbent assay (ELISA) (3). Briefly, microtiter plates (Greiner, Solingen,
Germany) were coated with anti-IFN-y monoclonal antibody (MAb) (AN-18
.17.24). After blocking of nonspecific binding sites, supernatants were added to
the wells and incubated overnight. After several wash steps, biotin-labeled anti-
IFN-y MAb (R4-6A2) was added. Finally, an avidin-biotin-alkaline phosphatase
complex (Strept ABC-AP kit; DAKO, Glostrup, Denmark) was added. For
signal development, the wells were incubated with p-nitrophenyl phosphate di-
sodium (Sigma), and the optical density was determined at wavelengths of 405
and 490 nm with an ELISA reader. The levels of IFN-y from spleen cell cultures
were calculated from the straight-line portion of the standard curve by using
recombinant IFN-y (1).

(ii) TNF-a.. TNF-a levels were determined by using a capture ELISA including
polyclonal rabbit anti-murine TNF-a antiserum (Genzyme, Boston, Mass.) and
biotin-labeled anti-TNF-a MAb (Dianova) as described above for IFN-y ELISA.

(iii) TL-4. IL-4 levels were determined by using a capture ELISA including
anti-IL-4 MAb (BVDG6 24G2) and biotin-labeled anti-IL-4 MAb (11B11) as
described above for IFN-y ELISA.

In vivo administration of Abs and cytokines. In various experiments, the
course of infection was modulated by intraperitoneal (i.p.) administration of (i)
human TGF-B2 (1 to 4 pg), (ii) recombinant murine IL-12 (20 to 100 ng) on days
~1,0,1,2, and 3 p.i,, (iii) anti-CD4 (YTS 191), (iv) anti-CD8 (YTS 169), and (v)
anti-asialo GM1 on day —1 and day 3 p.i. Control animals were i.p. injected with
the appropriate volume of PBS containing control MAb or serum.

Flow cytometry. Success of T-cell depletion was confirmed by flow cytometry.
Splenocytes were suspended in PBS containing 2% FCS and stained with one of
the following MAbs: an FITC-conjugated anti-CD3 MAb and phycoerythrin-
conjugated anti-CD4 (GK1.5) and anti-CD8 (53-6.7) MAbs. Labeling proce-
dures were conducted at 4°C. From each sample, 10,000 cells were analyzed in a
FACScan (Becton Dickinson, Heidelberg, Germany). Depletion efficiency was
>95% after CD4 or CD8 T-cell depletion measured in the spleen after 3 and 7
days.

INFECT. IMMUN.

Cytotoxicity assays. Success of NK cell depletion was confirmed by cytotoxicity
assays (8). YAC-1 cells (5 X 10% American Type Culture Collection, Rockville,
Md.) as target cells were labeled with 200 p.Ci of Na[>'Cr]O, by incubation for
1 h at 37°C, and then washed three times in Click/RPMI-5% FCS. One hundred
microliters of YAC-1 cells was added to each well in 96-well microtiter plates
(Nunc) and incubated for 6 h at 37°C. Then, 25 pl of supernatant was harvested
from each well and counted with a beta plate scintillation counter (Pharmacia-
LKB). The percentage of specific >'Cr release was calculated by the following
formula: [(experimental release — spontaneous release)/(maximum release —
spontaneous release)] X 100. Experimental release was obtained from wells that
contained target and effector cells, and maximum release was obtained by re-
suspending target cells before harvesting. Values are the means of six wells. After
NK cell depletion, no specific lysis was detectable when the effector/target ratio
was 100:1.

Statistics. Differences between mean values were analyzed with Student’s ¢
test. A P value of <0.05 was considered statistically significant.

RESULTS

What are the effector cells for IL-12-mediated protection
against Y. enterocolitica? To evaluate which cell populations are
the effectors for IL-12-mediated protection against Y. entero-
colitica in BALB/c mice, CD4™ T cells, CD8" T cells, or NK
cells were depleted by administration of anti-CD4, anti-CD8,
or anti-asialo GM1 Abs before and after infection with Y.
enterocolitica. Parallel groups of mice were additionally treated
with 20 ng of IL-12. Bacterial numbers in spleens were deter-
mined 7 days p.i. As depicted in Table 1, CD4™ T-cell deple-
tion rendered BALB/c mice resistant against Y. enterocolitica
(P < 0.001), whereas CD8" T cell or NK cell depletion had no
impact on the numbers of bacteria in spleens.

