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Abstract

Background—Most current prophylactic vaccines confer protection primarily through humoral 

immunity. Indeed, aluminum salts which have been widely used as adjuvants in vaccines primarily 

enhance Th2-driven antibody responses. Therefore, new vaccines formulation is moving toward a 

careful selection of adjuvants that also elicit significant Th1 or Tc1 responses. Several TLR 

agonists have been tested as potential new adjuvants in clinical and preclinical studies with some 

efficacy. These studies suggest that combining more than one of TLR ligands enhances the 

magnitude of immune responses to cancer and infectious disease.

Objectives—In order to evaluate the synergistic effect of TLR agonists for effective induction of 

cellular immunity, we investigated the effects of single and/or combined TLR agonists on 

monocyte-derived DC maturation, DC-NK crosstalk and ultimately naïve T cells polarization into 

effector T cells.

Results—Among the adjuvants tested, we found that TLR3, TLR4, TLR7/8 and TLR8 agonists 

were the most effective adjuvants to increase the expression levels of antigen-presenting, co-

stimulatory molecules and production of cytokines by maturing DCs. When combined, TLR3+8 

and TLR4+8 synergistically optimized DC maturation and IFN-γ secretion from NK cells co-

cultured with DCs. Interestingly, co-culture of DC-NK-T treated with aluminum salt produced the 

highest percentage of effector memory CFSE−CCR7− Th1 cells whereas TLR3+8 and TLR4+8 

treated co-cultures produced the highest percentage of effector memory CFSE−CCR7− Tc1 cells 

producing IFN-γ. Finally, while both TLR3+8 or TLR4+8 treated co-cultures generated similar 

frequency of Th1 and Tc1 effector cells, the effector cells from the latter co-culture produced 

quantitatively more IFN-γ in the supernatant.

Conclusion—Our data indicate that if in need of an enhanced DC-NK mediated cellular 

immunity one may select TLR agonists with defined synergistic effects.
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1. Introduction

Although there has been numerous research on adjuvants for use in vaccines over the last 

decade, very few adjuvants such as aluminum hydroxide, aluminum phosphate, and 

squalene-based oil-in-water emulsions have been licensed for human vaccines [1]. While 

more effective in inducing humoral immunity, none of the currently approved adjuvants 

uniformly or sufficiently enhance cellular immunity that is essential for the elimination of 

certain microorganisms, particularly intracellular pathogens and tumor cells [2]. Toll-like 

receptors (TLRs) are pathogen associated molecular pattern (PAMP) recognition receptors 

that are an important link between innate and adaptive immunity [3]. They are expressed on 

most innate immune cells including dendritic cells (DC), nature killer cells (NK), monocytes 

and granulocytes [4]. PAMPs or TLR agonists mediate the interaction between DCs and NK 

cells, which is a critical step in initiating an adaptive immunity. Indeed, following TLR 

engagement, DCs migrate from peripheral tissues to lymphoid organs while up-regulating 

major histocompatibility complex and costimulatory molecules, and acquiring the unique 

capacity to prime naive T cells [5]. In draining lymph nodes, DCs determine the character of 

the ensuing immune response by secreting cytokines (e.g., IL-12) that drive the development 

of pathogen specific naïve T cells into helper T cell type 1 (Th1) and cytotoxic T cell type 1 

(Tc1) secreting IFN-γ [6]. DCs also potentiate their own efficiency by interacting with NK 

cells recruited to the lymphoid tissues in response to PAMPs. IL-12 released by mature DCs 

can activate NK cells. In turn, NK cells that are activated by IL-12 and PAMPs through their 

own TLRs release IFN-γ necessary for enhancing stable IL-12 production by DCs and 

maintaining Th1 cell polarization [7]. Therefore, the ability to promote DC-NK crosstalk has 

been considered as a criterion for selection of Th1 adjuvants.

Two classes of TLRs can be defined based on their cellular localization: TLRs 1, 2, 4–6 are 

expressed on the cell surface and recognize pathogenic components, while TLRs 3, 7, 8 and 

9 are expressed in intracellular endosome/lysosome membranes and are nucleic acid sensors 

[8]. In most instances signaling through TLRs favors the development of a Th1 response, 

which has triggered interest in exploiting TLR agonists as potential adjuvants for 

prophylactic and therapeutic vaccines [1]. Indeed, number of published clinical trials 

utilizing TLRs 2, 3, 4, 7/8 and 9 concluded that TLR ligands are safe, well-tolerated, and 

effective vaccine adjuvants [1, 4, 9–11].

