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Synergy between CD40 and MyD88
does not influence host survival to
Salmonella infection
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at Sahlgrenska Academy, University of Gothenburg, Gothenburg, Sweden, 2 BioLegend, San Diego, CA, USA, 3 TWINCORE
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Previous studies using purified toll-like receptor (TLR) ligands plus agonistic anti-CD40
antibodies showed that TLRs and CD40 can act synergistically on dendritic cells (DCs)
to optimize T cell activation and Th1 differentiation. However, a synergistic effect of TLRs
and CD40 during bacterial infection is not known. Here, we show that mice lacking the
TLR adaptor MyD88 alone, or lacking both MyD88 and CD40 [double knockout (DKO)
mice], are compromised in survival to Salmonella infection but have intact recruitment
of neutrophils and inflammatory monocytes as well as unaltered abundance of DC
subsets and DC activation in infected tissues. In contrast to infected wildtype and
CD40−/− mice, both MyD88−/− mice and DKO mice lack detectable serum IFN-γ and
have elevated IL-10. A synergistic effect of TLRs and CD40 was revealed in co-culture
experiments where OT-II T cell proliferation was compromised when DKO DCs were
pulsed with OVA protein and OVA323–339 peptide, but not with heat-killed Salmonella
expressing OVA (HKSOVA), relative to MyD88−/− DCs. By contrast, MyD88−/− or DKO
DCs pulsed with any of the antigens had a similar ability to induce IFN-γ that was
lower than WT or CD40−/− DCs. DKO DCs pulsed with HKSOVA, but not with OVA
or OVA323–339, had increased IL-10 relative to MyD88−/− DCs. Finally, HKSOVA-pulsed
MyD88−/− and DKO DCs had similar and low induction of NFκB-dependent and -
independent genes upon co-culture with OT-II cells. Overall, our data revealed that
synergistic effects of CD40 and MyD88 do not influence host survival to Salmonella
infection or serum levels of IFN-γ or IL-10. However, synergistic effects of MyD88 and
CD40 may be apparent on some (IL-10 production) but not all (OT-II proliferation and
IFN-γ production) DC functions and depend on the complexity of the antigen. Indeed,
synergistic effects observed using purified ligands and well-defined antigens may not
necessarily apply when complex antigens, such as live bacteria, challenge the immune
system.
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Introduction

Dendritic cells (DCs) are sentinels of the host, spread throughout
the tissues to scan for antigens. Antigen encounter in peripheral
tissues results in processing and DC migration to draining lymph
nodes for antigen presentation to naïve T cells. To recognize infec-
tions and initiate an innate immune response, which ultimately
culminates in adaptive immunity, DCs are equipped with a bat-
tery of pattern recognition receptors of which Toll-like receptors
(TLRs) are one of the most important families. TLRs recognize an
array of microbial structures, and ligation of most TLRs results in
association with the adaptor protein MyD88 (1, 2). This leads to
the recruitment of members of the IKK complex that degrade IκB
resulting in activation of the so-called canonical NFκB pathway
(1–4). This alters gene expression, induces cytokine production,
and influences thematuration status of theDCbyupregulating co-
stimulatory molecules, such as CD80, CD86, and CD40, among
other effects (1, 5). TLR4, which recognizes LPS, can also initiate
signaling through a MyD88-independent pathway that utilizes
the alternate adaptors Toll/IL-1R domain-containing adaptor-
inducing IFN-β (TRIF) and translocation-associated membrane
protein (TRAM), activating the non-canonical NFκB pathway
(1–4).

The crosstalk between antigen-presenting DCs and antigen-
specific T cells results not only in activation of the T cell but
also in reciprocal DC activation. The later is characterized by
upregulation of co-stimulatory molecules as well as secretion of
cytokines (6). It has been demonstrated that the duration of the
DC–T cell interaction influences the ability of theT cell to prolifer-
ate, survive, and differentiate to fully activated effector cells (7, 8).
Furthermore, weak and transient stimulation ofDCs induces their
migration to the draining lymph node while strong and persistent
signaling is required to induce DC cytokine secretion (9), which,
in turn, directs the subsequent T cell response.

In addition to peptide/MHC-TCR binding, recognition of
members of the TNF (tumor necrosis factor) receptor family
on DCs and the corresponding ligand on T cells influences the
ensuing DC–T cell interaction (10). One of the best character-
ized members of this family is CD40, which binds CD40L on
activated T cells. This interaction triggers signaling in DCs via
the NFκB-inducing kinase (NIK), resulting in activation of the
non-canonical NFκB2 pathway (11, 12). Moreover, using purified
TLR ligands or antigen plus agonistic anti-CD40 antibody, it was
shown that the canonical NFκB pathway and non-canonical path-
ways act synergistically in DCs, optimizing T cell activation and
Th1 differentiation (12–16). Additionally, it was demonstrated
that the level of CD40 expression on DCs influences differen-
tiation of regulatory T cells (Treg) (17). Moreover, DCs need
CD40 stimulation to cross-present antigens and initiate cytotoxic
activity in CD8 T cells (12, 18, 19).

