
Dissociation of TRIF bias and adjuvanticity

Katharina Richard*, Darren J. Perkins*, Erin M. Harberts†, Yang Song‡, Archana 
Gopalakrishnan*, Kari Ann Shirey*, Wendy Lai*, Alexandra Vlk*, Anup Mahurkar‡, Shreeram 
Nallar*, Lynn D. Hawkins¶, Robert K. Ernst†, Stefanie N. Vogel*,a

*Department of Microbiology and Immunology, University of Maryland School of Medicine 
(UMSOM), Baltimore, MD

†Department of Microbial Pathogenesis, University of Maryland School of Dentistry (UMSOD), 
Baltimore, MD

‡Genome Informatics Core, Institute for Genome Sciences (IGS), UMSOM, Baltimore, MD

¶G2D2, Eisai Inc., Cambridge, MA

Abstract

Toll-like receptors (TLRs), a family of “pattern recognition receptors,” bind microbial and host-

derived molecules, leading to intracellular signaling and proinflammatory gene expression. TLR4 

is unique in that ligand-mediated activation requires the co-receptor myeloid differentiation 2 

(MD2) to initiate two signaling cascades: the MyD88-dependent pathway is initiated at the cell 

membrane, and elicits rapid MAP kinase and NF-κB activation, while the TIR-domain containing 

adaptor inducing interferon-β (TRIF)-dependent pathway is initiated from TLR4-containing 

endosomes and results in IRF3 activation. Previous studies associated inflammation with the 

MyD88 pathway and adjuvanticity with the TRIF pathway. Gram-negative lipopolysaccharide 

(LPS) is a potent TLR4 agonist, and structurally related molecules signal through TLR4 to 

differing extents. Herein, we compared monophosphoryl lipid A (sMPL) and E6020, two 

synthetic, non-toxic LPS lipid A analogs used as vaccine adjuvants, for their capacities to activate 

TLR4-mediated innate immune responses and to enhance antibody production. In mouse 

macrophages, high dose sMPL activates MyD88-dependent signaling equivalently to E6020, while 

E6020 exhibits significantly more activation of the TRIF pathway (a “TRIF bias”) than sMPL. 

Eritoran, a TLR4/MD2 antagonist, competitively inhibited sMPL more strongly than E6020. 

Despite these differences, sMPL and E6020 adjuvants enhanced antibody responses to comparable 

extents, with balanced immunoglobulin (Ig) isotypes in two immunization models. These data 

indicate that a TRIF bias is not necessarily predictive of superior adjuvanticity.
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Introduction

Vaccine adjuvants rely on their ability to stimulate innate immune responses. One of the 

most well-studied mechanisms of innate immune activation acts through Toll-Like Receptor 

4 (TLR4). The prototype TLR4 agonist is the LPS of Gram-negative bacteria, and, 

specifically, the lipid A region of LPS, is one of the most potent inflammatory stimuli known 

[1]. After in vivo administration of LPS, proinflammatory cytokines are strongly and rapidly 

up-regulated and are predominantly macrophage-derived [2]. Macrophage responses 

contribute to LPS reactogenicity and toxicity. Picogram doses of LPS included in vaccine 

formulations can improve immunogenicity in mice [3–6]. Immune stimulation by LPS is 

TLR4-dependent, as evidenced by loss of adjuvanticity in TLR4-deficient mice in various 

experimental models [7–9]. The non-covalently TLR4-associated proteins CD14 and MD2, 

are also required to form the higher order signaling complex, TLR4/MD2 [10–12]. The 

TLR4 antagonist, Eritoran, an inactive lipid A analog, acts by competitively blocking the 

binding site for the lipid A moiety of LPS on MD2 [10, 13].

Activation of TLR4 signaling at the cell surface leads to recruitment of the adaptor 

molecule, myeloid differentiation primary response protein 88 (MyD88), triggering 

formation of a very large, multicomponent structure, the “MyDDosome,” that leads to early 

activation of the nuclear factor kappa B (NF-κB) and mitogen-activated protein (MAP) 

kinase signaling pathways [14]. TLR4 may also exhibit CD14-dependent internalization into 

endosomes [15]. At the endosomal location, the adapters, TRIF-related adaptor molecule 

(TRAM) and TRIF (a.k.a. TIR-domain containing adaptor molecule 1 (Ticam1)), are 
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recruited to TLR4 [15], leading predominantly to activation of Interferon Regulatory Factor 

3 (IRF3) and production of Type I Interferons (IFN), as well as a delayed wave of NF-κB 

activation [16]. The Mitchell laboratory first associated activation of the TRIF pathway with 

adjuvanticity [17], and went on to screen potential synthetic vaccine adjuvants based on their 

relative ability to elicit TRIF signaling (i.e., a “TRIF bias”) [18]. Nonetheless, the molecular 

mechanism(s) of TRIF-mediated adjuvanticity remains unclear.