CD4" T-cell depletion in IL-12-treated mice did not influ-
ence bacterial numbers in spleens compared to IL-12-treated
control mice (Table 1). In contrast, NK cell depletion partially
abrogated IL-12-mediated protection in Yersinia-infected
BALB/c mice (P < 0.01). After CD8" T-cell depletion of
IL-12-treated BALB/c mice, there was also a slight increase in
bacterial numbers in spleens (P < 0.05). Therefore, we con-
clude that NK cells and possibly CD8" T cells are involved in
IL-12-mediated protection in BALB/c mice.

In parallel experiments, spleen cells were stimulated with
HKY, and production of IFN-y and IL-4 was determined in
cell culture supernatants (Table 1). After stimulation with
HKY, a slight decrease in the IFN-y level after NK or CD4"
T-cell depletion was observed. Administration of IL-12 in vivo
caused only a marginal increase of IFN-vy in NK cell-depleted
mice. Comparison of IFN-y levels after ConA stimulation
showed no significant decrease after NK, CD8", or CD4"
T-cell depletion. Likewise, after ConA stimulation, IFN-vy lev-
els were only slightly increased in IL-12-treated Yersinia-in-
fected controls and in IL-12-treated CD4™ T-cell- or NK-cell-
depleted mice (Table 1). IL-4 production was detectable only
after ConA stimulation and was reduced in IL-12-treated or
CD4" T-cell-depleted mice (P < 0.01), suggesting that 1L.-4
production could be involved in the inhibitory effect of CD4*
T cells on elimination of yersiniae (Table 1).

IL-12-activated CD8 T cells and NK cells are essential to
protect against yersiniae in CD4 T-cell-depleted mice. To iden-
tify the effector cells for protection against yersiniae in CD4*
T-cell-depleted BALB/c mice, animals were treated with anti-
CD4 Abs prior to Yersinia infection and on day 3 p.i. with
anti-CD4 Abs in the presence or absence of anti-CDS8 or anti-
asialo GM1 Abs. In addition, some groups of mice were
treated with 20 ng of IL-12 each day. The results in Fig. 1 show
that additional CD8" T-cell or NK cell depletion abrogated
resistance mediated by CD4" T-cell depletion (P < 0.001).
These results indicate that both CD8" T and NK cells are
essential for protection against yersiniae in CD4" T-cell-de-
pleted BALB/c mice. Abrogation of resistance in IL-12-
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TABLE 1. Modulation of Y. enterocolitica infection in BALB/c mice by administration of anti-CD4, anti-CDS8, or anti-asialo GM1 Abs
and IL-12°

In vivo modulation treatment

No. of bacteria (log
CFU per spleen) on

Cytokine level (ng/ml) in:

HKY-stimulated spleen cells ConA-stimulated spleen cells

Ab IL-12 day 7 pi.

IEN-y IL-4 IFN-y IL-4

None (control) - 6.6 0.2 1.08 = 0.53 <12 6.5+22 27+02
+ <1.4° 0.43 +=0.23 <12 120 = 7.0 <1.2¢
Anti-CD4 - <1.4° <0.3¢ <12 6.2+33 <1.2
+ <14 0.43 = 0.11 <12 9.2+42 <12

Anti-CD8 - 6.6 = 0.6 0.94 = 0.09 <12 4824 28+04
+ 2.1 £0.6° 0.63 = 0.35 <12 102 +5.1 <1.2¢

Anti-NK - 6.2 0.8 0.52+0.15 <12 5.0x7.0 21+03
+ 3.8 = 0.6° 1.70 £ 0.9¢ <12 7.0 =35 <1.2¢

“ Mice were infected with 2 X 103 bacteria and injected with anti-CD4, anti-CD8, or anti-asialo GM1 (NK) Abs on day —1 and +3 p.i. Additional groups of mice
were treated with 20 ng of IL-12 on days —1, 0, +1, +2, and +3 p.i. After 7 days, spleens were removed and single-cell suspensions were prepared. One aliquot of this
suspension was used to determine bacterial numbers in the spleen, and another part was used to culture 2 X 10° splenocytes per 2 ml of medium with HKY (10 pg
per ml) or ConA (3 g per ml). The supernatants were collected 48 h after stimulation. IFN-y and IL-4 production were determined by ELISA. Results are the means

and standard deviations for four animals.
b — without IL-12; +, with IL-12.