Studies investigating synergistic signaling in DCs that influ-
ences the T cell response have been performed using purified
TLR ligands or other defined structures (i.e., α-galactoceramide),
agonistic anti-CD40 antibodies, and protein antigen (15, 16, 20,
21). However, the influence of synergistic signals delivered into
DCs during bacterial infection, where TLR activation results from
multiple ligands expressed naturally by bacteria, on the immune

response to the bacteria is not understood. We thus investigated
the synergistic effect of MyD88-dependent NFκB signaling and
CD40-dependent NFκB2 signaling in the T cell response against
the pathogen Salmonella enterica serovar Typhimurium.

Materials and Methods

Mice
C57BL/6 mice (called WT mice) were purchased from Charles
River (Sulzfeld, Germany). MyD88−/− mice and OT-II mice
were generously provided by S. Akira and S. Schoenberger,
respectively. All mice were more than 10 generations on
a C57BL/6 background and the genotypes were screened
by PCR. Ly5.1-expressing OT-II mice were obtained by
breeding Ly5.1+ C57BL/6 mice with (Ly5.1−) OT-II mice.
MyD88−/−CD40−/− double knockout (DKO) mice were
generated by crossing MyD88−/− and CD40−/− mice and
intercrossing F1 offspring (MyD88+/−CD40+/−). Generating
DKO pups from MyD88+/−CD40+/− ×MyD88+/−CD40+/−

breeding required antibiotic treatment Hippotrim vet (Bayer
Animal Health, Copenhagen, Denmark) in the drinking water
of breeding cages. Hippotrim was administered after initial
observations that survival of pups was poor and Hippotrim
improved offspring survival. Following genotyping of offspring,
all further breeding was performed using MyD88+/−CD40−/−

females and MyD88−/−CD40−/− males with Hippotrim
treatment and the predicted Mendelian distribution of mouse
strains was obtained. Weaned offspring survived well and
did not require Hippotrim. Mice used as CD40-deficient
throughout the study were littermates to DKO mice (from
the MyD88+/−CD40−/− ×MyD88−/−CD40−/− breeding)
whose genotype was MyD88+/−CD40−/− and are referred
to as CD40−/− mice. Mice were bred at the Laboratory for
Experimental Biomedicine animal facility of the University of
Gothenburg, used between 8 and 12weeks of age and provided
food and water ad libitum. All experiments were performed
following protocols approved by the regional animal ethics
committee (Permit # 212/2013) and institutional animal use and
care guidelines were followed.

Bacterial Strains and Infection of Mice
Salmonella enterica serovar Typhimurium (called S. typhimurium)
χ4550 is an SR11 derivative of reduced virulence (22). S.
typhimurium χ4550-OVA (called Salmonella-OVA) expresses the
model antigen ovalbumin (OVA) in a balanced-lethal vector sys-
tem to maintain OVA expression in vivo in the absence of antibi-
otic selection and was cultured as reported previously (23). The
concentration of bacteria was estimated by OD600. Mice were
given 0.1mL of 1% NaHCO3 intragastrically and after 10min,
2× 108 bacteria were given intragastrically in 0.1mL of PBS.
The bacterial dose administered, as well as the bacterial load in
organs at the time of sacrifice, was determined after plating serial
dilutions of the bacterial suspension on Luria–Bertani plates.

Cell Preparation
Single-cell suspensions from spleen, mesenteric lymph nodes
(MLN), Peyer’s patches (PP), and small intestine lamina propria
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(siLP) were prepared as described previously (23). The total num-
ber of cells per organ was determined by trypan blue exclusion.
For Figure 4, CD11c-expressing cells were enriched from single-
cell suspensions from spleen pooled from threemice per groupper
experiment usingN418magnetic beads (Miltenyi Biotec, Bergisch
Gladbach, Germany) and AutoMACS (Miltenyi Biotec). CD4+ T
cells from naive OT-II mice were isolated using the CD4+ T cell
isolation kit fromMiltenyi following the manufacturer’s protocol.
Cells were>85% pure.

Serum Preparation for Cytokine Detection
Serum was collected after clotting of blood from the tail vein
for 2 h at RT followed by 10min centrifugation at 13,000× g.
Serum was collected and stored in aliquots at−80°C until further
analysis.