Both monocyte-derived DCs (MoDCs) and human blood myeloid DCs express TLR1-8 and 

not TLR9 which is only detectable in plasmacytoid DCs [12]. Due to low frequency of 

circulating DCs in human blood, ex vivo-cultured MoDCs have been used predominantly to 

evaluate the efficacy of a single TLR agonist to provoke maturation, antigen presentation, 

cytokine production, and subsequent Th1 polarization of DCs [13–21]. Because pathogens 

express more than one PAMP, some of these studies have also investigated the benefit of 

combining TLR3 (Poly IC), TLR4 (LPS), TLR7/8 (R848) agonists as an approach to 
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generate strong T cell immunity that is required for elimination of intracellular pathogens 

and cancer cells. DCs treated by TLR4 plus TLR7/8 were induced to secrete much higher 

IL-12 and possess Th1 polarization than were DCs treated by single agonists [14, 17–20]. 

The cocktail containing TLR3 and TLR7/8 also induced much higher secretion of IL-12 by 

DCs, but it did not further enhance their Th1 promoting capacity when compared with TLR4 

or TLR7/8 alone [16]. In another study, DCs generated with mixtures of inflammatory 

cytokines, TLR3, and TLR8 had superior capacity to activate NK cells and prime Th1 

polarized cells when compared with DCs matured without additional TLR agonists or with 

only the TLR3 agonist [21]. We have expanded on these published studies and evaluated the 

influence of single and combined TLR agonists including less toxic derivative of TLR4 

agonist, i.e., MPLA and three TLR7/8 agonists, i.e., TLR7 (CL246), TLR7/8 (R848), and 

TLR8 (CL075) on human DC, DC-NK crosstalk and DC-NK-T cells interactions. Our data 

suggest that among the TLR agonists tested, TLR8 synergizes with TLR4 or TLR3 to 

program DCs for optimal DC-NK mediated polarization of IFN-γ producing CD4 (Th1) and 

in particular CD8 (Tc1) effector T cells.

2. Materials and methods

2.1. Media and reagents

Complete culture media (CM) contained RPMI 1640, 1% L-glutamine, 1% penicillin/

streptomycin, 50 μM 2β-Mercaptoethanol, 1% sodium-pyruvate, 1% non-essential amino 

acids and heat-inactivated 10% Fetal Calf Serum (FCS). Recombinant human Granulocyte 

Macrophage Colony-Stimulating Factor (GM-CSF), Interleukin (IL)-4, IL-12 and IL-2 were 

purchased from Peprotech (Rocky Hill, NJ). TLR agonists were purchased from Invivogen 

(San Diego, CA). Media for staining cells contained PBS 1X without Ca2+/Mg2+, heat-

inactivated 2% FCS and 2 mM EDTA.

2.2. Generation and immunophenotyping of DCs

Immature monocyte-derived DCs were generated from peripheral blood adhering monocytes 

cultured in CM with GM-CSF (100 ng/mL) and IL-4 (10 ng/mL). Cultures were fed every 2 

days with CM containing cytokines. Day 6 immature DCs (2.5×105/ml) were suspended in 

CM and activated for 48hrs with aluminum hydroxide gel 2% (Alum, 2μl/ml) or TLR 

agonists TLR2 (Pam3CSK4, 1μg/ml), TLR3 (Polyinosinic I:C, 5μg/ml), TLR4 

(Monophosphoryl Lipid A, 2.5μg/ml), TLR5 (Flagellin, 1μg/ml), TLR7 (Adenine analog 

CL264, 2.5μg/ml), TLR7/8 (Imidazoquinoline R848, 2.5μg/ml), TLR8 (Thiazoquinoline 

CL075, 2.5μg/ml), and TLR9 (Type C CpG oligonucleotide ODN 2395, 5μg/ml). Immature 

and mature DCs were stained with fluorochrome-labeled monoclonal Antibodies (mAbs) 

