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Production of innate interferon-γ (IFN-γ) is a crucial step in immunological defense against
bacteria. However, there is little information regarding cellular mechanisms underlying IFN-γ
production in vivo early after bacterial infection. Here we analyze innate IFN-γ produc-
tion in the spleen of mice early after Listeria monocytogenes (LM) infection ex vivo by
flow-cytometry and in situ by immunohistochemistry, and compare them with the IFN-
γ-producing cells reported previously in our in vitro coculture system in which cell-cell
interaction between lymphocytes and dying bacterial-infected macrophages is required for
the production of IFN-γ. In the spleen at 20 h after LM infection, natural killer (NK) cells,
a subset of αβ T cells, and subsets of NKT and γδ T cells produced IFN-γ with features
similar to the IFN-γ-producing cells in our in vitro coculture system. Immunohistochem-
istry revealed that LM bacteria were first phagocytosed mainly by ER-TR9+ marginal zone
macrophages (MZMs), then forming infectious foci in close vicinity of the marginal zone
(MZ) at 20-h postinfection. At this time point, the IFN-γ-producing cells were accumulat-
ing at the same site of infectious foci, around which ER-TR9+ MZMs were clustered but
most of bacteria were no longer associated with ER-TR9+ MZMs. These results indicate
that innate IFN-γ production by innate lymphocytes takes place at infectious foci formed in
close vicinity of the MZ, and they also suggest an important role for the microenvironment
of the cells accumulated at infectious foci in inducing the production of innate IFN-γ.
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INTRODUCTION
Listeria monocytogenes (LM) is a Gram-positive facultative intra-
cellular bacterium that causes severe disseminated infection or
local infection like meningitis in immunocompromised individu-
als and in pregnant women (Vazquez-Boland et al., 2001). Studies
of LM infection in mice as a model for antimicrobial defense have
brought us marked progress in our understanding of the innate
and adaptive immunity (Parham, 1997). During an early stage
of LM infection innate immune responses control initial infec-
tion, and subsequently T helper type 1 (Th1) adaptive immune
responses develop to sterilize LM-infected mice (Unanue, 1997).
nterferon-γ (IFN-γ) secreted by the innate immune cells (called

“innate IFN-γ”) is one of the most important cytokines that
contribute to these innate and adaptive immune responses; i.e.,
IFN-γ plays a crucial role for the activation of macrophage effec-
tor functions that are required to limit bacterial growth and control
infection, and in the adaptive immunity IFN-γ is responsible for
a bias toward Th1 responses (Schroder et al., 2004). Natural killer
(NK) cells are thought to be the main source of innate IFN-γ, but
other multiple cell types, such as memory type CD8+ T cells, NKT
cells, γδT cells, macrophages, and dendritic cells (DCs) are also

claimed to produce innate IFN-γ (Hiromatsu et al., 1992; Bancroft,
1993; Frucht et al., 2001; Berg et al., 2005; Berntman et al., 2005;
Thale and Kiderlen, 2005). Furthermore, NK1.1+CD11c+ cells
have recently been reported to be the primary IFN-γ-producing
cells in the spleen early after LM infection in mice (Chang et al.,
2007; Plitas et al., 2007). Thus, the cellular sources of innate IFN-γ
remain still unsettled.

The spleen has multiple functions such as the phagocytosis
of aged erythrocytes, the capture and destruction of pathogens,
and the induction of the innate and adaptive immunity. Accord-
ingly, the spleen has a highly organized structure, consisting of
the red pulp, distinguishable by the abundance of erythrocytes,
and the white pulp where the majority of T cells and B cells reside
(Mebius and Kraal, 2005). The white pulp and the red pulp are sep-
arated by the marginal zone (MZ), which consists of sinus-lining
reticular cells, MZ B cells, dendritic cells, marginal metallophilic
macrophages, and marginal zone macrophages (MZMs). Most of
the blood flow passes through the MZ and thus macrophages of
the MZ are essential for trapping blood–bone pathogens and early
control of infection (Aichele et al., 2003). It is widely accepted
that upon LM infection of mice, LM bacteria are first trapped
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by macrophages in the MZ, forming MZ infectious foci and then
LM-infected phagocytes translocate from the MZ into the white
pulp where they establish secondary infectious foci (Conlan,
1996). The field of infectious foci is considered to be the site
for control of bacterial infection through orchestrating innate
immune responses (Serbina et al., 2003; Berg et al., 2005; Kang
et al., 2008). Also, it may be the site in which antigen presentation
to T cells occurs to induce adaptive immune responses especially
when they are formed in the white pulp (Muraille et al., 2005).
Since IFN-γ is a key cytokine to control bacterial infection, dissect-
ing cellular mechanisms responsible for innate IFN-γ production
in the spleen is indispensable for understanding the host defense
against bacterial infection. However, there is little experimental
data as to where in the spleen and how innate IFN-γ is produced
early after LM infection.

In this study, we characterize IFN-γ-producing cells in the
spleen of mice early after LM infection by flow-cytometric analy-
sis to determine the cellular source of innate IFN-γ and also we
examine the localization of the IFN-γ-producing cells and bacte-
ria within the LM-infected spleens by immunohistochemistry to
determine their dynamic relationships. Furthermore, as we have
recently shown by using an in vitro coculture system that sub-
sets of NK, NKT, and γδ T cells, which are generically referred to
as innate lymphocytes (Bendelic et al., 2001), produce IFN-γ in a
cell–cell contact dependent manner in response to dying bacterial-
infected macrophages (Kubota, 2006) and have proposed that this
IFN-γ production pathway contributes to the host defense at the
initial phase of bacterial infection (Kubota, 2010), we compare the
innate IFN-γ-producing cells in the LM-infected spleen with the
IFN-γ-producing cells in our in vitro coculture system to explore
the relevance of our in vitro finding to the in vivo situation in the
spleen early after LM infection.

