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Abstract
Salmonella infection triggers activation of innate immune cells through the interaction of bacterial
products with Toll-like Receptors (TLRs). Toll/IL-1 domain-containing adaptor protein (TIRAP) is
an adaptor protein involved in downstream signaling through TLR-1, TLR-2, TLR-4, and TLR-6.
We examined the role of TIRAP during infection with attenuated Salmonella. Surprisingly, TIRAP-
deficient mice were fully capable of resolving primary infection with Salmonella and actually
exhibited accelerated clearance of bacteria at a late stage of the infection. Consistent with enhanced
bacterial clearance, TIRAP-deficient mice resolved bacterial-associated splenic inflammation more
rapidly than wild-type (Wt) mice and splenocytes from Salmonella-infected TIRAP-deficient mice
produced more IFN-γ upon in vitro re-stimulation. Upon secondary challenge, TIRAP-deficient and
Wt mice displayed a similar level of protective immunity against virulent Salmonella. Together these
data indicate that TIRAP-mediated signaling is completely dispensable for clearance of
Salmonella infection, and actually has a mild deleterious effect upon the resolution of primary
infection.
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Introduction
Human typhoid is caused by infection with Salmonella enterica serovar typhi and remains a
considerable health care problem in many parts of the developing world. Salmonella
enterica serovar typhimurium (hereafter referred to as S. typhimurium) infection of inbred
mouse strains provides the best model to study human typhoid in a laboratory setting [1].
Murine S. typhimurium infection causes rapid activation of innate and adaptive immune
responses [2,3]. Understanding the processes by which Salmonella infection activates cells of
the innate and adaptive immune system is critical to the rational design of novel therapeutics
and vaccines against typhoid.
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Toll-like receptors (TLRs) are expressed by many eukaryotic cells and represent an important
means by which a host can identify pathogenic microbes and produce a rapid inflammatory
response [4]. Salmonella express several microbial signatures that have the potential to activate
TLRs in vivo, including lipopolysaccharide (LPS) [5,6], flagellin [7,8], and lipoproteins [9].
Although each of these bacterial products has been shown to activate innate immune cells in
vitro, it is not yet clear which of these products is most important in eliciting an inflammatory
response during Salmonella infection, or whether there exists significant redundancy in this
process. One recent report demonstrated that TLRs are temporarily activated in response to
Salmonella infection, suggesting that different TLRs contribute to innate activation at different
stages following infection [9].

Activation of TLRs encourages dimerization of the receptor, leading to the recruitment of
cytoplasmic adaptor proteins such as MyD88 and TIRAP to the signaling complex [10]. The
importance of adaptor protein recruitment for TLR activation during Salmonella infection has
been elegantly described. C3H/HeJ mice have a point mutation in the TIR domain of TLR4
preventing the recruitment of adaptor proteins and the ability to respond to Salmonella LPS
[5,6]. An alternate group of cytoplasmic adaptor proteins, Toll/IL1R domain containing
adaptor inducing IFN-β (TRIF) and TRIF-related adaptor molecule (TRAM), are also involved
in MyD88-independent TLR signaling [10]. Recruitment of these adaptor proteins to the TLR
signaling complex leads to NF-kB and p38 activation, and is required for optimal production
of inflammatory cytokines in response to most TLR ligands [11-14].

Although MyD88 plays a major role in signaling through most TLRs, TIRAP is thought to be
required for signaling through TLR1/2, TLR2/6, and TLR4 but dispensable for signaling
through TLRs 3, 5, 7, and 9 [14,15].

MyD88 signaling is required for the activation of NADPH Oxidase activity in Salmonella-
infected phagocytes [16], and MyD88-deficient mice display enhanced susceptibility to
Salmonella infection [9]. These data demonstrate the importance of TLR signaling for bacterial
clearance after Salmonella infection. However, it remains unclear which TLRs are critical to
innate immune activation and whether TIRAP contributes significantly to innate responses to
Salmonella.

