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Abstract

 

Interferon (IFN)-

 

�

 

 plays an important role in the innate immune response against intracellular
bacterial pathogens. It is commonly thought that natural killer cells are the primary source of
this cytokine that is involved in activating antibacterial effects in infected cells and polarizing
CD4

 

�

 

 T cells toward the Th1 subset. However, here we show that both effector and memory
CD8

 

�

 

 T cells have the potential to secrete IFN-

 

�

 

 in response to interleukin (IL)-12 and IL-18
in the absence of cognate antigen. We demonstrate that memory CD8

 

�

 

 T cells specific for the
ovalbumin protein secrete IFN-

 

�

 

 rapidly after infection with wild-type 

 

Listeria monocytogenes

 

(LM). Furthermore, small numbers of ovalbumin-specific, memory CD8

 

�

 

 T cells can reduce
spleen and liver bacterial counts in IFN-

 

�

 

–deficient mice 3 d after LM infection. Up-regulation
of the receptors for IL-12 and IL-18 provides a mechanism for the ability of memory CD8

 

�

 

 T
cells to respond in this antigen nonspecific manner. Thus, CD8

 

�

 

 T cells play an important role
in the innate immune response against intracellular pathogens by rapidly secreting IFN-

 

�

 

 in
response to IL-12 and IL-18.

Key words: innate immunity • T lymphocytes • cytokines • 
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�

 

Introduction

 

The immune response against pathogenic microorganisms
involves two components: a rapid, antigen nonspecific,
innate response and a delayed, acquired response specific
for the antigens displayed by the invading microbe. Studies
using the intracellular bacterium 

 

Listeria monocytogenes

 

 (LM)
have been useful in establishing the kinetics and mecha-
nisms of both the innate and adaptive immune responses
against intracellular pathogens in general. The innate immune
response to LM is a complex network involving multiple
cell types, cytokines, and bactericidal effector mechanisms
(1, 2). The adaptive immune response to LM is T cell–
mediated and required for complete resolution of the bacte-
rium as evidenced by studies using T cell–deficient mice (3).

In the experimental murine model of LM infection, cir-
culating monocytes and resident macrophages, such as
Kupffer cells, play an important role in innate immunity by
ingesting and destroying LM (1). The generation of reactive
nitrogen and oxygen intermediates by infected macro-
phages and neutrophils results in direct killing of LM (4–6),

although mechanisms independent of these intermediates
also can play a role in host resistance (7–9). In support of the
role of phagocytic cells and their effector functions, depletion
of macrophages (10) or neutrophils (11) results in impaired
innate resistance against LM.

Multiple cells of the immune system play a role in the
innate response by reducing the bacterial load directly and
secreting cytokines such as IL-1, IL-6, TNF-

 

�

 

, IFN-

 

�

 

,

 

 

 

and
others. IL-1 is produced by LM-infected macrophages,
and blockade of the IL-1 signaling pathway leads to an in-
creased LM burden in mice (12). The mechanism involved in
IL-1–mediated protection from LM infection is probably
recruitment and activation of both neutrophils and macro-
phages (13). Likewise, IL-6 is rapidly secreted after LM in-
fection (14). Removing this cytokine by depletion or gene
targeting results in increased susceptibility to LM due to in-
efficient neutrophil recruitment (15, 16). A recent report
has shown increased LM susceptibility in lymphotoxin 

 

�

 

receptor–deficient mice (17). Although TNF-

 

�

 

 and IFN-

 

�

 

production were not affected in these mice, nitric oxide
production by macrophages was impaired.
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Studies using mice deficient in either TNF-

 

�

 

 or its re-
ceptor identify this cytokine as being important in innate
immunity to LM (18, 19). TNF-

 

�

 

 functions not only to
induce IFN-

 

�

 

 production (20) but also to directly activate
macrophages independent of IFN-

 

�

 

 (21). IL-12 and IL-18,
produced mainly by activated macrophages, are both im-
portant mediators in the immune response against LM, and
their primary function is to induce IFN-

 

�

 

 secretion from
responding immune cells (20–23). However, an IFN-

 

�

 

–
independent role in controlling LM has also been proposed
for IL-18 (24).

IFN-

 

�

 

 is produced by multiple cell types including NK
cells (25), NK-T cells (26), macrophages (27), B cells (28),
dendritic cells (29), and 

 

��

 

 T cells (30). Evidence that IFN-

 

�

 

is critically important in the innate immune response
comes from experiments using mice deficient in either the
cytokine or its receptor. These animals rapidly succumb
when infected with low doses of LM (31, 32). SCID mice,
which lack T and B lymphocytes, show increased suscepti-
bility to LM when they are depleted of either IFN-

 

�

 

 or IL-
12 (21, 33). Providing IFN-

 

�

 

 to IL-12–depleted SCID
mice can reverse this effect (21). One mechanism for the
increased susceptibility of animals lacking the IFN-

 

�

 

 recep-
tor, or presumably the cytokine itself, is impaired macro-
phage activity (34).

It is generally thought that NK cells play an important
role in the control of LM infection due to secretion of
IFN-

 

�

 

 induced by IL-12 and IL-18 (25). In contrast, one
study found that depleting NK cells led to decreased LM
burdens in B6 mice (35). However, the IFN-

 

�

 

–secreting
activity of NK cells or any other cell type has never been
directly tested for its ability to provide innate protection
against LM infection. One cell type that can contribute to
IFN-

 

�

 

 secretion during the innate immune response is
CD8

 

�

 

 T cells. We and others have shown that CD44

 

hi

 

CD8

 

�

 

 T cells respond to cytokines by secreting IFN-

 

�

 

rapidly after infection with intracellular bacteria (36, 37).
Since this population of CD8

 

�

 

 T cells is as numerous as
NK cells in normal mice, we directly tested their activity in
vivo. This report demonstrates that memory CD8

 

�

 

 T cells
provide protection against LM infection in IFN-

 

�

 

–defi-
cient animals in an antigen nonspecific manner.