We revealed in this study that early after LM infection, NK cells
and, to a lesser extent, a subset of αβ T cells, subsets of NKT and γδ

T cells are the cellular sources of innate IFN-γ, and that LM bacte-
ria are first phagocytosed by MZMs, then forming infectious foci
in close vicinity of the MZ without being associated with MZMs
at 20-h postinfection, and that the innate IFN-γ-producing cells
form cell clusters at the same site of infectious foci. This study
also demonstrated that there are many similarities between the
features of the IFN-γ-producing cells in the LM-infected spleen
and those in our in vitro coculture system. These results suggest
that the cellular microenvironment similar to our in vitro setting
may play an important role in the production of innate IFN-γ by
innate lymphocytes in the LM-infected spleen.

MATERIALS AND METHODS
BACTERIA
Listeria monocytogenes (EGD strain) were grown in tryptic soy
broth overnight, washed with PBS and stored at −80˚C until use.

MICE AND CELLS
C57BL/6 mice were purchased from Oriental Yeast (Tokyo, Japan).
Mice were used in accordance with the institutional guideline.
Bone marrow-derived macrophage (BMM) cells were grown
from marrow cells according to the method described previously
(Kubota, 2006). Nylon wool non-adherent (NWNA) spleen cells

were prepared according to the method described elsewhere
(Hothcock, 1998).

ANTIBODIES AND REAGENTS
Anti-FcγR (2.4G2) monoclonal antibody (mAb) and FITC-
conjugated, PE-conjugated, or biotinylated mAbs specific for
NK1.1 (PK136), TCRαβ (H57-597), CD244 (2B4), CD11c (HL-
3), CD4 (GK1.1), and CD8b (H35-17.2) were purchased from
BD Bioscience (San Jose, CA, USA). PE-conjugated anti-TCRγδ

(GL3) and FITC-conjugated CD45R (B220) mAbs were purchased
from Caltag Laboratories (Burlingama, CA, USA) and Life Tech-
nologies (Carlsbad, CA, USA), respectively. PITC-conjugated anti-
mouse IFN-γ, biotinylated CD11b (M1/70), biotinylated anti-
TCRγδ, and PE-Cy5-conjugated streptavidin were purchased from
eBioscience (San Diego, CA, USA). Rabbit anti-murine IFN-γ
polyclonal Ab was purchased from PBL Biomedical Laboratories
(Piscataway, NJ, USA). Rabbit anti-LM antibody (IgG fraction)
was purchased from ViroStat (Portland, ME, USA). Biotinylated
mAb to mouse MZMs (ER-TR9; rat IgM; Dijkstra et al., 1985)
was purchased from BMA Biomedicals (Augst, Switzerland). Anti-
perlecan rat mAb, DTAF-, or FITC-labeled donkey anti-rabbit IgG
Ab, and DTAF-labeled donkey anti-rat IgG Ab were purchased
from Millipore (Billerica, MA, USA). Alexa Fluor 488-conjugated
streptavidin was purchased from Molecular Probe, Inc. (Eugene,
OR, USA). Interleukin (IL)-12p70 and IL-18 were purchased from
Peprotech (London, UK) and MBL (Nagoya, Japan), respectively.
The fluorescent Fluoresbrite Carboxy BB microspheres (1 μm
diameter, excitation:360 nm, emission:470 nm) were purchased
from Polysciences (Warrington, PA, USA) and were washed in
PBS before use. Brefeldin A (BFA) was purchased from Sigma (St.
Louis, MO, USA) and a 20-mg/ml stock solution was prepared in
DMSO.

IN VITRO STIMULATION OF NYLON WOOL NON-ADHERENT SPLEEN
CELLS BY LM-INFECTED BMM CELLS
This method was described previously (Kubota, 2006, 2010).
Briefly, C57BL/6 mice-derived BMM cells (4 × 105 cells/ml) were
suspended in culture medium without antibiotics, seeded into a
96-well culture plate and were cultured at 37˚C overnight in a CO2

incubator. After each well was washed with DMEM without antibi-
otics, bacteria were inoculated into each well at a multiplicity of
infection (MOI) of 50, and the plate was centrifuged at 800 g for
5 min and then incubated at 37˚C in a CO2 incubator. After a 1-h
infection period, NWNA spleen cells (5 × 106 cells/ml) suspended
in culture medium containing gentamicin (100 μg/ml) were added
to each well. The plate was incubated at 37˚C for 20 h in a CO2

incubator. During the last 6 h of culture, GolgiStop (BD Pharmin-
gen) was added, and intracellular IFN-γ staining was conducted
and analyzed on FACScan (BD Bioscience).

IN VIVO INFECTION
C57BL/6 mice were infected intravenously (i.v.) with LM with
or without fluorescent Fluoresbrite Carboxy BB microspheres
(1 × 108). Mice were inoculated i.v. with 250 μg of BFA 4 h before
sacrifice (Lin and Whitton, 2005). At 4- and 20-h postinfection
mice were killed and the spleens were excised from the mice
for FACS analysis and immunohistochemistry. For FACS analysis,
splenocytes were gently dispersed in Ten-broeck Tissue grinder
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(Wheaton Scientific, Millville, NJ, USA) and erythrocytes were
lysed in NH4Cl buffer (155 mM NH4Cl, 10 mM KHCO3, 0.1 mM
EDTA).

