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Abstract
IL-23 plays an important role in autoimmune tissue inflammation and induces the generation of not
fully characterized effector cells that mediate protection against pathogens. Here, we established the
essential role of IL-23R in the host response against intracellular pathogens. IL-23 was critical for
the expansion/maintenance of γδ and double negative (DN) αβ T cells. These cells were rapidly
recruited to the site of infection, and produced large amounts of IL-17, IFN-γ and TNF-α. Notably,
DN T cells transferred into L. monocytogenes-infected RAG2−/− mice prevented bacteria growth
confirming their protective role against intracellular pathogens. Our results show that IL-23 regulates
the function of IL-17-producing γδ and DN T cells, two essential components of the early protective
immune response directed against intracellular pathogens.

IL-23 is secreted by macrophages and dendritic cells (DCs) in response to microbial products
and inflammatory cytokines(1). IL-23 is composed of a specific p19 subunit and the p40 subunit
that is shared with IL-12. Its effects are mediated by a receptor composed of the IL-12Rβ 1
and the specific IL-23R. Although we have witnessed an intense investigation on the
involvement of IL-23 in the pathogenesis of many autoimmune diseases over the past few
years, including experimental autoimmune encephalitis (EAE)(2–5), rheumatoid arthritis(6–

1This work was supported by grants from National Institutes of Health (R01AI073542-01 to M.O. and 1R01NS045937-01,
2R01NS35685-06, 2R37NS30843-11, 1R01A144880-03, 2P01A139671-07, 1P01NS38037-04 and 1R01NS046414 to V.K.K. and
AI32412, P01 AI56296 to L.H.G.) and National Multiple Sclerosis Society (RG-2571-D-9 to V.K.K. and RG-3882-A-1 to M.O.), and
the Juvenile Diabetes Research Foundation Center for Immunological Tolerance at Harvard Medical School. V.K.K. is a recipient of the
Javits Neuroscience Investigator Award from the US National Institutes of Health. Ellison Medical Foundation to L.H.G. LR-B is
supported by a post-doctoral fellowship from the Human Frontiers Science Program (HFSP). VL is supported by a fellowship from the
Irvington Institute. AA is supported by a post-doctoral fellowship from the National Multiple Sclerosis Society (NMSS), New York.
MM is supported by the Deutsche Forschungsgemeinschaft (DFG).
2Address correspondence and reprint requests to Mohamed Oukka, PhD, Seattle Children’s Reseserch Institute 1900 9th avenue, Seattle,
WA 98101 USA. moukka@u.washington.edu. phone: +1-206 884 1140, fax: +1-206 987 73 10

NIH Public Access
Author Manuscript
J Immunol. Author manuscript; available in PMC 2011 February 15.

Published in final edited form as:
J Immunol. 2010 February 15; 184(4): 1710–1720. doi:10.4049/jimmunol.0902796.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



8) and inflammatory bowel disease(9,10), increasing evidence suggests that IL-23 is also
critical in mediating protection against pathogens(11). In addition, it is now clear that IL-23 is
necessary for the full differentiation and maintenance of CD4+ TH17 effector cells(4,12).
CD4+ TH17 cells along with CD8+, NK T, γδ-TCR+ and αβ–TCR+ CD4− CD8− (double
negative (DN)) T cells(13–16) are collectively named neutrophil-regulatory “Tn” cells due to
their high production of IL-17 which can induce G-CSF-dependent neutrophilia(17–19).

IL-17 is required to initiate the production of inflammatory cytokines important for
granulopoiesis and neutrophil chemotaxis and is essential for the development of autoimmune
diseases. On the other hand, it is crucial for protection against pathogens such as Klebsiella
pneumoniae, Candida albicans, Toxoplasma gondii (20–25). However, it has been unclear
which cells produce IL-17 at the early stages before IL-23R+ CD4+ TH17 cells develop later
during infection. Similarly, IL-23 confers protective immune mechanisms against pathogens
such as Salmonella enterica, Escherichia coli, K. pneumoniae or Citrobacter rodentium by
inducing the production of IL-22 and activating cells that still have to be fully characterized
(11,26–28).

In this study we investigated the role of IL-23R in the host response to L. monocytogenes, a
useful model for studying protective mechanisms against intracellular pathogens. The early
response, which occurs during the first 48 h after the onset of primary infection, has been
attributed to macrophages, DCs, NK cells and neutrophils that limit growth of the organism.
The late listericidal response begins around day 4 and involves CD4+ TH1 and cytotoxic
CD8+ T cells(29,30). Since IL-23 is produced by macrophages and DCs very rapidly during
infection, IL-23 might bind IL-23R on the surface of cells at early stages of inflammation in
order to control the bacteria until the late adaptive immune response develops several days
later. Thus, we propose to identify early IL-23R responding cells and elucidate their role in the
control of bacterial infections.

Due to he low expression of IL-23R and the lack of appropriate reagents to track IL-23R bearing
cells in vivo, it has been very difficult to identify IL-23R expressing and IL-23 responsive cells
in vivo. To detect the cell types responding to IL-23 and their effector functions during
infection, we used a knock-in “reporter” mouse. In heterozygous mice, IL-23R-expressing cells
can be followed by their expression of GFP, and when bred as homozygotes, the deletion of
the IL-23R abrogates their responsiveness to IL-23(5). Here, we report that IL-23R regulates
the function of specific IL-17-producing-γδ-TCR+ and αβ-TCR+ CD4− CD8− DN T cells which
contribute to cover the gap between the early and late immune responses in order to fight
intracellular bacterial infections.

