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Abstract

It is well established that Toll-like receptors (TLRs) play a critical role in the generation of innate 

immune responses and thereby also play an important, indirect role in the initiation of subsequent 

adaptive T cell responses. However, T cells also express certain TLRs, and we have focused on 

the physiological importance of direct TLR signaling in T cells. TLRs can function as co-

stimulatory receptors that complement TCR-induced signals to enhance effector T cell 

proliferation, survival and cytokine production. We also found that TLR signaling pathways in T 

cells are required for the effective clonal expansion of antigen-specific T cells during infection in 

vivo. Thus, the importance of TLRs in T cell-mediated immunity reflects both T cell-extrinsic and 

T cell-intrinsic components, which warrants a reconsideration of the dogma that restricts germ-line 

encoded pattern recognition to cells of the innate immune system.
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Introduction

The mammalian Toll-like receptor (TLR) family is a major class of germ-line encoded 

pathogen recognition receptors that play an important role in host defense. The family is 

known to include at least 11 members, which detect a broad range of pathogen-associated 

molecular patterns (PAMPs) [1]. TLRs 2, 4, 5 and 11 are expressed on the cell surface and 

recognize bacterial lipoproteins, lipopolysaccharide (LPS), flagellin and profilin, 

respectively. TLRs 3, 7, 8 and 9 are expressed in endosomal compartments and are involved 

in the recognition of viral and bacterial nucleic acids. While TLRs have generally been 

considered a means to distinguish “non-self” from “self”, it is interesting to note that 

endogenous molecules may also act as TLR ligands. Heat shock proteins (HSPs) and 

extracellular matrix components, such as fibronectin and hyaluronan are released during 

stressful tissue injury and have been reported to activate the innate immune system through 

TLR2 and TLR4 [2–5], though the potential contamination of these endogenous ligands with 

PAMPs is a concern in some of these studies [6, 7]. In addition, chromatin complexes 
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released from damaged cells contain nucleic acids that may engage TLR3, TLR7 and TLR9 

[8, 9]. In analogy to PAMPs, these putative endogenous ligands may be considered damage-

associated molecular patterns (DAMPs) [10].

Toll-like receptors contain a leucine-rich repeat motif, which serves as a ligand binding 

domain, and a cytoplasmic Toll/interleukin-1 receptor (TIR) domain that initiates signal 

transduction [11]. The super-family of TIR-domain-containing receptors also includes the 

IL-1R/IL-18R family. These receptors act by recruiting and homodimerizing with TIR 

domain-containing adaptors proteins. Myeloid differentiation protein 88 (MyD88) is a major 

adaptor protein linking these receptors to downstream signaling molecules. MyD88 is 

required for signaling through all TLRs except TLR3, which signals through the adaptor 

molecule Toll/IL-1R domain-containing adaptor-inducing IFN-β (TRIF), and TLR4, which 

can signal through both MyD88- and TRIF-dependent pathways. Recruitment of MyD88 

leads to the activation of IL-1 receptor-associated kinases (IRAKs) and TNF receptor-

associated factor 6 (TRAF6), ultimately resulting in the activation of transcription factors, 

including NFκB. In addition to this sequence of events, MyD88 has also been shown to 

activate the PI-3 kinase pathway, to induce IFN regulatory factor IRF-1, IRF-5 and IRF-7 

and to play a role in Fas-mediated and IFNγ receptor-mediated signaling [12–17].

Toll-like receptors are highly expressed on myeloid cells of the innate immune system, such 

as macrophages and dendritic cells, and have been studied most extensively in these cell 

types. TLR engagement has been found to enhance antigen presentation, upregulate co-

stimulatory molecule expression and promote the production of pro-inflammatory cytokines 

[18]. Thus, TLRs have traditionally been considered to play an important role in indirectly 

controlling T cell responses through the innate immune system. However, we and others 

have found that T cells themselves express TLRs, and we have focused on whether TLR 

signaling in T cells also contributes directly to T cell-mediated immune responses.