INTRACELLULAR IFN-γ ASSAY
This method was described previously (Kubota, 2006). Briefly,
splenocytes and NWNA spleen cells pretreated with the block-
ing anti-FcγR mAb (2.4G2) were stained with mAbs against
surface markers, and then the cells were permeabilized using
the Cytofix/Cytoperm Plus kit (BD Bioscience) and stained
using FITC-conjugated anti-IFN-γ. The data were acquired using
FACScan and analyzed using CellQuest software (BD Bioscience).

IMMUNOHISTOCHEMISTRY
Spleen tissues were fixed with 1% formaldehyde in 0.1 M phos-
phate buffer (pH 7.2) for 1 h, washed with phosphate buffered
saline (PBS), and incubated overnight at 4˚C in Holt’s gum sucrose
solution. They were then embedded in OCT compound (Sakura
Tissue-Tek, Tokyo, Japan), frozen in liquid nitrogen, and then 7-
to 10-μm-sections were cut and air-dried. For staining of MZMs
and perlecan, tissues were immediately embedded in OCT com-
pound and fresh-frozen. Fresh-frozen sections (7–10 μm) were
fixed with acetone (−20˚C) for 5 min. After blocking with 1%
bovine serum albumin (BSA) dissolved in PBS (BSA–PBS) for 1 h,
sections were incubated overnight with diluted primary antibod-
ies, washed with PBS (5 min × 3 times). Bound primary antibodies
were visualized by incubation for 1 h with fluorochrome labeled
species-specific secondary antibodies. Bound ER-TR9 mAb was
detected with Alexa Fluor 488-conjugated streptavidin. For double
immunofluorescence staining, antibodies were mixed and applied
onto sections. After washing with PBS (3 min × 3 times), speci-
mens were mounted with Fluoromount (Diagnostics Biosystems,
Pleasanton, CA, USA) and examined under an Axioplan-2 epiflu-
orescence microscope (Zeiss, Tokyo, Japan). Images were captured
with a cooled CCD camera (Quantix, Photometrics, Munchen,
Germany) and processed using IPlab software (Scanalytics, Fair-
fax, VA, USA). Deconvolution of some images was performed
using Hazebuster software (Vay Tek, Fairfield, IA, USA). All anti-
bodies and Alexa Fluor 488-conjugated streptavidin were diluted
1:100 and 1:500 in 1% BSA–PBS, respectively. Negative control
experiments were performed by replacing the primary antibod-
ies with 1% BSA–PBS. Some spleen tissues exhibited background
autofluorescence.

RESULTS
A MINOR SUBSET OF αβ T CELLS AND NK, NKT, AND γδ T CELLS ARE
THE CELLULAR SOURCES OF INNATE IFN-γ IN THE SPLEEN EARLY
AFTER LM INFECTION
To examine innate IFN-γ production in the spleen of mice follow-
ing infection with LM, we inoculated C57BL/6 mice with LM and
analyzed splenocytes ex vivo by three-color flow-cytometry. Detec-
tion of cytokine production in vivo has usually been conducted by
culturing splenocytes in vitro with brefeldin A (BFA), an inhibitor
of Golgi transporter, for a short period of time, followed by intra-
cellular cytokine staining (Emoto et al., 2001; Thale and Kiderlen,
2005; Chang et al., 2007). In the present study, to avoid in vitro
manipulation, we employed an approach of in vivo injection
of BFA (Lin and Whitton, 2005); i.e., BFA was administered to

LM-infected or uninfected C57BL/6 mice 4 h before sacrifice. The
spleens were excised from the mice and splenocytes were imme-
diately assessed for IFN-γ production by intracellular cytokine
staining in combination with surface staining of NK1.1 and either
TCRαβ or TCRγδ. Preliminary experiments showed that the high-
est number of IFN-γ-producing cells was induced in the spleen of
mice injected with LM at a range of doses from 2 to 5 × 105 bacte-
ria. When mice were infected with 5 × 105 LM, the IFN-γ response
in the spleen began around 14 h after LM infection and the max-
imum response was induced at 20-h postinfection (Figure 1).
Thus, in all the following experiments mice were injected with
5 × 105 bacteria and the IFN-γ production was assessed at 20-h
postinfection. Figure 2 shows that while no IFN-γ producing cells
were detected in the splenocytes from control uninfected mice
(Figure 2A), 1.1 ± 0.2% of total splenocytes from LM-infected
mice produced IFN-γ, of which IFN-γ+ percentages of αβ T
cells and γδ T cells were 1.0 ± 0.2 and 8.4 ± 1.9%, respectively
(Figure 2B). When dot plots were gated on IFN-γ-producing αβ T
cells, 28 ± 1.0% were NK1.1+, indicating that IFN-γ-producing αβ

T cells include NKT cells (Figure 2B). Of TCRαβ+NK1.1+ (NKT
cells), 32 ± 7.5% were IFN-γ+ and of TCRαβ−NK1.1+ cells (here-
after denoted “NK” cells because these cells are mostly composed
of NK cells), 32 ± 3.3% were IFN-γ+ (Figure 2B right panel).
These results indicate that a minor subset of αβ T cells and subsets
of NK, NKT, and γδ T cells are the cellular sources of innate IFN-γ
production in the spleen at 20 h after LM infection.