MATERIAL AND METHODS
Mice

C57BL/6 (WT), β2M−/−, RAG2−/− and IL6 −/− mice were obtained from Jackson
Laboratories and IL-17F-CreEYFP were a gift from A. Waisman. Heterozygous IL-23R-
GFP.KI and IL-23R−/− mice were generated as previously described(5). Mice were housed in
a conventional, pathogen-free facility at 65 Landsdowne Street, Cambridge, MA and at the
Harvard Institute of Medicine, 77 Ave Louis Pasteur, Boston, MA. For F. tularensis LVS or
L. Monocytogenes experiments, mice were housed in the BSL2 animal facility at Harvard
School of Public Health, 651 Huntington Ave, Boston, MA or 65 Landsdowne Street,
Cambridge, MA, respectively. All experiments were performed in accordance with guidelines
from the standing committee of animals at Harvard Medical School.
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Microorganisms and bacterial infection
For aerosol infection, 1.5×109/ml F. tularensis LVS (New England Regional Center of
Excellence for Biodefense and Emerging Infectious Disease) were diluted in 25 ml Mueller-
Hilton broth, and were grown at 37°C for 5 h prior to infection. The log-phase bacteria were
re-suspended in 20% glycerol at 8×108/ml concentration. Mice were exposed to the aerosol-
containing bacteria using nose-only exposure unit (In-Tox Products, Albuquerque, NM) for
20 min using Lovelace nebulizer, followed by 5 minutes of air-only. 24 h later, lungs from 2
mice were homogenized and plated on Mueller-Hilton plates to determine the colony forming
units (CFU) of bacteria recovered from the lung. Generally, 104 CFU were recovered from the
lungs of infected mice using this protocol.

L. monocytogenes, strain EGD (ATCC) was inoculated in WT mice, fresh isolates were
obtained from infected spleens, grown in brain heart infusion broth, resuspended in PBS and
stored at −80°C in small aliquots. Mice were infected i.p. with 105 CFU of L.
monocytogenes per mouse for RAG2−/− mice or 106 CFU for WT, IL-23RGFP.KI, IL-17F-
CreEYFP and IL-23R−/− mice. For bacterial counts, mice were sacrificed on day 3 after
infection and their livers were collected and homogenized in PBS and plated onto brain heart
infusion agar.

MOG35-55/CFA immunization and in vivo BrdU incorporation
Mice were immunized subcutaneously with 100 μl of an emulsion containing 100 μg of
MOG35-55 peptide (MEVGWYRSPFSRVVHLYRNGK) and CFA. 4 days after immunization
cell suspension of LN cells were analyzed. For in vivo proliferation assay, unimmunized or
MOG immunized mice obtained 2 mg/mouse of BrdU i.p. every other day. For the detection
of BrdU incorporation, samples were permeabilized with Cytofix/Cytoperm Plus buffer (BD
Pharmingen) and treated with 30 mg DNase for 60 min at 37°C to expose BrdU epitopes. After
washing, cells were stained with anti-BrdU APC (BD Pharmingen) for 45 min at room
temperature and then washed.

DN T cells activation and differentiation in vitro
Generation of double negative T cells was performed culturing LN cells from IL-23R-GFP.KI
mice at a concentration of 4 × 106/ml in the presence of soluble anti-CD3 (1 μg/ml) with IL-23
(30 ng/ml) for 6 d.

RNA was extracted 48h after in vitro stimulation using RNAeasy columns (Qiagen, Valencia,
CA) and subjected to quantitative RT-PCR according to the manufacturer’s instruction
(Applied Biosystems). Primer/probe mixtures of mouse IL-17A, IL-23R, IFN-γ, T-bet, and
ROR-γt, CD4 and CD8 were obtained from Applied Biosystems.

Cytokine analysis
Cytokines from culture supernatants were determined by either ELISA according to the
manufacturer’s instructions (Biolegend) or bead array (BD Bioscience). For the measurement
of cytokines in the peritoneal fluid, mice were infected i.p. with L. monocytogenes. After 24
h, we performed a peritoneal lavage with 2 ml of PBS and harvested after gentle massage. PEC
were collected by centrifugation cultured overnight plus PMA (50 ng/ml) and Ionomycin
1μg/ml (both Sigma) at a concentration of 4.5 × 106/ml. Concentration of IL-17 and INF-γ was
determined by ELISA.

For the intracellular cytokine staining, cells were re-stimulated with PMA 50 ng/ml, Ionomycin
1μg/ml (Sigma), and Golgi Stop (1μl/ml, BD Bioscience) at 37° C/10% CO2 for 4 h followed
by surface and intracellular staining according to the manufacturer’s (BD Bioscience)
instruction and cells were analyzed with a FACS Calibur (BD Biosciences).
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Cellular phenotypic analysis by flow cytometry
PEC, splenocytes, LN cells, lung and liver mononuclear cells, Lamina propria lymphocytes
(LPL)(5) were collected from uninfected and LVS or L. monocytogenes infected mice. Viable
cells were stained with CD4, CD8, B220, NK1.1, CD11b, CD11c, δ-TCR and β-TCR
antibodies (all purchased from BD Biosciences Pharmingen) or PBS57-CD1d loaded tetramers
(NIH Tetramer Core Facility; Emory Vaccine Center at Yerkes, Atlanta, GA). The percentage
of IL-23 (GFP)+ cells was determined, and the absolute numbers of IL-23R (GFP)+ cells was
calculated using the following formula: % surface marker+GFP+(live cell gate) × total number
of cells.

In vitro macrophage killing assays
WT and β2M−/− bone marrow cells were plated at 2×106/ml in a 48-well plate and grown in
macrophage DMEM complete medium supplemented with 10% heat-inactivated FBS, 10%
L-929 conditioned supernatant, 0.2 mM L-glutamine, 1 mM HEPES buffer and 0.1 mM non-
essential amino acids. 7 d after in vitro differentiation, macrophages were infected with LVS
at MOI 10 for 2 h at 37°C. Following infection macrophages were washed twice with warm
media, and incubated with 50 μg/ml of gentamicin for 45 min at 37°C to kill extracellular
bacteria. After extensive washing, LVS-infected macrophages were cultured with media only
or in the presence of DN T cells isolated from the spleens of naïve or immune mice (isolated
1 month post-infection). DN cells were isolated after negative selection using magnetic beads
against CD4, CD8, CD19, δ–TCR, NK1.1 and CD49b (clone DX5) purchased from Stem Cell
Technologies). The negative fraction was washed and added to the infected macrophages at
1:3 ratio (1 DN: 3 MΦ). LVS-infected bone marrow derived macrophages (BMMΦ) were co-
cultured with effector cells for 72 hours and the number of intracellular bacteria was determined
after lysing infected macrophages in water for 3 minutes and plating on Mueller-Hilton plates.