¢ Statistically significantly different from values obtained with control group (P < 0.05).

treated, CD4™ T-cell-depleted mice was detected only in mice
additionally depleted of both CD8" T cells and NK cells,
indicating that either of these two cell populations upon ad-
ministration of IL-12 is sufficient to mediate protection against
yersiniosis.

IL-12 has no protective effect against yersiniae in IFN-y
receptor knockout mice. Administration of anti-IFN-y Abs in
BALB/c mice abrogates IL-12-mediated protection against
yersiniosis only partially (8). Therefore, we studied whether
IL-12 can protect mice against yersiniae in an IFN-y-indepen-

dent manner. 129/Sv IFN-yR™/* and 129/Sv IFN-yR '~ mice
were infected with Y. enterocolitica, and bacterial counts in the
spleen were determined 5 days p.i. As shown in Table 2, yersin-
ia-infected IFN-yR ™/~ mice had significant higher bacterial
counts in the spleen 5 days p.i. than the wild-type mice did,
indicating that IFN-yR ~~ mice are much more susceptible to
Yersinia infection than wild-type mice are. The results of these
experiments confirmed previous data that IFN-y is essential
for clearance of Yersinia infection (8).

To study the effect of IL-12 on the course of Yersinia infec-
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FIG. 1. Bacterial numbers in spleens of BALB/c mice 7 days p.i. with 2 X 10% Y. enterocolitica and administration of PBS containing control Abs or anti-CD4 Abs
1 day prior to infection. On day +3 p.i., mice were treated with PBS containing control or anti-CD4 Abs without or in combination with anti-CD8, anti-asialo GM1
(NK), or anti-CD8 plus anti-asialo GM1 Abs. Results are the means and standard deviations for four mice. The asterisks indicate statistically significant differences (P <
0.01) compared with the values obtained with the control group (* for group of mice treated with anti-CD4 MADb alone; #* for group of mice treated with anti-CD4

MAD plus IL-12). w/o IL-12, without IL-12.
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TABLE 2. Bacterial numbers in the spleens of IFN-yR /" and
IFN-yR ™" mice”

No. of bacteria

Mouse strain Inoculum (log CFU per spleen)
IFN-yR*/* 4 % 10? 3504

4% 10° 5.0 =06

4 x10* 7.5 %05
IFN-yR~/~ 4 % 10? 71+03

“ Mice were infected with different numbers of Y. enterocolitica, and bacterial
numbers in the spleen were determined on day 5 p.i.

tion in IFN-yR™~ and IFN-yR™/* mice, these mice were
treated with PBS or IL-12 prior to and after Yersinia infection,
and bacterial counts in spleens were determined on day 5 p.i.
Administration of IL-12 rendered IFN-yR */* mice resistant to
infection, while IL-12 treatment had no impact on yersiniosis
in IFN-yR ™/~ mice (Fig. 2). These results suggest that IL-12 is
not able to protect against yersiniae in the absence of IFN-y-
induced mechanisms. In parallel experiments, spleen cells of
infected mice were isolated and exposed to HKY in vitro, and
IFN-vy and IL-4 levels were determined in cell culture super-
natants. The results show that both IFN-yR*’* and IFN-
YR/~ mice produced comparable IFN-y levels (Fig. 2). In
vivo administration of IL-12 slightly increased IFN-y produc-
tion in both mouse strains, suggesting that IL-12 may be par-
tially involved in the amplification cascade leading to IFN-vy
production. However, we found no evidence that IL-4 is up-
regulated in IFN-yR™/~ mice, because IL-4 levels were not
detectable in HKY- or ConA-stimulated spleen cells of either