CD1a (HI149), CD14 (61D3), HLA-DR (LN3), CD80 (L307.4), CD83 (HB15a), CD86 

(IT2.2) and CD40 (5C3) (BD Biosciences, San Jose, CA and eBiosciences, San Diego, CA) 

and analyzed by multi-color Flow Cytometry. The supernatants of mature DC cultures were 

analyzed by ELISA for production of cytokines, TNF-α, IL-1β, IL-10 and IL-12 

(eBioscience and BD Bioscience, San Diego, CA). The supernatants were also used as DC-

conditioned media.
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2.3. NK cell isolation

NK cells were isolated from peripheral blood mononuclear cells (PBMCs) using the 

EasySep Human NK cell Enrichment Kit (StemCell Technologies, Vancouver, Canada). The 

purity of the enriched NK cell population was >90% based upon prevalence of CD56+CD3- 

phenotypes.

2.4. DC-NK crosstalk

Immature DCs and NK cells (1×105 DC: 2×105 NK/well) were exposed to Alum or TLR 

agonists. NK cells alone were also stimulated with indicated TLR agonists in the presence of 

IL-12 (5ng/ml) or DC-conditioned media. Supernatants collected from day 2 DC-NK co-

cultures and NK cultures were analyzed by ELISA for IL-12 and IFN-γ production by DCs 

and NK cells, respectively. NK cells were also stained with corresponding fluorochrome-

labeled mAbs CD3 (UCHT1), CD56 (MEM188), and CD69 (L78) and analyzed by Flow 

Cytometry for activation status of NK cells.

2.5. DC-NK-T cells co-culture

Syngeneic immature DCs and NK cells (1×105 DC: 2×105 NK/well) exposed to Alum or 

TLR agonists for 8hrs were subsequently co-cultured in 48-well plates (Falcon, Franklin 

Lakes, NJ) at a 1:10 ratio with CFSE labeled allogeneic naïve T cells isolated from PBMCs 

using T cell isolation kit (StemCell Technologies, Vancouver, Canada). The purity of the 

enriched T cells was >95% based upon prevalence of CD3+CD56- phenotypes. On day 5, 

the proliferating cells were transferred into new plates and rested in IL-2-containing medium 

(5ng/ml) up to 10 days. The cells were subsequently collected and stained with CD4 (L200), 

CD8 (SK1), and CCR7 (3D12) (primary co-cultures). The remaining T cells were 

transferred to plates pre-coated with 10μg/ml mAbs CD3 (UCHT1) and 2μg/ml soluble 

CD28 (CD28.2) (BD Biosciences, San Diego, CA) for 72hrs. The T cells were then 

stimulated for 4–6hrs with leukocyte activation cocktail (BD Biosciences) containing 

Brefeldin A before staining with CD4 (L200), CD8 (SK1), CCR7 (3D12), and intracellular 

IFN-γ (4S.B3) (BD Biosciences, San Diego, CA) (secondary co-cultures). The frequency 

and amount of IFN-γ were further analyzed using Flow Cytometry and ELISA.

2.6. Statistical analysis

Statistical significance of differences between Alum and TLR agonists was calculated using 

unpaired Mann-Whitney test. A p value <0.05 was considered statistically significant and 

shown with an asterisk (*). Analysis was performed using a Prism program (GraphPad, San 

Diego, CA). Results are expressed as mean ± SEM. Synergistic effect is considered as ≥ 3-

fold increase in the sum of individual TLR agonist effects on the expression or production of 

indicated parameters.
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3. Results

3.1. Maturation and cytokines production of human MoDCs in response to single TLR 
agonists

In response to maturational stimuli, DCs not only increase the expression of 

antigenpresenting and co-stimulatory molecules, but also produce pro-inflammatory 

cytokines [22, 23]. Maturation of DCs is critical for optimal activation, proliferation and 

final differentiation of naïve T cells to effector memory T cells [24]. Thus, we first evaluated 

the changes in expression of antigen-presenting and co-stimulatory molecules as well as the 

production of pro-inflammatory cytokines by maturing DCs in response to single TLR 

agonists, TLR2 (Pam3CSK4), TLR3 (Poly I:C), TLR4 (MPLA), TLR5 (Flagellin), TLR7/8 

(R848), TLR8 (CL075), and TLR9 (CpG). Our data revealed that all TLR agonists 

moderately and variably increased the expression level of antigen-presenting molecule, 