When dot blots were gated on IFN-γ+ TCRγδ+ cells and IFN-
γ− TCRγδ+ cells, we found that 69 ± 7.3% of IFN-γ-producing
γδ T cells were NK1.1+ whereas only 21 ± 5.3% of IFN-γ− γδ

T cells expressed NK1.1 (Figure 2B). The proportion of NK1.1+
cells within normal splenic γδ T cells was 22 ± 3.5% (Figure 2A).
These results indicate that the cellular source of IFN-γ among γδ

T cell populations in the spleen is biased to NK1.1+ γδ T cells.
We next investigated the localization of IFN-γ-producing cells

in the spleen of mice 20 h after LM infection. To this end, part of the
spleens used for FACS analysis was fixed with formaldehyde and
the sections were stained for IFN-γ (Figure 2D). Control stain-
ing of the spleen was also conducted (Figure 2C). The results
clearly show that the IFN-γ-producing cells (green) identified
as being composed of subsets of innate lymphocytes by FACS

FIGURE 1 |Time course of IFN-γ-production in the spleen early after

LM infection. C57BL/6 mice were infected with 5 × 105 bacteria, and the
spleens were excised at each time point indicated, examined for
intracellular IFN-γ by FACS analysis. Mean percentages and SD (n = 4) of
IFN-γ+ cells in total splenocytes are diagrammed.
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FIGURE 2 | Interferon-γ production by a minor subset of αβT cells and

subsets of NK, NKT, and γδT cells in the spleen early after LM infection.

C57BL/6 mice uninfected or infected with 5 × 105 LM were inoculated i.v.
with BFA 4 h before sacrifice. At 20-h postinfection the spleens were excised
from mice and splenocytes from uninfected (A) and infected mice (B) were
stained for NK1.1, intracellular IFN-γ and either TCRαβ or TCRγδ, and analyzed
on FACScan. Representative data from one of three independent experiments
are shown. The numbers shown on the upper right quadrants represent mean
percentages of IFN-γ+ cells in αβ T and γδ T cells, respectively, and the

numbers within the histograms represent the mean percentage of NK1.1+ or
IFN-γ+ cells in gated cell populations. (C,D) Immunohistochemical staining of
LM-infected spleens. A formaldehyde-fixed section of the above LM-infected
spleens was stained with anti-IFN-γ Ab [green (D)]. IFN-γ-producing cells form
clusters. A negative control exhibits only background staining (C). Inset is an
enlarged view of the IFN-γ-producing cell cluster. (E) The same section shown
in (D) was subsequently stained with hematoxylin and eosin to distinguish
the red pulp (rp) and the white pulp (wp). Bars in (C–E) = 200 μm. Bar in [(D)

inset] = 20 μm. Representative sections are shown.

analysis (Figure 2B) accumulate at several discrete sites, thus
forming multiple cell clusters in the spleen (Figure 2D). It was of
interest that IFN-γ expressed in the cytoplasm of the cells appeared
to concentrate beneath the cell membrane (Figure 2D inset). Addi-
tionally, a large number of CD11b+ cells were stained within the
clusters of IFN-γ-producing cells (Data not shown), suggesting
that macrophages and granulocytes were attracted to the clus-
ters. We next stained the same section with hematoxylin and
eosin to distinguish the white pulp and the red pulp (Figure 2E).
Comparison between Figures 2D,E unveiled that the clusters of
IFN-γ-producing cells appear to be localized to the boundary
between the white pulp and the red pulp.

NK1.1+CD11C+ CELLS ARE THE MAIN IFN-γ-PRODUCING CELLS IN
BOTH IN VITRO AND IN VIVO LM INFECTION
Recent papers have shown that early IFN-γ producing cells in the
spleen of mice infected with LM are primarily NK1.1+CD11c+

cells (Chang et al., 2007; Plitas et al., 2007). To confirm those
reports, we next examined NK1.1 and CD11c expressions of
splenocytes excised from control uninfected mice and LM-infected
mice at 20-h postinfection (Figures 3A,B). Approximately 50%
of NK1.1+ cells of control splenocytes expressed low levels of
CD11c antigen, as had been reported previously (Laouar et al.,
2005; Chang et al., 2007) and almost all of them expressed the
NK receptor CD244 (Boles et al., 2001), but not CD3 antigen
of the T cell (Figure 3A). This result supports the notion that
CD11c antigen is expressed on NK cells (Laouar et al., 2005;
Schleicher et al., 2005). When splenocytes from LM-infected
mice were examined for the expression of NK1.1, CD11c, and
intracellular IFN-γ by three-color flow-cytometry, ∼54% of
NK1.1+ cells expressed low levels of CD11c (Figure 3B), of
which 42 ± 12% were positive for IFN-γ. In addition, 34 ± 9%
of CD11c-negative NK1.1+ cells also produced IFN-γ, indicat-
ing that both NK1.1+CD11c+ and NK1.1+CD11c− cells produce
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IFN-γ. It has been reported that DCs can be a candidate for
the source of innate IFN-γ production (Frucht et al., 2001).
However, when dot plots were gated on CD11chi DC cells, no
IFN-γ was detected (Figure 3B). To evaluate the relative contribu-
tion of NK1.1+CD11c+ cells to total IFN-γ production, spleno-
cytes from LM-infected mice were gated on IFN-γ+CD11c+
cells, and NK1.1 expression was examined (Figure 3B right
panel). Approximately 50% of total IFN-γ+ cells were CD11c+,
∼90% of which express NK1.1, and thus ∼45% of total IFN-
γ-producing cells were NK1.1+CD11c+ cells. This result con-
firms the report of Chang et al. (2007) that NK1.1+CD11c+
cells represent primary IFN-γ-producing cells early after LM
infection.