Flow Cytometry
Before staining, cells were incubated on ice for at least 10min
with the 2.4G2 antibody to block Fc receptors. Multiparameter
flow cytometry was performed using a LSRII flow cytometer with
Diva software (BD Biosciences, San Diego, CA, USA). Analysis
was performed using FlowJo software (Tree Star Inc., Ashland,
OR, USA). Cell viability was evaluated by staining cells with either
7-aminoactinomycin D (7AAD, Sigma-Aldrich) or Live/Dead
Fixable Aqua Dead Cell Stain (Life Technologies) according to
the manufacturer’s recommendation. Antibodies used were as
follows: anti-CD11c (HL3 or N418), anti-CD8α (53-6.7), anti-
MHCII (M5/114), anti-CD11b (M1/70), anti-CD103 (M290),
anti-Ly6C (AL21), anti-Ly6G (1A8), F4/80 (CI:A3-1), B220 (RA3-
6B2), anti-CD4 (L3T4), NK1.1 (PK136), anti-CD80 (16-10A1),
and anti-CD86 (GL1). Antibodies were purchased from BD Bio-
sciences (BD Pharmingen, San Diego, CA, USA), from BioLegend
(San Diego, CA, USA) or eBioscience (San Diego, CA, USA).
Gates were set using fluorescent minus one controls or isotype-
matched control antibodies.

In Vitro DC–T Cell Assays
DCs were magnetically enriched from the spleen of naïve mice
of each of the four mouse strains (WT, CD40−/−, MyD88−/−,
and DKO) as described above. 1.5× 105 DCs were incubated with
OVA protein, OVA323–339 peptide (Sigma Aldrich), or heat-killed
Salmonella expressing OVA (HKSOVA). HKSOVA was prepared
by incubating Salmonella-OVA (1× 1010 bacteria/mL in 1mL of
PBS) at 65°C for 30min. The volume was then adjusted with
RPMI-1640 to a final bacterial concentration of 1.5× 108 colony-
forming units (CFU)/mL and aliquots were stored at−20°C. DCs
were pulsed with HKSOVA at a ratio of four bacteria per DC for 2 h
and the cells were washed three times with RPMI-1640 containing
25μg/mL gentamicin. For the data in Figure 4, 6× 105 OT-II
cells were added and after 1, 6, 24, or 48 h the cells were washed
in ice-cold PBS, lysed in RNA lysis buffer, and stored at −20°C
until further analysis. For the data in Figure 3, CellTrace Violet
(CTV; Life Technologies)-labeled CD4+ T cells were added to
theHKSOVA-pulsedDCs.After 5 days, supernatantswere removed
and stored at −20°C until assayed for IFN-γ or IL-10. Cells were
then harvested, stained with anti-TCR, Ly5.1, and CD4, as well as
a cocktail of anti-NK1.1, CD11c, CD11b, and CD19 conjugated

to the same fluorochrome to use in an exclusion channel, and
analyzed by flow cytometry.

For experiments using OVA protein or OVA323–339 peptide,
LPS was depleted using Detoxi-Gel endotoxin removing columns
(Pierce Biotechnology, Rockford, IL, USA) following the manu-
facturer’s instructions. LPS was depleted to 1.1 endotoxin unit/mg
of protein. 1.5× 105 DCs enriched as above were incubated with
2mg/mL OVA protein or 111 ng/mL OVA323–339 peptide for 2 h.
Cells were washed and CFSE-labeled Ly5.1+ CD4+ OT-II cells
were added as above. After 5 days, supernatants were collected and
cells were harvested and stained as above.

Quantitative Real-Time PCR
Cells were lysed and homogenized using a QIAshredder (QIA-
GEN) according to the manufacturer’s instructions. Total RNA
was extracted with the High Pure RNA Tissue Kit (Roche Life
Science) according to the manufacturer’s protocol. RNA quantity
and purity was measured using a NanoDrop ND-1000 Spec-
trophotometer (NanoDrop Technologies, Inc., Wilmington, DE,
USA). RNA was reverse transcribed with the Transcriptor First
Strand cDNA Synthesis Kit (Roche) and qPCR was performed
on a LightCycler480 (Roche) using LightCycler480 SYBR Green
Master (Roche). Primers for hypoxanthine-guanine phosphori-
bosyltransferase (HPRT) (fwd-TCC TCC TCA GAC CGC TTT
T; rws-CCT GGT TCA TCA TCG CTA ATC), TICAM-2 (fwd-
GAA GAT CGA AGA GCC TCG TG; rws-GTG ATT GAG ACG
CCT TAG CC), NIK (fwd-CTG CAA CCT GAC GGC CTA; rws-
CTC CGT GCCAGGAATGTAGT), β-catenin (fwd-GCAGCA
GCA GTT TGT GGA; rws-TGT GGA GAG CTC CAG TAC
ACC), A20 (fwd-TCA TCG AAT ACA GAG AAA ATA AGC
AG; rws-AGG CAC GGG ACA TTG TTC T), ABIN-2 (fwd-
GAC GCA CTT CTG GAT CAG GT; rws-CGC TCC GTA AGT
CTT TCA ACT T); and cRel (fwd-TTG CAG AGA TGG ATA
CTA TGA AGC; rws-CAC CGA ATA CCC AAA TTT TGA A)
were designed using the Universal Probe Library Design platform
(Roche) and purchased from Eurofins MWGOperon (Ebersberg,
Germany). Specificity and efficiency was tested in initial analyses.
Differential gene expression was assessed using the 2ΔΔCt-method
(24) normalizing to the Ct-value of HPRT and gene expression in
stimulated T cells without DCs was used as the reference group.