 

Materials and Methods

 

Mice.

 

C57BL/6J (B6), C57BL/6.PL-Thy1

 

a

 

/Cy (B6.Thy1.1),
B6.129S7-

 

Ifng

 

tm1Ts

 

 (IFN-

 

�

 

�

 

/

 

�

 

), and OT-I TCR transgenic mice
were bred and maintained at the University of Texas Southwest-
ern Medical Center animal facility under the approval of the In-
stitutional Animal Care and Use Committee.

 

Bacteria and Viruses.

 

For infection of cell lines and mice, log
phase cultures of LM 10403 serotype 1 or LM-expressing full-
length ovalbumin protein (LM/OVA), provided by Dr. Hao
Shen (University of Pennsylvania School of Medicine, Philadel-
phia, PA) (38), were washed twice and diluted in PBS to the de-
sired concentration. LM or LM/OVA were injected in the lateral
tail vein at the indicated dosage.

Vesicular stomatitis virus (VSV)–expressing full-length ovalbu-
min protein (VSV/OVA) was provided by Dr. Leo Lefrancois

 

(University of Connecticut Health Center, Farmington, CT)
(39). Vaccinia virus (VV)–expressing full-length ovalbumin pro-
tein (VV/OVA) was provided by Dr. Jack Bennink (National In-
stitutes of Health, Bethesda, MD) (40). VSV/OVA and VV/
OVA were injected in the lateral tail vein at a dosage of 2 

 

�

 

 10

 

6

 

PFU for a primary response.

 

Cell Lines, Cell Culture, and Reagents.

 

The J774 macrophage
line (H-2

 

d

 

) and the J774 macrophage line stably transfected with
H-2K

 

b

 

 (J774:K

 

b

 

) were grown in complete DMEM (Life Tech-
nologies) supplemented with 10% FCS (Atlanta Biologicals). For
overnight in vitro experiments, the culture of mouse splenocytes
was performed in complete RPMI (Life Technologies) supple-
mented with 10% FCS and 10 ng/ml recombinant human IL-2
(provided by Dr. Michael Bennett, UTSW). In experiments de-
signed to test the direct ex vivo activity of T cells, splenocytes
were cultured for 3 h in complete RPMI supplemented with
10% FCS (without added cytokines or antigens). Recombinant
murine IL-12 (5 ng/ml final concentration) and IL-18 (10 ng/ml
final concentration) were from Peprotech Inc. Blocking antibod-
ies against murine IL-12 and IL-18 (1 

 

	

 

g/ml final concentration)
were purchased from Peprotech Inc. and Medical and Biological
Laboratories Co., Ltd., respectively. Carboxyfluorescein diace-
tate, succinimidyl ester (CFSE) labeling of splenocytes was per-
formed at a final concentration of 1 

 

	

 

M and was obtained from
Molecular Probes. The OVA-derived peptide SIINFEKL was
synthesized by the UTSW peptide synthesis facility.

 

Antibodies and Cell Staining.

 

For cell staining experiments,
the following antibodies from BD Biosciences were used: anti-
CD8

 

�

 

 (53–6.7), anti-CD44 (IM7), anti-CD90.2 (Thy1.2) (53–
2.1), anti-CD94 (18d3), and anti–IFN-

 

�

 

 (XMG1.2). Secondary
streptavidin-conjugated reagents were used to reveal biotinylated
primary or secondary antibodies. Intracellular staining, data ac-
quisition, and data analysis were performed as described previ-
ously (36). Staining for the presence of the IL-18R

 

�

 

 subunit was
accomplished using an anti–IL-18R

 

�

 

 antibody (R&D Systems)
followed by biotinylated anti–goat IgG (Jackson Immuno-
Research Laboratories), which was then revealed with streptavi-
din-conjugated PE. Identification of endogenous OVA-specific T
cells was performed by first incubating the splenocytes with a
blocking CD8

 

�

 

 antibody (CT-CD8

 

�

 

) from Caltag Laboratories.
After washing, the splenocytes were incubated at 4

 




 

C for 1 h
with CD8

 

�

 

 FITC and a K

 

b

 

-SIINFEKL tetramer coupled to PE
that was purchased from the Protein Chemistry Core Laboratory
at Baylor College of Medicine.

 

In Vitro Stimulations.

 

Red blood cell–depleted splenocytes
were cultured in 24-well plates at a concentration of 3 

 

�

 

 10

 

6

 

/
well. J774 or J774:K

 

b

 

 macrophages cultured in antibiotic-free me-
dia were infected at a multiplicity of infection of 5:1 for 1 h. The
macrophages were then washed three times with PBS and cul-
tured for 3 h in complete DMEM supplemented with 10% FCS
and gentamycin (100 

 

	

 

g/ml). The infected macrophages were
then harvested and plated at 3 

 

�

 

 10

 

5

 

/well with the splenocytes.

 

T Cell Transfers and In Vivo Stimulations.

 

Splenocytes from
OT-I TCR transgenic mice were passed over nylon wool columns
to enrich for T cells. 

 

�

 

3 

 

�

 

 10

 

6

 

 cells were then injected i.v. into
the lateral tail vein of B6.Thy1.1 recipient mice, rested for 1–3 d,
and challenged with the indicated pathogen as described above.
For the experiments analyzing OT-I T cells that were transferred
and not challenged, 10

 

7

 

 OT-I T cells were transferred into
B6.Thy1.1 hosts, and the mice were killed 1–3 d later for analysis.