As noted above, the importance of TLR4 signaling to resolution of Salmonella infection has
been clearly documented [5,6]. The contribution of other TLRs during Salmonella infection is
less clear. TLR5 is activated by Salmonella flagellin [7,8] and it was previously thought that
a mutation in TLR5 might be responsible for the increased susceptibility to Salmonella
displayed by MOLF/Ei mice [17]. However, recent reports point to an alternative deficiency
in MOLF/Ei mice [18], and indicate that TLR5 deficiency has only a modest effect on
Salmonella clearance [19,20]. Although macrophage expression of TLR2 is increased upon
Salmonella infection, and signaling through TLR2 may be required for optimal macrophage
activation, TLR2-deficient mice display only mildly increased susceptibility to Salmonella
[9]. Therefore, the involvement of TLRs other than TLR2, 4, or 5, during Salmonella infection
is suggested by the increased susceptibility of MyD88-deficient mice, but currently remains
undefined.

The restricted nature of TIRAP involvement in TLR1/2, TLR2/6, and TLR4 signaling
suggested that TIRAP deficiency could help elucidate the involvement of this group of TLRs
during Salmonella infection. A recent study demonstrated that TIRAP expression in the lung
is required for host resistance to Klebsiella pneumoniae, but not Pseudomonas aeruginosa
infection [21]. Thus, different bacterial infections appear to preferentially target a limited range
of TLRs in order to activate innate inflammatory responses. Although previous studies have
confirmed a role for MyD88, TLR4 and TLR5 during the innate immune response to
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Salmonella, the role of the TIRAP has not been directly examined. Given the association
between TIRAP and TLR4 signaling, it might be anticipated that TIRAP plays an important
role in innate immune protection against Salmonella. However, our data demonstrate that
TIRAP-deficient mice have no deficiency in the resolution of primary Salmonella infection,
and in fact display a mild acceleration in bacterial clearance. Furthermore, TIRAP-deficient
mice more rapidly resolved the splenic inflammation accompanying Salmonella infection,
developed increased T cell IFN-γ production, and were protected from secondary infection
with virulent Salmonella. Together, these data suggest a paradoxical detrimental role for
TIRAP signaling during primary bacterial infection.

Materials and Methods
Mouse strains

TIRAP-deficient mice [15] were generously provided by Dr. Medzhitov, Yale University, and
were backcrossed to C57BL/6 for 8-10 generations in our animal facility. F10 C57BL/6
TIRAP-deficient mice were screened by PCR for TIRAP deficiency and maintained by
intercrossing homozygous pairs. SM1 Rag-deficient TCR transgenic mice expressing CD90.1
and CD45.1 alleles have been described [22,23]. C57BL/6 mice were purchased from NCI-
Frederick, (Frederick, MD) and were used at 8-16 weeks of age. All mice were housed in
specific pathogen-free conditions and cared for in accordance to Research Animal Resources
(RAR) practices at the University of Minnesota.

Salmonella infection and bacterial colonization in vivo
S. typhimurium BRD509 and SL1344 strains were grown overnight in LB broth without
shaking and diluted in PBS after determining bacterial concentrations using a
spectrophotometer. Mice were infected intravenously with 5×105 bacteria via the lateral tail
vein, and monitored daily for signs of infection. In all infection experiments, the estimated
bacterial dose was confirmed by plating serial dilutions onto MacConkey agar plates, and
incubating overnight at 37°C. To determine bacterial colonization in vivo, spleens from infected
mice were removed and homogenized in PBS and serial dilutions were plated on MacConkey
agar plates. Plates were incubated overnight at 37°C and bacterial counts determined for each
individual organ.

IFN-γ Elisa
Spleens were harvested from infected Wt and TIRAP-deficient mice and a single cell
suspension generated. Spleen cells were placed in 96-well plates and incubated for 48 hours,
with and without the addition of Heat-Killed Salmonella typhimurium (HKST). Supernatants
were harvested and transferred to protein-binding plates previously coated with purified
antibody specific for IFN-γ (eBioscience, San Diego, CA). IFN-γ production was visualized
using a biotin-conjugated antibody for IFN-γ (eBioscience) extravidin peroxidase (Sigma, St.
Louis, MO), and O-Phenylenediamine substrate (Sigma). Color change was determined using
a SpectraMax M2 microplate reader (Molecular Devices, Sunnyvale, CA).