We previously reported that dying LM-infected BMM cells
induce subsets of innate lymphocytes to produce IFN-γ in a cell-
cell contact dependent manner in vitro (Kubota, 2006, 2010).
Thus, we next asked whether IFN-γ-producing NK1.1+CD11c+
cells are also main IFN-γ-producing cells in our in vitro cocul-
ture system. To this end, NWNA spleen cells before culture and
NWNA spleen cells cocultured for 20 h with uninfected or LM-
infected C57BL/6 BMM cells were subjected to the same analy-
sis as above (Figures 3C–E). Compared to the whole spleno-
cytes (Figure 3A), CD11chi cells were hardly detected in NWNA
spleen cells (Figure 3C), indicating that DCs are removed from

splenocytes after passing a nylon column. As with the whole
splenocytes (Figure 3A), ∼50% of NK1.1+ NWNA spleen cells
expressed CD11c, and almost all of the NK1.1+CD11c+ cells were
CD3− and CD244+ (Figure 3C). In contrast to uninfected
BMM cells (Figure 3D), LM-infected BMM cells, which under-
went cell death during culture as had been reported previ-
ously (Kubota, 2006, 2010) induced 44 ± 5% of NK1.1+CD11c+
cells and 42 ± 10% of NK1.1+CD11c− cells to produce IFN-γ
(Figure 3E). As shown in the right panel of Figure 2E, ∼42% of
total IFN-γ-producing cells were NK1.1+CD11c+ cells and thus
NK1.1+CD11c+ cells were main IFN-γ-producing cells in our
in vitro experimental setting as well as in the spleen in vivo at 20 h
after LM infection (Figure 3B right panel).

B220+NK1.1+CD11c+ cell population has been reported as a
novel DC subset that has the ability to produce IFN-γ and exhibits
properties of both NK cells and DCs (Chan et al., 2006; Taieb
et al., 2006). We next examined whether B220 antigen is expressed
on the IFN-γ-producing cells responding to LM-infected BMM
cells. Figure 3C shows that 4.6 ± 1.4% of NK1.1+CD11c+ NWNA
spleen cells expressed B220 antigen. When NWNA spleen cells
were cocultured for 20 h with LM-infected BMM cells, this propor-
tion decreased to 2.8 ± 0.1% despite ∼44% of the NK1.1+CD11c+
cell population produced IFN-γ (Figure 3E). The similar results
were obtained with NK1.1+CD11c+ IFN-γ-producing cells in

FIGURE 3 | NK1.1+CD11c+ NK cells are main IFN-γ-producing cells in both

the spleen of mice infected with LM for 20 h and the in vitro 20-h

coculture of NWNA spleen cells with LM-infected BMM cells. (A)

Splenocytes from uninfected mice were stained for NK1.1, CD11c, and either
CD3, CD244, or B220, and three-color flow-cytometric analysis was
performed on FACScan. (B) Splenocytes from LM-infected mice were stained
for NK1.1, CD11c, and either intracellular IFN-γ or B220. (C–E) NWNA spleen
cells before culture (C) and after coculture with uninfected (D) or LM-infected

(E) BMM cells were stained for NK1.1, CD11c, and either intracellular IFN-γ
or one of the following surface markers: CD3, CD244, and B220.
Representative data from one of three independent experiments are shown.
The numbers shown in or outside quadrants represent mean percentages
of cells in total splenocytes and the numbers within histograms represent
mean percentages of cells expressing surface antigen indicated or
intracellular IFN-γ in gated cell populations from three independent
experiments.
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LM-infected mice (Figures 3A,B). Thus, B220+NK1.1+CD11c+
cells did exist, but they were not the specific producers of IFN-γ
in both in vitro and in vivo.

SIMILARITY BETWEEN IFN-γ-PRODUCING CELLS IN THE LM-INFECTED
SPLEEN AND THOSE IN THE COCULTURE OF NWNA SPLEEN CELLS
WITH DYING LM-INFECTED MACROPHAGES
As it was found that NK1.1+CD11c+ cells are primary IFN-γ-
producers in both the LM-infected spleen and in our in vitro
coculture system, further comparison between IFN-γ-producing
cells in the LM-infected spleens and those in our in vitro coculture
system (Kubota, 2006, 2010) was performed and the results are
summarized in Figure 4. Since IL-12 and IL-18 can synergistically
stimulate lymphocytes to produce IFN-γ in vitro (Dinarello and
Fantuzzi, 2003), analysis of IFN-γ production by NWNA spleen
cells cultured for 20 h with IL-12 and IL-18 has also been included
in this comparison. As shown in Figure 4A, our in vitro cocul-
ture and the in vivo infection induced similar proportions of each
individual cell type to produce IFN-γ (0.8 ± 0.2 and 1.0 ± 0.2%
of αβ T cells, 46 ± 6 and 32 ± 3.3% of “NK” cells, 38 ± 11 and

32 ± 7.5% of NKT cells, and 12 ± 3.4 and 8.4 ± 1.9% of γδ T
cells, respectively), whereas, compared to the above two stimu-
lations, the IL-12/IL-18 stimulation resulted in the production of
IFN-γ by relatively large proportions of each individual cell type
(4.5 ± 1.6% for T cells, 95 ± 3.5% for “NK” cells, 87 ± 3.5% for
NKT cells and 37 ± 7.0% for γδ T cells). Thus, the results indicate
that the IFN-γ-positive proportions of each individual cell type in
the spleen at 20-h postinfection resemble to those observed in our
in vitro cocultures of NWNA spleen cells with dying LM-infected
BMMs.