Structural analogs of lipid A also signal through TLR4 to varying extents. The best studied 

of these TLR4-based agonists is bacterially-derived monophosphoryl lipid A (MPL), which 

is de-toxified by removal of the phosphate group in position 1 [11] and other modifications, 

but retains strong adjuvanticity [19]. Salmonella minnesota-derived MPL is included in 

several vaccine formulations that are licensed for human use [20]. It later became possible to 

synthesize MPL structures that retained adjuvant activity [9, 21]. While bacterially-derived 

MPLs are heterogeneous preparations [22, 23], synthetic MPL (sMPL) produced by Avanti 

Polar Lipids, LLC (PHAD®), is a homogenous preparation, as evidenced by a single peak in 

mass spectrometry profiling (m/z 1763, data not shown). Supplementary Figure 1A 

illustrates the structure of the sMPL used for the present study.

In search of improved synthetic adjuvants, other structural variants of lipid A have been 

synthesized and tested for toxicity and adjuvanticity [9, 24]. Among these, E6020 (Eisai, 

Inc.; Supplementary Figure 1B), like sMPL, contains long chain fatty acids that have been 

shown to interact with TLR4/MD2 [24]. The key difference between sMPL and E6020 is 

that E6020 is formed with an acyclic flexible linker replacing the phosphorylated sugar 

backbone of lipid A, which permits dimerization of monovalent phosphate molecules 

containing three lipids, and greater ease of synthesis [25]. E6020 is also bis-phosphorylated. 

Compared to LPS, E6020 is also attenuated in its ability to induce fever in rabbits [26], yet 

in animal models, exhibits potent adjuvant activity [27–37]. The mechanisms underlying 

differences in adjuvanticity between sMPL and E6020 or related molecules are not known.

To elucidate differences in molecular mechanisms of activation by sMPL and E6020, we 

conducted experiments that extend prior studies of the potential role of TRIF-dependence in 

adjuvanticity. Knowledge gained in the intervening years, such as the ability to classify 

downstream gene expression as being MyD88-dependent, TRIF-dependent, or co-

dependent, coupled with more advanced tools to examine TLR4-dependent responses, 

allowed us to probe TRIF-dependent mechanisms in primary mouse macrophages more 

critically. Our results demonstrate that E6020 is significantly stronger than sMPL at eliciting 

TLR4-dependent responses in murine macrophages: while both synthetic TLR4 agonists are 

highly attenuated compared to LPS, E6020 elicits MyD88-dependent signaling at lower 

concentrations than sMPL and exhibits significantly greater activation of the TRIF pathway, 

as evidenced by enhanced TLR4 internalization, IRF3 phosphorylation, and induction of 

TRIF-dependent genes such as Ifnb1, Cxcl10, and Ccl5, i.e., a substantial “TRIF bias.” 

Competitive inhibition studies with the TLR4/MD2 antagonist Eritoran [38] revealed that 

E6020-induced gene expression is less susceptible to inhibition than that induced by sMPL, 

suggesting that sMPL interacts less strongly with TLR4/MD2. Based on the differential 

TRIF-biases of E6020 and sMPL, we expected that E6020 would exhibit greater 

adjuvanticity; however, both sMPL and E6020 elicited equivalent TH1:TH2-balanced 

Richard et al. Page 3

Vaccine. Author manuscript; available in PMC 2021 June 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



antibody responses to both ovalbumin (Ova), a well-established protein antigen, and 

Francisella tularensis LVS nanoparticles, a more complex vaccine [39, 40]. This 

demonstrates that both strong and weak TRIF-inducing TLR4 agonist adjuvants can 

stimulate adaptive humoral immune responses comparably. These findings support the 

conclusion that a “TRIF bias” is not necessarily predictive of improved adjuvanticity.