Statistics
Histograms generally show the mean ± SD of results from at least 3 separate experiments.
Significance of differences between 2 series of results was assessed using the two tail Student’s
unpaired t test.

RESULTS
IL-23R expressing γδ-TCR+ and αβ-TCR+ CD4− CD8− (DN) T cells are recruited to the
peritoneal cavity in response to L. monocytogenes infection

To investigate the local expression of IL-23R at the site of infection we examined the expression
of IL-23R (GFP) in peritoneal exudate cells (PEC) of IL-23R-GFP.KI mice 1 d after
intraperitoneally (i.p.) infection L. monocytogenes. A small percentage of these PEC expressed
IL-23R (~2.6%) (Fig. 1A). The majority of these GFP+ cells (68.9%) expressed the γδ-TCR,
while the remaining (30.7%) GFP+ cells were positive for αβ–TCR. Surprisingly most of the
GFP+ αβ-TCR+ cells did not express CD4, CD8 co-receptors or any of the NK T cell markers
(Fig. 1B). Since these cells lacked expression of either CD4, or CD8 or NK1.1 co-receptors,
they were characterized as IL-23R+αβ–TCR+ double negative (DN) T cells (Fig. 1A).
Furthermore, we observed that γδ and DN T cells were rapidly recruited to the peritoneal cavity
of IL-23R-GFP.KI mice in response to infection (Fig. 1C). To determine whether this early
recruitment of γδ and DN T cells to the site of infection is driven by IL-23R, we infected
IL-23R-GFP.KI and IL-23R deficient mice with L. monocytogenes and assessed the number
of PEC 24 h after infection. However, we did not find any significant difference in numbers
of total or IL-23R (GFP) expressing γδ or DN T cells (Fig. 1D and data not shown).
Additionally, similar numbers of neutrophils, macrophages or dendritic cells recruited to the
peritoneal cavity were obtained from either IL-23R-GFP.KI or IL-23R−/− mice (data not
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shown). These experiments showed that the initial recruitment of immune cells to the
peritoneum was independent of IL-23R in case of L. monocytogenes infection.

Identification of IL-17-producing cells in the peritoneum of L. monocytogenes-infected mice
IL-17 is required to initiate inflammation by inducing neutrophil maturation and recruitment
from the bone marrow. To identify the specific source of IL-17 in vivo, we infected IL-17F-
CreEYFP reporter mice(31,32) with L. monocytogenes, and IL-17F (YFP) expression was
monitored in PEC 1 or 3 d after infection. We found a small percentage (0.54%) of IL-17F
(YFP) positive cells in the peritoneum 3 d after infection with L. monocytogenes. Interestingly,
IL-17F (YFP) showed a similar distribution pattern as the IL-23R (GFP) expression since the
vast majority (72.7%) of the IL-17F (YFP)+ cells corresponded to γδ–TCR+ cells and the
remaining 25.9% were αβ–TCR+ cells (Fig. 1E). These data suggest that two distinct
populations of IL-17-producing cells, γδ and DN T cells, are rapidly recruited to the site of
infection and may initiate and control early events of inflammation in order to limit bacterial
dissemination. Therefore, we sought to determine whether IL-17 produced by PEC upon
infection was dependent on IL-23R. PEC from IL-23R-GFP.KI and IL-23R−/− mice were
isolated 1 d post infection (d.p.i.) and cultured ex vivo for 18 h. In the presence of PMA and
Ionomycin, IL-23R−/− PEC produced consistently lower amounts of IL-17 than those from
IL-23RGFP.KI, while IFN-γ production was slightly higher in PEC harvested from IL-23R−/
− compared to IL-23R-GFP.KI mice (Fig. 1F).

All together, our results suggest that γδ and DN T cells are rapidly recruited to the site of
infection and produced large quantities of IL-17. However, only the latter seems to be IL-23
dependent.

IL-23R expression defines subsets of γδ T cells
In the next step, we characterized the organ distribution of IL-23R expressing γδ T cells. We
observed only very few IL-23R expressing γδ T cells in the spleen (approximately 6.7%).
Interestingly, we found a higher frequency of γδ T cells expressing IL-23R in the peripheral
lymph nodes (33.9%) and even a greater percentages at the mucosal surfaces, such as in the
Lamina Propria (LP) (78.9%) and in the peritoneal cavity (63.2%). However, we could not
detect any significant presence of IL-23R expressing γδ T cells in the liver of naïve mice (Fig.
2A).

Subsequently, we sought to determine whether IL-23R expression on γδ T cells is associated
with a specific Vγ TcR usage. Figure 2B shows a representative FACS staining of specific
Vγ receptors of δ-TCR+ cells in the LNs of IL-23R-GFP.KI mice. IL-23R expression was not
detected among Vγ1 and barely detected in the Vγ7 subsets of γδ T cells. In contrast, more
than 60% of TCR Vγ4+γδ T cells were positive for IL-23R (GFP). Since Vγ5+γδ T cells are
usually not present in the LNs, the remaining 27% IL-23R (GFP) positive γδ T cells are likely
Vγ6 expressing γδ T cells. Therefore, expression of IL-23R seems to be mainly restricted to
γδ T cells that utilize Vγ4 and Vγ6. It has recently been reported that most γδ T cells that
produce IL-17 do not express CD122 or CD27(33, 34) and the use of these two markers could
faithfully discriminate between IFN-γ–and IL-17-producing γδ T cells. However, the
mechanisms leading to this biased functional segregation is still unclear. Here, we validated
IL-23R as a marker that defines functional segregation of γδ T cell subsets. While IL-23R
(GFP) expressing γδ T cells did not express CD122, we identified a small subset of IL-23R
(GFP)+γδ T cells featuring low levels of CD27 (Fig. 2C).