 

Harvest of Peripheral Organs.

 

Mice were perfused before har-
vesting the organs according to a published protocol (41). Briefly,
mice were perfused with PBS containing 75 U/ml heparin
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(Sigma-Aldrich). Lung tissue was minced and incubated with con-
stant stirring for 30 min at 37

 




 

C in HBSS containing 1.3 mM
EDTA (Sigma-Aldrich). The lung tissue was next treated with
150 U/ml collagenase (Sigma-Aldrich) in RPMI containing 5%
FCS for 1 h at 37

 




 

C. The resulting suspension was pelleted, resus-
pended in 44% Percoll (Amersham Biosciences), layered on 67.5%
Percoll, and centrifuged at 600 

 

g

 

 at 4

 




 

C for 15 min. Liver tissue
was homogenized, pelleted, resuspended in 35% Percoll contain-
ing 200 U/ml heparin, layered on 67.5% Percoll, and centrifuged
at 600 

 

g

 

 at 4

 




 

C for 15 min. Lung and liver lymphocytes at the gra-
dient interface were harvested and washed twice before use.

 

Real-time RT-PCR.

 

For the naive OT-I T cell population
used for real-time RT-PCR, splenocytes from naive OT-I mice
were purified on a nylon wool column to enrich for T cells and
then stained for CD8, V

 

�

 

2, and CD44. After washing, the sple-
nocyte population was sorted on the basis of CD8

 

�

 

, V

 

�

 

2

 

�

 

, and
CD44

 

lo

 

 using a MoFlo™ high speed sorter (Cytomation, Inc.).
The effector OT-I T cell population was obtained from
B6.Thy1.1 mice that were transferred with OT-I T cells and
then primed with LM/OVA. 7 d postinfection, the mice were
killed and the splenocytes were purified on a nylon wool column.
The resulting cells were stained for CD8 and Thy1.2 and sorted
for expression of these molecules. For the memory OT-I T cell
population, the same protocol was used as for the effector popu-
lation, except the mice were killed at 

 

�

 

4 wk postinfection. For
each of the sorted OT-I T cell populations, the purity of the cells
was 

 

�

 

95% as determined by flow cytometry after sorting.
RNA was purified from the sorted naive, effector, and mem-

ory OT-I T cell populations using QIAGEN RNeasy columns.
The protocol provided by the manufacturer was followed with
the addition of the on column DNA digestion using the RNase-
free DNase set from QIAGEN in order to remove any residual,
contaminating DNA. cDNA was then synthesized from the
RNA using the oligo-dT method and TaqMan™ reverse tran-
scription reagents from Applied Biosystems.

Real-time RT-PCR was performed on each of the three
cDNA populations to amplify GAPDH (as a control to normalize
for the quantity of cDNA), IL-12R

 

�

 

1, IL-12R

 

�

 

2, IL-18R

 

�

 

, and
IL-18R

 

�

 

. The primers used are listed from 5

 

�

 

 to 3

 

�

 

: GAPDH
sense, TGCACCACCAACTGCTTAG and GAPDH antisense,
GGATGCAGGGATGATGTTC; IL-12R

 

�

 

1 sense, GGCAA-
CATGACATCCATGCA and IL-12R

 

�

 

1 antisense, GTGTGT-
CACCATCTTGGCAGGATC; IL-12R

 

�

 

2 sense, CACTAT-
CAGGTGACGTTACA and IL-12R

 

�

 

2 antisense, TGCAG-
AAGCGCCTTTTGAGTTGGT; IL-18R

 

�

 

 sense, GTGCA-
CAGGAATGAAACAGC and IL-18R

 

�

 

 antisense, ATTTAAG-
GTCCAATTGCGACGA; and IL-18R

 

�

 

 sense, GGAGTGG-
GAAATGTCAGTAT and IL-18R

 

�

 

 antisense, CCGTGCC-
GAGAAGGATGTAT. An Applied Biosystems GeneAmp 5700
thermocycler was used in conjunction with the SYBR Green™
PCR Master Mix, also from Applied Biosystems. Each sample
was run in triplicate, and the data were analyzed using the 2

 

-

 





 

C
T

method (42) in order to determine the relative gene expression of
each of the IL-12 and IL-18 receptors.

Online Supplemental Material. Fig. S1 shows the ability of ef-
fector P14 TCR transgenic T cells generated in vivo to respond
in vitro to either a combination of IL-12 and IL-18 or their cog-
nate peptide.  After overnight culture of splenocytes containing
effector P14 T cells with the stimuli shown, the T cells secrete
IFN-�.  This indicates that in addition to OT-I T cells, transgenic
CD8+ T cells with another specificity are responsive to IL-12 and
IL-18. Fig. S2 depicts the response of memory OT-I T cells gen-
erated in vivo to both LPS and Escherichia coli.  After culturing