Materials and Methods

Reagents

LPS was purified from E. coli K235 by the hot phenol-water method, as described [41]. 

Completely synthetic monophosphoryl lipid A (sMPL) was purchased from Avanti Polar 

Lipids (Cat #699800P; PHAD®) and reconstituted in sterile saline with 0.02% triethylamine 

(Sigma) and briefly sonicated [42, 43]. Presence of a single sMPL structure was confirmed 

by mass spectrometry (m/z 1763, data not shown). Synthetic compounds E6020 (TLR4 

agonist) and E5564 (TLR4 antagonist; a.k.a. Eritoran), were provided by Eisai, Inc. 

(Cambridge, MA) and were reconstituted in sterile PBS (E6020; [25]) or endotoxin-free 

water (E5564; [38]). Sterile fluid thioglycollate was purchased from Remel.

Mice—C57BL/6J mice were purchased from Jackson Laboratories (Bar Harbor, ME 

04609). TLR4−/− and Ticam1−/− (TRIF-null) mice were bred at the University of Maryland 

Baltimore. All experiments involving mice were conducted with institutional approval of the 

Institutional Animal Care and Use Committee.

Cell culture and stimulation—Unless otherwise indicated, primary mouse 

thioglycollate-elicited macrophages were harvested by peritoneal lavage in sterile saline 

[44], and pooled from 2–5 mice per experiment. After a 2 h incubation at 37 oC, 5% CO2, 

peritoneal exudate cells were washed in PBS to remove non-adherent cells. The remaining 

adherent cells are >98% macrophages [45]. For competitive inhibition assays, cells were 

pre-treated for 20 minutes with Eritoran (E5564, Eisai Inc.) at concentrations ranging from 

0.01 to 100 ng/mL, followed by 2 h stimulation with sMPL or E6020.

Murine RAW 264.7 macrophages (ATCC® TIB-71, passage 6–9) were cultured in 

RPMI1640 with 10% FBS, 2mM L-glutamine, 100 U/mL Pen/Strep (10% FBS/RPMI 

complete). Murine MH-S alveolar macrophages (ATCC® CRL-2019) were cultured in 10% 

FBS/RPMI complete plus 50 μM β-ME medium. Bone marrow derived macrophages 

(BMDM) were cultured from C57BL/6J bone marrow as previously described [40], using 

12.5% LADMAC supernatant as source of M-CSF. Bone marrow derived dendritic cells 

(BMDC) were cultured from C57BL/6J bone marrow as described by Dr. Ivan Zanoni [46], 

using 10% B16-GMCSF supernatants (gift from Dr. Zanoni) as source of GM-CSF. Human 

THP-1 monocytes (ATCC® TIB-202™) were cultured in 10% FBS/RPMI complete plus 

10mM HEPES buffer, 1mM sodium pyruvate, and 50 μM β-ME; differentiated into 

macrophages using 100 nM PMA for 48 h, and “rested” for an additional 24 h before 

stimulation with TLR4 agonists, as previously described [47].

qRT-PCR—Macrophages were harvested in Tripure reagent (Roche) at the indicated time 

points after stimulation and frozen at −80 oC. RNA was extracted by the manufacturer’s 
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protocol and cDNA reverse synthesized from 1 μg RNA per sample using QScript kits 

(QuantaBio), as previously described [45]. qRT-PCR was performed on a 7900HT 

instrument (Applied Biosystems) using Power SYBR Green PCR master mix (Applied 

Biosystems) with primers for Hprt, Tnf, Il10, Il1b, Cxcl1, Ifnb1, Cxcl10, and Ccl5 (Sigma, 

custom synthesis based on published sequences [48], confirmed in primer BLAST). Fold-

induction was normalized relative to Hprt levels and the medium-treated control levels of 

individual genes using the 2^(-ΔΔCT)-method [49].

Western analyses—Immunoblots were performed using antibodies against 

phosphorylated IRF3 (clone 4D4G), serine 536-phosphorylated NF-κB p65 (clone 93H1), 

and total IRF3 (clone D93B9) (all from Cell Signaling) as previously described [47].