HLA-DR, on maturing DCs when compared with Alum (Figure 1). Interestingly, further 

assessment of treated DCs showed that TLR5, TLR7 and TLR9 had minimal effect, while 

TLR2, TLR3 and to a greater extent TLR4, TLR7/8, and TLR8 agonists significantly 

increased the expression levels of maturational marker CD83 and costimulatory molecules 

CD40, CD80 and CD86 involved in T-cell priming (Figure 1). Maturing DCs also responded 

to Alum and the TLR agonists by producing different levels of proinflammatory and anti-

inflammatory cytokines. Alum, TLR5, and TLR7 treated DCs produced minimal amounts of 

TNF-α, IL-1β, IL-10, and IL-12, a key cytokine for Th1 polarization. When compared with 

Alum, DCs treated with TLR2, TLR3, TLR4, TLR7/8, TLR8, and TLR9 secreted 

significantly more TNF-α; DCs treated with TLR8 secreted more IL-1β; DCs treated with 

TLR4, TLR7/8, TLR8 secreted more IL-10; and DCs treated with TLR3, TLR4, TLR7/8 and 

TLR8 secreted more IL-12 (Figure 2). The data suggests that similar to Alum, TLR2, TLR5, 

TLR7, and TLR9 agonists were the least effective adjuvants to increase the expression levels 

of antigen-presenting, co-stimulatory molecules and production of cytokines by maturing 

DCs (Figures 1 & 2). Since TLR3, TLR4, TLR7/8 and TLR8 showed to be overall the most 

effective agonists to induce DC maturation (Figures 1 & 2), we next tested whether various 

combinations of these selected TLR agonists could act additively or synergistically to further 

optimize the DC maturation.

3.2. Maturation and cytokines production of human MoDCs in response to combined TLR 
agonists

Live, attenuated vaccines are more effective than subunit vaccines [1] due to the fact that 

upon exposure to the pathogens the immune cells recognize multiple PAMPs through their 

TLRs and each TLR is coupled with a specific signal transduction pathway [25, 26]. 

Therefore, we next evaluated the combined effects of TLR3, TLR4, TLR7/8, and TLR8 

agonists that showed to be most effective in inducing DC expression of co-stimulatory 

molecules and production of inflammatory cytokines (Figures 1 & 2). We found no 

synergistic effects on DC expression of HLA-DR, CD40, CD80, CD86 and CD83 with any 

indicated TLR combinations (Figure 3). In addition, some combinations, particularly 

TLR7/8 and TLR8 demonstrated no significant effects on DC expression of costimulatory 

and maturation markers when compared with Alum (Figure 3). We also assessed the amount 

of cytokines (TNF-α, IL-1β, IL-10 and IL-12) secreted by DCs treated with the combined 
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TLR agonists. Interestingly our data shows that in contrast to having almost no direct impact 

on DC maturational markers (Figure 3), all TLR combinations influenced the amount of the 

cytokines produced by treated DCs (Figure 4). TLR3+4 combination altered additively TNF-

α, IL-12, and IL-10 and less-than-additive IL-1β production. TLR3+7/8 combination altered 

synergistically TNF-α, IL-10, IL-12 and less-than-additive IL-1β production. TLR3+8, 

TLR4+7/8, and TLR4+8 combinations synergistically increased all cytokines production. 

Finally, TLR7/8+8 combination altered less-than-additive TNF-α, IL-10, IL-1β, and IL-12 

productions (Figure 4). Overall, our data show that TLR3+7/8, TLR3+8, TLR4+7/8 

combinations had less synergistic effects on DC cytokines production, whereas the TLR4+8 

combination was able to enhance the production of TNF-α (7-fold), IL-1β (52-fold), IL-10 

(6-fold), and IL-12 (45-fold) when compared with the highest single producer, TLR8 agonist 

(Figures 2 & 4). We next examined whether TLR3+8 or TLR4+8, the highest producers of 

IL-12, could act in synergy and effectively program DCs for further DC-NK crosstalk and 

Th1 polarization.