Figure 1. Effector OT-I T cells secrete IFN-� in response to TCR
stimulation or a combination of IL-12 and IL-18 in vitro. 3 � 106 nylon
wool-purified OT-I splenocytes were transferred into B6.Thy1.1 mice
that were then infected with �2,000 LM/OVA (A), 2 � 106 PFU VV/
OVA (B), or 2 � 106 PFU VSV/OVA (C). 7 d after infection, the mice
were killed and splenocytes were stained to identify the OT-I T cells
and their activation/memory status. After gating on the CD8�,
Thy1.2� population of OT-I T cells, the histograms indicate the per-
centage of cells positive for CD44 or CD94. Bulk splenocytes from the
LM/OVA (D), VV/OVA (E), or VSV/OVA (F) effector mice were in-
cubated overnight with the indicated culture conditions. GolgiPlug™
was added for the final 4 h of culture, and the cells were subsequently
harvested and stained for expression of CD8, Thy1.2, and intracellular
IFN-�. The data are the average of two mice and are representative of
at least two independent experiments.
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Figure 2. Memory OT-I T cells secrete IFN-�
in response to TCR stimulation or a combination
of IL-12 and IL-18 in vitro. 3 � 106 nylon wool-
purified OT-I splenocytes were transferred into
B6.Thy1.1 mice that were then infected with
�2,000 LM/OVA (A), 2 � 106 PFU VV/OVA
(B), or 2 � 106 PFU VSV/OVA (C). The mice
were then allowed to rest for �4 wk in order to
generate stable memory populations of OT-I T cells.
The mice were killed, and splenocytes were stained
to identify the OT-I T cells and their activation/
memory status. After gating on the CD8�,
Thy1.2� population of OT-I T cells, the histo-
grams indicate the percentage of cells positive for
CD44 or CD94. Bulk splenocytes from the LM/
OVA (D), VV/OVA (E), or VSV/OVA (F) memory
mice were incubated overnight with the indicated
culture conditions. GolgiPlug™ was added for the
final 4 h of culture, and the cells were subsequently
harvested and stained for expression of CD8,
Thy1.2, and intracellular IFN-�. The results shown
are the average of two mice and are representative
of at least two independent experiments. (G) OT-I
T cells that were transferred into B6.Thy1.1 mice
and not challenged were compared with similar
mice that were challenged with LM/OVA and
then rested for �4 wk. After overnight stimulation
with 10 nM SIINFEKL or a combination of IL-12
and IL-18, the cells were stained for CD8, Thy1.2,
and intracellular IFN-�. The results from two mice
per group were averaged, and the experiment was
performed three times with similar results.

splenocytes containing memory OT-I T cells in vitro for 3 h in
the presence of GolgiPlug and the indicated stimuli, the OT-I T
cells secrete IFN-�.  This result indicates that memory T cells have
the ability to secrete IFN-� in response to pathogens other than
LM. Fig. S3 compares the ability of sorted naive or memory OT-I
T cells to provide protection from LM infection in IFN-��/�

mice.  The memory OT-I T cells provide protection from a LM
infection as shown by the lowered LM colony counts in both the
spleen and liver.  The naive OT-I T cells do not provide pro-
tection from LM in either the spleen or the liver when they
are transferred into IFN-��/� mice. Figs. S1–S3 are available at
http://www.jem.org/cgi/content/full/jem.20031051/DC1.

Results
Responses of Effector CD8� T Cells to IL-12 and IL-18.

We demonstrated previously that a population of CD8�

T cells isolated from naive mice had the ability to respond
to LM-infected macrophages by secreting IFN-� (36). To
further investigate the potential of CD8� T cells to respond
in vivo to LM, we used an adoptive transfer protocol
where T cell–enriched splenocytes isolated from OT-I
TCR transgenic mice were transferred into B6.Thy1.1
congenic hosts. The mice were then challenged with a

strain of LM expressing the ovalbumin protein (LM/OVA)
to induce the activation of the OT-I T cells. 7 d after in-
fection, the CD8�, Thy1.2� population identifies the
transferred OT-I T cells, which express both V�2 and V�5
and also stain positive using a Kb-SIINFEKL tetramer (Fig.
1 A and unpublished data). The OT-I population of T cells
express the CD44 and CD94 molecules indicative of an ac-
tivated phenotype (Fig. 1 A), and splenocytes from these
mice are cytolytic against targets pulsed with the SIIN-
FEKL peptide (unpublished data). When splenocytes from
these OT-I–transferred, LM/OVA-primed mice were cul-
tured overnight with SIINFEKL or a combination of IL-12
and IL-18, intracellular IFN-� is detected in the majority
of the CD8�, Thy1.2� T cells (Fig. 1 D). In addition, stim-
ulation of the CD8�, Thy1.2� T cells to secrete IFN-�
with LM/OVA-infected J774:Kb macrophages could not
be blocked by antibodies against IL-12 and IL-18. In con-
trast, IFN-� secretion induced by LM/OVA-infected J774,
LM-infected J774, or LM-infected J774:Kb was blocked by
antibodies against IL-12 and IL-18.

To examine the effect of priming OT-I T cells with
other pathogens, we infected B6.Thy1.1 mice that had
been transferred with T cell–enriched OT-I splenocytes
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with VV-expressing ovalbumin (VV/OVA) or VSV-
expressing ovalbumin (VSV/OVA). 7 d after infection, we
analyzed the cell surface phenotype of the CD8�, Thy1.2�

T cells to confirm that they had responded to antigen (Fig.
1, B and C). After overnight stimulation, the OT-I T cells
primed with either VV/OVA or VSV/OVA are able to re-
spond to IL-12 and IL-18 by secreting IFN-� (Fig. 1, E
and F). These effector T cells respond to LM-infected J774:
Kb by secreting IFN-� even though the cognate antigen
(OVA) is not provided. Antibodies against IL-12 and IL-18
block the IFN-� secretion induced by LM-infected J774:
Kb but not LM/OVA-infected J774:Kb. Similar responsive-
ness to IL-12 and IL-18 was observed using P14 TCR
transgenic CD8� T cells specific for lymphocytic chorio-
meningitis virus–derived glycoprotein 33–41 as an effector
population generated in vivo (Fig. S1, available at http://
www.jem.org/cgi/content/full/jem.20031051/DC1).

