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Introduction

Summary

Signalling pathways mediated by MyD88 are important for sensing Toll-
like receptor (TLR) ligands and directing an immune response. However,
the influence of MyD88-derived cytokines and interferon (IFN)-a/f, the
latter being made by both MyD88-dependent and -independent pathways,
in phenotypic and functional dendritic cell (DC) maturation during infec-
tion is poorly understood. Here we investigate the contribution of
MyD88-dependent and -independent pathways to DC maturation, CD8
T-cell activation and the generation of protective memory against Listeria
monocytogenes. We show that neither MyD88 deficiency alone nor
MyD88/IFN-afR double deficiency alters Listeria-induced costimulatory
molecule up-regulation on DCs in vivo. In contrast, DCs from infected
IFN-fR™"~ mice had higher CD80 and CD86 expression than wild-type
DCs. We then examined the function of DCs matured in infected knock-
out mice. We found that DCs from Listeria-infected MyD88™'~ and
MyD88 '~ IFN-afR™'~ mice induced little or no IFN-y by CD8 T cells,
respectively. In contrast, DCs from infected IFN-fR~~ mice had a
greater capacity to induce IFN-y compared with DCs from infected wild-
type mice. When the CD8 T-cell memory response was analysed, infected
MyD88~ and MyD88~'~ IFN-afR ™'~ mice were found to have fewer bac-
teria-specific memory CD8 T cells than wild-type mice. However, the frac-
tion of bacteria-specific CD8 T cells making IFN-y was similar in all
mouse strains, and MyD88~~ and MyD88'~ IEN-afR™'~ mice survived
lethal challenge. Together the data suggest an inhibitory effect of IFN-a/f8
on functional DC maturation during Listeria infection and reveal overlap-
ping roles of MyD88-induced cytokines and IFN-a/f in DC maturation
and protective anti-Listeria immunity.

Keywords: bacterial infection; costimulatory molecules; innate immunity;
T-cell activation; Toll-like receptors

monocytogenes.” Depletion of DCs also diminishes the
generation of anti-Listeria memory CD8 T cells,* reiterat-

Developing immunity to a pathogen is a complex process
in which dendritic cells (DCs) play a fundamental role as
a result of their capacity to stimulate naive T cells." The
central role of DCs in eliciting immunity is underscored
by data showing that in vivo DC depletion abrogates
naive T-cell activation.®® Indeed, the first report using
DC ablation demonstrated that DCs were critical to gen-
erating the protective CD8 T-cell immune response
required to eliminate the intracellular bacterium Listeria

ing the pivotal role of DCs in primary and memory
immune responses to Listeria and other pathogens.
Despite their central role in immunity to infection,
however, steady-state DCs must undergo a process called
maturation to prime naive T cells.” Cytokines that induce
DC maturation include tumour necrosis factor (TNF)-a,
interleukin (IL)-1f, interferon (IFN)-y and IFN-o/f.%”
These DC-activating cytokines are produced during infec-
tion when DCs and other cells sense the microbe. Micro-

Abbreviations: DCs, dendritic cells; DKO, MyD88_/ - IFN—ocﬂR_/_ double knockout mice.
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bial recognition by host cells occurs through receptors that
recognize conserved structures, and the Toll-like receptors
(TLRs) and nucleotide-binding oligomerization domain
(NOD)-like receptors are critical to sensing bacterial infec-
tion and setting in motion the immune response. TLR
engagement by their ligands signals through adaptor pro-
teins to activate cytokine transcription, and MyD88 is a
central adaptor in TLR-mediated signalling.® Indeed,
infection of MyD88 ™'~ mice with Listeria showed that this
adaptor is necessary to ensure survival to primary infec-
tion.”™'* However, MyD88 is dispensable for a protective
memory T-cell response to Listeria.'>'*

As mentioned above, MyD88-dependent signalling
results in production of several cytokines that can induce
DC maturation (TNF-a, IFN-y, IL-18 and IFN-a/f).%7
However, MyD88-independent signalling can also trigger
production of factors that influence DC maturation,
particularly IFN-o/B.>'> Nothing is known, however,
about the relative contribution of MyD88-dependent
versus — independent cytokines in Listeria-induced DC
maturation in vivo, which is investigated here.