9
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129/Sv/ IFN-g R+/+  129/Sv/IFN-gR -/-
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23

129/Sv/ IFN-g R+/+  129/Sv/ IFN-gR -/-

FIG. 2. Bacterial numbers (A) and IFN-y production (B) in the spleen cells
from Yersinia-infected (day 5 p.i.) 129/Sv IFN-yR™/* (2 x 10* Y. enterocolitica)
or 129/Sv IFN-yR ™/~ mice (2 X 10? Y. enterocolitica) treated with PBS or 20 ng
of IL-12 each day. Spleen cells were stimulated with HKY (10 pg per ml).
Results are the means and standard deviations for four mice. The asterisk
indicates a statistically significant difference (P < 0.01) compared with the values
obtained with the control group.
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day 7 p.i.

14 = day 3 p.i.
124 —-e— day 7 p.i.

0 0,1 1 10
TGF-B (ng/ml)

-u- day 3 p.i.

—e— day 7 p.i

0 0,1 1 10
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FIG. 3. TGF-B-modulated IFN-y and TNF-a production by HKY-stimulated
spleen cells from C57BL/6 mice prepared 3 and 7 days p.i. with 5 X 10° Y.
enterocolitica. Results are the means and standard deviations for three mice.

in vivo untreated or IL-12-treated IFN-yR*/* or IFN-yR~/~
mice (data not shown).

Modulation of Yersinia infection by TGF-B. C57BL/6 mice
produce high levels of IFN-y dependent on endogenous IL-12
production, which in this particular case correlates with higher
resistance against Yersinia compared to BALB/c mice. Treat-
ment with exogenous IL-12, however, is toxic in C57BL/6 mice.
We therefore tested whether TGF-B might influence IL-12-
triggered exacerbation of yersiniosis.

To determine whether TGF-f alters production of cytokines
in Yersinia infection, spleen cells from Yersinia-infected
C57BL/6 mice were stimulated with HKY in the presence of
TGF-B and production of IFN-y and TNF-a was determined
in culture supernatants. TGF-B reduced IFN-y and TNF-a
levels in a dose-dependent manner (Fig. 3). Therefore, we
hypothesized that administration of TGF-B might exacerbate
yersiniosis. Both C57BL/6 and BALB/c mice were treated with
various amounts of TGF-B prior to and after Y. enterocolitica
infection. Administration of 1 pg of TGF- each day decreased
bacterial numbers (P < 0.01) in Yersinia-infected C57BL/6
mice, while administration of 4 ug of TGF-B (data not shown)
had no effect on clearance of yersinae (Fig. 4). TGF-f treat-
ment had no impact on the numbers of bacteria in BALB/c
mice.

To test whether TGF-B can modulate toxicity of IL-12,
C57BL/6 mice were treated with TGF-B plus IL-12 prior to
and after Yersinia infection. As shown in Fig. 5A, the combi-
nation of IL-12 and TGF-B decreased bacterial numbers (P <
0.001) compared to PBS and IL-12 treatments in mice. In
parallel experiments, spleen cells were isolated and exposed to
HKY and production of TNF-a and IFN-y was determined
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FIG. 4. Bacterial numbers in the spleen from C57BL/6 and BALB/c mice 5
days after infection with 2 X 10* or 2 X 10® Y. enterocolitica, respectively, and i.p.
administration of PBS or 1 pg of TGF-B2 on days —1, 0, +1, +2, and +3 p.i. The
results are the means and standard deviations for four mice. The asterisk indi-
cates a statistically significant difference (P < 0.01) compared with the values
obtained with the control group.