TLR4 internalization—Macrophages were treated with medium, 100 ng/mL purified LPS, 

sMPL, or E6020. Samples were collected at 30-minute intervals, chilled to prevent further 

internalization, Fc-receptors blocked with unconjugated anti-mouse CD16/32 (Clone 93), 

and stained with Phytoerythrin (PE)-conjugated rat IgG2a anti-mouse TLR4/MD2 (clone 

SA15–21) or isotype control (clone RTK2758) antibody (BioLegend), and analyzed as 

previously described [50].

Microarray analysis—Macrophages underwent regular media change (control) or 

stimulation with 100 ng/mL (57.3 μM) sMPL or 100 ng/mL (61.6 μM) E6020 for 2 h before 

harvest. Total RNA from 9 samples (3 biological samples/treatment) with RNA integrity 

number (RIN) values of 8.4 – 10.0, were harvested using High Pure RNA isolation kits 

(Roche) and hybridized to Affymetrix Clariome D (mouse transcriptome) microarray chips 

(Thermo Fisher Scientific, Inc.). Differential expression analysis was performed using 

Affymetrix Transcriptome Analysis Console (TAC) Software Version 4.0. Differentially 

expressed (DE) genes were identified by threshold of > 2-fold change and a false discovery 

rate (FDR) < 0.05. Gene expression profiles have been deposited in NCBI’s Gene 

Expression Omnibus [51] database under GSE131403. DE gene data were loaded into 

Ingenuity® Pathway Analysis™ (IPA) for further analysis. Heatmaps and quadrant plots of 

DE genes were created using ComplexHeatmap, ggplot, and ggrepel packages in R.

Immunizations and antigen-specific ELISAs—Six mice per group were immunized 

twice, two weeks apart, intramuscularly (i.m.; using a 27G ½” needle) with PBS (negative 

control), 10 μg EndoFit ovalbumin alone (Ova; Invivogen), Ova + 180 μg Alhydrogel (alum; 

Invivogen), Ova + 50 μg sMPL, or Ova + 50 μg E6020. Antigen and adjuvants were allowed 

to adsorb at room temperature for 2 h before injection. Sera were collected weekly and 

subjected to ELISA on plates coated with 1 μg/well of Ova and developed as previously 

described [52].

In other experiments, mice were immunized with nanoparticles consisting of catanionic 

surfactant vesicles containing Francisella tularensis (Ft) LVS antigens (LVS-V, 35 μg), as 

described [39], without adjuvant or with 100 μg sMPL or E6020 intraperitoneally (i.p.; using 

a 25G 5/8” needle), followed two weeks later by intranasal (i.n.; no needle) booster with 5 

μg LVS-V, without or with 10 μg sMPL or 3 μg E6020. We previously determined that 

heterologous (i.p./i.n.) routes of immunization were the most efficacious against i.n. 
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challenge with virulent Francisella [39]. Mice were euthanized, bled, and bronchoalveolar 

lavage (BAL) performed two weeks post i.n. administration, and antibody titers from sera 

and BAL fluid (BALf) were determined on Ft LVS-coated ELISA plates, as described [40].

Statistics—Statistics for the data in each figure are described in the corresponding figure 

legend. For microarray data, the FDR (from the Affymetrix TAC output) was used to assess 

significance. All other statistics and calculations were performed in GraphPad Prism, 

Version 7. Unless otherwise indicated, graphs show arithmetic mean α SEM. Comparisons 

of two experimental groups were performed using the Students t test, and comparisons of 

three or more groups were performed using One-Way ANOVA with Holm-Sidak multiple 

comparison post-hoc analyses, for which the p values were adjusted for the number of 

comparisons. In Figure 4 (competitive inhibition assays), Eritoran concentration (x) and 

Fold-Induction (y; calculated as described above) were Log-transformed, and the IC50 

calculated with Sigmoidal (4-parameter) curve fit. On all graphs, * p < 0.05, ** p < 0.01, 

*** p < 0.001, and **** or #### p < 0.0001.

Results

Analysis of Macrophage gene expression analysis stimulated by TLR4 agonists

Only TLR4 stimulates both the MyD88 and TRIF signaling pathways [1]. To compare the 

relative TLR4-stimulatory capacities of sMPL and E6020, we initially examined induction 

of select MyD88-dependent genes (Il1b, Il10, and Tnf) and TRIF-dependent genes (Ifnb1, 
Cxcl10, and Ccl5) by qRT-PCR in dose-response experiments, and included bis-

phosphorylated hexa-acylated E. coli LPS as a positive control (Figures 1A and 1B). In 

preliminary experiments, the kinetics of gene induction in response to LPS, sMPL, and 