Next, we sought to determine whether the IL-23R (GFP) expression could faithfully report
IL-17 expression in γδ T cells. Thus, we analyzed IL-17 production by LN γδ T cells from WT,
IL-23RGFP.KI and IL-23R−/− mice. We found that most of the IL-23R (GFP) expressing γδ
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T cells produced IL-17. However, 22% of the IL-17-producing γδ T cells expressed only very
low levels of GFP (Fig. 2D). It is likely that the low GFP expression in these cells is due to
some loss of the fluorescence that occurs during the fixation and permeabilization procedures
performed prior intracellular cytokine stainings. Further analysis confirmed that IL-17
expression of γδ T cells was very similar in cells derived from either WT, IL-23R-GFP.KI or
IL-23 −/− mice. This finding supports the notion that at the steady state, IL-17 production in
γδ T cells, as well as in CD4+ TH17 cells, is completely independent of IL-23R expression
(Fig. 2D).

In β2M−/− mice, γδ T cells exhibit low or no expression of CD122 characteristic for T cells
that have not encountered antigen yet(33). Consistent with other studies, our results
demonstrate that encountering ligand is not required for γδ T cells in order to produce effector
cytokines since the percentages of IL-17+ or INF-γ+ γδ T cells found in β2M−/−were
comparable to WT mice (Fig. 2E).

Since IL-6 is required for the generation of CD4+ TH17 cells, we sought to determine whether
IL-6 is also required for IL-17 production by γδ T cells. As shown in Fig. 2E, only few IL-17-
producing γδ T cells were detected in IL-6−/− mice while the percentages of IFN-γ+ γδ T cells
were similar between WT and IL-6−/− Accordingly, both CD4+ TH17 cells and IL-17-
producing γδ T cells are dependent on IL-6.

IL-23 controls the balance between IL-17- and IFN-γ-producing γδ T cells at early stages of
inflammation

γδ T cells contribute to the host defense and are ideally equipped to provide IL-17 at early
stages of an inflammatory response. Therefore, we wanted to explore the in vivo role of IL-23R
for γδ T cells during this period(33). Thus, WT and IL-23R−/− mice were immunized with
CFA, as a surrogate for the induction of inflammation, and draining LN cells were harvested
4 d later. We observed that the frequency of γδ T cells was significantly augmented in the
draining LNs of WT but not in IL-23R−/− mice 4 d after immunization with of CFA/
MOG35-55 compared to naïve mice (Fig. 3A). We also noticed a remarkable increase of IL-17-
producing γδ T cells in WT but not in IL-23R−/− mice. However, WT but not IL-23−/− mice
showed a significant decrease of IFN-γ–producingγδ T cells 4 d after immunization (Fig. 3B).
Furthermore, IL-17 but not IFN-γ-producing γδ T cells showed 5′-Bromo-2-deoxyuridine
(BrdU) incorporation after CFA/MOG35-55 immunization and such BrdU incorporation by
IL-17+ γδ T cells was diminished in IL-23R−/− compared to WT mice (data not shown).
Collectively, these results show that the capacity of IL-17+ γδ T cells to rapidly proliferate
upon stimulation is largely dependent on IL-23R.

IL-23R controls the expansion of IL-17-producing γδ T cells during infection
After bacterial infections, γδ T cell deficient mice show an increased bacterial load with early
bacterial dissemination and higher mortality rates than WT mice(35). On the other hand IL-17-
producing γδ T cells are essential for protection against infection(15,25,36). Therefore, we
sought to characterize the functional properties of IL-23R during L. monocytogenes infection
in γδ T cells. Thus, we infected either WT or IL-23R−/− mice via the intraperitoneal route with
viable L. monocytogenes and the livers were harvested after 3–5 d after infection. First, WT
mice showed increased IL-17 expression 5 d.p.i. whereas IL-23R−/− mice did not (Fig. 3C).
Second, we monitored γδ T cells turnover rates in vivo by measuring the amount of BrdU
incorporation 3 d after L. monocytogenes infection. As shown in Fig. 3d, we found no
significant differences in the frequency of total BrdU positive γδ T cells between WT and
IL-23R−/− mice. However, whereas around 30% of IL-17-producing γδ T cells incorporated
BrdU in WT mice, only 13% of IL-17-producingγδ T cells isolated from IL-23R−/− livers
showed BrdU incorporation (Fig. 3D). Since IL-23R expression was required for the expansion
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of IL-17 producing γδ T cells during infection, we next wanted to analyze the IL-23R levels
of γδ T cells in this situation. Thus, we infected IL-23R-GFP.KI and IL-23R−/− mice and
monitored the IL-23R (GFP) expression 3 d after infection. Livers from IL-23R–GFP.KI mice
showed an enrichment of IL-23R (GFP) bearing γδ T cells during infection (from 1.5 ± 1.6%
to 20.9 ± 4.9%). In contrast, the percentage of IL-23R (GFP)+γδ T cells was significantly
reduced (10.0±3.7%) in the liver of IL-23R−/− mice (Fig. 3E). These data suggest that IL-23R
expression at early stages of infection is extremely important for maintenance/expansion of
IL-17-producing γδ T cells in the liver during L.monocytogenes infection.