(Fig. 5B and C). HKY-stimulated spleen cells of IL-12-treated
Yersinia-resistant mice produced significant higher TNF-a lev-
els (Fig. 5B) than those of control mice (P < 0.001), while
IL-12 treatment had no significant impact on IFN-y produc-
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FIG. 5. Bacterial numbers in the spleen (A) and TNF-a (B) and IFN-y
production (C) by spleen cells from C57BL/6 mice 5 days after infection with 2 X
10* Y. enterocolitica and i.p. administration of PBS or 1 pg of TGF-B2 on days
—1,0, +1, +2, and +3 p.i. with (+) or without (w/o) the addition of 100 ng of
IL-12 on days —1, 0, +1, +2, and +3 p.i. (A). Spleen cells were stimulated with
HKY (10 pg per ml), and the presence of IFN-y (B) and TNF-a (C) in cell
culture supernatants was determined. The results are the means and standard
deviations for four mice. The asterisks indicate statistically significant differences
(P < 0.01) compared with the values obtained with the control group.
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FIG. 6. Bacterial numbers in the spleen (A), and IFN-y production by spleen
cells (B) from C57BL/6 TNFR p55*/* and C57BL/6 TNFR p55~/~ mice 5 days
after infection with 2 X 10* or 2 X 10? Y. enterocolitica, respectively, and i.p.
administration of PBS or 1 pg of IL-12 on days —1, 0, +1, +2, and +3 p.i. The
asterisks indicate statistically significant differences (P < 0.01) compared with the
values obtained with the control group.

tion (Fig. 5C). TGF-B treatment in the presence or absence of
IL-12 in vivo led to decreased TNF-a and IFN-y levels com-
pared to those of control mice (P < 0.001). These results
suggest that IL-12-mediated toxic effects could be due to in-
creased TNF-a levels and that the protective effects of IL-12
can be restored in C57BL/6 mice by TGF-B, possibly via a
moderate downregulation of TNF-a production.

TNF-«a accounts for IL-12-mediated toxicity in yersiniosis.
To investigate whether TNF-a is involved in IL-12-mediated
exacerbation of Yersinia infection in C57BL/6 mice, TNFR
p55~/~ mice were used. C57BL/6 TNFR p55~/~ and TNFR
p55™/" mice were treated with PBS or IL-12 before and after
infection with yersiniae. As indicated in Fig. 6, bacterial num-
bers in the spleens of Yersinia-infected TNFR p55~/~ mice
were more than 1,000-fold higher than in the spleens of TNFR
p55™*/* mice, even when hundredfold-less yersiniae were used
to infect TNFR p55~/~ mice. These data show that TNFR-
mediated mechanisms are essential for clearance of Yersinia
infection. Consequently, both TNFR p55™* and TNFR
P55~/ mice were treated with IL-12 before and after Yersinia
infection. IL-12 increased bacterial numbers in the spleens of
Yersinia-infected TNFR p55™/" mice. In contrast, IL-12 treat-
ment slightly decreased (P < 0.01) bacterial numbers in the
spleen of Yersinia-infected TNFR p55~/~ mice (Fig. 6A), sug-
gesting that TNFR-mediated mechanisms are involved in the
toxic effects of IL-12 in Yersinia-infected C57BL/6 mice.

In parallel experiments, spleen cells were isolated and ex-
posed to HKY, and production of IFN-y was determined (Fig.
6B). HKY-stimulated spleen cells derived from PBS-treated
Yersinia-infected TNFR p55~/~ mice produced only low levels
of IFN-y compared to wild-type mice. IFN-y production of
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HKY stimulated spleen cells derived from TNFR p55~/~ mice
was partially restored by IL-12 treatment in vivo.

DISCUSSION

TNF-q, IL-12, and IFN-v are essential for clearance of Yer-
sinia infection (1, 8, 35). Comparison of Yersinia-resistant
CS57BL/6 and Yersinia-susceptible BALB/c mice revealed that
the two mouse strains differ in their ability to produce IFN-y
(8, 35). BALB/c mice are IFN-y low producers, while C57BL/6
mice are IFN-y high producers. Furthermore, BALB/c and
C57BL/6 mice have different responses to the administration
of IL-12 (8). Thus, IL-12 confers protection against yersiniae in
susceptible BALB/c mice but exacerbates yersiniosis and tox-
icity in resistant C57BL/6 mice. Extending these studies, we
wanted to dissect the mechanisms of the ambiguous IL-12
effects in different mouse strains.