Responses of Memory CD8� T Cells to IL-12 and IL-18.
To further our understanding of the ability of CD8� T
cells to respond to IL-12 and IL-18, we used the same OT-
I transfer protocol as above but allowed the mice to rest for
�4 wk before analysis. During this time period, the OT-I
T cells respond to the antigen and then return to a resting
but memory state. B6.Thy1.1 mice transferred with OT-I
T cells that were challenged with LM/OVA (Fig. 2 A),
VV/OVA (Fig. 2 B), or VSV/OVA (Fig. 2 C) were ana-
lyzed for expression of memory and activation markers.
The expression of CD44 and CD94 on each of the trans-
ferred populations indicates that the OT-I T cells have a
memory phenotype. In addition, none of the memory
OT-I T cell populations expressed the activation markers
CD25 or CD69 (not depicted). After overnight culture of
splenocytes obtained from these animals, the OT-I T cells
responded equally well to IL-12 and IL-18 or the cognate
peptide in terms of their IFN-� response. Importantly, re-
gardless of the OVA-expressing pathogen used to generate
memory OT-I T cells, LM-infected J774:Kb stimulators in-
duced IFN-� secretion, and this effect was blocked by anti-
bodies against IL-12 and IL-18 (Fig. 2, D–F).

Our previous work has shown that a very small percent-
age of OT-I T cells stimulated directly ex vivo from an
OT-I mouse was able to secrete IFN-� (36). To analyze a
naive population of transferred CD8� T cells, T cell–
enriched OT-I splenocytes were injected into B6.Thy1.1
hosts, and their potential to secrete IFN-� without chal-
lenging the mice in vivo was determined. Indeed, a small
percentage of the transferred OT-I T cells was able to se-
crete IFN-� in response to either IL-12 and IL-18 or SI-
INFEKL (Fig. 2 G). The IFN-�–secreting OT-I T cells
altered their cell surface phenotype compared with non-
transferred OT-I T cells with respect to CD44, CD94, and
other memory markers (unpublished data). These changes
may explain why some transferred OT-I T cells are slightly
more responsive to IL-12 and IL-18 compared with the
nontransferred population of OT-I T cells. However, the
nonprimed, transferred OT-I T cell population contained a
much lower percentage of IL-12– and IL-18–responsive T
cells compared with a memory population of OT-I T cells.

Furthermore, when we transferred OT-I T cells into
B6.Thy1.1 hosts and then attempted to prime with WT
LM there was no proliferation of the OT-I T cells as mea-
sured by CFSE labeling experiments (unpublished data).
Together, these data indicate that only effector and mem-
ory CD8� T cells have the capacity to secrete IFN-� in re-
sponse to IL-12 and IL-18 and that this response is not me-
diated through the TCR.

To analyze a population of antigen-specific, non-TCR
transgenic CD8� T cells, we injected B6 mice with LM/
OVA and identified endogenous OVA-specific CD8� T
cells using Kb-SIINFEKL tetramers (Fig. 3, A and B). Once
again, both effector (7 d postinfection) and memory (�4
wk postinfection) OVA-specific CD8� T cells secreted
IFN-� when stimulated overnight with a combination of
IL-12 and IL-18 or their cognate peptide (Fig. 3, C and D).
This result, along with our previous work using bulk popu-
lations of CD8� T cells, (36) suggests that multiple popula-
tions of effector and memory CD8� T cells respond to IL-
12 and IL-18 by secreting IFN-�.

Localization of Memory CD8� T Cells in Peripheral Organs
and Their Ability To Respond To IL-12 and IL-18. Previ-
ous reports indicate that memory T cells preferentially relo-
cate in peripheral organs (41, 43). When we compared the
localization of naive (transferred, unprimed) OT-I T cells
and memory (transferred, LM/OVA-primed) OT-I T cells,
we found that the memory OT-I T cells preferentially re-
located to nonlymphoid organs, whereas the naive OT-I T

Figure 3. Endogenous effector and memory OVA-specific T cells secrete
IFN-� in response to TCR stimulation or a combination of IL-12 and
IL-18 in vitro. (A and C) B6 mice were primed with LM/OVA and
killed 7 d later. Bulk splenocytes from these mice were incubated over-
night with the indicated culture conditions. GolgiPlug™ was added for
the final 4 h of culture, and the cells were stained with the Kb-SIINFEKL
tetramer and for CD8 and intracellular IFN-�. (B and D) B6 mice were
primed with LM/OVA and killed �4 wk later. Splenocytes were cultured
and stained as in A and C. For each dot plot, one overnight culture with
IL-12 and IL-18 is shown out of six representative mice. The results in C
and D are the average of three mice for each group and were repeated
with similar results.
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cells did not (Fig. 4, A and B). Importantly, when we re-
stimulated lymphocytes isolated from LNs, spleen, liver,
and lung we found that memory OT-I T cells were able to
respond to both SIINFEKL or a combination of IL-12 and
IL-18 by secreting IFN-� (Fig. 4 C). When this experi-
ment was repeated, we used SIINFEKL-pulsed J774:Kb as
stimulators to compensate for the low numbers of cells iso-
lated from the lung, and this increased the percentage of
IFN-�–secreting OT-I T cells to �75% (unpublished
data). These results indicate that not only do memory
CD8� T cells preferentially reside in peripheral organs but
also that these T cells are capable of mounting an early,
rapid response against a pathogen-induced infection.