L. monocytogenes can escape the phagosome of a host
cell and colonize the cytosol. In this way Listeria triggers
a MyD88-, Nod2-independent intracellular pathway that
activates the production of IFN-o/B.'®'7 Although well
known for its antiviral properties, IFN-o/f also influ-
ences the innate and adaptive immune response to non-
viral pathogens, including Listeria, in complex ways.'®
For example, IFN-a/f can influence primary and mem-
ory T-cell responses.’” In addition, IFN-zfR™" mice
have enhanced survival to Listeria infection."”' How-
ever, nothing is known about the impact of IFN-o/ff on
DCs during infection with Listeria. In addition, the role
of IFN-a/f in the development of CD8 memory T cells
remains largely unknown, despite the critical role of
CD8 T cells in clearing Listeria infection.**

Thus, this study examines the roles of two important
signalling pathways, MyD88 and IFN-o/f, in DC matura-
tion during Listeria infection and reveals distinct effects of
these pathways. We also investigate the influence of
MyD88 and IFN-o/f8 on development of protective anti-
Listeria CD8 T-cell memory and demonstrate that they are
dispensable for the generation of INF-y-producing mem-
ory CD8 T cells. This study reveals complementary roles
of MyD88-induced cytokines and IFN-o/f in DC matura-
tion and development of protective immunity to Listeria.

Materials and methods

Mice

C57BL/6 mice were purchased from Charles River
Laboratories (Sulzfeld, Germany). MyD88_/_23 mice,
IFN—ocﬁR_/ 2% and ovalbumin (OVA),s57 264 peptide
(SIINFEKL)-specific transgenic T-cell receptor (TCR) mice
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(OT-I) were all > 8 generations on the C57BL/6 back-
ground. The genotype of MyD88™'~ and IFN-ofR™’~ mice
was further confirmed by polymerase chain reaction
(PCR). MyD88_/_ and IFN—ocﬁR_/ ~ mice were crossed to
generate MyD88™'~ IFN-afR™'~ double knockout mice
(called DKO mice). All mice were bred and maintained at
the Experimental Biomedicine animal facility of Goteborg
University. Mice were used between 8 and 12 weeks of age
and provided with food and water ad libitum. All experi-
ments were performed following protocols approved by
the government animal ethical committee and institutional
animal use and care guidelines.

Bacteria and animal infections

Three bacterial strains were used: wild-type L. monocytoge-
nes 10403s, 10403s expressing full-length OVA (called
OVA-LM) and the ActA™ derivative of 10403s expressing
full-length OVA (called ActA-OVA-LM).** Bacteria were
grown from glycerol stocks in brain and heart infusion
(BHI) medium overnight with shaking at 37°. The bacterial
concentration was determined by reading the optical den-
sity at 600 nm and was confirmed by viable plate counts.
Mice were injected intravenously (i.v.) with 100 pl of
an overnight culture of bacteria diluted in phosphate-
buffered saline (PBS) in the lateral tail vein as indicated
in the figure legends. Doses administered were 2 X 10> to
3 x 10* for C57BL/6 mice, 3 x 10* for IFNocﬁR_/_ mice
and 2-3 x 10° for both MyD88™/~ and MyD88 ' -
IFN-0fR"~ mice. These doses were chosen to achieve
equivalent bacterial burdens for the different mouse
strains at the time at which the mice were killed. For
experiments shown in Figs 4 and 5, mice were infected
with 5% 10° ActA-deficient OVA-expressing Listeria
(ActA-OVA-LM) followed by a challenge 4 weeks later
with 2 x 10° to 1 X 10° OVA-LM. In all experiments, the
bacterial dose administered was confirmed by viable
plating on BHI agar plates. At the time at which mice
were killed, the bacterial burden in the mesenteric lymph
nodes (MLN) and the spleen was determined by plating
serial dilutions of organ suspensions on BHI agar plates.

Preparation of cell suspensions

At the indicated time-points, the spleens were collected
and single-cell suspensions were prepared by digestion
with 0-45 mg/ml Liberase (Roche, Basel, Switzerland) for
30 min at 37°. Tissue was disaggregated by repetitive
pippeting and erythrocytes were lysed with a hypotonic
solution of NH,Cl. The cells were washed and re-sus-
pended in RPMI (Invitrogen, Paisley, UK) supplemented
with 10% heat-inactivated fetal calf serum (FCS) (Sigma-
Aldrich, St Louis, MO). A fraction was stained with try-
pan blue (Gibco Life Technologies) to determine the
number of viable cells.
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Antibodies

The following antibodies were purchased from BD
PharMingen (San Diego, CA) conjugated with fluorescein
isothiocyanate (FITC), phycoerythrin (PE), PE-Cy7 or
allophycocyanin (APC): CD8ux (53-6-7), CD11b (M1/70),
CDllc (HL3), CD19 (1D3), NKI-1 (PK136), CDS80
(16-10A1), CD86 (GL1), TCR-aff (H57-597), IFN-y
(XMG1-2) and TNF-a (MP6-XT22). Armenian hamster
immunoglobulin G2 (IgG2)-PE (B81-3), rat IgG1-FITC
(R3-34), rat IgG2a-PE (R35-95) and rat IgG2b-PE (A95-1)
isotype controls were also purchased from BD PharMingen.
Anti-CD4 (GK1-5) was conjugated with QDot 605 using a
conjugation kit following the manufacturer’s instructions
(BD PharMingen). MHC-I pentamers loaded with OVA
peptide SIINFEKL were from Prolmmune (Oxford, UK).
Pentamers were used according to the manufacturer’s
recommendations.