E6020 was observed to be comparable (data not shown). Expression of MyD88-dependent 

genes Tnf, Il10, and Il1b was induced by both sMPL and E6020 stimulation. Of note, an 

~10-fold lower concentration of E6020 was found to elicit gene expression equivalent to that 

induced by sMPL (Figure 1A). At 100 ng/mL (57.3 μM sMPL, 61.6 μM E6020), however, 

no significant difference between sMPL and E6020 was observed, reaching similar levels of 

MyD88-dependent gene expression as the LPS concentration curve plateaued. In contrast, 

TRIF-dependent genes Ifnb1, Cxcl10, and the TRIF and MyD88 co-dependent gene Ccl5 
were only minimally induced by sMPL compared to LPS or E6020, even at the highest 

concentration tested (Figure 1B). These differential responses were confirmed in RAW 

264.7 (mouse macrophages), MH-S (mouse alveolar macrophages), C57BL/6J bone-marrow 

derived macrophages (BMDM) and dendritic cells (BMDC), as well as in THP-1 (human 

monocytes, differentiated to macrophages) (Supplementary Figure 2).

To extend our qRT-PCR findings, time-course experiments were performed in which we 

measured the phosphorylation state of IRF3, the major transcription factor involved in TRIF-

dependent TLR4 signaling, and p65, the major species of NF-κB activated in the MyD88-

dependent LPS response of macrophages. Figure 1C shows a representative immunoblot 

using macrophage lysates harvested at 0 to 180 minutes after stimulation with 100 ng/mL of 

LPS, sMPL, or E6020. E6020 induced a similar degree of IRF3 activation as LPS with 

increased IRF3 phosphorylation at the 40- and 60-min time points. In contrast, sMPL 
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induced very little IRF3 phosphorylation, visible only when the immunoblot was 

overexposed and even at a dose of 1,000 ng/mL, sMPL only weakly induced IRF3 

phosphorylation (data not shown). Phosphorylation of NF-κB p65, however, was similar 

among all treatments. These data support the conclusion that while E6020 and sMPL are 

both attenuated for MyD88-dependent responses compared to LPS, E6020, but not sMPL, 

retains the capacity to activate the TLR4-TRIF pathway robustly.

Kinetic differences of TLR4 internalization and signaling in macrophages stimulated with 
TLR4 agonists

Since TRIF-dependent signaling is dependent upon internalization of the CD14/TLR4/MD2 

complex [15, 53], we hypothesized that kinetics of TLR4 internalization in response to 

sMPL and E6020, would reflect the observed difference in IRF3 activation. Macrophages 

were stimulated with 100 ng/mL of each TLR4 agonist and internalization rates measured by 

flow cytometry, a measure of TLR4 translocation to endosomes [15, 50]. Unstimulated cells 

did not lose surface TLR4 expression over time, while LPS-stimulated cells (positive 

control) lost surface expression of TLR4 at a rate of 36 ± 2% per hour, as we described [13, 

47] (p < 0.0001). E6020 induced similar kinetics and degree of TLR4 internalization as LPS, 

yielding an internalization rate of 33 ± 3% per h (p < 0.0001) (Figure 1D). In contrast, 

stimulation of macrophages with sMPL yielded only 3 ± 3% per h TLR4 internalization (p < 

0.0001 compared to LPS or E6020 internalization) and was not significantly different from 

unstimulated macrophages. These data indicate that sMPL stimulation results in lower 

TRIF-dependent gene expression and IRF3 activation than LPS and E6020 because it poorly 

induces internalization of the TLR4 receptor complex.

To assess whether enhanced activation of the TRIF-dependent pathway by E6020 truly is 

TRIF-dependent, stimulation with 100 ng/mL of each TLR4 agonist was carried out in 

macrophages from C57BL/6J (WT), TLR4−/−, and Ticam1−/− (TRIF-null) mice. Tnf, our 

prototypical MyD88-dependent gene, was dependent on the expression of TLR4, but not 

TRIF, for stimulation with LPS (positive control), sMPL, and E6020. In contrast, the 

prototypical TRIF-dependent gene Ifnb1 mRNA expression was diminished in both TRIF- 

and TLR4-deficient macrophages for all three TLR4 agonists (Figure 1E). Thus, sMPL and 

E6020 act solely through the TLR4 surface receptor for induction of these genes, and E6020 

favors the TRIF-dependent pathway compared to sMPL.