Furthermore, when IFN-γ-producing cells were stained for
TCRαβ and either CD4 or CD8 and analyzed by three-color
flow-cytometry (Figure 4B), the proportions of CD4+ and CD8+
cells among IFN-γ-producing αβ T cell populations were similar
between our in vitro coculture and the in vivo infection (25 ± 7.4
and 15 ± 3.2% for CD8+ cells and 19 ± 5.6 and 27 ± 6.5%
for CD4+ cells, respectively), whereas the IL-12/18 stimulation
induces relatively a large proportion of CD8+ cells and a small pro-
portion of CD4+ cells to produce IFN-γ (62 ± 3.0 and 4.8 ± 2.0%,
respectively).

FIGURE 4 | Comparison of IFN-γ-producing cells among lymphocytes

stimulated with three different ways. (i) NWNA spleen cells cultured with
IL-12 (10 ng/ml) and IL-18 (25 ng/ml); (ii) NWNA spleen cells cocultured with
dying LM-infected BMM cells; (iii) splenocytes from mice infected with LM
for 20 h. Cells were stained for TCRαβ, intracellular IFN-γ and either CD4 or
CD8, and analyzed by three-color flow-cytometry. (A) Percent IFN-γ-
producing cells in each cell type. (B) Percent IFN-γ-producing cells in CD4+ αβ

T cells and in CD8+ αβ T cells. (C) Percent NK1.1+ cells in IFN-γ-producing γδ T

cells. Cells were stained for TCRγδ, NK1.1 and intracellular IFN-γ.
Cross-hatched, percent NK1.1+ cells in control γδ T cells without stimulation.
See also histograms of γδ T cells shown in Figure 2B. Mean percentages
and SD were calculated from 3 to 5 independent experiments and
statistics (Student’s t-test) compare the values of (i) to those of (ii) and
(iii). *P < 0.05; **P < 0.01; ***P < 0.001. The values of (ii) and (iii) are
also statistically compared. #, P < 0.05; NS, not significantly
different.
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Because IFN-γ-producing γδ T cells in the spleen of mice
infected with LM were found to be biased to NK1.1+ γδ T cells
(Figure 2B), we next compared the proportions of NK1.1+ cells in
IFN-γ-producing γδ T cells among the three different stimulations
by three-color flow-cytometry (Figure 4C). In our in vitro cocul-
ture and in the in vivo infection, 76 ± 2.1 and 69 ± 7.3% of IFN-γ-
producing γδ T cells were NK1.1+, respectively, while 25 ± 4.3 and
22 ± 3.5% of normal counterparts were NK1.1+ (Figure 4Cii,iii)
In contrast, in the IL-12/18 stimulation only 24 ± 7.0% of IFN-γ-
producing γδT cells were NK1.1+ (Figure 4Ci) although when the
whole NK1.1+ γδT cells were gated, most of them were IFN-γ+
(Data not shown). The results indicate that in our in vitro cocul-
ture system as well as in the LM-infected spleens, IFN-γ-producing
γδ T cells are biased to the cells with a NK1.1+ phenotype.

Overall, the comparison among the three different stimula-
tions reveals that there are many similarities between the features
of IFN-γ-producing cells in the spleen at 20-h postinfection and
those in our in vitro cocultures of NWNA spleen cells with dying
LM-infected BMMs.

CLUSTERS OF THE IFN-γ-PRODUCING LYMPHOCYTES ARE LOCALIZED
TO THE SAME SITE OF INFECTIOUS FOCI FORMED IN CLOSE VICINITY
OF THE MZ
We next determined the precise localization of IFN-γ-producing
cells and bacteria within the LM-infected spleen. To this end, we
excised the spleens from mice treated in the same way as the
case of FACS analysis except that 3 × 108 fluorescent micros-
pheres were simultaneously injected into mice, and then the
spleen sections were examined by immunohistochemistry using
antibodies specific to LM, MZM, IFN-γ, and perlecan. Perlecan
is a major heparan sulfate proteoglycan constituting various

basement membranes (Lokmic et al., 2008). Microspheres have
been reported to be taken up by macrophages in the MZ and
by CD11c+ DCs in the red pulp when injected into mice (Iyoda
et al., 2002). In preliminary experiments we confirmed that the
injection of microspheres did not affect the total number of IFN-
γ-producing cells in the LM-infected spleens (Data not shown).
When cryosections were stained for LM (red) and ER-TR9+
MZMs (green; Figure 5), ER-TR9+ MZMs and microspheres
(blue) were observed in the same area of the sections at 4-h
postinfection, delineating the MZ, and most of LM bacteria were
associated with ER-TR9+ MZMs (Figure 5A). At 20-h postinfec-
tion, LM formed infectious foci and ER-TR9+ MZMs were found
around the infectious foci, where most of bacteria were no longer
associated with ER-TR9+ MZMs (Figure 5B).

To determine the location of infectious foci, we next stained
spleen tissues excised from LM-infected mice at 16-h postinfection
(Figure 6A) and 20-h postinfection (Figure 6B) by using anti-
LM antibody (red) and anti-perlecan antibody (green). Staining
of perlecan, which detects vascular basement membranes sur-
rounding marginal sinuses and central arterioles, delineated the
MZ and the central arteriole. Most of the bacteria were found in
close vicinity of the MZ, forming infectious foci in both the 16
and 20-h sections. It should be noted, however, that in the 20-h
sections, some bacteria were also observed in the white pulp, occa-
sionally in periarteriolar lymphoid sheath surrounding the central
arteriole.

We next examined the positional relationship between infec-
tious foci and clusters of IFN-γ-producing cells. To this end,
because both of the Abs against LM and IFN-γ were rab-
bit immunoglobulin and therefore unable to be used for dou-
ble immunofluorescence staining, consecutive sections were

FIGURE 5 | Uptake of LM by ER-TR9+ MZMs and formation of

infectious foci without being associated with MZMs. Cryosections
of the spleen taken from mice inoculated with LM and fluorescent
microsphers (blue) were stained for LM (red) and MZMs (green).
(A) Four-hour postinfection; fluorescent microsphers and MZMs delineate
the MZ and a few bacteria (arrows) are associated with MZMs.