Flow cytometry

Single-cell suspensions were stained in Hanks’ balanced
salt solution (HBSS) containing 3% FCS, 5 mm ethylen-
ediaminetetraacetic acid (EDTA) and 20 mm HEPES
(Invitrogen). Samples were first blocked with anti-FcyRII/
I monoclonal antibody (clone 2-4G2) for 15 min at 4°.
Cells were washed, antibody cocktails were added and the
cells were incubated for 20 min at 4°. When MHC-I pen-
tamers were used, the cells were incubated for 40 min at
4°. 7-Aminoactinomycin D (7AAD; Sigma-Aldrich) was
always used to exclude non-viable cells.

Intracellular IFN-y and TNF-o were detected directly
ex vivo. Cell suspensions (10° cells/ml) in RPMI supple-
mented with 10% heat-inactivated FCS, 2 mM sodium
pyruvate, 20 mm HEPES and 0-05 mm 2-mercaptoethanol
(all from Invitrogen) were incubated for 4 hr at 37° in
24-well tissue culture plates (CoStar-Corning, Cambridge,
MA) in the presence of 5 pg/ml Brefeldin A (Sigma-
Aldrich). Cells were stained for surface molecules, fixed
with 2% formaldehyde (HistoLab Products AB, Géteborg,
Sweden) and re-suspended in permeabilization buffer
[HBSS containing 0-5% bovine serum albumin (BSA),
0-5% saponin and 0-05% azide]. FITC-conjugated anti-
IFN-y and TNF-« diluted in permeabilization buffer were
added. Cells were detected using an LSRII flow cytometer
(BD Biosciences, San Diego, CA) with piva software (BD
Biosciences). Data were analysed using FLowjo software
(Tree Star Inc, Ashland, OR).

Ex vivo T-cell stimulation

Mice were infected i.v. as described above and, after
48 hr, spleens were pooled and single-cell suspensions
were prepared. CD1lc-expressing cells were magnetically
enriched using anti-CD1lc magnetic beads (Miltenyi
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Biotec, Bergisch Gladbach, Germany) and an Auto-
MACS (Miltenyi Biotec). Cells were then stained as
above and CD11c"" cells were sorted at low pressure
using a FACSAria cell sorter fitted with a 100-pm noz-
zle and bpva software (BD Bioscience). Purity was
> 98-5%.

CD8 T cells from OT-I mice were isolated using the
CD8u" T-cell isolation kit from Miltenyi Biotec following
the manufacturer’s protocol. The procedure always
rendered > 85% purity. OT-1 cells were labelled with
carboxyfluorescein succinimidyl ester (CESE) by incubating
107 cells in 1 ml of 1 pm CESE diluted in PBS for 8 min.
The reaction was stopped by the addition of 1 ml of FCS.
The cells were washed twice and re-suspended in culture
medium. DCs and CFSE-labelled OT-I cells were incubated
in RPMI containing gentamicin in 96-well round-bottom
plates at the indicated ratios. After 3-5 days, the co-culture
supernatant was collected and stored at —20° until assayed
for IFN-y content. The cells were harvested and stained
with anti-TCR-APC, a cocktail of anti-CD11c-, CD11b-,
CD19- and NK1-1, all labelled with PE, and anti-CD8«-PE-
Cy7. Cells were acquired in an LSRII flow cytometer using
DIVA software.

Detection of cytokines in organ lysates and culture
supernatants

Spleen lysates from naive and infected mice were obtained
as previously described®® and stored at —20° until cyto-
kines were measured. IFN-o¢ was assessed using an
enzyme-linked immunosorbent assay (ELISA) kit from
PBL Biomedical Laboratories (Piscataway, NJ). TNF-g,
IL-1p and IL-6 were quantified using ELISA sets (BD Bio-
science). IFN-y in DC-OT-I culture supernatants and
organ lysates was measured using an IFN-y ELISA set
(BD Bioscience).