Genome-wide expression analysis of macrophages stimulated by TLR4 agonists

To confirm and extend our findings of differential induction of the TRIF pathway by sMPL 

and E6020-stimulated macrophages, we performed a microarray analyses of primary mouse 

peritoneal macrophages that were either untreated (control) or stimulated at 100 ng/mL of 

the TLR4 adjuvants for 2 h, a dose and time required for optimal induction of many LPS-

inducible genes [43]. Total RNA was extracted from three biological replicates (numbered 

1–3 for each treatment on the heat map, Figure 2A) and the transcriptomes analyzed by 

whole transcriptome microarray. Our dataset contained 677 differentially expressed (DE) 

genes that exhibited a >2-fold difference in any comparison of treatments with a false 

discovery rate (FDR) < 0.05, of which 94% of DE genes were protein-coding 

(Supplementary Figure 3A) and were further analyzed. Figure 2A shows the heatmap of 
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protein-coding genes of each of the biological replicates relative to the average values of 

each untreated control group. sMPL induced expression of 155 protein-coding (and 

complex) genes, including those encoding IL-1β, TNF-α, CXCL1, and CXCL2 proteins that 

are associated with classical macrophage activation and are essential for inducing fever and 

attracting neutrophils. sMPL treatment of macrophages suppressed only 15 protein-coding 

genes. In contrast, E6020 induced 413 genes and suppressed 88 genes, including almost all 

of the sMPL-regulated genes. Lists of DE genes (induced or suppressed >2-fold) by sMPL 

or E6020 are presented in Supplementary Table I. The quadrant plot compares differential 

gene expression between the E6020- and the sMPL-stimulated cells (Figure 2B). Symbols 

between the diagonal lines, spaced at 1 log2 Fold Change intervals, represent genes that were 

induced or suppressed to approximately the same extent in sMPL- and E6020-treated cells. 

Only a single protein-coding gene, platelet derived growth factor B polypeptide (Pdgfb), was 

more highly expressed by sMPL than with E6020 stimulation (2.18-fold). In contrast, 199 

protein-coding genes were more highly expressed in E6020-stimulated cells (Table I lists the 

top 20). The majority of genes induced by E6020, but not sMPL, are associated with Type I 

IFN expression (Supplementary Figure 3B) [54]. This “interferon signature” supports 

stronger activation of the TRIF/IRF3 pathway in E6020-treated macrophages and includes 

genes that are secondarily induced by type I IFNs.

TLR4 signaling can occur either through the MyD88 pathway, initiated at the cell surface, or 

through the TRIF adaptor from the endosome. Therefore, we selected genes from literature 

references for their assignments to “MyD88-dependent only,” “TRIF-dependent only,” or 

“MyD88- and TRIF-dependent” categories (Supplementary Table II) [55–71]. Genes that 

were strictly dependent on MyD88 for induction, such as Tnf, Cxcl1, Cxcl2, Ccl3, and Il1b, 

were induced approximately equally by E6020 and sMPL (E6020/sMPL ratios of 0.86 – 

1.84, median 1.22; Figure 2C and Supplementary Table II.A). Genes that were dependent 

solely on the TRIF adaptor for their induction, such as Cxcl10, Ifit1, Mx1, and Oasl1, 

showed the highest expression in E6020-treated macrophages compared to sMPL-treated 

macrophages (p = 0.0062; Figure 2C, and Supplementary Table II.B). While the majority of 

TRIF-dependent genes are downstream of IFN-β, we also found differential regulation of 

TRIF-dependent genes previously reported to be induced independently of Type I IFNs, e.g., 
Il6 and Il33 (Supplementary Table II.B) [56, 65]. Genes regulated by both MyD88- and 

TRIF-dependent pathways, such as Ccl2, Ccl4, Ccl5, Il1a, and Ptgs2, showed an 

intermediate pattern of gene induction (Figure 2C, and Supplementary Table II.C). Overall, 

the microarray analysis shows that E6020 preferentially activates TRIF-dependent genes 

(i.e., it exhibits a greater “TRIF bias”) than sMPL.