DN T cells in vitro expansion relies on IL-23R
In previous studies, αβ-TCR+ CD4− CD8− DN cells appeared in the peritoneal cavity at an
early stage of i.p. L. monocytogenes infection suggesting their role in combating this
intracellular bacterium(37,38). It is also known that DN T cells contribute to control of
intracellular infections in vivo(39). However the control mechanisms exerted by DN T cells
remain unknown. Thus, we sought to investigate the role of IL-23R in DN T cells during
infections. In this regard, we started examining IL-23R (GFP) expression in the LNs. We
observed that more than 50% of the IL-23R (GFP) bearing cells did not express the αβ-TCR
and were mainly composed of γδ T cells, macrophages and DCs (Fig. 4A)(5). The remaining
IL-23R (GFP) expressing cells consisted of DN T cells which surprisingly expressed the
myeloid marker CD11b. The number of IL-23R (GFP) expressing DN T cells was significantly
reduced in LNs of IL23R−/− (~10%), compare to IL-23R-GFP.KI (~18%) mice, and the
remaining DN T cells were CD11b negative (Fig. 4B). Around 29% of these DN T cells
expressed IL-23R (GFP) in the LN of IL-23R-GFP.KI mice, and this percentage was
diminished to 11.6% in IL-23R−/− mice (Fig. 4C). In naïve mice, DN T cells represent about
~2% of all αβ-TCR+ cells (data not shown) and expanded in a IL-23R fashion after 6 d of
activation in vitro in the presence of IL-23 (Fig. 4D). Furthermore, we found that the majority
(~87%) of DN T cells that expressed IL-23R (GFP) were CD62Llow CD45RBlow, a surface
phenotype commonly found on effector/memory cells (data not shown). Consistent with our
observations that the expansion of DN T cells was completely dependent on IL-23R expression,
other cytokines such as IL-12 and IL-27 could not substitute for IL-23 (Supplementary Fig.
1).

FACS sorted DN T cells did not show any expression of surface or intracellular staining of
either CD4 or CD8 at protein or RNA level (Fig. 4e and Supplementary Fig. 2A). Neither CD4
−/− nor CD8−/− mice showed any defect in the generation of DN T cells (Fig. 4F) confirming
that the generation of DN T cells is not dependent on CD4+ and CD8+ T cells. Interestingly,
complete absence of DN T cells in athymic nude mice confirmed their thymic origin
(Supplementary Fig. 2B).

This subset of DN T cells expressed αβ-TCR but not NK T lineages markers such as NK1.1
and CD49b and showed very low levels of CD1d tetramer binding (Supplementary Fig. 3).
Furthermore, the frequencies of DN T cells in WT and CD1d−/−mice were similar (around
5%) and could be expanded by IL-23 (Fig. 5A), suggesting that these cells are not of the NK
T lineage.

DN T cells hold a unique IL-17+ IFN-γ+TNF-α+ effector phenotype dependent on IL-23R
DN T cells do not express CD4 or CD8 co-receptors and the restriction elements used for the
selection of these cells are not known. We first assessed whether the generation of DN T cells
depended on MHC class II molecules. We did not find any significant difference in the
generation/expansion of DN T cells in MHC class II or CD1d deficient mice. In contrast, DN
T cells were completely absent in β2M−/− mice. Addition of IL-23 increased the fraction of
DN T cells in WT mice (20.1%) but failed to do so in β2M−/−mice (Fig. 5A). This suggests
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that the expansion of DN T cells is dependent on MHC class I or Ib molecules which utilize
β2M for complex formation.

Since IL-23R cross-linking expands IL-17 producing CD4+ T cells, we also determined the
cytokines produced by DN T cells. While only ~7% of CD4+ T cells produced IL-17 after
stimulation with anti-CD3 for 6 d, 77% of the DN T cells were positive for IL-17 expression.
Addition of IL-23 to DN T cells did not further increase the frequency of IL-17+ cells, but a
sizeable population of DN T cells (18%) began to co-produce IL-17 and IFN-γ. This is in
contrast to CD4+ T cells where addition of IL-23 reduced the number of IFN-γ-expressing cells
from ~14.5% to ~4% but enhanced IL-17 production (Fig. 5B left panel). The total frequency
of TNF-α producers remained unchanged in CD4+ T cells upon exposure to IL-23. However,
the fraction of IL-17/TNF-α double-expressors increased dramatically in DN T cells in the
presence of IL-23 (Fig. 5B right panel). Compared with conventional CD4+ T cells, DN cells
produced massive amounts of IFN-γ, TNF-α and IL-17 (Supplementary Fig. 4). Furthermore,
DN T cells also expressed high mRNA levels of genes associated with the CD4+ TH17 lineage
such as ROR-γt, IL-22 and IL-21 (data not shown).

Since IL-23R expressing DN T cells expanded upon IL-23 exposure and produced such high
levels of pro-inflammatory cytokines, we next determined whether Foxp3+ regulatory T cells
(Treg) could suppress these DN T cells in vitro. Thus, conventional CD4+ T cells and DN T
cells were used as responder cells and cultured with Tregs in an in vitro suppression assay.
Whereas Tregs significantly suppressed the proliferation of CD4+ T cells, DN T cells were
refractory to suppression (Fig. 5C). Accordingly, the production of IL-17 by CD4+ T cells was
dramatically inhibited by Tregs whereas IL-17 production by DN T cells was completely
unaffected. Furthermore, DN T cells produced significantly larger amounts of IL-17 than
CD4+ T cells (Figs. 5D, E).

Protective role of DN T cells against L. monocytogenes infection
It was recently reported that DN T cells mediated protective immunity against infection with
F. tularensis LVS and Mycobacterium tuberculosis(39–41). This raised the question whether
those IL-17-producing IL-23R+ DN T cells identified here might be involved in mediating
resistance to infection.

DN T cells rapidly expanded in the spleens and livers of mice infected with L.
monocytogenes (Fig. 6A). Consistently, proliferative ability measured by in vivo BrdU
incorporation, was significantly diminished in DN T cells from livers of L. monocytogenes-
infected IL-23R−/− compared to WT or IL-23R-GFP.KI mice (Figs. 6B). Furthermore, we
observed a remarkable increase of IL-23R (GFP) expression on DN T cells only in IL-23R-
GFP.KI but not in IL-23R−/− mice during infection (Fig. 6C). This data suggest that the DN
T cells expansion during L. monocytogenes infection is controlled by IL-23R. We also observed
a ~100-fold increase in the bacterial burden in infected livers of IL-23R−/− mice compared to
WT ones 3 d.p.i. indicating impaired bacterial clearance in the absence of IL-23R signaling
(Fig. 6D). Notably, adoptive transfer of DN T cells isolated from L. monocytogenes-infected
mice (immune DN T cells) into RAG2−/− mice(42) significantly reduced the bacterial burden
in the liver following L. monocytogenes challenge (Fig. 6E). Collectively, these results suggest
that DN T cells are involved in a protective immune response against L. monocytogenes.