3.3. Human MoDC-NK crosstalk in response to selected TLR agonists

DC and NK interaction during the innate immune responses to pathogen is thought to 

provide an early source of IFN-γ necessary for enhancing the generation of effector memory 

T cells [27]. In order to measure the extent to which selected TLR agonists promote DC 

mediated NK cells activation, we cultured immature DCs with isolated NK cells and 

exposed them to indicated TLR agonists. When compared with Alum, single TLR agonists 

and their combinations significantly increased the percentage of the NK cells expressing the 

activation marker CD69 (Figure 5A, B). In addition, they promoted the production of IFN-γ 
with the exception of TLR3 agonist (Figure 5C). Interestingly, the optimal activation of NK 

cells was also dependent on direct DC-NK crosstalk since the sole addition of DC cytokine, 

IL-12, or DC-conditioned media moderately increased the expression level of CD69 and 

production of IFN-γ by NK cells exposed to the same TLR agonists (Figure 5). Finally, 

TLR3+8 and TLR4+8 combinations induced the highest amounts of IL-12 and acted 

additively to promote the maximal production of Th1 polarizing cytokine, IFN-γ, during 

DC-NK co-culture (Figure 5D). We next compared how effectively TLR3+8 or TLR4+8 

prime the development of IFN-γ producing effector T cells.

3.4. Human MoDC-NK mediated T cell polarization in response to selected TLR agonists

After exposure to pathogens, the innate immune cells initiate the differentiation of naïve T 

cells to distinct effector T cells [28, 29]. Therefore, we next compared the frequency of 

effector memory CD4 and CD8 T cells generated when naïve T cells co-cultured with the 

DC and NK cells were exposed to Alum or selected TLR combinations. We observed 

minimal differences in percentages of central memory CSFE−CCR7+ CD4 and CD8 T cells 

developed in the primary co-cultures (Figure 6A–B). However, Alum treated co-culture 

produced the highest percentage (47%) of effector memory CFSE−CCR7− CD4 T cells 

while TLR4+8 treated co-culture produced the highest percentage (65%) of effector memory 

CFSE−CCR7− CD8 T cells (Figure 6A–B). In addition, when central and effector memory 

T cells from the primary co-cultures were restimulated after a period of resting, significantly 

higher percentages of IFN-γ producing effector CD8 T cells developed from co-cultures that 

were originally treated with TLR3+8 or TLR4+8 combinations when compared with Alum 
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co-culture (Figure 6C–D). Interestingly, we found no correlation between the frequency of 

effector Th1 and Tc1 cells and their production of IFN-γ in the co-culture supernatants. 

Indeed, TLR3+8 or TLR4+8 co-cultures produced significantly higher amount of IFN-γ, 3 

and 8 fold respectively when compared with Alum co-culture (Figure 6C–E). Although both 

TLR3+8 or TLR4+8 co-cultures generated similar frequencies of Th1 and Tc1 effector cells, 

the effector cells from the latter co-culture produced 2-fold higher IFN-γ in the supernatant 

(Figure 6C–E). Overall, our data suggest the TLR4 and TLR8 acted in synergy and 

effectively optimized DC-NK mediated polarization of naïve T cells into IFN-γ producing 

effector Th1 and Tc1 cells.

4. Discussion

In the present study, we have evaluated and sequentially selected the TLR agonists that 

displayed the highest adjuvant effect for the induction of DC maturation, DC-NK crosstalk, 

and Th1/Tc1 effector cells. Our data shows that TLR3, TLR4, TLR7/8 and TLR8 compared 

to others were the most effective agonists to induce maturational markers and cytokines 

production by DCs. In addition, TLR3+8 and TLR4+8 were the combinations that had the 

highest synergistic effects on IL-12 secretion by DCs and additively promoted IFN-γ 
production during DC-NK interaction. Finally, we observed that the TLR4+8 combination 

optimally triggered DC-NK mediated polarization of naïve T cells into IFN-γ producing 

Tc1 effector cells.

TLRs signal through pathways that involve distinct adaptor molecules, leading to the 

activation of different transcription factors. These transcription factors (NF-kB, IRF3, IRF7, 

AP-1) induce the expression of genes coding for antigen presenting molecules, 

costimulatory molecules, cytokines and chemokines that play a key role in the priming, 

expansion and polarization of immune cells. The molecular mechanisms by which the single 

or combination of TLR agonists differentially regulate the corresponding genes in DCs 

could be dependent on expression of TLRs, adaptor molecules, signaling pathways and 

duration of signaling [30]. We have shown that TLR5, TLR7, and TLR9 compared to other 