E6020 is less susceptible than sMPL to competitive inhibition of TLR4/MD2

The low rates of TLR4 internalization seen with sMPL prompted us to test the hypothesis 

that E6020 and sMPL differed in their ability to bind to the TLR4 receptor complex. 

Eritoran is a TLR4/MD2 antagonist that blocks LPS signaling by competing with LPS for 

the hydrophobic binding pocket in MD2, thus preventing (TLR4/MD2)2 from reaching the 

active conformation [10, 13]. Eritoran served as competitive inhibitior in macrophages 

stimulated with E6020 or sMPL: Macrophages were pretreated with Eritoran for 20 minutes 

at concentrations ranging from 0.1 to 100 ng/mL. Based on the concentrations of sMPL or 
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E6020 determined in our prior experiment to induce equivalent Tnf mRNA (Figure 1A), we 

stimulated the cells with either 100 ng/mL sMPL or 10 ng/mL E6020 to achieve similar 

gene expression levels by 2 h. sMPL was more susceptible to inhibition by Eritoran, with an 

IC50 of 5.6 ng/mL, compared to E6020 with an IC50 of 10.9 ng/mL (Figure 3A). Analysis of 

expression of Cxcl1 confirmed these findings, with the IC50 calculated at 4.1 ng/mL for 

sMPL and 14.0 ng/mL for E6020 (Figure 3B). Thus, Eritoran inhibited sMPL-induced 

signaling more readily than E6020-induced signaling. These data suggest that, 

mechanistically, a reduced interaction of sMPL with the TLR4/MD2 complex likely 

underlies the reduced receptor internalization and signaling observed.

Stimulation of adaptive humoral immune responses by sMPL vs. E6020

Due to stronger induction of the TRIF-dependent TLR4 signaling pathway and higher 

resistance to inhibition with Eritoran, we hypothesized that E6020 would also be a more 

potent vaccine adjuvant than sMPL. Two murine vaccination strategies were employed to 

test the relative adjuvanticity of E6020 and sMPL. Ova is a well-characterized protein 

antigen with many tools available to probe immunogenicity, while the Francisella tularensis 
(Ft) LVS-functionalized catanionic surfactant vesicle (LVS-V; nanoparticle) antigen presents 

a more complex antigenic system that is more relevant to vaccine development against 

bacterial pathogens.

First, mice were immunized i.m. at two-week intervals with PBS, Ova, Ova + alum, Ova + 

sMPL, or Ova + E6020, and serum collected weekly. The kinetics of Ova-specific IgM, 

IgG1, and IgG2c titers show that Ova alone elicited weak responses for all three of these 

major Ig isotypes throughout the course of the experiment. Ova + alum induced high-titer 

IgG1 starting in week 2, but only minimal levels of IgG2c and IgM. Both sMPL and E6020 

adjuvants elicited mildly elevated titers of IgM starting in week 1, as well as high titers of 

IgG1 and IgG2c starting in week 2, which continued to increase after the boost (Figure 4). 

Two weeks after the boost, spleen cells were analyzed for lymphocyte subsets by flow 

cytometry, and no differences were found in the relative proportions of CD3+CD4+ T cells 

or CD3+CD8+ T cells in sMPL- and E6020-adjuvanted groups (data not shown). Even when 

mice were challenged with Ova antigen after >100 days to elicit memory responses, no 

difference between sMPL and E6020-induced antibody titers were evident (data not shown).

In a second model of antibody induction, mice were immunized intraperitonally with PBS, 

empty nanoparticles (V), or Ft LVS-functionalized nanoparticles (LVS-V), in the absence or 

presence of sMPL or E6020. Two weeks later, mice were boosted by i.n. administration, a 

vaccination regimen found to be the most protective against i.n. challenge with fully virulent 

Ft Schu S4 [39]. Two weeks post-boost, mice were euthanized, and sera and BALf were 

analyzed for Ft-specific antibodies by ELISA. All three immunization groups that included 

LVS-V (the antigenic nanoparticles) induced comparably high titers of IgG1 (Figure 5A). 