Statistics

Statistical analysis was performed using the spss software
(SPSS, Chicago, IL). Means were compared using a
Mann—Whitney U test. All comparisons were made
against the C57BL/6 mice control group. The following
applies to the symbols in all figures: ***P < 0-001,
**P < 0-01 and *P < 0-05.

Results

Up-regulation of CD80 and CD86 is enhanced in the
absence of IFN-afR but not MyD88

Previous results from our group indicated that the expres-
sion of CD80 and CD86 is tissue specific’ and perhaps
influenced by the route of infection (oral versus i.v.; data
not shown). Thus, to eliminate these confounding factors
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in the study of the impact of MyD88 and IFN-zff on
costimulatory molecule expression on DCs, MyD88™',
IFN-0fR™~ and C57BL/6 mice were infected iv. and
splenic DCs were analysed. DCs in the spleen of i.v. infected
MyD88 '~ mice expressed CD80 and CD86 to a similar
extent as DCs of infected wild-type mice (Fig. 1b). In con-
trast, DCs of infected IFN-ofR™'~ mice showed a higher
level of CD80 and CD86 expression than DCs of infected
wild-type mice.

Thus, neither MyD88 nor IFN-ofiR deficiency had a
negative impact on costimulatory molecule up-regulation
on splenic DCs during systemic Listeria infection. This led
us to directly address the effect of the simultaneous absence
of these two factors. We therefore made MyD88™/~
IFN—ocﬁR_/_ double knockout (DKO) mice and infected
them with Listeria. Surprisingly, splenic DCs from these
mice up-regulated CD80 and CD86 to a similar extent
as DCs from infected wild-type mice (Fig. 1b). Thus,
CD80 and CD86 can be up-regulated on splenic DCs
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Figure 1. CD80 and CD86 up-regulation occurs independently of
MyD88 and interferon (IFN)-zfR. C57BL/6, IFN-afR™'", MyD88 ™/~
and MyD887/7 IFN-2fR™"~ double knockout (DKO) mice were
infected intravenously (i.v.) with Listeria 10403s and 48 hr later
splenocytes were stained with anti- CDl1lc, CD80 or CD86 and
7-aminoactinomycin D (7AAD) and analysed by flow cytometry.
(a) The dot plots show gating of live (7AAD") CD11cM conventional
dendritic cells (DCs) from a naive C57BL/6 mouse as an example.
The numbers indicate the percentage of the gated population.
(b) The bars indicate the ratio of the median fluorescence intensity
(MFI) of CD80 and CD86 on total DCs, as gated in (a)
(7AAD™ CD11c¢™), for infected mice to that for naive mice. Error
bars indicate the standard error of the mean. The bacterial load of
the mice analysed is shown to the right. Data are pooled from two
to four independent experiments using a total of six to 11 mice for
each strain. *P < 0-05.
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during systemic Listeria infection even in the absence of
MyD88-dependent cytokine production and responsiveness
to IFN-a/ff produced independently of MyD88.

Altered cytokine profile of infected knockout mice

To understand the mechanism of costimulatory molecule
up-regulation during Listeria infection, we next analysed
the cytokine profiles of infected MyD88™'~, IFN-ofR™/~
and DKO mice. We reasoned that the content of cytokines
with the potential to influence DC maturation, such as
IL-1f, TNF-o and IFN-0,52%28 a5 well as other potent
cytokines such as IL-6 and IFN-7,%*’ may differ in the
infected knockout mice. As shown in Fig. 2, infected
MyD88'~ mice showed decreased production of TNF-u
and IFN-y compared with wild-type mice, in agreement
with previous reports.”'® They also made less IL-6 and
IL-1B. However, infected MyD88™/~ mice produced more
IFN-o. compared with infected wild-type mice (Fig. 2b).
Thus, in the absence of MyD88 alone, TNF-a as well as
IFN-o/f could enhance CD80 and CD86 expression while
IL-1f, although produced, can not contribute (because of
defective IL-1 signalling in MyD88™'~ mice).**

Infected IFN-ofR”~ mice also displayed an altered
pattern of inflammatory cytokines, producing less IFN-y
but more IL-1f than infected wild-type mice while main-
taining wild-type levels of TNF-o (Fig. 2a). Thus, the
enhanced IL-1f production in infected IFN-xfR™~ mice,
alone or in combination with TNF-o, may account for
the increased costimulatory molecule expression on DCs
relative to infected wild-type mice, while IFN-o/ff could
not have an effect (because of IFN-«ffR deficiency).