Cytokines
IFN-γ was measured using the IFN-γ ELISA set (BD OptEIA,
BD Bioscience) and IL-10 was detected using the IL-10 ELISA
set (LEGEND MAX, BioLegend) following the manufacturer’s
recommendation.

Statistical Analysis
Statistical analyses were performed with GraphPad Prism 6.0
(GraphPad Software, La Jolla, CA, USA). The Mantel–Cox test
was used for statistical analysis in the survival curve (Figure 1A).
For comparison of two independent groups, the two-tailed non-
parametric Mann–Whitney-U test was applied. Kruskal–Wallis
test followed by Dunn’s multiple comparison test or two-way
ANOVA followed by Tukey’s multiple comparison test was used
for comparison between three or more groups. p-values <0.05
were considered significant. *p< 0.05; **p< 0.01; ***p< 0.001;
****p< 0.0001.
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FIGURE 1 | DKO mice are highly susceptible to Salmonella infection. (A) CD40−/−, MyD88−/−, DKO, and WT mice were orally infected with 2×108

χ4550-OVA and survival was monitored for 2weeks. Survival of mice is depicted in a Kaplan–Meier plot. Statistical significance between survival curves was
assessed using the Mantel–Cox test and results are indicated to the right. Data are pooled from four experiments with a total of 18 CD40−/−, 19 MyD88−/−, 22
DKO, and 23 WT mice. The drop in survival of CD40−/− reflects the death of one mouse. (B–D) Salmonella CFUs in PP, siLP, MLN, and spleen are shown for 3
(B), 6 (C), and 13 (D) days pi. Data are pooled from two to four independent experiments with a total of 24 CD40−/−, 24 MyD88−/−, 24 DKO and 18 WT mice.
Statistical differences were determined using a Mantel–Cox test (A) and Kruskal–Wallis test followed by Dunn’s multiple comparison test (B–D). Error bars indicate
SD. Statistical significance is indicated by asterisks as defined in the materials and methods. All other comparisons are non-significant.
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FIGURE 2 | MyD88-dependent signaling is necessary to initiate a systemic Th1 response to Salmonella. Serum samples were collected from the indicated
mice at days 3, 6, 9, and 13 pi and screened for cytokines. Results for IFN-γ (A) and IL-10 (B) are depicted. Results are pooled from two independent experiments
with a total of 4–6 mice per group and time point. Statistical significance at indicated time points between groups was assessed using the two-way ANOVA followed
by Tukey’s multiple comparison test. Results are depicted in the tables below the graphs. Statistical significance is indicated by asterisks. ns, non-significant.

Results

MyD88−−−/−−− and DKO Mice are Compromised in
Survival to Salmonella Infection, but Show Intact
Myeloid Cell Recruitment and DC Activation
Studies using purified agonists, such as TLR ligands and agonistic
anti-CD40 antibodies have revealed a cooperative influence of
CD40 co-stimulation and MyD88-dependent signaling on DC
function and the immune response to protein antigen (15, 16,
20, 21). However, whether these pathways act cooperatively to
influence the immune response to a bacterial pathogen, which
naturally expresses multiple TLR ligands, is unknown. We thus
generated mice deficient in both CD40 and MyD88 and orally
infected them with S. typhimurium χ4550-OVA. Infected DKO
mice succumbed earlier than mice lacking MyD88 alone, while
WT and CD40−/− mice survived the infection without signs of
severe disease (Figure 1A).

To determine the ability of the differentmouse strains to control
bacterial replication, CFUs in gut-associated tissues (PP, siLP, and
MLN), as well as in the spleen, were quantitated at different times
post-infection (pi). No significant differences in CFUs between
DKO, MyD88−/−, and CD40−/− mice at day 3 pi were found
(Figure 1B). In PP at day 3 pi, CFUs of MyD88−/− mice were
higher than those of WT mice, while in MLN the CFUs of both
MyD88−/− andDKOwere higher than those ofWTmice. By con-
trast, CFUs in spleen were low in all infected groups (Figure 1B).
At day 6 pi, CFUs in siLP andMLNofDKOmicewere significantly
higher than those in WT and CD40−/− mice, while CFUs in PP
and spleen were similar in all groups (Figure 1C). Consistent with
the survival data, DKO and MyD88−/− mice had significantly
higher CFUs relative to CD40−/− and WT mice at day 13 pi
(Figure 1D).