TLR expression on T cells

A number of studies have examined the expression of TLRs 1–10 on various subsets of 

purified T cells. In two studies, sorted CD4+CD45RBhigh T cells from C57/BL6 (B6) mice 

were found to express TLR1, 2, 3, 6, 7 and 8, but low to undetectable levels of TLR 4, 5 and 

9 mRNA [19, 20]. Naïve CD8+ T cells from B6 mice were reported to express mRNA for 

TLR1, 2, 6 and 9 but not TLR4 [21, 22]. We have found that naïve CD4+ T cells from 

BALB/c mice express mRNA for TLR3, 4, 5 and 9 [23]. Regarding protein expression, 

TLR2, 3, 4 and 9 protein have been reported to be found on CD4+ T cells via flow 

cytometry [24], and TLR2 protein has been detected by flow cytometry on CD8+ T cells 

[21, 22]. Lastly, human T cells isolated from peripheral blood have also been reported to 

express mRNA for most TLRs, though there is a considerable variation in the reported 

expression levels in these studies [25–27]. Protein expression of TLR2, 3, 4, 5 and 9 has also 

been detected by flow cytometry [26, 28–30].

Interestingly, TLR expression on T cells also appears to be regulated by TCR-dependent 

activation. We have found that naïve BALB/c CD4+ T cells upregulate TLR3 and TLR9 

mRNA in response to TCR stimulation by αCD3 antibodies [23]. Furthermore, while naïve 
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BALB/c T cells were shown to express intracellular TLR2, expression on the cell surface 

was only readily detectable by flow cytometry following a CD3-induced activation [31]. 

Similarly, B6 CTLs express higher levels of TLR2 mRNA than naïve CD8+ T cells [21], 

and TCR stimulation increases surface expression of TLR2 protein as detected by flow 

cytometry [22]. Antigen-experienced T cells appear to continue to maintain higher levels of 

TLR expression, since mouse CD4+CD45RBlow memory cells have also been shown to 

express higher mRNA levels of most TLRs than naïve CD4+CD45RBhigh T cells [19] and 

human CD45RO+ memory CD4+ T cells express higher levels of TLR2 than naïve T cells 

[29].

To summarize, while TLR expression on various T cell subsets has been independently 

confirmed by a number of studies, the specific patterns of expression that have been reported 

vary considerably. Thus, there may be significant species, and even strain, -specific 

differences in TLR expression. It is also possible that these differences in expression result 

from technical variations in different studies. It is important to note that mRNA levels do not 

always correlate with protein expression, and TLR expression is known to be regulated at 

the protein level by ubiquitin-mediated degradation. Furthermore, minimal contamination of 

purified T cells by APCs could significantly influence results. In addition, studies that have 

examined TLR protein levels in T cells are limited by the reliability of available antibody 

reagents. Indeed, our own experience with reagents to detect murine TLRs via flow 

cytometry has been quite variable (A. Gelman, D. LaRosa, A. Rahman and L. Turka, 

unreported data). These caveats may partially explain the considerable variability in the TLR 

expression patterns that have been reported on T cells. Given the limitations in examining 

expression levels of TLRs, we have considered the ability of known TLR ligands to activate 

signaling pathways [23] as more reliable indicators of expression.

TLR ligands can directly co-stimulate T cell subsets

Effector T cells

Effective T cell activation requires a primary signal delivered through the TCR and 

secondary signals delivered through co-stimulatory receptors. CD28 is generally considered 

to be the principle co-stimulatory receptor involved in initial T cell activation. CD28-

mediated signals synergize with TCR-induced signals to promote the synthesis of pro-

survival molecules and enhance IL-2 production. We and others have found that a number of 

TLR ligands can act directly on highly purified B6 T cells in vitro, to provide co-stimulatory 

signals in the absence of CD28 engagement. Thus, we found that ligands for TLR2, 3 and 9 

can complement TCR-induced activation to enhance effector functions, such as IL-2 

production, in purified B6 CD4+ T cells (Fig. 1). Similarly, ligands for TLR2, 5 and 7/8 

have been shown to enhance proliferation and IL-2 and IFNγ production in human CD4+ T 

cells, particularly in CD45RO+CCR7− memory cells [29, 32]. It is important to note that 

these TLR-induced signals in T cells are strictly co-stimulatory, in that TLR ligands do not 

appear to produce functional responses in naïve T cells in the absence of concurrent TCR 

stimulation ([22]; A. Rahman, D. LaRosa and L. Turka, unpublished observations). This 

may reflect the importance of preventing TLR signals from inducing non-specific T cell 

activation.
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We have found that the functional responses of TLR9-induced co-stimulation in CD4+ T 

cells can be attributed to two main signaling pathways mediated by the adaptor molecule, 