Salmonella-specific antibody
High protein binding plates were prepared by adding HKST diluted in carbonate buffer and
incubating overnight at 4°C. Free binding sites were blocked by adding 10% FCS/PBS and
plates were washed 4× in PBS/Tween. Blood was obtained from mice by retro-orbital bleeding
and serum recovered and stored at -20°C. Serum samples were thawed, diluted in FCS/PBS
and incubated on plates for one hour at 37°C. After further washing, biotin-conjugated antibody
for IgG2a (eBioscience), extravidin peroxidase, and O-Phenylenediamine substrate were added
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sequentially to the plates. Color change was determined using a SpectraMax M2 microplate
reader.

Adoptive Transfer of SM1 cells
Spleen and lymph nodes (inguinal, axillary, brachial, cervical, and mesenteric) were harvested
from SM1 Rag-deficient, congenic TCR transgenic mice [22] and a single cell suspension
generated. An aliquot of cells was stained using antibodies specific for to CD4, Vβ 2, CD90.1,
or CD45.1 (eBioscience), and the percentage of SM1 cells determined by flow cytometry using
a FACSCanto (BD Biosciences, San Jose, CA). In some experiments SM1 cells were incubated
with CFSE for 10 minutes at 37°C immediately prior to adoptive transfer. For transfer, 1-5
×106 SM1 cells were injected intravenously into a recipient C57BL/6 or TIRAP-deficient
mouse via the lateral tail vein.

Flow Cytometric Analysis
Spleens were harvested and a single cell suspension re-suspended in Fc Block (24G2
supernatant plus rat and mouse serum) containing a variety of surface staining antibodies and
incubated for 30 minutes at 4°C. Surface staining antibodies included, Fluoroscein
isothiocyanate- (FITC-), phycoerytherin- (PE-), CyChrome-, PE-Cy5-, or allophycocyanin-
conjugated antibodies specific for CD4, CD11a, CD45.1, and CD90.1. After staining, cells
were fixed and data acquired using a FACSCanto. Data analysis was accomplished using
FlowJo software (TreeStar, San-Carlos, CA).

Tracking SM1 cells in vivo
After Salmonella infection, spleen cells were harvested at different time points into Eagle’s
Hanks Amino Acids Medium (EHAA) (Biofluids, Rockville, MD) containing 2% fetal bovine
serum and 5mM EDTA. Cells were stained as described above and the percentage of SM1 cells
per spleen was determined by flow cytometry.

Results
TIRAP-deficient mice display accelerated clearance of primary Salmonella infection

In order to examine the role of TIRAP during Salmonella infection, TIRAP-deficient C57BL/
6 and Wild-type (Wt) mice were infected intravenously with 5×105 attenuated Salmonella
(BRD509) and the number of bacteria in the spleen monitored over time. In both Wt and
TIRAP-deficient mice, the number of bacteria expanded between 1 and 3 weeks after infection,
began to reduce around 3 weeks post-infection, and was finally below the limit of detection 7
weeks after infection (Fig. 1A). Interestingly, the number of bacteria at 5 weeks post-infection
was significantly lower in TIRAP-deficient versus Wt mice (Fig. 1A). We therefore specifically
re-examined bacterial burdens at late time points following infection of TIRAP-deficient and
Wt mice. Bacterial burdens were somewhat higher overall in this experiment but, as noted in
the previous experiment, TIRAP-deficient mice had significantly lower bacterial burdens than
Wt mice at later time points after infection (Fig. 1B). These data demonstrate first of all that
TIRAP is not required for the resolution of Salmonella infection, and secondly that bacterial
clearance occurs more rapidly in TIRAP-deficient mice.