CD4™" T cells play a crucial but ambiguous role for clearance
of Yersinia infection. Thus, CD4 " T cells promote clearance of
Y. enterocolitica in CS7BL/6 mice (8) but promote exacerbation
of Yersinia infection in BALB/c mice. In line with these data,
previous studies showed that depletion of CD4" T cells im-
proved resistance of BALB/c mice against Leishmania (26, 27).
Depletion of NK cells or CD8" T cells had no impact on
clearance of Yersinia infection in BALB/c mice. However, we
showed that both CD8" T and NK cells are crucial for clear-
ance of Yersinia infection in CD4" T-cell-depleted BALB/c
mice, suggesting that CD4™ T cells may inhibit both CD8" T
and NK cells in their potential ability to eliminate yersinae.

To identify the effector cells for IL-12-mediated protection
against yersinae, BALB/c mice were simultaneously treated
with IL-12 and antibodies against different cell populations.
These experiments showed that CD8" T-cell and NK cell de-
pletion increased bacterial numbers in Yersinia-infected IL-12-
treated BALB/c mice, indicating that in these mice, CD8" T or
NK cells may be sufficient to control Yersinia infection, prob-
ably in concert with remaining cell populations like macro-
phages.

In C57BL/6 mice, there is a clear-cut correlation of IL-12-
dependent IFN-y production of NK cells (early phase of in-
fection) or CD4 T cells (late phase) and clearance of Yersinia.
In contrast, CD4 T-cell depletion or IL-12 mediates protection
but does not increase IFN-y production in BALB/c mice. In
experimental leishmaniasis, CD4 T-cell depletion caused a de-
crease in the frequency of IL-4-secreting T-cell clones without
a concomitant increase of IFN-y-secreting T-cell clones (26).
Likewise, HKY-stimulated spleen cells of CD4 T-cell-depleted
Yersinia-infected BALB/c mice showed no significant increase
of IFN-y production compared to control mice. In contrast to
leishmaniasis, no significant levels of IL-4 were found in yersi-
niosis. However, after ConA stimulation, no significant differ-
ences in IFN-y levels after depletion of CD4 T cells, CD8 T
cells, or NK cells were observed, whereas IL-4 production was
significantly decreased after CD4 T-cell depletion or IL-12
administration. These results suggest that IL-4 produced by
CD4 T cells might be involved in promoting Yersinia suscepti-
bility of BALB/c mice. In keeping with this assumption, in both
Yersinia and Leishmania infections, administration of anti-1L-4
Abs rendered BALB/c mice resistant (1, 18). These data sug-
gest that although IFN-y is crucial for IL-12-mediated protec-
tion, alternative mechanisms seem to be involved in clearance
of Yersinia infection.

Previous work showed that the protective effect of IL-12 in
BALB/c mice can be only partially abrogated by the addition of
anti-IFN-y Abs, suggesting that IL-12 might cause protective
effects in an IFN-y-independent manner (8). Herein we show
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that IFN-yR-deficient mice are more susceptible to Yersinia
infection than wild-type mice. Similar results were demon-
strated in other infection models (10, 20, 22). Administration
of IL-12 increased resistance against yersinae in IFN-y-R*™/*
but not in IFN-yR ™'~ mice. These data confirm that IFN-y is
essential for clearance of Yersinia infection and suggest that
IL-12 has no protective effect in the absence of IFN-yR-me-
diated mechanisms. On the other hand, we cannot yet exclude
the possibility that the lack of IFN-yR in knockout mice might
have affected the development of the immune system per se.

Yersinia-triggered IFN-y production was only slightly af-
fected in IFN-yR ™/~ mice compared to wild-type mice, indi-
cating that initial upregulation of IFN-y is not affected by
IFN-yR-mediated mechanisms. This result is in keeping with
reports demonstrating that IFN-y ™/~ mice produce IL-12 dur-
ing murine endotoxemia and show higher susceptibility to My-
cobacterium bovis (10). Since IFN-y seems to be essential for
upregulation of IL-12R B, expression, IFN-yR deficiency may
also cause a low IL-12R B, expression on T cells, leading to
IL-12 unresponsiveness (44) and thereby inhibiting effector
mechanisms mediated directly by IL-12. However, it is not yet
clear whether IFN-y is required for both initial mechanisms
inducing anti-Yersinia host responses and for the resulting ef-
fector mechanisms leading to resolution of Y. enterocolitica
infection.