MyD88. Following stimulation with CpG oligonucleotides (ODN), MyD88 induces NF-κB 

activation in CD4+ T cells through homotypic death domain interactions with IRAKs. This 

NF-κB-dependent pathway upregulates expression of the anti-apoptotic molecule Bcl-xL, 

and promotes activated CD4+ cell survival [23]. TLR2 stimulation has been found to 

similarly enhance survival and Bcl-xL expression in activated CD8+ T cells [22]. While NF-

κB activation appears to be solely required for CpG-ODN to induce anti-apoptotic signals in 

T cells, we have found that this pathway synergizes with a PI-3-kinase-dependent pathway 

in promoting proliferative responses and IL-2 production [33]. In contrast to the death 

domain interactions by which MyD88 activates NF-κB, MyD88-dependent PI-3 kinase 

activation involves a tyrosine residue located in the TIR domain. This allows MyD88 to 

associate with the p85 regulatory subunit of PI-3 kinase and induce Akt phosphorylation in 

response to TLR stimulation. Thus, specific outcomes of TLR-mediated stimulation in T 

cells may be associated with discrete MyD88 motifs and signaling pathways.

Interestingly, we have found that stimulation of CD4+ T cells with TLR ligands also results 

in enhanced expression of secondary co-stimulatory receptors that are generally upregulated 

following initial T cell activation (Fig. 2). Certain co-stimulatory receptors, such as CD40L, 

play an important role in allowing CD4+ T cells to promote B cell immune responses, which 

may relate to our finding that MyD88 expression in CD4+ T cells is critical in supporting B 

cell-class switching to IgG production in an in vivo model of CpG DNA-induced antibody 

responses against a T cell-dependent antigen [33]. Secondary co-stimulatory receptors can 

also play an important role in supporting sustained T cell responses. For example, signals 

delivered through OX-40 serve to enhance CD4+ T cell effector responses, survival and 

IL-2 production [34]. Given that T cell responses induced by these co-stimulatory receptors 

are quite similar to those that occur following TLR stimulation, it is possible that, in addition 

to the direct TLR-induced signaling pathways discussed earlier, some of the functional 

outcomes of TLR stimulation on T cells may reflect secondary consequences of enhanced 

signaling through these induced co-stimulatory pathways.

Our studies have focused on survival, proliferation and effector cytokine production as 

readouts of functional TLR responses in T cells. However, in considering other aspects of T 

cell physiology it has been found that LPS treatment results in increased adhesion of mouse 

and human T cells to fibronectin and inhibited chemotaxis [35]. Human T cells were also 

reported to respond similarly to the endogenous ligand HSP60 through TLR2, though these 

results could reflect potential contamination of commercially available HSP60 with bacterial 

TLR2 ligands [36]. Thus, in addition to enhancing effector functions, TLR ligands may also 

play a role in controlling T cell trafficking. The finding that T cells may potentially respond 

to endogenous TLR ligands is particularly intriguing, since this presents the possibility that 

DAMPs may act to recruit T cells and support their responses at sites of tissue inflammation 

and necrosis. These findings also suggest that T cells may respond to a broader range of 

TLR ligands than has been thus far been considered, since functional outcomes may differ in 

responses to specific TLR ligands.
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Regulatory T cells

The studies discussed thus far indicate that TLR ligands can promote more effective T cell-

mediated immunity by acting directly on CD4+ and CD8+ T cells to enhance their 

respective effector functions. However, TLR ligands can also influence CD4+CD25+ 

regulatory T cells. Tregs are known to inhibit T cell effector responses in vitro and are 

critical in maintaining immune tolerance and preventing the development of autoimmunity 

in vivo. As in the case of effector T cells, TLR ligands indirectly modulate regulatory T cell 

responses by promoting inflammatory cytokine production in APCs, which can inhibit the 

suppressive capacity of Tregs [37]. However, it is now clear that TLR ligands can also act 

directly on Tregs, though there are differences in the reported outcomes of these actions.