(B) Twenty-hour postinfection; bacteria form infectious foci. MZMs are
found around infectious foci, but most of bacteria are no longer associated
with MZMs. Insets are enlarged squares shown in (A,B). Some bacteria
are also found in the interior of the white pulp. Bar in (A) = 100 μm for both
(A,B). Bar in [(A) inset] = 20 μm for both insets. Representative sections
are shown.
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FIGURE 6 | Infectious foci are formed in close vicinity of marginal zone

area. Cryosections of the spleens taken from mice 16 h (A) and 20 h (B) after
the inoculation of LM and fluorescent microspheres (blue) were stained for
perlecan (green) and LM (red). Perlecan is expressed in the basement

membranes surrounding the marginal sinuses and blood vessels. Arrows
indicate infectious foci. Some bacteria are also found in the interior of the
white pulp in (B). CA, central arteriole. Bar = 100 μm. Representative sections
are shown.

FIGURE 7 | Interferon-γ-producing cells are localized to infectious foci.

Serial formaldehyde-fixed sections of the spleen taken from mice 20 h after
the inoculation of LM and fluorescent microsphers (blue) were separately
stained for LM [(A,C) red] and IFN-γ [(B,D) red], respectively. Consecutive
areas were photographed. The squares shown in (A,B) were enlarged in
(C,D). Bacteria and IFN-γ-producing cells are visualized as red spots and
cytoplasmic staining, respectively. Bar = 100 μm for (A,B), 50 μm for (C,D).
Representative consecutive sections are shown.

separately stained with anti-LM (Figures 7A,C) and anti-IFN-γ
(Figures 7B,D) antibodies, respectively, and a series of com-
parisons between those consecutive sections were conducted. As
shown in Figure 7, infectious foci (Figures 7A,C; red) and clusters
of IFN-γ-producing cells (Figures 7B,C; red) were always observed
in the same area of consecutive sections in close vicinity of the MZ,
which were delineated by microsphers (blue). This result indicates
that clusters of IFN-γ-producing cells are localized to the same site
of infectious foci.

Taken together, these results indicate that bacteria are mainly
trapped by ER-TR9+ MZMs at 4-h postinfection and that at 20-h
postinfection infectious foci and clusters of IFN-γ-producing cells

are formed at the same sites in close vicinity of the MZ, where most
of bacteria are no longer associated with ER-TR9+ MZMs.

DISCUSSION
The present study demonstrated that NK cells and, to a lesser
extent, a minor subset of αβ T cells, subsets of NKT and γδ T cells
are the cellular sources of innate IFN-γ in the spleen of mice early
after LM infection. Contrary to the previous report of Chang et al.
(2007) that γδ T cells were not involved in the cellular sources of
IFN-γ early after LM infection, our study clearly showed that a
subset of γδ T cells participates in the innate IFN-γ production.
This discrepancy may be due to the fact that Chang et al. (2007)
cultured splenocytes ex vivo with BFA for a short period of time
before flow-cytometric analysis while we employed a technique of
in vivo administration of BFA which can avoid in vitro artificial
effects (Lin and Whitton, 2005). In addition, our results indicate
that NK1.1+ γδT cells are main innate IFN-γ-producers among
γδ T cell populations in vivo early after LM infection. This result is
compatible with the recent reports that γδ T cells with a NK1.1+
phenotype are efficient IFN-γ-producers among γδ T cell pop-
ulations (Stewart et al., 2007; Haas et al., 2009). The important
role of NK1.1+ γδ T cells in innate IFN-γ production has also
been suggested by the results of other investigators (Emoto et al.,
2001).

It has been claimed that macrophages and DCs can produce
IFN-γ under certain conditions, playing an important role in the
initial stages of infection (Frucht et al., 2001). However, this notion
has been challenged by the recent reports showing that conta-
minant NK cells with a CD11c+ phenotype may be the source
of IFN-γ in macrophage and/or DC populations, and that there
were no IFN-γ+ MHC class II+ macrophages/DCs among ex vivo
splenocytes from mice early after LM infection (Laouar et al.,
2005; Schleicher et al., 2005; Thale and Kiderlen, 2005). Our study
using a technique of in vivo administration of BFA clearly indi-
cates that CD11chi DCs did not produce IFN-γ in the spleen.
Thus, albeit not excluding a possibility that DCs might produce
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IFN-γ at later stages in infection, it is unlikely that DCs become a
source of IFN-γ in early innate immune responses against bacterial
infection.

Recently, it has been reported that NK1.1+CD11c+ cells are
the primary IFN-γ-producing cells early after LM infection in
mice (Chang et al., 2007; Plitas et al., 2007). NK1.1+CD11c+
cells or B220+NK1.1+CD11c+ cells have been reported to be
multifunctional cells with attributes of both NK cells and DCs,
and they are referred to as NK dendritic cells (NKDCs) and
IFN-γ-producing killer DCs (IKDCs), respectively (Pillarisetty
et al., 2005; Chan et al., 2006; Taieb et al., 2006). The present study
confirmed that NK1.1+CD11c+ cells are indeed the primary cel-
lular source of IFN-γ in both the spleen early after LM infection
and our in vitro coculture system. However, the results presented
here also demonstrate that among normal splenocytes, ∼50% of
NK1.1+ NK cells express CD11c antigen along with the CD244, an
NK receptor. Hence, the IFN-γ-producing NK1.1+CD11c+CD3−
cell is most likely to belong to the NK cell type based on the def-
inition of its surface markers. This conclusion is consistent with
that of Laouar et al. (2005). In addition, IKDCs have recently been
reported to be as an activated form of NK cells (Blasius et al., 2007;
Vosshenrich et al., 2007). Thus, although it cannot be excluded that
a particular subset of NK cells may have a DC-like function (Terme
et al., 2009), our results show that NK cells are the major source of
innate IFN-γ in the spleen, and emphasize the important role of
NK cells for the innate response to bacterial infection, as has been
proposed by other investigators (Bancroft, 1993; Unanue, 1997;
Thale and Kiderlen, 2005).