IL-23R governs effector features of DN T cells during F. tularensis LVS infection
To investigate whether DN T cells are involved in immune responses directed against other
intracellular pathogens, we monitored the expansion of IL-23R (GFP)+ DN T cells in IL-23R-
GFP.KI mice in response to F. tularensis LVS(40) infection using the IL-23R-GFP.KI strain.
First, we determined IL-23R (GFP) expression in the lungs of uninfected mice. IL-23R was
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expressed on a number of different cell types with significant expression on γδ, DN, and NK
T cells. Approximately 30% of pulmonary DN T cells expressed IL-23R (GFP) at baseline
(Fig. 7A). While similar numbers of CD4+ and CD8+ T cells were present in IL-23R−/− and
WT lungs during acute infection (data not shown), there was no expansion of IL-23R
(GFP)+ DN T cells in IL-23R−/− mice (Fig. 7B). In fact, the number of IL-23R (GFP)+ DN
cells in IL-23R−/− mice after infections was approximately one third of the number found in
IL-23R-GFP.KI mice, suggesting that IL-23R is crucial for the expansion/survival of DN T
cells during in vivo infection. The number of IL-17 producing CD4+, CD8+ and DN T cells
was markedly reduced in IL-23R−/− mice in response to F. tularensis LVS infection (Fig. 7C).
In contrast, the percentage of conventional and DN T cells producing IFN-γ was increased in
IL-23R−/−compared to WT mice 14 d.p.i. (data not shown). Although there was no difference
in the survival of IL-23R−/− and WT mice, we noted that IL-23R−/− but not WT mice infected
with F. tularensis LVS showed weight loss and signs of respiratory distress. These signs were
accompanied by a 10-fold increase in the bacterial burden in the lungs of infected IL-23R−/−
mice 14 d.p.i. (Fig. 7D), indicating impaired bacterial clearance in the absence of IL-23R
signaling.

To further evaluate the MHC restriction and antigen specificity of DN T cells in controlling
intracellular F. tularensis LVS infection, we isolated DN T cells from the spleens of naïve and
F. tularensis LVS-immune mice and incubated them with F. tularensis LVS-infected WT or
β2M−/− macrophages. While DN T cells from naïve mice failed to restrict replication of
intracellular bacteria, DN T cells obtained from immune mice inhibited intracellular growth
of F. tularensis LVS (Fig. 7E). This inhibition was partly dependent on β2M expression since
the protective effect of DN cells was diminished in infected β2M−/− macrophages (Fig. 7E).

DISCUSSION
It is now well established that IL-23 activates local resident CD4+ TH17 IL-23R-bearing cells
to produce IL-17 and IL-22 in order to control extracellular bacteria dissemination such as K.
pneumoniae or C. rodentium infection (18,19,43). However, very few reports have explored
the importance of the IL-23/IL-17 axis in combating intracellular bacteria. Here, we have
established the essential role of IL-23R in the host response against the intracellular pathogens
L. monocytogenes and F. tularensis LVS. The experiments performed in L. monocytogenes-
infected mice point out the importance of IL-23R regulation of γδ and DN T cells function in
order to limit the growth of the organism at early stages until the immune adaptive response
clears the infection days later.

At the first line of the host defense against L. monocytogenes we observe a recruitment of
IL-23R+ IL-17-producing-γδ and DN T cells to the peritoneum(44). Although such initial
recruitment is not mediated by IL-23R, IL-17 production is partially diminished in IL-23R−/
− mice suggesting that other factors such as IL-6, IL-21 or TGF-β may also contribute to IL-17
production. Phagocytes or granulocytes do not express IL-23R nor their recruitment to the
peritoneal cavity is dismissed in IL-23−/− mice, suggesting a modest role of IL-23R in fighting
the pathogen at the very initial events of infection in the peritoneum. The latter observation
contrasts which is observed in the liver 2 d later since IL-23R−/− mice are much more
susceptible to L. monocytogenes infection compared to WT mice. At these early stages IL-17
produced by γδ T cells is important for protection against L. monocytogenes and the
contribution of IL-23 in the induction of IL-17 expression by γδ T cells which has been
proposed in L. monocytogenes-infected IL-12/23p40 deficient mice but not faithfully proven
(25). However, we demonstrate that IL-23R cross-linking induces the enrichment of IL-17-
producing γδ T cells in the livers of L. monocytogenes-infected mice. We propose that IL-23
may act as a growth factor for IL-17-producing IL-23R bearing γδ T cells at an initial stage of
infection contributing to the expansion/maintenance of IL-17-producing γδ T cells and the
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contraction of the IFN-γ–producing counterparts. An alternative explanation could be that the
IL-23R status could determine the trafficking behavior of specific γδ T cell subsets regulating
the balance between IL-17-and IFN-γ–producing γδ T cells in different organs. Moreover, most
of the IL-23R+γδ T cells, which utilize Vγ4 and Vγ6 and do not express CD122 or CD27,
produce IL-17 and are found in the LNs. On the other hand, IL-23R− CD122+ CD27+γδ T cells
which produce IFN-γ are located in the spleen(33,34). Thus, IL-23R may represent one
mechanism leading to this biased distribution of γδ T cells in different organs. It is also likely,
as previously suggested, that IL-23R expression is imprinted during the development of γδ T
cells, and that mechanism of imprinting is probably influenced by γδ-TCR, CD122 and CD27
agonists in the thymus (33,34).