Similar to infected IFN-R ™~ mice, DKO mice infected
with Listeria produced comparable levels of TNF-o
to infected wild-type mice, and more IL-1f than the wild
type. They also produced more IL-6 than infected wild-type
animals. However, the genetic defects in the DKO mice
render them unresponsive to both IL-1f (because of their
MyD88 deficiency)” and IFN-a/f (because of their
IFN-ofiR deficiency). This suggests two things. First,
TNE-o°>*° alone or possibly with IL-6*° can support
Listeria-induced CD80 and CD86 up-regulation when both
MyD88 and IFN-«fiR are absent. Secondly, IFN-o/f is not
absolutely required to increase CD80 and CD86 in the
absence of MyD88.

DCs from infected knockout mice have different
abilities to induce T-cell activation

Maturation of DCs into potent antigen-presenting cells
involves, among other things, up-regulation of costimula-
tory molecules.” However, a high level of costimulatory
molecules does not necessarily translate into a full capacity
to induce effector T-cell function.”® We thus asked
whether DCs that up-regulate costimulatory molecules

© 2009 Blackwell Publishing Ltd, Immunology, 128, 429-438
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Figure 2. Cytokine profile in the spleens of Listeria-infected mice. C57BL/6, interferon (IFN)-2fR™'~, MyD88™'~ and MyD88™'~ IFN-afR~~ dou-
ble knockout (DKO) mice were infected intravenously (i.v.) with Listeria 10403s and 48 hr later the spleens were collected and lysed. (a) Cyto-
kines were measured by enzyme-linked immunosorbent assay (ELISA). Data are pooled values from eight to 12 mice from two or three
independent experiments. Error bars indicate the standard error of the mean (SEM). (b) IFN-z was measured by ELISA. Data are for three
infected mice per group. Error bars indicate the SEM. Solid and open bars indicate infected and naive mice, respectively, in both (a) and (b).
(c) Bacterial loads of the mice analysed in (a). Solid symbols indicate mice for which interleukin (IL)-1f, IL-6, tumour necrosis factor (TNF)-o
and TFN-y were measured. Open symbols indicate mice for which IFN-x was measured. Comparisons were made against infected C57BL/6 mice.

ND, not detected. *P < 0-05; **P < 0-01; ***P < 0-001.

during Listeria infection in the absence of MyD88 and
IFN-0/fR can elicit fully functional T cells. To this end,
DCs from knockout or wild-type mice infected with Listeria
expressing OVA (OVA-LM) were purified by cell sorting
and co-cultured with CFSE-labelled, OVA-specific CD8
OT-IT cells.

DCs from infected MyD88 '~ and DKO mice induced
somewhat lower proliferation of OT-I T cells than DCs
from wild-type mice, but the difference did not reach sta-
tistical significance (Fig. 3a and b). In contrast, DCs from
infected IFN-afR™"~ mice induced a significantly stronger
response than wild-type DCs (Fig. 3a and b). This is con-
sistent with the higher costimulatory molecule expression
on DCs from infected IFN-affR mice (Fig. 1). DCs from
infected IFN-afR™~ mice also induced stronger IFN-y
production than DCs from infected wild-type mice,

© 2009 Blackwell Publishing Ltd, Immunology, 128, 429-438

whereas DCs from infected MyD88~ and DKO mice
induced little or no IFN-y, respectively (Fig. 3c).

Thus, DCs from OVA-LM-infected MyD88-deficient
mice have a limited capacity to stimulate IFN-y produc-
tion by OT-I T cells, while DCs from infected DKO mice
essentially lack this capacity. In contrast, DCs from
infected IFN-ofR”~ mice have a greater capacity to
induce proliferation and IFN-y production by naive OT-I
T cells.

Suboptimal memory CD8 T-cell response in the
absence of MyD88 is partially restored in the absence
of IFN-affR

Development of a memory T-cell response to Listeria is
MyD88-independent.'>'* We hypothesized that this could
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Figure 3. Enhanced T-cell stimulatory capacity of dendritic cells (DCs) from mice lacking interferon (IFN)-ofR. C57BL/6, [FN-2fR™'~, MyD88 ™'~
and MyD88™'~ IFN-afR ™'~ double knockout (DKO) mice (three to six animals per group) were infected with L. monocytogenes 10403s expressing
full-length ovalbumin (OVA-LM) and 48 hr later the spleens were collected and pooled. CD11c-expressing cells were magnetically enriched, stained
with anti-CD11c-phycoerythrin (PE) and 7-aminoactinomycin D (7AAD) and sorted as live (7AAD™) cells with high expression of CD11c (see
Fig. la). The cells were co-cultured for 3-5 days with 160 000 carboxyfluorescein succinimidyl ester (CFSE)-labelled OT-I cells, re-stained with
anti-CD11c, -T-cell receptor (TCR)-af, -NK1-1, -CD11b, -CD4 and -CD8 and analysed by flow cytometry. (a) The numbers in the dot plots indi-
cate the percentage of proliferation from a co-culture well with 80 000 DCs and 160 000 OT-I cells, the highest titration point in the graph in (b).
(b) The graph shows the mean proliferation induced by an increasing number of DCs. Error bars are the standard error of the mean (SEM).
*P < 0-05. (c) The bars represent the IFN-y content in the supernatant of the co-culture wells from (b). Errors bar are the SEM. Data are pooled
from two to three independent experiments. ND, not detected. *P < 0-05; **P < 0-01.