TLR agonists were less effective in inducing the expression of antigen presenting and 

costimulatory molecules on DC and their production of cytokines (Figures 1 & 2). One 

possible explanation is that MoDC express relatively lower levels of TLR5, TLR7, and 

TLR9 when compared to TLR1-4 [31]. Another possible explanation is that TLR5, TLR7, 

and TLR9 use the myeloid differentiation primary-response gene 88-dependent (MyD88) to 

activate NF-kB while TLR2 and TLR4 recruit two adaptor proteins, the Toll/IL-R (TIR)-

domain-containing adaptor protein (TIRAP) and MyD88 to activate NF-kB and AP-1 for 

induction of inflammatory cytokines. Indeed, report indicates that DCs stimulated with 

ligands for TLR that signal through MyD88/TIRAP produce higher amounts of IL-12 [32]. 

TLR3 as well as TLR4 uses TRIF to trigger an alternative pathway leading to activation of 

NF-kB and AP-1 for induction of inflammatory cytokines [30], suggesting that the 

concomitant activation of NF-kB and AP-1 transcription factors also contribute to 

differential expression of the costimulatory and cytokines genes in DC.

Our data showed that TLR8 is one of the most effective single agonist to induce DC 

maturation (Figures 1 & 2). Neither the expression level of TLR8 nor the recruitment of 
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adaptor protein for activation of NF-kB can explain this observation. Indeed, in one study 

MoDCs expressed much higher level of TLR8 than TLR7 [33], while in another study they 

expressed lower level of TLR8 than other TLRs except TLR9 [31]. In addition, TLR8 

signaling depends on the recruitment of a single adaptor protein MyD88 that culminates in 

NF-kB activation [30]. Nevertheless, our observation is consistent with previous studies [33, 

34] demonstrating that TLR8 agonist expressed higher levels of all maturational markers and 

IL-12 production than TLR7-activated DCs derived from CD34+ stem cells. The difference 

in IL-12 production between TLR7 and TLR8 could be explained by the previous 

observation that IL-12p35 mRNA was up-regulated only by TLR8 but not TLR7 [33]. Since 

high levels of proinflammatory cytokines require NF-kB activation, it needs to be 

determined whether TLR8 compared to other TLRs is a more effective inducer of NF-kB in 

innate immune cells. Using HEK cells transfected with either TLR8 or TLR7, Gordon et al., 

observed that TLR8 compared to TLR7 agonist is a better activator of NF-kB [34]. Our data 

is in agreement with previous studies [19, 20] reporting that TLR combinations did not 

increase the expression of antigen presenting and costimulatory molecules over the 

expression induced by single TLR agonists (Figures 3 & 4). It has been shown however that 

certain combinations of TLR ligands act in synergy to enhance the release of cytokines, in 

particular IL-12 by MoDC and PBMCs [17–20, 35]. We observed that combinations of 

TLR3, TLR4, TLR7/8, and TLR8 had noticeable synergy for induction of cytokines (Figure 

4), probably due to sustained signaling provided by dual TLR engagement [19]. Specifically, 

MoDC produced the highest level of IL-12 when TLR4+8 were combined followed by when 

TLR3+8 were combined (Figure 4). This may be because TLR3 activates the Toll/IL-R 

(TIR)-domain-containing adaptor protein inducing interferon-β (TRIF) pathway and the 

stimulation of TLR8 activates MyD88 pathway. TLR4 acts through both pathways. The 

combination of TRIF-associated TLR ligands with MyD88-associated TLR-ligands induces 

a cooperation between the two signal-transduction pathways downstream of MyD88 and 

TRIF that may results in synergistic effects [36]. This may be the result of direct influence 

of TLR3 and to higher extent TLR4 agonist in inducing the higher expression of TLR8 on 

MoDCs and make them more responsive to TLR8 agonist. For example, it has been shown 

that TLR7, which is less present on MoDC under normal conditions, is dramatically 

upregulated after stimulation by TLR4 agonist LPS [18, 37]. Whether TLR3 and TLR4 

stimulation of MoDC will also influence their expression of TLR8 needs to be determined. 

Finally, we found that TLR7/8 and TLR8 combination has less-than-additive effects on 

proinflammatory cytokines production by MoDCs (Figure 4). The reason for this could be 

that TLR7/8 competed with, thereby preventing, the binding of TLR8 agonist to its receptor 

and reduced its effect on cytokines production because TLR8 agonist is more effective than 

TLR7/8 when it used alone (Figure 2).