Rapid In Vivo Production of IFN-� from Memory CD8� T
Cells in Response To WT LM. To test whether or not
memory OT-I T cells respond to a WT LM infection in
vivo, we rechallenged OT-I–transferred, VSV/OVA-
primed memory mice for 16 h with differing doses of WT
LM. The splenocytes were then cultured for 3 h in media
with GolgiPlug™ and subsequently analyzed for IFN-�
production. Indeed, memory OT-I T cells responded to
WT LM in a dose-dependent fashion by secreting IFN-�
(Fig. 5). The probable reason for the requirement of high
doses of WT LM to induce a substantial percentage of the

OT-I T cells to secrete IFN-� is that the assay was per-
formed after only 16 h of infection. In other experiments,
�50% of the memory OT-I T cells were able to secrete
IFN-� 3 d postinfection with the sublethal dose of �104

WT LM (unpublished data). OT-I–transferred, VSV/
OVA-primed memory mice were also injected with IL-12
and IL-18. Once again, �50% of the OT-I T cells stained
positive for intracellular IFN-� (unpublished data). These
results suggest that the combined actions of IL-12 and IL-
18 are responsible for inducing rapid IFN-� secretion in
memory CD8� T cells responding to WT LM. To expand
these findings to another organism, we infected memory
OT-I mice with E. coli and killed the mice 3 h later. �40%
of the memory OT-I T cells isolated from the E. coli–in-
fected mice secreted IFN-� (Fig. S2, available at http://
www.jem.org/cgi/content/full/jem.20031051/DC1). To-
gether, these results indicate that memory CD8� T cells
have the ability to respond to multiple pathogens in an an-
tigen-independent fashion.

Up-regulation of IL-12 and IL-18 Receptors in Effector and
Memory CD8� T Cells. To establish a mechanism for the
increased IFN-� responsiveness of effector and memory
OT-I T cells to a combination of IL-12 and IL-18 com-
pared with their naive counterparts, we performed real-
time RT-PCR on sorted populations of naive, effector,
and memory OT-I T cells. Levels of IL-12R�2, IL-18R�,
and IL-18R� were all up-regulated in the effector and
memory OT-I T cell populations (Fig. 6 A). To confirm
these findings at the protein level, we analyzed naive, effec-
tor, and memory populations of OT-I T cells for expres-
sion of the IL-18R� subunit. Although in each population
of OT-I T cells the IL-18R� subunit is expressed, the ef-
fector and memory populations express approximately a
fivefold higher level than the naive population (Fig. 6,
B–D). The flow cytometry data, which supports the RT-
PCR data for the IL-18R� subunit, suggests that the anti-
bodies used for sorting to obtain the pure populations of

Figure 4. Memory OT-I T cells preferentially relocate to peripheral
organs and respond to IL-12 and IL-18 by secreting IFN-�. (A) 107 nylon
wool-purified OT-I splenocytes were transferred into B6.Thy1.1 hosts.
(B and C) 3 � 106 nylon wool-purified OT-I T cells were transferred
into B6.Thy1.1 hosts, challenged with �2,000 LM/OVA, and then
rested for �4 wk. Graphs representing the percentage of Thy1.2� (OT-I)
cells out of the total CD8� population within the indicated organs for the
naive OT-I T cells (A) and the memory OT-I T cells (B) are shown. (C)
After overnight stimulation with either 10 nM SIINFEKL or a combination
of IL-12 and IL-18, the cells isolated from the indicated organs were
incubated for 4 h with GolgiPlug™ and then stained for CD8, Thy1.2,
and intracellular IFN-�. Three mice were averaged per group, and the
data are representative of three independent experiments.

Figure 5. Memory OT-I T cells primed with VSV/OVA respond to
an infection with WT LM by secreting IFN-�. 3 � 106 nylon wool-purified
OT-I splenocytes were transferred into B6.Thy1.1 hosts. The mice were
then challenged with 2 � 106 PFU VSV/OVA and rested for �4 wk to
generate stable memory populations of OT-I T cells. The mice were re-
challenged with varying doses of WT LM. 16 h after infection, the mice
were killed and the splenocytes were cultured for 3 h in RPMI media
containing GolgiPlug™ (no cytokines or antigens were added). The cells
were subsequently harvested and stained for CD8, Thy1.2, and intracellular
IFN-�. The results shown are the average of two mice. Similar results
were obtained using B6.Thy1.1 mice that were OT-I transferred, primed
with VV/OVA, rested for �4 wk and rechallenged with WT LM.
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OT-I T cells did not affect the gene expression of the IL-
12 and IL-18 receptors. In addition, we observed that
memory OT-I T cells generated by priming with either
VV/OVA or VSV/OVA expressed high levels of the IL-
18R� subunit, explaining their increased responsiveness to
IL-12 and IL-18 (unpublished data).

Differences in LM Susceptibility Between B6 and IFN-��/�

Mice. To investigate the early kinetics of the innate re-
quirements for IFN-� during an LM infection, we com-
pared the susceptibility of B6 and IFN-��/� mice infected
with �104 LM on days 1, 2, and 3 postinfection. The dif-
ferences in LM susceptibility, as determined by LM counts
in the spleen and liver, are only detectable between 2–3 d
postinfection (Fig. 7). These data indicate that IFN-� is im-
portant during the innate immune response to LM, but the
importance of this effector cytokine does not manifest itself
immediately after infection.