be mediated by IFN-o/f for two reasons. First, IFN-o/f is MyD88-deficient mice developed a memory response that
produced independently of MyD88'® (Fig. 2). Secondly, was weaker than that observed in wild-type and
during Listeria infection, IFN-o/f has a role in costimula- IFN-0fR™~ mice in terms of the frequency of antigen-
tory molecule expression (Fig. 1) and naive CD8 T-cell specific CD8 T cells, a defect that was partially restored
activation (Fig. 3). We thus used a strategy in which when both MyD88 and IFN-zffR were absent. Despite
MyD88 /", IFN-afR ™"~ and DKO mice were infected with this, MyD88 ™/~ hosts were able to clear a lethal challenge
mutant (ActA-deficient) Listeria expressing OVA (ActA- with wild-type Listeria.

OVA-LM) and challenged 4 weeks later with wild-type
Listeria expressing OVA (OVA-LM). We used this

strategy because: (i) Listeria strains lacking ActA are less Similar numbers of IFN-y-producing antigen-specific

memory CD8 T cells are generated in the absence of
MyD88 and IFN-afR signalling despite a reduced
total memory response

virulent than wild-type bacteria but still induce a strong
T-cell response;”’ and (ii) MyD88/~ mice are very
susceptible to wild-type Listeria®'® but survive a relatively

high dose of ActA-deficient Listeria.'>'* In this way we To understand how mice survive a lethal challenge despite
ensured survival of MyD88™'~ mice while preserving the an apparently reduced CD8 T-cell memory response
T-cell response. (Fig. 4), we next investigated the effector capacity of the
Figure 4 shows that challenged IFN-ofR™'~ mice had a memory pool elicited. Intracellular cytokine staining
similar frequency of OVA-specific CD8 T cells compared revealed that production of IFN-y by total CD8 memory
with wild-type mice. However, challenged MyD88™'~ mice T cells was slightly reduced in the knockout mice com-
had a 75% reduction in OVA-specific CD8 T cells. Fur- pared with the wild type (Fig. 5a), although this was not
thermore, challenged DKO mice had a frequency of anti- statistically significant, and IFN-y production was sequen-
gen-specific CD8 T cells between those of MyD88™~ and tially lower as the severity of the genetic defect increased
wild-type mice, which is consistent with the augmenting (IFN-2fR™~ ~ 1-4 fold, MyD88 '~ ~ 1.7 fold and DKO
effect that IFN-ofR deficiency has on costimulatory mole- mice ~ 1.9 fold). A similar trend was observed for pro-
cule expression. No bacterial burden was found in the duction of TNF-o by the total CD8 memory T-cell pool
spleens of any of the challenged mice [100 colony-form- elicited in the infected mice (IFN-xfR™~ ~ 1.2 fold,
ing units (CFU) was the limit of detection]. Thus, MyD88™'~ ~ 2 fold and DKO mice ~ 2.9 fold; Fig. 5a).
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Figure 4. Antigen-specific memory T cells are reduced in the absence
of MyD88 and partially restored by the simultaneous lack of MyD88
and interferon (IFN)-afflR. Mice were infected with the ActA™
derivative of Listeria monocytogenes 10403s expressing full-length
ovalbumin (ActA-OVA-LM) and challenged 4 weeks later with
Listeria  monocytogenes 10403s expressing full-length ovalbumin
(OVA-LM). (a) 7-Aminoactinomycin D (7AAD)™ T-cell receptor
(TCR) af* CD4™ cells were gated and analysed for CD8 and
OVA-pentamer reactivity. Dot plots represent OVA-specific CD8 T
cells detected by pentamer staining 5 days after challenge. (b) The bar
graph represents data pooled from three experiments analysing a total
of six to 11 mice. The bars indicate the ratio of the percentage of
OVA-specific T cells in infected to naive mice gated as in (a). Error
bars are the SEM. *P < 0-05.