DC and NK cells interact with each other through soluble factors and cell-cell contact [38]. 

Our data shows that TLR4+8 combination not only increased the percentage of activated NK 

cells during DC-NK crosstalk, but it additively increased the production of IFN-γ by NK 

cells (Figure 5C). This is consistent with the ability of this TLR agonist combination to 

stimulate the highest amount of IL-12 secretion by DCs (Figure 5D), which demonstrated to 

be a central soluble factor for induction of IFN-γ by NK cells [39, 40]. Our data also shows 

that the adjuvant effects of TLR agonists for promoting DC mediated activation of NK cells 
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was more pronounced during DC-NK crosstalk since addition of exogenous IL-12 or DC-

conditioned media to NK cells treated with TLR agonists in the absence of DCs 

suboptimally activated them (Figure 5). It was shown that PBMC depleted of CD3, CD4, 

CD14 and DR expressed CD69 following exposure to IL-12 alone, or IL-12 and TLR3 

agonist [41]. We also observed that NK cells treated with TLR agonists in the presence of 

IL-12 or DC-conditioned media upregulate CD69 but only moderately when compared to 

NK cells co-cultured with DCs (Figure 5A, B). The expression level of CD69 on NK cells 

observed in these studies could be partially due to differences in experimental settings. Our 

observation is similar to that of other reports demonstrating that MoDC, matured by 

microbial stimuli, induced expression of CD69 on NK cells, which was dependent on cell-

to-cell contact but independent from endogenous production of IL-12 or IL-2 [42, 43].

Other interactions that promote NK cell production of IFN-γ includes CXC3CL1 expressed 

on DCs with its receptor on NK cells and triggering of activation receptor NKp46 and 

NKG2D [43, 44]. Whether the capacity of TLR4+8 to promote the most effective DC-NK 

interaction was also due to expression of CXC3CL1 and other receptor-ligands and/or other 

soluble factors merit further investigation.

Increased protection from reinfection requires the selection of adjuvants that increase the 

number of memory T cells. Our data demonstrate that Alum was an effective adjuvant to 

increase the frequency of effector memory CD4 T cells whereas TLR3+8 and TLR4+8 

combinations were more effective to promote effector memory CD8 T cells (Figure 6). 

Overall, however, TLR4+8 combination showed superior adjuvant activity to polarize the 

DC-NK mediated differentiation of naïve T cells into both effector memory CD4 and in 

particular CD8 cells producing IFN-γ (Figure 6). Our findings are consistent with previous 

study, which demonstrated that the combination of TLR4 and TLR8 improves the expansion 

of peptide-specific human CD8 T cells in vitro (Bohnenkamp HR et al, 2007). Interestingly, 

while TLR3+8 and TLR4+8 combinations developed almost the same frequency of total 

effector memory cells, the effector cells produced in response to TLR4+8 secreted 

quantitatively much more IFN-γ in the supernatant (Figure 6E). This adjuvant effect of 

TLR4+8 combination on effector CD4 and CD8 polarization may be directly correlated to 

high levels of IL-12, IL1β, and TNF-α produced by DCs during co-cultures. Indeed, there is 

considerable evidence indicating that IL-1β and IL-12 provide a third signal to support 

clonal expansion and development of CD4 and CD8 T effector memory function in response 

to antigen, respectively [45].

We also observed that DC alone stimulated with TLR3+8 or TLR4+8 promoted less 

production of effector memory CD4 and CD8 T cells (data not shown) suggesting the IFN-γ 
produced by NK cells during DC-NK co-cultures contributed further to DC maturation and 

consequently more production of effector memory CD4 and particularly CD8 T cells. This 

finding is consistent with other studies suggesting that early production of IFN-γ by NK 

cells is important for development CD8 effector T cells (Whitmire JK et al, 2005; Meijuan 

Zheng at al, 2016).
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5. Conclusions

In summary, our results reveal the differences in TLR agonists-induced engagement of 

innate and adaptive immune components for effective polarization of Th1 and Tc1 effector 

cells. The results also provide a useful reference when the selection of adjuvants and their 

combinations is based upon criteria such as DC and NK cell crosstalk and magnitude of 

desired cellular responses.
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Highlights

• TLR3, TLR4, TLR7/8 and TLR8 were the most effective adjuvants to mature 

DCs.