TIRAP-deficient mice make more IFN-γ and resolve splenic inflammation more rapidly than
Wt mice

The onset of Salmonella clearance around 3-weeks post-infection is mediated by an adaptive
immune response that requires the production of IFN-γ [24,25]. We therefore examined the
production of IFN-γ by splenocytes from infected TIRAP-deficient and Wt mice, following in
vitro re-stimulation with Salmonella antigens. Splenocytes from TIRAP-deficient mice
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produced more IFN-γ in response to stimulation than splenocytes from Wt mice (Fig. 2A),
correlating with the enhanced clearance of bacteria in vivo. Next, we examined the cellular
composition of the spleen of TIRAP-deficient and Wt mice at a late stage after infection. The
spleens of TIRAP-deficient mice were smaller than Wt mice at this stage (data not shown),
consistent with early bacterial clearance. Indeed, the spleen of TIRAP-deficient mice contained
a higher percentage of B cells, CD8 T cells, and CD4 T cells, and a much lower percentage of
NK1.1+ and CD11b+ than were detected in infected Wt spleens (Fig. 2B). These data suggest
that the inflammatory infiltration of NK cells and macrophages is more rapidly resolved in
TIRAP-deficient mice, consistent with rapid bacterial clearance.

Salmonella-specific CD4 T cells expand and persist normally in TIRAP-deficient mice
Given the difference in bacterial clearance in TIRAP-deficient and Wt mice and the role of
CD4 T cell in Salmonella immunity, we examined the development of Salmonella-specific
CD4 T cell responses in TIRAP-deficient and Wt mice. TIRAP-deficient and Wt mice were
adoptively transferred with SM1 cells and spleens harvested on day 3, 7, and 18 following
Salmonella infection or immunization with HKST. Three days after infection or HKST
immunization SM1 T cells expanded to a similar degree (Fig. 3-Day3), and had undergone a
similar number of cell divisions (Fig. 4-Day3), in both TIRAP-deficient and Wt mice. These
data indicate that TIRAP-dependent inflammatory responses are not required for optimal
flagellin-specific CD4 T cell expansion. As previously reported [26], SM1 T cells contracted
and failed to enter the memory pool in Salmonella-infected Wt mice, but were clearly detected
in the memory CD4 population of HKST-immunized mice, 7 and 18 days after immunization
(Fig. 3 and 4). CD4 contraction and memory development was therefore identical in TIRAP-
deficient mice, indicating that TIRAP does not play a significant role in flagellin-specific CD4
T cell activation in response to Salmonella.

Vaccinated TIRAP-deficient mice resist secondary infection with virulent Salmonella
In addition to CD4 T cell responses, infection of TIRAP-deficient mice generated an elevated
anti-Salmonella IgG2a antibody titer similar to Wt mice (Fig. 5). Thus, after bacterial clearance
TIRAP-deficient mice had generated a robust humoral and cellular immune response to
Salmonella. One of the hallmarks of exposure to live attenuated Salmonella is the acquisition
of protective immunity to subsequent challenge with virulent Salmonella [27]. We examined
whether TIRAP is required during secondary infection by re-infecting Wt and TIRAP-deficient
mice with virulent Salmonella, 50 days following administration of BRD509. Prior to infection
a small cohort of Wt and TIRAP-deficient mice were sacrificed to confirm that primary
clearance of BRD509 had occurred in both groups (data not shown). As expected, Wt and
TIRAP-deficient mice succumbed rapidly to infection with virulent Salmonella with TIRAP-
deficient mice being slightly more susceptible than Wt mice (Fig. 6). At this relatively high
challenge dose a percentage of previously immunized Wt and TIRAP-deficient mice also
succumbed to infection. However, both Wt and TIRAP-deficient mice displayed increased
resistance to virulent infection as indicated by a delay in time of death and ultimate survival
of around 40% of infected mice (Fig. 6). These data demonstrate that TIRAP is not required
for the acquisition of protective immunity to virulent Salmonella.

Discussion
TLR signaling deficiency has a long association with the mouse model of Salmonella infection
[28], and MyD88-deficient mice certainly display increased susceptibility to infection [9].
TIRAP is an adaptor molecule that participates in MyD88-dependent TLR activation through
TLR1/2, TLR2/6 and TLR4, but is not thought to be required for signaling through other TLRs
[10]. Indeed, TIRAP deficient mice display normal inflammatory responses to ligands for
TLR5, 7, and 9 but have defects in activation through TLR1, 2, 4 and 6 [14,15]. Thus TIRAP-
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deficient mice can potentially be used to determine whether certain groupings of TLRs are
important for host defense. Recent reports have demonstrated that TIRAP is required for innate
pulmonary defense against E. coli and Klebsiella pneumoniae, but not Pseudomonas
aeruginosa [21,29]. Thus, certain pathogens appear predisposed to induce TIRAP-dependent
signaling while others are not.