We then directly assessed how many of these cytokine-
producing CD8 T cells were antigen-specific. Although a
non-significant trend of fewer antigen-specific TNF-o*
cells was apparent in infected MyD88™~~ and DKO mice,
the fraction of antigen-specific IFN-y" cells was similar in
all mouse strains (Fig. 5b). Thus, although the absence of
MyD88 has an apparently negative impact on the devel-
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Figure 5. Listeria-infected knockout mice retain wild-type levels of
bacteria-specific CD8 T cells making interferon (IFN)-y. Mice were
infected and challenged as described in Fig. 4. (a) The bar graph
shows the ratio of total IFN-y-producing (open bars) or tumour
necrosis factor (TNF)-a-producing (black bars) CD8 T cells in
infected mice to those in naive mice of the different strains, as indi-
cated. Cells were gated as 7-aminoactinomycin D (7AAD)~, T-cell
receptor (TCR) «fi*, CD4~, CD8ua", cytokine® cells. (b) The bar
graph indicates the ratio of ovalbumin (OVA)-specific IFN-y-pro-
ducing (open bars) and TNF-o-producing (black bars) CD8 T cells
in infected mice to those in naive mice. Values for both naive and
infected mice were obtained by multiplying the fraction of cyto-
kine* OVA" CD8" T cells by the percentage of IFN-y* or
TNF-o" CD8" T cells. No significant differences between any knock-
out strain and wild-type mice were detected in the statistical analysis
in the data shown in (a) or (b).

opment of antigen-specific CD8 memory T cells assessed
by pentamer staining (Fig. 4a), IFN-y-producing, antigen-
specific memory CD8 T cells were present in similar
numbers in wild-type and knockout mice (Fig. 5b),
which correlates with effective clearance of the bacterial
challenge.

Discussion

Signalling pathways mediated by MyD88 are important
for sensing TLR ligands and directing an immune
response.” However, the influence of MyD88-derived
cytokines and IFN-o/f, the latter being made by both
MyD88-dependent and -independent pathways (Fig. 6a),
in phenotypic and functional maturation of DCs in vivo™
is not completely understood, especially during bacterial
infection. Here we show that MyD88 and IFN-uaf} signal-
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Figure 6. MyD88 and interferon (IFN)-o/ff are differentially involved in costimulatory molecule expression and T-cell activation during Listeria
infection. (a) Diagram representing the MyD88-dependent and -independent pathways that produce factors influencing dendritic cell (DC)
maturation.>'®'®!” (b) Our data demonstrate that: (i) splenic DCs from infected MyD88™'~ mice and mice lacking both MyD88 and IFN-oR
[double knockout (DKO)] express CD80 and CD86 to a similar level as DCs from infected wild-type mice. In contrast, DCs from infected
IFN-¢fR™"~ mice express higher levels of CD80 and CD86 than DCs from infected wild-type mice. A different effect of MyD88 and IFN-2/f on
functional DC maturation is apparent, as DCs from infected IFN-xR™~ mice were more efficient at inducing proliferation (ii) and IEN-y
production (iii) by naive CD8 T cells than DCs from wild-type mice. In contrast, DCs from MyD88™~ and DKO mice induced similar CD8 T-
cell proliferation (ii) and less IFN-y (iii) than wild-type DCs. Finally, although the lack of MyD88 resulted in a diminished total CD8 T-cell
memory population (iv), neither MyD88 nor IFN-a/ff was required for the generation of IFN-y-producing, bacteria-specific memory CD8 T cells
(v). IL, interleukin; TLR, Toll-like receptor; TNF, tumour necrosis factor.

ling pathways differentially contribute to DC maturation
during primary Listeria infection (Fig. 6b). We also show
that both are dispensable for the generation of IFN-y-
producing antigen-specific CD8 memory T cells that
allow survival of a lethal Listeria challenge (Fig. 6b).

We first showed that splenic DCs from infected
MyD88™'~ mice up-regulated CD80 and CD86 to a simi-
lar extent as wild-type mice. As IFN-o/ff is produced
independently of MyDg§>'®!7

tory molecule expression on DCs during infection with
32,33

and influences costimula-
viruses or Salmonella, it was a prime candidate to
explain  MyD88-independent costimulatory molecule
up-regulation on DCs during Listeria infection. However,
DCs from mice lacking both MyD88 and IFN-o/fiR
(DKO mice) up-regulated CD80 or CD86 to a similar
level as DCs from wild-type mice. This occurred despite
the fact that infected MyD88™'~ mice had increased
IFN-o0 production relative to infected wild-type mice.
Thus, IFN-off was not required for Listeria-induced
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costimulatory molecule up-regulation on DCs in the
absence of MyD88.