Early Protection of IFN-��/� Mice from LM Infection by
Memory CD8� T Cells Independent of Antigen Specificity.
Our data suggest that antigen nonspecific secretion of IFN-�
in response to WT LM by memory CD8� T cells may
play a role in protective immunity against LM and that this
response can be visualized within 16 h (Fig. 5). Further-
more, differences in LM counts mediated by IFN-� can
only be seen 2–3 d postinfection (Fig. 7). Therefore, we
transferred memory OT-I T cells into IFN-��/� mice in-
fected with �104 LM and determined spleen and liver LM
counts 3 d postinfection. Spleen and liver LM counts for
IFN-��/� mice on day 3 after infection show high numbers
of bacterial colonies compared with WT B6 control ani-
mals, as expected (Fig. 8 A). In contrast, IFN-��/� mice
that received 5 � 105 sorted memory OT-I T cells before
LM infection show �2 logs of protection in both organs.
We were able to detect CFSE staining of the transferred
memory OT-I T cells 3 d postinfection (Fig. 8 B). As few as
�5,000 IFN-�–secreting OT-I T cells are able to reduce
the LM counts in IFN-��/� mice almost to the levels of a
B6 mouse. The small number of OT-I T cells recovered 3 d
postinfection is most likely attributed to loss upon injection,
localization to other organs, and the fact that not all of the
OT-I T cells secrete IFN-� at the time of the assay. Impor-
tantly, there are �290-fold fewer IFN-�–secreting cells in
the IFN-��/� mice transferred with memory OT-I T cells
compared with the B6 mice (Fig. 8 C). It should be noted
that this response does not represent cross-reactivity be-
tween the SIINFEKL epitope and LM since the transferred
cells show no evidence of dilution of the CFSE label (Fig. 8
B). Our previous data indicate that naive OT-I T cells are
not responsive to IL-12 and IL-18 and that they do not ex-
press high levels of the receptors for these cytokines (Figs. 2
and 6). In accordance with this data, when we transferred
naive OT-I T cells into IFN-��/� mice they were unable
to protect these animals from a WT LM infection (Fig. 8
D). These results are also demonstrated in an independent
experiment where we transferred naive or memory OT-I T
cells into IFN-�–deficient mice and challenged both sets of

Figure 6. Effector and memory OT-I T cells up-regulate IL-12R�2,
IL-18R�, and IL-18R�. (A) Naive, effector, and memory OT-I T cells
were purified as described in Materials and Methods. mRNA was then
purified, cDNA generated, and real-time RT-PCR performed. The results
were normalized to GAPDH levels to control for quantity of cDNA in
each sample. The levels of each of the receptors was set to a value of one
for the naive OT-I population, and the results are presented as fold increase
of mRNA over the naive OT-I population. Each reaction was performed
in triplicate, and the data are the average of the triplicate. Levels of the
IL-18R� subunit were measured on populations of naive OT-I T cells
(B), effector OT-I T cells (C), and memory OT-I T cells (D). For the naive
population, V�2�, CD8� splenocytes from naive OT-I mice were gated
on for the analysis of the IL-18R� subunit. For the effector population,
nylon wool-purified OT-I splenocytes were transferred into B6.Thy1.1
hosts, which were then challenged with �2,000 LM/OVA. 7 d postin-
fection, splenocytes were stained, and the CD8�, Thy1.2� population of
OT-I T cells was gated on for analysis of the IL-18R� subunit. The
memory population was generated in the same manner as the effector
population, except the mice were rested for �4 wk before analysis. The
open histograms represent background staining in the absence of the primary
antibody, whereas the filled histograms represent staining in the presence
of the primary antibody. Each histogram is staining from one representative
of four mice.

Figure 7. Innate susceptibility of B6 and IFN-���� mice to LM infection.
B6 and IFN-��/� mice were infected with �104 LM. At days 1, 2, and 3
postinfection, the mice were killed and spleen (A) and liver (B) LM
counts were determined by plating 10-fold dilutions of the homogenized
organs on BHI plates. Three mice per group were averaged for days 1 and
2, whereas eight mice per group were averaged for day 3. Similar results
were obtained in independent experiments performed on days 1, 2, and 4
postinfection.
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mice with 104 WT LM (Fig. S3, available at http://
www.jem.org/cgi/content/full/jem.20031051/DC1).

Discussion
CD8� T cells play an important role in the control and

elimination of LM and other intracellular pathogens. Signals
propagated through the TCR upon binding to peptide–
MHC complexes can induce a myriad of effects including
proliferation, cytokine secretion, cytolysis of infected tar-
gets, and apoptosis of the T cells themselves (44). Genera-
tion of memory CD8� T cells results in rapid responses
upon reexposure to the same pathogen. In addition, mem-
ory CD8� T cells have been shown to preferentially localize
to peripheral nonlymphoid organs (41, 43). Recent reports
in both human and murine systems have suggested that
memory CD8� T cells may belong to distinct subsets,
termed central and effector, based upon their existence in
either lymphoid or nonlymphoid organs (45, 46). Central
memory CD8� T cells are CD62Lhi and CCR7� allowing
homing to LNs, whereas effector memory CD8� T cells are
CD62Llo and CCR7� and do not have this homing prop-
erty. Effector memory CD8� T cells have been proposed to
respond rapidly to a secondary infection by performing ef-
fector functions (46), although this has been questioned re-
cently (45). Data presented here indicate that memory
CD8� T cells can respond rapidly in an antigen nonspecific
manner by secreting IFN-� (Figs. 2 and 5). We have iso-
lated these memory CD8� T cells from both lymphoid and
nonlymphoid organs (Fig. 4). Therefore, they may belong
to either subset of memory CD8� T cells. Furthermore, we
have shown previously that both CD62Lhi and CD62Llo

CD8� T cells have the capacity to secrete IFN-� upon ex-
posure to IL-12 and IL-18 (36). Importantly, the localiza-
tion of memory CD8� T cells to sites of infection such as
the GI tract, lung, and liver make our findings relevant in
terms of an immediate response against an infection.

