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Following oral challenge with Salmonella dublin, we observed significant increases in interleukin-12 (IL-12)
protein expression in the mesenteric lymph nodes. The importance of this endogenous cytokine production in
the immune response against S. dublin was demonstrated by in vivo depletion of IL-12 with an anti-IL-12
monoclonal antibody prior to oral S. dublin challenge. Mice pretreated with anti-IL-12 antibody had increased
salmonellosis and reduced survival times compared with mice receiving control antibody. Furthermore,
administration of exogenous murine recombinant IL-12 dramatically increased survival times of mice chal-
lenged orally with S. dublin. Together, these results demonstrate that endogenous and exogenous IL-12
significantly augment the mucosal immune response against the intracellular pathogen S. dublin.

Interleukin-12 (IL-12) is a heterodimer composed of 40- and
35-kDa subunits (8, 28) and has been suggested to play a
critical role in the development of cell-mediated immune re-
sponses to intracellular pathogens (2, 10, 22). IL-12 not only
augments gamma interferon (IFN-g) production by Th1 lym-
phocytes (14–16, 23, 24) and natural killer (NK) cells (28) but
also has been shown to diminish Th2 lymphocyte development
(16, 23). These characteristics suggest that this cytokine plays
an important role in directing the initial immune response
toward cell-mediated immunity. Consistent with this hypothe-
sis, exogenously administered IL-12 greatly augments immune
responses against intracellular pathogens, including Leishma-
nia (1, 9, 18, 25), Toxoplasma (7, 12, 13), andMycobacterium (5,
6) spp. and several viruses (19, 21) whereas treatment with
anti-IL-12 antibodies reduces immunity against Leishmania
(25), Listeria (26), and Brucella (30) spp.
Despite these numerous investigations, the contribution of

IL-12 to the initiation of mucosal immune responses is not
clear. With the goal of beginning to understand the molecular
mechanisms which contribute to protective immunity at muco-
sal surfaces, we recently reported for the first time (3) the
ability of a live attenuated Salmonella strain expressing a for-
eign protein antigen to stimulate expression of IL-12 mRNA in
the Peyer’s patches and mesenteric lymph nodes of mice within
hours of oral inoculation. These results suggested that IL-12
may play an important role in the cellular immune response
against Salmonella-based vaccine delivery systems. The studies
described in this report extend these findings by demonstrating
that endogenously produced IL-12 is involved in the survival of
mice challenged orally with virulent wild-type Salmonella
strains. Furthermore, we show that administration of exoge-
nous recombinant IL-12 enhances survival of mice challenged
with Salmonella strains. Together, these findings support the
importance of IL-12 in induction of protective cell-mediated
immune responses at mucosal sites.

Increased levels of IL-12 in the mesenteric lymph nodes of
mice challenged orally with S. dublin. The quantification of
cytokine production in vivo is often difficult, since many cyto-
kines have significant effects at very low concentrations and
since quantification by certain techniques (e.g., immunocyto-
chemical staining) can be difficult. We took advantage of the
sensitive and quantitative nature of a bioassay for IL-12 (29) to
demonstrate increases in the production of this cytokine in the
mesenteric lymph nodes of mice challenged orally with S. dub-
lin. This bioassay is based on the ability of IL-12 to induce the
secretion of IFN-g by mononuclear splenocytes in a quantita-
tive fashion (29). Furthermore, the sensitivity and specificity of
this bioassay are ensured by capturing IL-12 present in super-
natants or biologic fluids onto microtiter wells coated with a
monoclonal anti-IL-12 antibody (designated C15.1) prior to
determining IFN-g induction. This antibody has the unique
property of binding IL-12, but does not effectively inhibit IL-12
biologic activity.
To determine the quantitative nature of this bioassay and to

generate a standard curve, 96-well plates were coated with 20
mg of protein G-purified monoclonal anti-IL-12 antibody,
C15.1 (a generous gift of G. Trinchieri, Wistar Institute, Phil-
adelphia, Pa.), per ml. After unbound antibody was washed off,
different dilutions of murine recombinant IL-12 (mrIL-12)
(batch MRB 02294-2; kindly provided by J. Sypek, Genetics
Institute, Andover, Mass.) were added and allowed to bind.
BALB/c splenic mononuclear cells (2 3 106) were added to
each well, and the plates were incubated at 378C for 48 h to
allow IL-12-induced IFN-g production. Culture supernatants
were then assayed for IFN-g production by capture enzyme-
linked immunosorbent assay (ELISA) (Intertest-g; Genzyme
Corp., Cambridge, Mass.), and the amount of IFN-g produced
was determined by extrapolation from standard curves gener-
ated with recombinant IFN-g (rIFN-g). Figure 1 shows the
results of one such bioassay, in which the amount of IFN-g
produced is plotted against the amount of mrIL-12 added. This
bioassay was quite sensitive since as little as 5 pg of mrIL-12
per ml could induce significant IFN-g production. Further-
more, there was a linear relationship for IL-12-induced IFN-g
production between 10 and 1,000 pg of added mrIL-12 per ml.
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The specificity of the assay was ensured, since the addition of
a neutralizing monoclonal anti-IL-12 antibody (designated
C17.8; kindly provided by G. Trinchieri) to wells containing
300 pg of mrIL-12 per ml blocked .90% of the IFN-g pro-
duction (Fig. 1).
By using this bioassay, it was possible to demonstrate up-