Analysis of the cytokine profile in the spleens of
i.v.-infected MyD88™~ and DKO mice revealed produc-
tion of several cytokines that can influence DC matura-
tion, such as IL-1f, IL-6, IFN-«8 and TNF-a.'>?¢2%2° The
lack of functional IL-18 signalling in MyD88~'~ mice,*
combined with the overlapping roles of IL-1 and TNF-ua
in mediating CD80 and CD86 up-regulation in vivo,”®
suggests that TNF-o produced independently of MyD88,
although reduced in infected MyD88™'~ mice (Fig. 2a),"
is involved in costimulatory molecule up-regulation in
infected MyD88~'~ and DKO mice.

Our data also revealed that IFN-o/fi receptor
deficiency resulted in enhanced expression of both CD80
and CD86 on splenic DCs in mice given bacteria i.v.
This effect on phenotypic DC maturation was reflected
in function, as DCs from infected IFN-ofR™~ mice
induced greater proliferation and IFN-y production of
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naive CD8 T cells compared with DCs from infected
wild-type mice. Previous studies have shown that
IFN-0fR™'~ animals are more resistant to Listeria infec-
tion."”' One of these studies proposed that decreased
bacterial-induced apoptosis in infected IFN-ofR™'~ hosts
contributed to the resistance mechanism.”’ Our results
expand these observations by describing a novel negative
role of IFN-o/f in DC maturation and the ability of the
DCs to stimulate naive CD8 T cells during Listeria
infection, a function of IFN-o/f not yet described.?*
Thus, in the absence of IFN-afR signalling, DCs seem
to have a lower threshold to promote costimulatory
molecule expression, which is reflected in more effective
development of CD8 T-cell effector functions that
mediate bacterial clearance. Whether IFN-o/ff directly
down-modulates  costimulatory molecule expression
on DCs, or whether the negative effect of IFN-o/f is
mediated through other indirect mechanisms, remains to
be explored.

Despite the importance of MyD88 in survival following
primary Listeria infection,”'® memory CD8 T-cell
responses develop in the absence of MyD88.'>'* Given
our findings concerning the role of IFN-zfR in DC matu-
ration and activation of T cells during primary Listeria
infection, we addressed the question of whether IFN-of}
plays a role in generating CD8 memory T cells against
Listeria. In agreement with previous studies, we showed
that infected MyD88™'~ mice are protected against reinfec-
tion.">'* However, we found that challenged MyD88™/~
mice had a lower frequency of OVA™ CD8 T cells, while
Kursar et al.'® did not. Differences in experimental design,
such as a brief infection with wild-type Listeria aborted by
antibiotic treatment' versus our design of infection with
the ActA™ mutant to ensure host survival, may contribute
to this discrepancy.

We showed that defective IFN-ofR signalling alone had
little if any effect on generating an antigen-specific mem-
ory CD8 T-cell pool. Furthermore, studies in the DKO
mice showed that IFN-ofiR is not required for develop-
ment of MyD88-independent CD8 memory. However,
despite the fact that MyD887/ ~ mice (and to a lesser
extent DKO mice) had a compromised capacity to gener-
ate antigen-specific CD8 memory cells, they survived a
lethal challenge as well as wild-type mice. Why? The
answer probably lies in the similar frequencies of CD8
T cells making IFN-y within the antigen-specific memory
pool in wild-type and knockout mice. This is further
supported by recent data showing the importance of
IFN-y production by bacteria-specific memory CD8 T
cells in protective immunity to Listeria.”® Thus, unlike the
anti-Listeria primary CD4 T-cell response, which requires
IL-12 or IFN-0/f,>**” the memory CD8 T-cell response
to this pathogen is independent of IL-12, IFN-o/f
(Fig. 4)***7 and MyD88 (Fig. 4), although it requires
CD4 help at the time of priming.*®*’

© 2009 Blackwell Publishing Ltd, Immunology, 128, 429-438
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In summary, we characterize the relative contribution
of two important signalling pathways to DC maturation
in vivo. We also reveal that MyD88 and IFN-o/f have dif-
ferent effects on DC maturation during Listeria infection
(Fig. 6b). Finally, we demonstrate that the development
of a memory CD8 T-cell response capable of clearing a
lethal challenge is independent of MyD88 and IFN-afR.
These studies help to elucidate the orchestration of a
balanced immune response against infection with an
intracellular bacterium.
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