Pam3CysSK4 can act directly on mouse Tregs through TLR2 to promote their expansion 

both in vitro and in vivo, which may relate to the reduced numbers of Tregs found in 

Myd88−/− and Tlr2−/− mice [38]. Yet while promoting increased proliferation of Tregs, 

Pam3CysSK4 also abrogates their suppressive activity, which correlates with a transient 

suppression of Foxp3 expression [31]. It has also been found that direct TLR8 triggering of 

human Tregs similarly prevents their suppressive activity [39]. It should be noted though 

that, in contrast to these studies, others have found that signals through TLR2 and TLR5 can 

enhance the suppressive function of Tregs as well as Foxp3 expression [28, 40].

While TLR ligands may influence suppression in co-culture experiments, this potentially 

reflects the combined result of distinct effects on both conventional T cells and regulatory T 

cells. By using co-culture suppression assays, in which either the responder or Treg 

population lacked MyD88 expression, we showed that this is indeed the case as CpG DNA 

can act directly on Tregs to block their suppressive activity, but also acts on effector T cells 

to render then resistant to suppression [41]. Interestingly, once TLR ligands are removed, 

Tregs fully regain their suppressive phenotypes [31, 38]. Overall, these findings suggest a 

model, whereby TLR ligands can act on both effector and regulatory T cells to directly 

promote T cell-mediated immune responses by enhancing T cell effector functions and 

clonal expansion through increased proliferation, survival and a transient loss of 

suppression. These TLR ligands also serve to concurrently expand the Treg population, 

which regains its suppressive capacity following clearance of the TLR ligands and can then 

act to regulate the expanded effector T cell population at the end of the immune response.

The importance of MyD88 in T cells during in vivo immune responses

Toll-like receptors play an important role in host defense, and mice lacking the adaptor 

protein MyD88 have greatly increased susceptibility to a number of eukaryotic, prokaryotic 

and viral pathogens. In these infection models, the immune impairments associated with 

MyD88-deficiency have generally been attributed to the importance of MyD88 in the innate 

immune system. However, the studies discussed earlier demonstrated that TLR ligands can 

directly modulate T cell effector functions. Therefore, we have recently considered the 

possibility that defective adaptive immune responses in MyD88-deficient mice also reflect a 

T cell-intrinsic role for MyD88. To this end, we have employed bone marrow chimeras and 

adoptive transfer systems to examine immune responses of MyD88-deficient T cells in vivo, 

in the context of an otherwise unimpaired immune system.
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Myd88−/− mice display significantly greater mortality following infection by the protozoan 

pathogen, Toxoplasma gondii [42]. This increased susceptibility is associated with reduced 

Th1 effector responses, which have been attributed to defective innate immune activation 

and reduced levels of IL-12 production in these mice. To examine whether MyD88-

dependent signaling in T cells also directly contributes to reduced Th1 responses, we 

generated mixed bone marrow chimeras in which the T cell compartment was MyD88-

deficient, but MyD88-dependent innate immune responses were shown to be intact. These 

mice demonstrated comparable levels of IL-12 production and APC activation as WT 

control chimeras following T. gondii infection, but had reduced numbers of IFNγ-producing 

effector T cells and were highly susceptible to toxoplasmic encephalitis, succumbing to 

infection with similar kinetics to full Myd88−/− mice [43]. These findings establish that 

MyD88 expression in T cells is required for prolonged resistance to T. gondii, even in the 

setting of an intact innate immune response. However, the precise mechanism by which 

MyD88 supports T cell responses in this model remains unclear.

MyD88-dependent signals in T cells also play a role in CD4+ T cell-mediated colitis. When 

CD4+CD45RBhigh T cells are transferred into RAG1/2-deficient animals, the recipients 

rapidly develop wasting disease associated with clinical signs of colitis. This experimental 

colitis depends on the presence of commensal intestinal microflora and TLRs from these 

microorganisms are thought to activate innate immune cells in the gut and thereby indirectly 

support colitogenic T cell responses [44]. However, it has recently been reported that 

purified MyD88−/− CD4+CD45RBhigh T cells transferred into RAG-deficient recipients do 

not induce as severe colitis as WT T cells [20, 24]. Using competitive transfer systems, 

Myd88−/− colitogenic CD4+ T cells were shown expand less effectively than WT cells and 

this correlated with reduced production of effector cytokines. In particular, MyD88−/− 

CD4+ T cells isolated from the lamina propria produced significantly less IL-17. 