Increased CFUs in DKO andMyD88−/− mice early after infec-
tion could be due to differences in recruitment of innate cells with

anti-bacterial function, such as neutrophils and inflammatory
monocytes (25–28). However, no significant differences in these
populations were apparent at day 6 or 13 pi (Figure S1 in Sup-
plementary Material). Thus, bacterial control and host survival
are strongly influenced by MyD88 deficiency, while CD40 defi-
ciency influences susceptibility to S. typhimurium χ4550 only
in combination with MyD88 deficiency. Moreover, the observed
survival differences are independent of defects in recruitment of
neutrophils and inflammatory monocytes.

As differences in survival to S. typhimurium infection between
WT and CD40−/− mice relative to DKO and MyD88−/− mice
became apparent 7–10 days pi, we hypothesized that an impaired
adaptive immune response toward Salmonella may be underly-
ing this observation. We first analyzed the DC compartment in
gut-associated tissues for the abundance of CD103+CD11b−,
CD103+CD11b+, and CD103−CD11b+ DCs, which can dif-
ferentially impact the T cell response (29). No significant dif-
ference in the frequency of these DC subsets was found in
the different mouse strains infected with Salmonella (Figure S2
in Supplementary Material). Likewise, no difference in the fre-
quency of CD103+CD11b− or CD103−CD11b+ DCs in the
spleen of infected mice was apparent except for slightly reduced
CD103+CD11b− DCs at day 6 pi (Figure S3B in Supple-
mentary Material). However, we observed a relative paucity of
CD103+CD11b+ (P2) DCs in the siLP of CD40−/− mice at
day 6 pi (Figure S2C in Supplementary Material, middle panel)
although not statistically significant. This could reflect migration
and/or death of the cells at day 6 pi. We next investigated the
expression of CD80 and CD86 on DC subsets and found no
significant difference on the DC subsets in spleen (Figures S3C,D
in Supplementary Material) or gut-associated tissues (data not
shown). Moreover, the frequency of CD4+ and CD8+ T cells was
not significantly different between themouse strains in the organs
analyzed at day 6 or 13 pi (data not shown). Thus, the observed
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FIGURE 3 | MyD88-dependent TLR signaling is indispensable to initiate efficient T cell proliferation and Th1 differentiation. Ex vivo T cell proliferation
assays were performed using DCs isolated from the spleen of the indicated mice pulsed with HKSOVA (A,B), OVA protein (C), or OVA323–339 peptide (D) followed by
addition of CTV-labeled OT-II cells for 5 days. (A) Representative dot plots showing CTV dilution as a measurement of cell division after 5 days of co-incubation with
HKSOVA-pulsed DCs. (B–D) The frequency of proliferating OT-II cells, as well as IFN-γ and IL-10 measured in the same co-culture supernatants, stimulated by DCs
from the indicated mouse strain pulsed with (B) HKSOVA, (C) OVA protein, and (D) OVA323–339 peptide (111 ng) are shown. Black bars represent DCs from CD40−/−,
white bars from MyD88−/−, gray bars from DKO, and hatched bars from WT mice. Horizontal dashed lines in the right panels indicate the detection limit for IL-10.
Results are pooled from two (A,B), three (C), or two to three (D) independent experiments with a total of 7 (A,B) or 9 (C,D) mice/group. Error bars indicate SD and
statistical significance between groups was assessed using Kruskal–Wallis test followed by Dunn’s multiple comparison test. Statistical significance is indicated by
asterisks. All other comparisons are non-significant.
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FIGURE 4 | MyD88-dependent signaling is necessary for gene regulation. DCs were isolated from the spleen of the indicated mice and stimulated with
HKSOVA prior to co-incubation with OT-II cells. Co-incubation was stopped after 1, 6, 24, or 48 h and gene expression was analyzed by qPCR. Gene expression is
depicted as fold change against control reactions without HKSOVA normalized against HPRT expression (2ΔΔCT). Gene expression of A20 (A), ABIN-2 (B), cRel (C),
NIK (D), TICAM-2 (E), and β-catenin (F) at the indicated time points are depicted. Black bars represent DCs from CD40−/−, white bars from MyD88−/−, gray bars
from DKO, and hatched bars from WT mice. Results are pooled from two to three independent experiments with a total of 7–12 mice per group and time point
assessed in duplicates. Bars depict the mean±SD. Statistical significance between groups was assessed using Kruskal–Wallis test followed by Dunn’s multiple
comparison test. Statistical significance is indicated by asterisks. All other comparisons are non-significant.

differences in survival of the mouse strains to oral Salmonella
infection are independent of differential recruitment of myeloid
cells, DC abundance, and expression of CD80 and CD86 on DCs
in infected tissues.