IFN-� is critical in immune responses against certain
pathogens. For example, the published LD50 of IFN-�–
deficient Balb/c mice in response to LM is �10 (31). How-
ever, LM-specific CD8� T cells generated in these mice
can provide protective immunity to future LM infections.
In addition, studies using SCID mice lacking T and B lym-
phocytes have demonstrated increased LM burdens upon
depletion of IFN-� (33). These results suggest that IFN-�
is required during the innate immune response to LM. In-
deed, our data indicate that IFN-�–deficient mice are
highly susceptible to LM infections but that the differences
in LM burden between B6 and IFN-��/� mice are not ap-
parent until 2–3 d postinfection (Fig. 7). Although IFN-�
can have direct effects on LM growth by limiting escape
from the phagosome (47), the major role of this cytokine
may be in inducing macrophage activity or polarizing to-
ward a Th1-type immune response (2). Exactly what role
the IFN-� that is secreted rapidly from antigen nonspecific
memory CD8� T cells plays was not determined in our
studies. However, it is involved in controlling the early,

rapid growth of LM that would otherwise occur in IFN-�–
deficient mice (Fig. 8).

Our experiments have used three different pathogens, all
expressing the OVA protein, to induce effector and memory
CD8� T cells. In each case, the CD8� T cells acquired the
ability to secrete IFN-� in response to IL-12 and IL-18 and
up-regulated the expression of the IL-12 and IL-18 receptors
(Fig. 6). Whether or not IL-12 and IL-18 production during

Figure 8. Memory OT-I T cells protect IFN-���� mice from a WT
LM infection. 3 � 106 nylon wool-purified OT-I splenocytes were trans-
ferred into B6.Thy1.1 mice and then challenged with 2 � 106 PFU VV/
OVA. The mice were then rested for �4 wk, killed, and the splenocytes
were sorted for CD8�, Thy1.2� OT-I T cells. 5 � 105 CFSE labeled
memory OT-I T cells were injected into IFN-��/� recipients. (A) B6,
IFN-��/�, and IFN-��/� mice transferred with memory OT-I T cells
were then infected with �104 WT LM and killed 3 d later to determine
spleen and liver LM counts. (B and C) Splenocytes from the above mice
were cultured for 3 h in media containing GolgiPlug™ and then analyzed
for CFSE, CD8, and intracellular IFN-� expression. The number of
IFN-�–secreting OT-I T cells was calculated by multiplying the total
number of splenocytes isolated from the infected mice by the percentage
of CFSE-labeled, CD8�, IFN-�� cells determined by flow cytometry.
The number of IFN-�–secreting cells in the B6 mice was calculated by
multiplying the total number of splenocytes isolated from the infected
mice by the percentage of IFN-�–secreting cells determined by flow cy-
tometry. (D) Naive OT-I T cells were sorted for CD8�, V�2�, and
CD44lo expression. 5 � 105 CFSE-labeled naive OT-I T cells were in-
jected into IFN-��/� recipients. B6, IFN-��/�, and IFN-��/� mice
transferred with naive OT-I T cells were then infected with �104 WT
LM and killed 3 d later to determine spleen and liver LM counts. The
data shown are the average of three mice per group for A–C and two
mice per group for D. Each experiment is one representative of two.
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the priming phase of CD8� T cell activation is required for
the increase in expression of the receptors for the cytokines is
unclear. Signaling through the TCR upon binding to the
cognate peptide–MHC complex may result in up-regulation
of the IL-12 and IL-18 receptors in CD8� T cells. It is likely
that for each of the pathogens used the OVA antigen (SIIN-
FEKL) is actually presented by DC through cross-priming
(48). Recent work suggests that CD8� DC are responsible
for cross-priming CD8� T cells and that this subset of DC
produce high amounts of IL-12 (49, 50). DC of different
types are also capable of secreting IL-18 (51). Therefore, it
seems likely that IL-12 and IL-18 may be produced during
the priming phase required to induce responsiveness of the
CD8� T cells to IL-12 and IL-18.

It is interesting to note that IL-12 and IL-18 did not in-
duce any other effector functions, including proliferation,
cytotoxicity, or secretion of TNF-� from effector or mem-
ory CD8� T cells (unpublished data). Recent studies have
demonstrated that IL-12 can have other effects on T cells,
such as inducing the indirect proliferation of memory CD8�

T cells (52). IL-12 has also been shown to be necessary for
complete activation of naive CD8� T cells but not memory
CD8� T cells (53). IL-18 has been implicated in up-regulat-
ing the cytotoxic activities of CD8� T cells (23). Our results
indicate that the secretion of cytokine-induced IFN-� by
CD8� T cells is under exquisite control. Once IL-12 and
IL-18 are no longer produced, which should be rapid under
conditions of a controllable infection, then IFN-� will cease
to be secreted from effector and memory CD8� T cells.

The most striking result of this study is that so few mem-
ory CD8� T cells can protect IFN-�–deficient mice 3 d
post LM infection (Fig. 8). Considering other cell types can
respond rapidly to LM by secreting IFN-�, there may be
redundancy in this early response. Alternatively, the extra
IFN-� production resulting from multiple cell types may
be required in order to establish a Th1 environment, aiding
in the generation and effectiveness of the adaptive immune
response. The ability of NK, NK-T, and �� T cells to pro-
vide innate immune protection is a possibility that is being
considered. In conclusion, the results presented here dem-
onstrate that IFN-� production from antigen nonspecific
memory CD8� T cells is sufficient in providing innate im-
mune protection against LM. Furthermore, this study high-
lights the fact that CD8� T cells can function in settings
other than the adaptive immune response.
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