In previous studies, a population of αβ-TCR+ CD4− CD8− DN cells along with γδ T cells
appeared in the peritoneal cavity at an early stage of i.p. L. monocytogenes infection suggesting
their role in combating this intracellular bacterium(37,38). This rare T cell subset expands after
infection with F. tularensis LVS and M. tuberculosis controlling the dissemination of these
organisms(39–41). Here, we confirm this protective role of DN T cells as adoptive transfer of
DN T cells into RAG2−/− mice significantly reduced the bacterial burden compared with mice
that have not received any cells. However, the mechanisms of this antibacterial effect exerted
by DN T cells remain to be characterized. In this regard, we show that DN T cells recognize
bacterial antigens in the context of MHC I class or class Ib. This is consistent with previous
studies performed with human αβ-TCR+ CD4− CD8− DN T cell clones that recognized the
MHC class Ib restricted antigens as well(45). Remarkably, DN T cells expand in the course of
L. monocytogenes infection, which is controlled by IL-23R. This contrasts with previous
studies that showed no DN T cell proliferation in the presence of L. monocytogenes-infected
macrophages, however this could be due to the absence of growth factors in that in vitro setting
(38). Our data elucidate that IL-23R cross-linking promotes differentiation into CD62Llow

CD45RBlow CD11b+ effector DN T cells uniquely equipped in order to exert protection against
intracellular bacterial infection. DN T cells may indirectly promote inflammation collaborating
with the innate system by initiating neutrophil recruitment via IL-17 production or priming
macrophages and neutrophils for bactericidal activity via INF-γ and TNF-α. DN T cells may
constitute a good source of TNF-α which in turn is essential for CD8+ T cell mediated immunity
to intracellular bacteria. Furthermore, addition of IL-23 increases perforin and granzyme-B
levels. Hence DN T cells may mediate cytolysis of bacteria-infected cells. Our findings show
that IL-23R+ DN T cells are induced during infection contributing to the control of F.
tularensis LVS and L. monocytogenes dissemination suggesting that DN T cells might be
involved in protective immune responses against a number of intracellular pathogens.