Infected MyD88−−−/−−− and DKO Mice Lack IFN-γγγ and
Show Elevated Systemic IL-10
IFN-γ is critical in controlling Salmonella infection (30, 31), and
differential production of this cytokine during infection of the
different mouse strains could impact survival. Initial experiments

used multiplex analysis to assess Th1/Th2/Th17/Th22 cytokines
and significant differences were found for IFN-γ and IL-10, which
were verified by ELISA. While IFN-γ was significantly increased
in the serum of infected WT and CD40−/− mice, MyD88−/−

and DKO mice lacked detectable IFN-γ (Figure 2A). By contrast,
infected MyD88−/− and DKO mice showed increased serum IL-
10 that peaked at day 9 pi while no IL-10 was detected in infected
WT or CD40−/− mice (Figure 2B). Thus, during S. typhimurium
infection,WT andCD40−/− mice produce the Th1 cytokine IFN-
γ, while MyD88−/− and DKOmice produce IL-10 but not IFN-γ.
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DCs Lacking Both MyD88 and CD40 Induce
Increased IL-10 to Bacterial Antigen and
Reduced T Cell Proliferation to Protein Antigen
The data thus far suggest that differences in DC subset abundance
or CD80/86 expression on DCs, as well as CD4+ or CD8+ T
cell numbers in infected tissues, do not explain the observed
difference in survival of the mouse strains to Salmonella infec-
tion. Instead, differences in serum levels of IFN-γ versus IL-
10 may contribute to survival differences. At later times during
infection, predominant sources of these cytokines are T cells
rather than innate immune cells. We thus examined the abil-
ity of isolated splenic DCs to drive proliferation and cytokine
production of antigen-specific CD4+ T cells. To this end, DCs
were pulsed with HKSOVA prior to co-incubation with OVA-
specific OT-II T cells for 5 days. DCs from both CD40−/− and
WT animals induced significantly higher OT-II proliferation and
IFN-γ production than DCs from MyD88−/− or DKO mice
(Figures 3A,B). No difference in T cell proliferation or in IFN-γ
production between HKSOVA-pulsed MyD88−/− and DKO DCs
was detected (Figures 3A,B). However, supernatants from co-
cultures containing HKSOVA-pulsed DKO DCs contained signifi-
cantly more IL-10 compared to DCs from all other mouse strains
(Figure 3B).

Previous studies examiningCD40-TLR cooperation inDCacti-
vation were performed using purified protein or peptide antigen
(15, 20, 32, 33). We thus performed co-culture experiments using
DCs pulsed with LPS-depleted OVA protein or OVA323–339 pep-
tide. Similar to the results using HKSOVA as antigen, WT and
CD40−/− DCs pulsed with OVA protein were significantly better
in inducing T cell proliferation (Figure 3C, left) and IFN-γ pro-
duction (Figure 3C, middle) thanMyD88−/− or DKODCs. DKO
mice were significantly less efficient than MyD88−/− mice in
inducing OT-II proliferation to both OVA protein and OVA323–339
peptide, while this was not the case for HKSOVA-pulsed DCs
(Figures 3B–D, left).Moreover, withOVAprotein as antigen, DCs
fromWTmice producedmore IFN-γ relative to OVA-pulsed DCs
from the other genotypes (Figure 3C, middle). Little or no differ-
ence in IFN-γ production was apparent between MyD88−/− and
DKO DCs pulsed with any of the three antigens (Figures 3B–D,
middle).

Interestingly, we could not detect IL-10 production above
baseline when MyD88 sufficient DCs were stimulated with OVA
protein (Figure 3C, right). By contrast, IL-10 in co-culture
supernatants of MyD88−/− or DKO DCs pulsed with OVA
protein was significantly higher than IL-10 in supernatants of
CD40−/− DCs (Figure 3C, right). Moreover, using HKSOVA-
pulsed DCs, IL-10 production in co-cultures with DKO DCs
was higher than DCs from all other mouse strains (Figure 3B,
right). By contrast, OVA323–339 peptide-pulsed MyD88-deficient
DCs did not elicit IL-10 above background (Figure 3D, right).
In general, DCs pulsed with HKSOVA produced the greatest
amount of IL-10 relative to OVA or OVA323–339 peptide. Since
CD40 has been described as an essential survival factor for DCs
in vivo (6), we assessed if lack of CD40 influenced survival
of DCs in the co-cultures. However, parallel cultures stained
with Annexin V to assess viability revealed no significant dif-
ferences in survival of DCs from MyD88−/− or DKO mice

relative to each other or to WT or CD40−/− DCs (data not
shown).