Our data demonstrate that TIRAP is not required for primary clearance of Salmonella infection
in the mouse model, although these mice did display slightly increased susceptibility when
challenged with virulent Salmonella. These data are surprising, particularly given the
acknowledged importance of TIRAP to TLR4 signaling [15], the increased susceptibility of
TLR4-deficient mice to Salmonella infection [5,6], and the requirement for TIRAP in defense
against the closely related organism E. coli [29]. However, our data are consistent with a model
where MyD88-independent signaling through TLR4 is sufficient to induce the required innate
immune response to Salmonella in the absence of TIRAP. Indeed, TLR4 signaling is known
to mediate dendritic cell maturation in the absence of TIRAP, although B cell proliferation and
cytokine production are considerably diminished [14,15]. Furthermore, MyD88-independent
activation is known to cause production of IFN-β, and it is possible that this cytokine
contributes directly to Salmonella clearance in the absence of TIRAP. Alternatively, our data
might imply that during Salmonella infection TIRAP-independent TLRs such as TLR5 and
TLR9 are fully sufficient to induce maximal innate responses in vivo. Indeed, experiments
examining epithelial cell interactions with Salmonella indicate that TLR5 is the major receptor
involved in innate activation [30]. However, such a model would not explain the increased
susceptibility of TLR4-deficient mice to Salmonella infection [5,6]. These explanations are
not mutually exclusive, and we would suggest that a degree of compensation via other TLRs,
plus a role for MyD88-independent TLR4 signaling are likely to explain the lack of a
requirement for TIRAP during Salmonella infection. Whatever the explanation, our data
demonstrate a surprising lack of involvement for a major TLR4 adaptor protein in innate
immunity to Salmonella infection. However, our experiments cannot rule out a role for TIRAP
when challenging with a lower infectious dose, or by a different route.

Our experiments actually uncovered more rapid bacterial clearance, resolution of splenic
NK1.1 and CD11b cell infiltrates, and enhanced Salmonella-specific IFN-γ responses in
TIRAP-deficient mice. This mildly enhanced response was only detected towards the late stage
of bacterial clearance when adaptive immune responses mediate protective immunity [24,25].
However, it should also be noted that this small increase in IFN-γ production in TIRAP-
deficient mice also correlates with a higher percentage of CD4 T cells in the spleen of these
mice and may therefore simply be indicative of a higher frequency of Salmonella-specific Th1
cells in the in vitro culture system.