Furthermore, it was shown that Myd88−/− CD4+ T cells did not effectively differentiate into 

IL-17-producing cells in vitro, suggesting that MyD88 may play a role in Th17 polarization 

[24]. Relevant to this, Myd88−/− mice are highly resistant to the induction of experimental 

autoimmune encephalitis (EAE), which is an IL-17-mediated autoimmune disease [45]. 

While reduced numbers of Myd88−/− Th17 cells in this model have been attributed to 

decreased production of IL-6 and IL-23 by Myd88−/− dendritic cells, it would be interesting 

to examine whether they also reflect a T cell-intrinsic role for MyD88 in supporting Th17 

responses.

These studies using T. gondii and colitis models have shown that MyD88-dependent signals 

in T cells directly contribute to T cell responses in vivo. However, since they have only 

examined overall polyclonal T cell responses, these studies have been limited in their ability 

to directly compare antigen-specific populations of WT and MyD88−/− effector T cells. 

Thus, while reduced levels of CFSE dilution and BrdU uptake have been identified in 

MyD88−/− colitogenic CD4+ T cell populations, it remained unclear whether this 

represented reduced proliferation of antigen-specific T cell-clones or increased cell death 

resulting in a smaller proportion of dividing colitogenic cells. Similarly, it was unclear 

whether impaired cytokine production by MyD88−/− T cell populations truly represented 
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reduced cytokine secretion by antigen-specific responders, or instead reflects a relative 

smaller proportion of cytokine-producing effector cells.

To more closely investigate these issues, we have recently examined the role of MyD88-

dependent signals in CD8+ T cells during acute lymphocytic choriomeningitis virus 

(LCMV) infection. Acute LCMV infection elicits a dramatic expansion of CD8+ T cells that 

has been very well characterized. The majority of LCMV epitopes have been identified and 

the availability of viral peptides and MHC class I tetramers allow the detection of antigen-

specific effector cells, making this an ideal model for examining in vivo T cell responses to 

a natural, viral pathogen [46].

Myd88−/− mice generate greatly reduced numbers of antigen-specific effector CD8+ T cells 

following LCMV infection [47, 48]. APCs from these mice have been found to produce 

significantly lower levels of inflammatory cytokines [48], and we found that this partially 

contributes to the reduced CD8+ T cell expansion that occurs in response to LCMV 

infection [49]. However, using reciprocal adoptive transfer experiments and bone marrow 

chimeras, we found that MyD88 also plays a critical, T cell-intrinsic role in supporting the 

expansion of antigen-specific CD8+ T cells.

Consistent with other models, BrdU incorporation indicated reduced turnover of the 

Myd88−/− T cell population following LCMV infection, but we found that this merely 

reflected the reduced proportion of LCMV-specific CTLs in the polyclonal Myd88−/− T cell 

population. By specifically comparing antigen-specific populations, we found that, despite 

their reduced numbers following LCMV infection, Myd88−/− CD8+ T cell-clones 

proliferate and differentiate into functional effector cells and long-lived memory cells 

similar to WT cells. However, MyD88-dependent signals are critical in supporting T cell 

survival and accumulation during the initial phase of antigen-driven proliferation, thereby 

controlling the ultimate size of the effector population at the peak of the response [49].

As discussed earlier, TLR ligands can act directly on isolated T cells in vitro to promote 

increased proliferation, survival and effector cytokine production in the absence of 

traditional co-stimulatory signals. However, it was unclear whether some of these effects 

may be redundant when T cells are activated by TLR-matured APCs. Our findings using the 

LCMV model suggest that indirect TLR signaling in APCs is sufficient to promote 

proliferative and effector cytokine responses in CD8+ T cells but that direct TLR signals 

confer important, non-redundant survival signals. This suggests that the defects associated 

with Myd88−/− T cells in the T. gondii and colitis models may primarily be explained by 

reduced effector cell survival rather than impairments in proliferation or effector cell 

differentiation, though it is difficult to extrapolate findings between experimental systems, 

since the precise nature of the MyD88-mediated signals may vary.