Thus, combined deficiency of MyD88 and CD40 in DCs
adversely affects OT-II proliferation to OVA protein and
OVA323–339 peptide, but not HKSOVA, relative to MyD88
deficiency alone. By contrast, DCs lacking MyD88 alone or both
MyD88 and CD40, pulsed with any of the three antigens tested,
have a similar ability to induce IFN-γ which is lower than that of
DCs from WT or CD40−/− mice. Moreover, DKO DCs pulsed
with HKSOVA, but not with protein or peptide antigen, show
increased IL-10 in culture supernatants relative to DCs lacking
only MyD88.

MyD88-Dependent Signaling is Necessary For
Gene Regulation
Bidirectional crosstalk between DCs and antigen-specific T cells
results in induction of signaling pathways in both cell types that
influence their cytokine production.We thus assessed the kinetics
of gene expression in DCs co-cultured with T cells. Initial exper-
iments included methods to separate DCs and T cells after the
co-culture using different washing steps or CD4+ MACS beads
to magnetically separate CD4 T cells from DCs. This resulted
in a loss of cells and flow cytometry analyses revealed that up
to 40% of CD4+ T cells remained in the DC fraction even
after separation (data not shown). This may be due to the tight
interaction between DCs and T cell following co-culture. In the
absence of an effective way to separate DCs and T cells after co-
culture without significant cell loss, we used RNA isolated from
HKSova-stimulated OT-II T cells without DCs as the reference
against which differential gene expression was normalized. While
WT and CD40−/− DCs pulsed with HKSOVA and co-cultured
with OT-II cells resulted in differential expression of NFκB- and
NFκB2-dependent genes, alterations in gene expression were rel-
atively small in co-cultures containing DCs fromMyD88−/− and
DKO mice (Figure 4). A20 and ABIN-2, inhibitors of NFκB-
and NFκB2 activation, respectively, were initially upregulated
in WT and CD40−/− DCs before returning to basal expression
levels 48 h post co-incubation (Figures 4A,B). Expression of these
genes was higher 6 h post co-incubation in WT DCs compared to
the other DCs, particularly DKO DCs (Figures 4A,B). A similar
pattern was observed for cRel and NIK, activators of NFκB and
NFκB2, respectively (Figures 4C,D). Early expression of cRel in
DCs from CD40−/− and MyD88−/− mice co-cultured for 1 h
with OT-II cells, however, was higher than in DKO and WT
DCs (Figure 4C). The MyD88-independent adaptor molecule for
TLR4 signaling, TICAM-2, was increased in co-cultures with DCs
from all four mouse strains over time with a higher upregula-
tion in WT and CD40−/− DCs than in MyD88−/− and DKO
DCs (Figure 4E). By contrast, the NFκB-independent gene β-
catenin was only significantly upregulated in WT DCs 6 h post
co-incubation (Figure 4F). Thus, HKSOVA-pulsed DCs from WT
and CD40−/− mice have higher induction of NFκB-dependent
and -independent genes upon co-culture with OT-II cells than
MyD88−/− and DKO DCs. Moreover, combined deficiency of
MyD88 and CD40 did not alter expression of any of the genes
examined relative to MyD88 deficiency alone upon stimulation
with HKSOVA.
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Discussion

Using purified antigens and agonistic ligands, it has been demon-
strated that MyD88-dependent signaling can act in synergy with
CD40 stimulation to fully license DCs and induce competent Th1
cells (15, 20). By generating mice deficient in both MyD88 and
CD40, we set out to elucidate whether synergy between MyD88
and CD40 influences the anti-bacterial immune response during
infection with a live pathogen. We showed that MyD88 deficiency
is predominant in vivo and overshadows an additional influence
of CD40 signaling. This is exemplified by the highly susceptible
yet similar response of both MyD88−/− and DKO mice to oral
Salmonella infection and similar CFUs in infected tissues.