regulated production of IL-12 in the mesenteric lymph nodes
of mice orally challenged with S. dublin. For this study, groups
of female BALB/c mice (Charles River, Wilmington, Mass.)
were inoculated orally with 0.5 ml of sterile saline or with 107

log-phase wild-type S. dublin cells (strain SL1363 [11]) sus-
pended in 0.5 ml of sterile saline. At 36 h after oral inoculation,
mesenteric lymph nodes were removed and gently homoge-
nized in cold, sterile saline. Cellular debris was removed by
centrifugation (13,000 3 g for 10 min), and supernatants were
stored at 2708C for quantification of IL-12 by the bioassay. By
using the bioassay, IL-12 production in the mesenteric lymph
nodes of mice challenged orally with S. dublin (40.1 6 16.7
pg/mg of tissue) was significantly increased over that in control
mice given only saline (9.8 6 3.8 pg/mg of tissue). Similar
results were obtained in two separate studies containing four
mice per group. These results not only substantiate our previ-
ous findings of increased IL-12 mRNA expression in vivo fol-
lowing oral challenge with S. dublin (3) but also demonstrate
secretion of biologically active IL-12 in situ. This is an impor-
tant consideration, since it has been recently suggested that the
presence of free IL-12p40 subunits may function as an antag-
onist of IL-12 activity (17).
Pretreatment of mice with anti-IL-12 antibody increases

systemic salmonellosis. Because of the observed increase in
IL-12 levels in mucosal tissues following oral Salmonella chal-
lenge, we questioned whether endogenously produced IL-12
was an important component of the mucosal immune response
against this pathogen. Groups of mice were given intraperito-
neal injections of 1 mg of rat anti-mouse IL-12 (C17.15; gen-
erously provided by G. Trinchieri), which has previously been
shown to be an effective antagonist of IL-12 activity in vivo
(29), or (as a control) 1 mg of rat immunoglobulin G (IgG) 4
days and 1 day prior to oral challenge with 106 S. dublin SL1363
cells. This dose of bacteria, which is approximately the 50%
lethal dose (LD50) for BALB/c mice, was selected for these

studies, so that any increase in the development of salmonel-
losis in mice treated with anti-IL-12 antibodies could be ob-
served.
Table 1 demonstrates the effect of such antibody treatment

on the development of salmonellosis in mice. Animals treated
with anti-IL-12 antibodies had advanced disease by 4 days
postchallenge, as indicated by significant decreases in body
weight as well as significant increases in spleen weights when
compared with those of control mice receiving rat IgG. Fur-
thermore, dissemination of S. dublin into the peripheral organs
was greatly enhanced in mice treated with anti-IL-12, as shown
by bacterial colony counts in the spleen.
Pretreatment of mice with anti-IL-12 antibody reduces sur-

vival after oral Salmonella challenge. To further investigate the
importance of endogenously produced IL-12 in the mucosal
immune response against Salmonella spp., groups of mice (six
per group) were injected with 1 mg of anti-IL-12 (C17.15) or 1
mg of rat IgG 4 days and 1 day prior to oral challenge with 107

S. dublin cells.
Figure 2 shows that mice treated with anti-IL-12 antibody

had dramatically reduced rates of survival compared with con-
trols. In fact, all six mice in the anti-IL-12 treatment group died
before any of the six control animals did. Taken together, the
results in Table 1 and Fig. 2 strongly support a role for endog-
enous IL-12 production in the protective mucosal immune
response against oral challenge with Salmonella spp.
Administration of mrIL-12 enhances survival of mice chal-

lenged orally with S. dublin. Since endogenously produced
IL-12 was important in the response against Salmonella spp.,
we examined whether exogenously administered mrIL-12
could also augment survival. Groups of six mice were im-
planted subcutaneously with osmotic pumps (ALZET model
2002; Alza Corporation, Palo Alto, Calif.) containing 10 mg of
mrIL-12 (Genetics Institute) or sterile saline 2 days prior to
oral challenge with 107 S. dublin cells. These osmotic pumps
provided a continual release of mrIL-12 (approximately 710 ng
of mrIL-12 per day) over a 14-day period.

FIG. 1. Quantitative bioassay for IL-12 based on IFN-g production. The
ability of IL-12 to induce the production of IFN-g by splenic mononuclear cells
was used to quantify IL-12 secretion. The results of one representative bioassay
are shown here. The amount of IFN-g produced is plotted against the amount of
mrIL-12 added (■). The specificity of the assay was ensured since the addition of
the neutralizing monoclonal anti-IL-12 antibody, C17.8, to wells containing 300
pg of mrIL-12 blocked .90% of the IFN-g production (F).