• TLR3+8 and TLR4+8 combinations had the most synergistic and additive 

effects on IL-12 secretion by DCs and IFN-γ secretion by NK cells, 

respectively, during DC-NK interaction.

• DC-NK-T treated with aluminum salt produced the highest percentage of 

effector memory Th1 cells

• DC-NK-T treated with TLR3+8 and TLR4+8 produced the highest 

percentage of effector memory Tc1 cells.

• TLR4+8 combination was the most effective adjuvants to trigger DC-NK 

mediated polarization of Tc1 effector memory cells.

Nouri-Shirazi et al. Page 13

Immunol Lett. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 1. 
Immature DCs exposure to aluminum salt or indicated TLR agonists. A) Plots display 

overlaid histograms of indicated cell surface maturational markers (filled black) and control 

(filled white) on DCs after 48hr stimulation. One representative flow cytometry data is 

shown. B) Bar graphs show the geometric mean fluorescence intensity (± SEM) of indicated 

surface makers expressed on DCs (n=5–12, n denotes number of individual donor-derived 

MoDCs). * p<0.05, ** p<0.005, relative to Alum.
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Fig 2. 
Immature DCs exposure to aluminum salt or indicated TLR agonists. A–D) Bar graphs show 

the amount of indicated cytokines released by DCs in the supernatants after 48hr 

stimulation. Data are expressed as mean ± SEM (n=4-17, n denotes number of individual 

donors). * p<0.05, ** p<0.005, *** p<0.001, **** p<0.0001, relative to Alum.
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Fig 3. 
Immature DCs exposure to aluminum salt or indicated combination of TLR agonists. A) 
Plots display overlaid histograms of indicated cell surface maturational markers (filled 

black) and control (filled white) on DCs after 48hr stimulation. One representative flow 

cytometry data is shown. B) Bar graphs show the geometric mean fluorescence intensity (± 

SEM) of indicated surface makers expressed on DCs (n=3-9, n denotes number of individual 

donors). * p<0.05, ** p<0.005, relative to Alum.
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Fig 4. 
Immature DCs exposure to aluminum salt or indicated combination of TLR agonists. A–D) 
Bar graphs show the amount of indicated cytokines released by DCs in the supernatants after 

48hr stimulation. Data are expressed as mean ± SEM (n=4-9, n denotes number of individual 

donors). * p<0.05, ** p<0.005, *** p<0.001, relative to Alum. S and A indicate synergistic 

and additive effects, respectively.
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Fig 5. 
DCs and NK cells exposure to aluminum salt or indicated TLR agonists. A) Dot plots and 

overlaid histograms display percentage of CD56+CD69+ NK cells and expression of 

activation marker CD69 (filled black) on pre-gated CD56+CD3- NK cells after 48hr culture 

with DCs, IL-12 or DC-conditioned media. One representative flow cytometry data is 

shown. B) Bar graphs shows the percentage of CD56+CD69+ NK cells. C) Bar graphs 

shows the amount of IFN-γ (pg/ml) secreted by activated NK cells in DC+NK (black bars), 

NK+IL-12 (white bars) and NK+DC supernatant (gray bars) cultures. D) Bar graphs show 

IL-12 production in DC-NK co-cultures. B–C–D) Data are expressed as mean ± SEM 

(n=3-4, n denotes number of individual donors). * p<0.05, relative to Alum. A indicates 

additive effect.
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Fig 6. 
DC, NK, and naïve T cells exposure to aluminum salt or indicated TLR agonists. A–B) Flow 

plots (A) and bar graphs (B) show the frequency of naïve (CCR7+CFSE+), central memory 

(CCR7+CFSE−) and effector memory (CCR7−CFSE−) CD4+ and CD8+ T cells generated 

in the primary co-cultures. C–D) Frequency of IFN-γ producing effector CD4 and CD8 T 

cells detected within CFSE negative expanded T cells in secondary cultures. E) IFN-γ 
released in the supernatants of secondary cultures. A–C) One representative flow cytometry 

data is shown. B–D–E) Data are expressed as mean ± SEM (n=3, n denotes number of 

individual donors). * p<0.05, relative to Alum. Horizontal bracket denotes the significant 

difference between indicated samples.
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