Even though DKO mice succumbed to Salmonella infection
earlier than MyD88−/− mice, both strains had low serum IFN-
γ and elevated IL-10. Thus, in the absence of MyD88, IL-10-
producing T cells instead of Th1 cells predominate in infected
mice as reflected in serum cytokine levels. It has been demon-
strated that, in the absence of Th1 cells, infected mice produce
large quantities of IL-10 and readily succumb to infection with
attenuated aroA−aroD− S. typhimurium (34). The increase in
serum IL-10 may indicate functional skewing toward Treg differ-
entiation, which has been linked to inadequate CD40 signaling
(17, 35) and the strength and duration of T cell activation (7).
Indeed, our co-culture experiments showed that DCs lacking both
MyD88 and CD40 had more IL-10 in the supernatant relative
to DCs lacking MyD88 alone with HKSOVA as stimulus. This
differed from in vivo infection data where infected MyD88−/−

and DKO mice showed similar levels of elevated serum IL-10.
This may be attributed to the global nature of the genetic dele-
tions in the knockout mice. That is, an influence of all cells
lacking the genes is apparent in vivo while only DCs lacked the
gene(s) in the co-culture system. Indeed, TLRs and CD40 on
T cells can also influence effector functions (36, 37); the lack
of these signals in T cells in vivo may thus also differentially
influence results from in vivo experiments versus defined co-
culture systems. In vivo, Salmonella-infected mice lacking CD40
had somewhat higher IFN-γ thanWTmice, which was not appar-
ent in in vitro co-cultures for likely the same reasoning regarding
in vitro versus in vivo settings. The somewhat higher IFN-γ in
the serum of Salmonella-infected CD40−/− mice differs from
the requirement for CD40 in IFN-γ production by Leishmania-
infected Balb/c mice (17) and IFN-γ-producing T cells at early,
but not later, time points in a graft versus host disease model
(35). Different experimental models, the genetic background of
the mouse strain, and time points examined may factor into
the requirement of CD40 for production of different cytokines
in vivo.

To reflect the in vivo infections, initial co-culture experiments
used HKSOVA as antigen that, as discussed above, revealed an
influence of CD40 beyond that of MyD88 with respect to IL-10
production. However, DCs lacking MyD88 alone or both MyD88
and CD40 similarly drove proliferation of, and IFN-γ by, OT-
II cells in co-culture experiments using HKSOVA as antigen. To
determine how the complexity of the antigen influenced a syn-
ergistic effect of MyD88 and CD40 on DC function, co-cultures
were also performed using OVA protein or OVA323–339 peptide.
Interestingly, both of these purified antigens revealed a synergistic

effect of MyD88 and CD40 on OT-II proliferation with little if
any effect on IFN-γ production. As we did not add an agonistic
anti-CD40 antibody to our co-cultures, these results are consistent
with previous findings (20, 38). Overall, data from the co-culture
experiments using the three types of antigen (HKSOVA, OVA, and
OVA323–339 peptide) showed that synergistic effects ofMyD88 and
CD40 may be apparent on some (IL-10 production) but not all
(induction of proliferation and IFN-γ production) DC functions,
depending on the complexity of the antigen. Indeed, synergistic
effects observed using purified, well-defined antigens may not
necessarily be revealed when complex antigens, such as bacteria,
challenge the immune system where the diverse array of anti-
gens and receptor ligands displayed by bacteria trigger numerous
pathways in multiple cell types to facilitate host survival.

Consistent with the proliferation and IFN-γ results from co-
culture experiments, a synergistic effect of MyD88 and CD40
on induction of NFκB-dependent and -independent genes in
DCs was not apparent using bacteria as antigen. That is, MyD88
deficiency was predominant and a synergistic effect of CD40 and
MyD88 on gene expression was not apparent. This supports that
the activation of DCs via MyD88-dependent signaling is predom-
inant during the activation of T cells. Upregulation of TICAM-2,
an additional TLR4-binding adapter for MyD88-independent DC
activation (39), may contribute toMyD88-independent activation
of DCs in response to HKSOVA.

Overall, our data using mice with a single or double deficiency
in MyD88 and CD40 revealed that synergistic effects of CD40
and MyD88 do not influence host survival to Salmonella infec-
tion, CFUs in infected tissues or serum levels of IFN-γ or IL-
10. However, synergistic effects of CD40 and MyD88 become
apparent when analyzing DC-driven aspects of T cell activation
in co-cultures, such as proliferation and cytokine production, and
depend on the complexity of the antigen used. Our data contrast
previous studies showing that signaling via MyD88 and CD40
together is needed to initiate IL12p70 secretion and Th1 differ-
entiation (15, 20). However, these in vivo studies were carried out
using LPS-free purified protein antigen and agonistic CD40 anti-
bodies. Instead, we used the complex, multi-ligand live pathogen
Salmonella, which allowed analysis of the mechanisms that take
place during bacterial infection. Overall, our data support that
the complexity of the antigen analyzed can differentially influence
the ability of DCs to drive CD4 T cell proliferation and cytokine
production in vitro. Moreover, the effects of DC function on T
cells observable in defined cultures in vitromay not translate into
differences in host survival to infection with bacterial pathogens
where multiple cell types and complex cytokine environments
determine the ultimate outcome to bacterial challenge.
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