TABLE 1. Increased salmonellosis in mice treated
with anti-IL-12 antibody

Antibody
treatmenta

Salmonella
challenge

(no. of cells)b
Body wt
(g)c

Spleen wtd

(mg)

Colony countse

(no. of colonies/
spleen)

Anti-IL-12
(C17.15)

106 15.93 6 1.30*f 185 6 25* (8.3 6 7) 3 107*

Rat IgG 106 19.24 6 0.39 90 6 10 0
Noneg 0 21.40 6 0.50 96 6 6 0

a BALB/c mice were given intraperitoneal injections with either 1 mg of
anti-IL-12 antibody (C17.15) or 1 mg of rat IgG 4 days and 1 day prior to
challenge with S. dublin SL1363. Results are representative of three separate
experiments with two mice per group.
bMice were inoculated orally with 106 log-phase S. dublin SL1363 cells in 0.5

ml of sterile saline.
cMice were weighed immediately before sacrifice at 4 days after inoculation

with S. dublin. Results are presented as mean body weight 6 standard deviation.
d Spleens were excised and weighed. Results are presented as mean spleen

weight 6 standard deviation.
e Spleen fragments were dispersed in sterile saline over a mesh screen. Various

dilutions of the spleen suspensions were spread onto Luria agar plates, and the
numbers of Salmonella colonies were determined by counting the bacterial col-
onies after incubation for 24 h at 378C. Data represent the mean number of
bacterial colonies per spleen 6 standard deviation.
f Asterisks indicate that values obtained from anti-IL-12-treated mice were

significantly different from values obtained from mice treated with control anti-
body (P , 0.05).
g Values for age- and sex-matched mice which were not treated with antibody

and not challenged with S. dublin are given for comparison purposes.
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As shown in Fig. 3, treatment with exogenous mrIL-12 mark-
edly increased the survival times of mice challenged with a
lethal dose of S. dublin. In fact, all of the control mice died by
day 6 postchallenge, while none of the IL-12-treated mice died
until day 11. These findings clearly demonstrate a therapeutic
role for mrIL-12 in resistance to orally administered Salmo-
nella cells and suggest that such treatments augment cell-me-
diated immunity at mucosal sites.
It is clear, however, that while our method of administering

mrIL-12 had protective effects, it did not cure mice orally
inoculated with this dose of S. dublin (i.e., a dose representing
approximately 10 times the LD50). We reasoned that if treat-
ment with mrIL-12 could affect survival after administration of
such an overwhelming inoculum, this would demonstrate the
importance of IL-12 in resistance to Salmonella spp. It is not
clear at present if treatment with mrIL-12 would cure mice
inoculated with a lower dose of Salmonella spp. or whether
administration of mrIL-12 at ‘‘optimal’’ doses or kinetics would
facilitate the survival of inoculated mice. Such studies are un-
der way in our laboratories.
Initially, studies in murine models of other diseases caused

by intracellular pathogens such as Leishmania (9, 18, 25), List-
eria (26), Mycobacterium (5, 6), Brucella (30), and Toxoplasma

(7, 12, 13) spp. established a critical role for IL-12 in the
generation of a protective immune response against these
pathogens. This report demonstrates that IL-12 is also impor-
tant in the immune response to Salmonella spp., which are gut
mucosal pathogens. The mechanism by which IL-12 provides a
protective effect in mice infected with Salmonella spp. is not
known. However, because of the intracellular nature of Sal-
monella spp., it is probable that early protective immunity
involves IL-12-elicited production of IFN-g by NK cells, as
reported previously (20). Therefore, it appears that IL-12 most
probably influences initiation of immune responses against this
intracellular pathogen by non-antigen-specific mechanisms.
It does not appear likely that Salmonella lipopolysaccharide

contributes significantly to increased IL-12 expression in vivo.
Support for this notion includes the induction of increased
IL-12 production both in vivo and in vitro by intracellular
pathogens which do not contain lipopolysaccharide (5, 7, 9,
27), as well as the lack of excessive expression of constitutive
IL-12 despite the presence of a substantial number of gram-
negative organisms expressing lipopolysaccharide in the nor-
mal gut flora. Moreover, we have recently demonstrated, by
using in vitro macrophage cultures, that LPS does not contrib-
ute significantly to Salmonella-induced IL-12 expression (4).
This report establishes a role for endogenously produced

IL-12 in the induction of a protective mucosal immune re-
sponse against Salmonella infections. Furthermore, we dem-
onstrated that administration of exogenous mrIL-12 aug-
mented the mucosal immune response against Salmonella spp.,
suggesting that such treatments have some therapeutic value.
While our previous work suggested a role for IL-12 in the
initiation of mucosal immunity against Salmonella constructs
used as delivery systems for subunit vaccines (3), the present
study extends these findings to show that endogenously pro-
duced IL-12 contributes to protection against wild-type Salmo-
nella infections. Whether these findings can be used to enhance
the protective effects of candidate mucosal vaccines is the focus
of ongoing investigations in our laboratory.

This work was supported by Public Health Service grants AI28835,
AI36519, and AI32976 from the National Institute of Allergy and
Infectious Diseases.
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