A virus infection model revealed that TNF-a accounts for
IL-12-induced toxicity (31). As IL-12 triggers toxicity and ex-
acerbates yersiniosis in C57BL/6 mice, the course of Yersinia
infection in C57BL/6 TNFR p55~/~ mice was investigated and
revealed that IL-12-triggered toxicity was not observed in the
absence of TNFR. Moreover, bacterial numbers were slightly
decreased in IL-12-treated TNFR p55 '~ mice, suggesting that
TNF-a is involved in IL-12-triggered toxicity in yersiniosis.
Nevertheless, IL-12 had only a slight beneficial effect on Yer-
sinia infection in TNFR p55~/~ mice, probably because TNF-a
is crucial for clearance of Yersinia infection (4). Moreover, as
mentioned above, it should be considered that the lymphoid
organogenesis is altered in TNFR p55~/~ mice (25) and that
this fact might partially account for the results obtained in this
study.

In Leishmania infection, CD4 T-cell depletion elevated tis-
sue expression of inducible nitric oxide synthetase (iNOS) in
susceptible BALB/c mice to a level comparable with resistant
C57BL/6 mice (42). Furthermore, it was suggested that the
relative lack of iNOS in susceptible mice could be due to a
higher expression of TGF-f in tissues of susceptible mice than
in resistant mice (42). In this study, we found that TGF-B
improved resistance against yersiniae in C57BL/6 mice but had
no impact on the course of infection in BALB/c mice. Admin-
istration of IL-12 plus TGF-B rendered C57BL/6 mice more
resistant to Yersinia infection and abrogated toxic effects of
IL-12.

It was recently shown that TNF-a in synergism with IL-2 is
essential for triggering IL-12-induced toxicity (14, 31-33).
Likewise, administration of IL.-12 led to increased TNF-« lev-
els in HKY-stimulated spleen cells from Yersinia-infected
C57BL/6 mice. TGF-B had an opposing effect to IL-12 by
moderate downregulation of TNF-a production, suggesting
that in Yersinia-resistant C57BL/6 mice which induce a strong
Th1 response, there might be a deficit of negative immuno-
regulatory mechanisms. Therefore, we speculate that both IL-
12-induced toxicity mediated by TNF-a and IL-12-induced
protection mediated by IFN-y may be balanced by TGF-p,
which seems to be critical to obtain an optimal immune re-
sponse against yersinae.

The immunoregulatory role of TGF-B, however, is not yet



VoL. 66, 1998

clear. Contradictory data on TGF-B-mediated Th1 responses
have been reported, indicating that TGF-f stimulates (13, 28,
43) or downregulates Th1 development (19, 46). TGF-8 with
or without combination of IL-12 decreases IFN-y production
by CD4™ T cells from C57BL/6 or BALB/c mice but increases
IFN-y production by CD4" T cells from CBA/J and C3H/He
mice (19).

There are also contradictory reports about the role of
TGF-B in infections. TGF-B promotes infection in L. brazilien-
sis (6) and T. gondii (21) in correlation with downregulation of
IFN-v (6, 21) and upregulation of IL-4 and IL-10 (6). More-
over, in T. gondii infection, TGF-B counteracts IL-12 protec-
tive effect in mice with severe combined immunodeficiency
disorder (21). On the other hand, TGF- plays a beneficial role
in resistance against C. albicans (41) and L. monocytogenes (29)
by upregulating IL-4 and IL-10 production (41) and downregu-
lating IFN-y, TNF-a, and IL-6 production (29). Thus, TGF-8-
mediated downregulation of various cytokines correlates with
either resolution or excerbation of infections, suggesting that
balancing of certain cytokine production levels is decisive for
the outcome in different infectious diseases.

Taken together, cytokine regulation of effector mechanisms
leading either to CD4™ T cells promoting or suppressing im-
mune responses against Yersinia play a central role in the
different abilities of C57BL/6 and BALB/c mice to clear Yer-
sinia infection. These data are important for understanding the
critical balance of proinflammatory and regulatory cytokines
during bacterial infections which is decisive for beneficial ef-
fects of cytokine therapy.
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