While in vitro studies have demonstrated that T cells can be co-stimulated through specific 

TLRs, it is interesting to note that we have not been able to attribute the importance of 

MyD88 in T cells to individual TLR pathways in our infection models. TLR1, TLR2, TLR4, 

TLR6 and TLR9 are individually not required for resistance to T. gondii [42, 50–52]. 

Furthermore, while TLR11 participates in T. gondii resistance by recognition of a pathogen-
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derived profilin, unlike Myd88−/− mice, Tlr11−/− mice survive acute toxoplasmosis [53]. 

Similarly, it has been shown that mice deficient in TLR2, TLR3, TLR4 and TLR8 do not 

display reduced CD8+ T cell responses to LCMV, and while LCMV-specific CTL numbers 

are slightly reduced in mice lacking both TLR7 and TLR9, they do not recapitulate the 

phenotype of Myd88−/− mice [48, 54]. MyD88 is also involved in signaling downstream of 

the IL-1R and IL-18R, and these cytokines have been shown to play a role in supporting T 

cell responses [55]. While we found that IL-18 did contribute somewhat to T cell responses 

following both T. gondii and LCMV infection, in neither model did IL-1R or IL-18R-

mediated signaling appear to entirely account for the severely impaired T cell responses 

associated with MyD88-deficiency [43, 49].

Thus, while MyD88 plays an important role in T cells during in vivo immune responses, the 

specific upstream initiators of MyD88-mediated signaling remain unclear. These findings 

may reflect considerable cooperation and redundancy between different MyD88-dependent 

pathways. They also raise the interesting possibility that the importance of MyD88 in T cells 

may be associated with a function outside of its role in traditional TLR signaling.

Conclusions

Toll-like receptor ligands have long been recognized to play an important, indirect role in 

supporting T cell responses through myriad effects on innate immune cells, including 

upregulating antigen presentation, co-stimulatory molecule expression and inflammatory 

cytokine production. In addition to these important effects in cells of the innate immune 

system, it is now clear that TLR ligands can also directly act on T cells. Several in vitro 

studies have shown that TLRs can potentially serve as co-stimulatory receptors on T cells, 

and that their engagement supports TCR-mediated signals, promoting effector responses 

including enhanced cytokine production, proliferation and survival, in the absence of 

traditional co-stimulation through CD28. Furthermore, MyD88-dependent signals in T cells 

play a critical role in supporting in vivo T cell responses in a number of physiologically 

relevant disease models, in the presence of normal TLR signaling in the innate immune 

system. These findings suggest a model (Fig. 3) in which TLRs play an important, indirect 

role in promoting initial T cell activation by APCs in the lymph nodes but also act directly 

on T cells at the site of injury, where they provide signals that support the survival and 

clonal expansion of effector T cells. Thus, TLRs and the adaptor protein MyD88 play 

important, and largely underappreciated, T cell-intrinsic roles that are likely to be relevant in 

the context of multiple infectious and autoimmune diseases. This represents a significant 

shift in the dogma that restricts germ-line encoded pattern recognition to cells of the innate 

immune system.
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Fig. 1. 
TLR ligands can directly co-stimulate IL-2 production in CD4+ T cells. CD4+CD25− T 

cells were sort-purified from WT or Myd88−/− B6 mice, and equal numbers were cultured 

separately under the indicated stimulation conditions. Cell-free supernatants were collected 

after 24 h and the IL-2 concentration was determined by ELISA. Data show mean ± SD of 

three mice
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Fig. 2. 
Direct stimulation of CD4+ T cells with TLR9 ligands upregulates OX-40 expression. 

CD4+CD25− T cells were sort-purified from WT, TLR9−/− and Myd88−/− B6 mice. Equal 

numbers of cells were cultured with 1 μg/mL of immobilized αCD3 alone, or with the 

addition of 2.5 μg/mL immobilized αCD28, 6 μg/mL CpG or 100 ng/mL LPS, as indicated. 

After 48 h, surface expression of OX-40 was examined by flow cytometry. OX-40 

expression following the indicated stimulation conditions is shown (black line) relative to 

αCD3 alone (shaded histogram). Data are representative of four mice
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Fig. 3. 
TLR signaling contributes both indirectly and directly to T cell responses
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