Although together our data suggested a mildly enhanced adaptive response to Salmonella in
TIRAP-deficient mice, we detected no difference in Salmonella flagellin-specific CD4 T cell
expansion, cell division, or memory frequency in TIRAP versus Wt mice. As our transferred
T cells are TIRAP-sufficient, it is possible that T cell intrinsic TIRAP signaling is somehow
detrimental to the development of IFN-γ -producing T cells. Indeed, recent data suggest an
important contributory role for TLR activation in CD4 T cell activation [31]. However, we
think it more likely that TIRAP deficiency simply forces innate immune activation through
alternative TIRAP-independent TLRs and that these TLRs are slightly more efficient in
generating an inflammatory response to clear bacteria. Thus, in Wt mice, TIRAP signaling
probably does not contribute to bacterial clearance but may actually be a liability, hindering
innate immune activation through more efficient TLRs. However, given the reported
susceptibility of TIRAP-deficient mice to E. coli and Klebsiella pneumoniae [21,29], it seems
clear that TIRAP is actively involved in signaling processes that contribute to clearance in
other bacterial infections.
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Prior exposure to attenuated Salmonella can confer enhanced immunity to challenge with
virulent Salmonella [32]. Our data demonstrate that TIRAP is not required for the development
of vaccine-induced immunity to Salmonella infection. Again these data are surprising given
the proposed role of TLR4 in Salmonella immunity and the importance of TIRAP to TLR4
signaling. Together, our data demonstrate that TIRAP is not required for primary or vaccine-
induced immunity to Salmonella infection, and indicate that TIRAP-independent pathways are
fully sufficient, and may actually be more efficient in mediating bacterial clearance in this
infection model.
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Figure 1. TIRAP is detrimental to the clearance of Salmonella infection
C57BL/6 Wt and TIRAP-/- mice were infected intravenously with 5×105 attenuated
Salmonella, BRD509. (A) Spleens from infected mice were recovered at regular intervals after
infection and the number of bacteria determined by plating serial dilutions. Data show the
number of bacteria per spleen and are representative of at least 3 mice per group. (B) Spleens
from infected mice were recovered 35 and 49 days after infection and the number of bacteria
determined by plating serial dilutions. Data show the number of bacteria per spleen and are
representative of at least 3 mice per group.
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Figure 2. Enhanced IFN-γ production and resolution of splenic infiltration in TIRAP-deficient mice
C57BL/6 Wt and TIRAP-/- mice were infected intravenously with 5×105 attenuated
Salmonella, BRD509. (A) Spleens from infected mice were harvested 35 days later and
cultured in vitro in medium alone (-Ag) or with added HKST (+Ag). Supernatants were
harvested 72 hours later and IFN-γ production measured by ELISA. Data shows the mean OD
± SD for 3 mice per group. (B) Spleens from infected mice were recovered 35 days after
infection and stained with antibodies specific for cell-specific surface markers. Data show
FACS plots for individual mice and are representative of 3 mice per group. Numbers show the
percentage of cells within each boxed gate.
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Figure 3. Normal expansion and development of Salmonella-specific memory cells in a TIRAP-
deficient environment
Wt and TIRAP-/- mice were adoptively transferred with SM1 T cells and infected intravenously
the following day with 5×105 attenuated Salmonella, BRD509 or immunized intravenously
with 1×108 HKST. Spleens were harvested at various time points later and stained using
antibodies specific for CD4 and CD90.1. FACS plots show the percentage of SM1 T cells in
the spleen of uninfected (Transfer Only), HKST immunized (HKST), and infected
(Salmonella) mice. Numbers are the percentage of SM1 cells among all live gated spleen cells.
Data are representative of 3 mice per group and 2 individual experiments.
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Figure 4. Normal activation and cell division of Salmonella-specific T cells in a TIRAP-deficient
environment
Wt and TIRAP-/- mice were adoptively transferred with CFSE-dyed SM1 T cells and infected
intravenously the following day with 5×105 attenuated Salmonella, BRD509 or immunized
intravenously with 1×108 HKST. Spleens were harvested at various time points later and
stained using antibodies specific for CD4 and CD90.1 to identify SM1 cells, and CD11a to
identify activated T cells. FACS plots show CFSE-dye dilution and CD11a expression on gated
SM1 T cells in the spleen of uninfected (Transfer Only), HKST immunized (HKST), and
infected (Salmonella) mice. There were too few SM1 cells at day 18 in infected mice to gather
sufficient data for analysis. Data are representative of 3 mice per group and 2 individual
experiments.
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Figure 5. TIRAP-deficient mice develop antibody responses after Salmonella infection
Serum was obtained from infected Wt or TIRAP-/- mice, 3 months after intravenous infection
with 5×105 BRD509, and from naïve Wt mice. IgG2a responses to Salmonella were determined
by ELISA. Data show mean Salmonella-specific IgG2a titers ± SD of 8-9 mice per group.
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Figure 6. Development of protective immunity against virulent Salmonella in TIRAP-deficient mice
C57BL/6 Wt and TIRAP-/- mice were infected intravenously with 5×105 attenuated
Salmonella, BRD509 and 50 days later naïve or vaccinated mice were challenged intravenously
with 1×105 virulent Salmonella SL1344. Cages were monitored daily for death or moribund
mice. Data show percentage survival of mice using combined data from 2 individual
experiments and at least 10 mice per group.
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