As a whole, our comparative study of IFN-γ-producing cells
in vivo and in vitro reveals that the features of the IFN-γ-producing
cells in the spleens early after LM infection resemble to those
observed in our in vitro coculture system in which NWNA spleen
cells are cultured with dying macrophages resulting from bacterial
infection (Kubota, 2006, 2010). In our coculture system, cell-cell
interaction between NWNA spleen cells and dying bacterial-
infected macrophages plays an important role in inducing IFN-γ.
Thus, the similarity between the IFN-γ-producing cells in vitro
and in vivo suggests that the cellular microenvironment of our
in vitro setting that leads to the production of IFN-γ may reflect
the in vivo pathophysiological situation in the spleen early after
LM infection.

Our immunohistochemical study showed that in the spleen
early after LM infection innate IFN-γ-producing cells form clus-
ters at the same site of the infectious foci located in close vicinity
of the MZ. The location of infectious foci reported here is in
accordance with that suggested by Jablonska et al. (2007). How-
ever, this is in contrast to the results of other investigators that
infectious foci were predominantly localized to the T cell zone
(Serbina et al., 2003; Muraille et al., 2005; Chang et al., 2007; Aoshi
et al., 2008; Kang et al., 2008). The reasons for this discrepancy
are not clear, although conflicting data may be due to the different
doses of LM injected into mice and the different time points of
excising the spleens from mice after LM infection. It is generally
considered that LM-infected macrophages first accumulate at the
MZ and the red pulp to form MZ infectious foci, followed by the
translocation of infected macrophages into the white pulp where

they establish secondary infectious foci (Conlan, 1996). Thus, it
is most likely that we were mainly observing primary infectious
foci formed in close vicinity of the MZ. Other investigators, usually
using lower doses of LM bacteria for infection, appear to be observ-
ing secondary infectious foci, i.e., infected phagocytes translocated
from the MZ into the white pulp (Muraille et al., 2005; Aoshi
et al., 2008). In fact, in addition to the preferential existence of
infectious foci in close vicinity of the MZ, we also observed
some of the bacteria reaching the white pulp. Since both innate
and adaptive immune responses are mounted in the spleen
upon bacterial infection, our histological observations seem to
reflect the complexity of host reactions that are proceeding dur-
ing LM infection, and the different location of infectious foci
may represent distinct stages of innate and adaptive immune
responses.

At an early stage of LM infection blood-borne LM is reported
to be mainly trapped by macrophages in the MZ (Aichele et al.,
2003; Jablonska et al., 2007). Consistent with those reports, our
immunohistochemical study showed that at 4-h postinfection
most of the bacteria are trapped by ER-TR9+ MZMs. How-
ever, at 20-h postoinfection when bacteria multiplied and formed
infectious foci, MZMs were found around the infectious foci but
most of the bacteria were no longer associated with MZMs. The
reason most of the bacteria were not found in MZMs at this
time point is not clear at present. Our study comparing IFN-γ-
producing cells between in vitro and in vivo suggests a possibility
that IFN-γ production in the LM-infected spleen occurs under
the microenvironment similar to our in vitro coculture system
in which cell death in bacterial-infected macrophages is required
for inducing IFN-γ (Kubota, 2006, 2010). Therefore, a plausi-
ble explanation may well be that in infectious foci LM-infected
MZMs undergo cell death that is associated with the produc-
tion of IFN-γ by innate lymphocytes (Kubota, 2010). Similarly,
Jablonska et al. (2007) have argued that LM-infected MZMs in
infectious foci might be killed by bacterium. The rationale for
their argument is based on the facts that LM-infected MZMs
secrete chemokines, thereby becoming the condensation nucleus
of inflammatory cell clusters and that when CCL2 chemokine is
depleted by injecting anti-CCL2 Abs into mice, uninfected MZMs
are not attracted to infectious foci but also the infected MZMs that
should have become the condensation nucleus are undetectable
in the infectious foci. Thus, one can envisage that early after LM
infection in mice LM bacteria are initially trapped by MZMs in the
spleen and then the LM-infected MZMs accumulate at discrete
sites of the MZ where they attract inflammatory cells by secret-
ing chemokines and that during this period LM-infected MZMs
undergo cell death, thereby triggering attracted innate lympho-
cytes to produce IFN-γ as proposed previously (Kubota, 2010).
One must, however, await further evidence in support of this
assumption.

In summary, our study revealed the cellular sources of innate
IFN-γ in the spleen early after LM infection and shed light on
the dynamic relationships among the IFN-γ-producing cells, bac-
teria, and MZMs in the LM-infected spleen. Furthermore, this
study highlights the importance of the cellular microenvironment
in which innate lymphocytes and bacterial-infected macrophages
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interact and cooperate to produce innate IFN-γ and ultimately
to control bacterial infection. Further study using our in vitro
coculture system will be instrumental in understanding the cellular
microenvironment that leads to the production of innate IFN-γ
in vivo early after LM infection.
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