In summary, IL-23 is involved in expanding different types of IL-17-producing effector T cells.
CD4+ MHC class II restricted TH17 cells mediate tissue inflammation and induce
autoimmunity while β2M-dependent DN and γδ T cells are involved in clearing intracellular
pathogens. These data also provide a means by which beneficial effects of IL-23 in protecting
against infections and detrimental effects in inducing tissue inflammation and autoimmunity
can be separated at the effector cell level.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of IL-23R in the peritoneal cavity of L. monocytogenes-infected mice
Mice were infected via the intraperitoneal route with viable L. monocytogenes. (A, B, C, D and
F) 24 h or 72 h (E) after infection. PEC were collected from WT, IL-23R-GFP.KI or IL-23R
−/− (A, B, C, D and F) or IL-17F-CreEYFP (E) mice and β–TCR and δ–TCR surface stainings
were performed. (A) IL-23R expression was analyzed in PEC of IL-23R-GFP.KI mice (B)
Percentages of IL-23R (GFP)+ expressing cells were calculated within δ–TCR+, DN, CD4+,
CD8+, NK1.1+, CD49b+ cell populations isolated from the peritoneal cavity of infected
IL-23R-GFP.KI mice. The bars represent mean ± SD of 3 independent experiments (3 mice/
group/experiment). (C) Histograms represent total numbers of γδ and DN collected from the
peritoneum of IL-23R-GFP.KI mice 1d after infection. [*p<0.05 (two tail Student t-test)]. (D)
The zebra plots represent the IL-23R (GFP) expression of peritoneal γδ or DN T cells from
IL-23R-GFP.KI or IL-23R−/− mice 1 day after infection. In brackets, mean ± SD of 3
experiments with 3 mice/group is shown. (E) 1 d after infection, IL-23R-GFP.KI or IL-23R−/
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− PEC were isolated and stimulated or not with PMA/Ionomycin for an additional 18 h.
Supernatants were collected and cytokine ELISA was performed for IL-17 and IFN-γ. Data
shown are representative of 2 experiments with 3 mice/group. (F) 4× 106 PEC where cultured
in the presence of PMA/Ionomicin. After 24h the supernatants were collected and ELISA for
IL-17 and INF-γ were performed.
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Figure 2. Identification of IL-23R expressing γδ T cells
(A) IL-23R (GFP) expression was analyzed on γδ T cells from LNs, spleen, Lamina Propria
(LP), liver and Peritoneal Exudate Cells (PEC) in IL-23R-GFP.KI naïve mice. (B, C) LN cells
from IL-23R-GFP.KI naïve mice were collected and analyzed for δ-TCR and Vγ1 Vγ4 and
Vγ7 (B) or CD27 or CD122 (C) expression on γδ T cells. (D) LN cells collected from IL-23R-
GFP.KI or IL-23R−/− were stimulated with PMA/Ionomycin and intracellular cytokine
staining for IFN-γ and IL-17 was performed. The quadrants represent intracellular cytokine
staining and IL-23R (GFP) expression on γδ T cells. (E) Single cell suspensions were prepared
from LNs from WT, β2M−/− or IL-6−/− mice. Quadrants represent intracellular cytokine
staining for IL-17 and IFN-γ on γδ T cells after PMA/Ionomycin stimulation. The experiment
was repeated 2 times, 3 mice/group.
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Figure 3. IL-17-producing γδ T cells require Il-23R for expansion/survival during L.
monocytogenes infection
(A, B) IL-23R-GFP.KI or WT mice were immunized with MOG35-55 emulsified in CFA. (A)
Percentages of draining LN γδ T cells in naïve mice or 4 d after MOG35-55/CFA immunization
of WT or IL23R−/− mice. The bars represent mean ± SD of 3 independent experiments
[*p<0.05, **p<0.01 (two tail Student t-test)]. (B) Draining LN cells were stimulated with PMA/
Ionomycin. Percentages of IFN-γ or IL-17+γδ T cells from naïve or MOG35-55/CFA-
immunized mice after 4 d are represented. (C, D) Mice were i.p infected with viable L.
monocytogenes. Mononuclear cells were isolated from the livers of IL- 23R−/− or WT mice
and stimulated with PMA/Ionomycin. (C) Percentages of hepatic IL-17-producing γδ T cells
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from WT or IL-23R−/− during L. monocytogenes infection are represented. The bars represent
mean ± SD of 3 independent experiments. (D) WT or IL23R−/− mice were infected with L.
monocytogenes and received 2 mg of BrdU intraperitoneally on day 1 and 2 after infection.
Intracellular staining of IL-17 and BrdU was performed in γδ T cells from livers of WT or
IL-23R−/− mice 3 d after infection. The bars represent mean ± SD of 3 independent experiments
[*p<0.05 (two tail Student t-test)]. (E). IL-23R (GFP) expression was assessed in intrahepatic
γδ T cells from IL-23R-GFP.KI or IL-23R−/− mice during L. monocytogenes infection. In
brackets, mean ± SD of 3 experiments with 3 mice/group is shown.
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Figure 4. Expansion of DN T cells depends on IL-23R in vitro
LNs were collected from naïve WT and IL-23R-GFP.KI mice. (A) Single cell suspensions
were prepared for surface staining of β–TCR, CD4 and CD8. (B) Quadrants show CD11b and
IL-23R (GFP) expression in β–TCR+ CD4− CD8− DN T cells from LNs collected from WT,
IL-23R-GFP.KI and IL-23R−/− mice. (C) Single cell suspensions from LNs of naïve WT,
IL-23R-GFP.KI and IL-23R−/−mice were prepared and stained for β–TCR, CD4 and CD8.
IL-23R (GFP) expression in the DN T cell gate is shown. (D) LNs from IL-23R-GFP.KI or
IL-23R−/− mice were cultured with anti-CD3 alone or with rIL-23 (30 ng/ml). On day 6,
cultured cells were stained for CD4, CD8 and β–TCR. The numbers in the quadrants represent
percentages of β–TCR+ CD4− CD8− DN and β–TCR+ CD4+/CD8+ T cells. (E) Real time PCR
was performed for CD4 and CD8 genes on FACS sorted DN T cells. (F) LNs were collected
from CD8−/−, CD4 −/− and WT mice. Cells were activated with either anti-CD3 alone or in
the presence of rIL-23. On day 6, cells were stained for β–TCR, CD4 and CD8. Cells were
analyzed for generation of DN T cells.
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Figure 5. Characterization of DN T cells
(A) LNs were collected from MHCII−/−, CD1d−/−, β2M−/− and WT littermate control mice.
LN cells were activated with either anti-CD3 alone or in the presence of rIL-23. On day 6, cells
were stained for β–TCR, CD4 and CD8 and analyzed for generation of DN T cells. (B) On day
6, CD4+ and DN T cells were FACS sorted and then re-stimulated with PMA and Ionomycin
and intracellular cytokine staining was performed for IL-17, IFN-γ and TNF-α. (C, D, E)
CD4+ and DN T cells generated as described were FACS sorted. CD4+ and DN T cells were
used as effector cells with indicated ratio of Foxp3+ Tregs in an in vitro suppression assay. (E)
Cell proliferation was measured by thymidine incorporation. (D, E) Culture supernatant was
collected at 48 h and cytokine analysis was performed for IL-17.
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Figure 6. DN T cells are involved in resistance to L. monocytogenes infection
(A) Absolute numbers of DN T cells from spleen and liver pooled cells before or 5 d after L.
monocytogenes infection are shown. The bars represent mean ± SD of 3 independent
experiments (5–10 mice pooled/group/experiment). (B, C) WT, IL-23R-GFP.KI or IL-23R−/
− mice were infected with L. monocytogenes. After 3 d, BrdU incorporation (B) and IL-23R
(GFP) expression (C) were analyzed in DN T cells. In brackets, mean ± SD of 2 experiments
with 3 mice/group is shown. (D) After 3 d bacterial CFU counts were determined in livers of
IL-23R−/− or WT mice infected with L. monocytogenes. (E) No cells, immune splenocytes or
immune DNs isolated from WT mice 5 d after infection with L. monocytogenes were transferred
intravenously into RAG2−/− mice. 24 h later mice were challenged i.p. with L.
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monocytogenes. After 3 d, the CFU in the liver was assessed to quantify bacterial burden. The
bars represent mean ± SD of 3 independent experiments (5 mice pooled/group/experiment)
[*p<0.05, **p<0.01 (two tail Student t-test)].
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Figure 7. Role of IL-23R in F. tularensis LVS infection
(A) Percentages and absolute numbers of IL-23R (GFP) expressing cells within δ-TCR+, DN,
CD4+, CD8+, B220+, NK1.1+, PBS57/CD1d tetramer+ cell populations isolated from the lungs
of uninfected IL-23R-GFP.KI mice. The bars represent mean ± SEM of 3 independent
experiments (3–5 mice pooled/group/experiment). (B) Absolute numbers of IL-23R (GFP)
expressing DN T cells isolated from the lungs of uninfected and F. tularensis LVS-infected
IL-23R−/− and IL-23R-GFP.KI mice. The bars represent mean ± SEM of 3 independent
experiments (3–5 mice pooled/group/experiment). (C) The dot plots represent IL-17
production by β–TCR+ CD4+/CD8+ and β–TCR+ DN T cells isolated from uninfected and F.
tularensis LVS infected lungs of IL-23R−/− and WT mice. The experiment was repeated twice
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with 3–4 mice/group pooled in each experiment. (D) Bacterial CFU was determined in the F.
tularensis LVS infected lungs of IL-23R−/− and WT mice [*p<0.05, **p<0.01 (two tail Student
t-test)]. (E) F. tularensis LVS infected β2M−/− and WT macrophages were incubated with DN
T cells isolated from the spleens of naïve or immune mice and bacterial burden was determined
72 h after culture. The experiment was repeated 3 times.
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