IgG2c, which is representative of TH1 immunity [72], was detected in the sera of 12/24 mice 

immunized with LVS-V alone, and the number of vaccine responders was increased 

significantly by inclusion of either sMPL (16/18 mice with positive titers) or E6020 (15/16 

mice with positive titers) in the vaccine preparations (Figure 5B). In the BALf, both 

synthetic adjuvants induced approximately 3-fold higher levels of IgG than LVS-V alone 
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(data not shown), and approximately 15-fold higher levels of IgA than LVS-V alone (Figure 

5C). The number of vaccine responders was also increased significantly by either adjuvant 

for BALf IgA: LVS-V alone only elicited a detectable IgA titer in only 4/16 mice, whereas 

BALf from 10/13 mice immunized with LVS-V + sMPL, and from 11/16 mice immunized 

with LVS-V + E6020 showed detectable levels of Ft-specific IgA (Figure 5C). These data 

support the conclusion that sMPL and E6020 are comparable inducers of antibody responses 

with an improved balance of TH1:TH2 responses compared to immunization with antigen 

alone or antigen plus alum, in both Ova- and LVS-V-immunized mice. Thus, the observed 

“TRIF bias” elicited by E6020-induced TLR4 signaling did not impart any improvement 

with respect to adjuvanticity.

Discussion

The need for novel vaccine adjuvants persists, particularly to drive mucosal and cellular TH1 

responses. Early studies showed that LPS itself could be used to enhance adaptive immune 

responses [3]; however, the toxicity of LPS was prohibitive. Salmonella-derived 

monophosphorylated lipid A (MPL) preparations exhibit low toxicity [19] and are strong, 

safe adjuvants that are currently included in several licensed human vaccine formulations 

[20]. However, bacterially derived MPL preparations are heterogenous mixtures of lipid A-

like structures, resulting in varying degrees of efficacy, depending on the source. In contrast, 

synthetic TLR4 agonists show improved structural homogeneity, leading to greater batch-to-

batch consistency of responses. Several synthetic TLR4 adjuvants, structurally related to the 

lipid A region of LPS, have been characterized [9]. sMPL possesses an excellent safety 

profile (non-reactogenic up to 100 ng/kg in rabbits [33]), but is typically less immunogenic 

in aqueous formulations [30, 73–75]. The Mitchell laboratory showed that sMPL 

(phosphorylated only at the 4’-position) is less stimulatory than a similar synthetic LPS-

mimetic that was bis-phosphorylated (1 and 4’ positions on lipid A) in their study of TRIF-

dependent gene expression in bone marrow-derived dendritic cells (DCs) [18]. Nevertheless, 

several mouse immunization studies show sMPL adjuvanticity in vivo [52, 64, 76, 77].

In contrast, E6020 has a bisphosphorylated structure (Supplementary Figure 1), stemming 

from its synthesis of two monophosphorylated triacyl molecules connected by a flexible 

acyclic backbone [25]. Yet, E6020 exhibits a very good safety profile, being tolerated up to 

30 ng/kg without inducing fever in rabbits, only slightly higher reactogenicity than induced 

by sMPL, and significantly attenuated compared to LPS (reactogenic at ≤ 0.1 ng/kg) [33].

The mechanism(s) by which lipid A agonists exert their adjuvant effects has been an area of 

considerable interest for some time. Early work by Henricson et al. [43] showed that, at high 

doses, Salmonella-derived MPL induced a number of LPS-inducible genes in macrophages, 

but at lower concentrations than LPS. Later studies by Mitchell and colleagues correlated the 

vaccine adjuvanticity of Salmonella-derived MPL preparations with the relative ability to 

induce TRIF-mediated signaling compared to MyD88-mediated signaling [17], leading to 

the hypothesis that a “TRIF bias” is correlated with adjuvanticity, while MyD88-dependent 

signaling is associated with inflammation [17, 64, 78–80]. Using bone marrow-derived 

dendritic cells, this group subsequently showed the sMPL (i.e., the same product as used in 

our study, but reconstituted with DMSO) was ~10-fold less efficacious in the ability to 
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induce TRIF-dependent and MyD88/TRIF-co-dependent genes than a synthetic “E. coli” 
lipid A [18]. However, they also reported that synthetic adjuvants induced TRIF-dependent 

genes at doses that were consistently lower than required for induction of MyD88/TRIF co-

dependent gene expression. This established a precedent for the screening of synthetic 

compounds that could potentially be used as vaccine adjuvants based on their relative ability 

to elicit TRIF-dependent vs. MyD88-dependent signaling.

TRIF-dependent mechanisms have been associated with increased antibody induction: 

dendritic cell maturation in response to LPS utilizes the TRIF-pathway, as it occurs in 

MyD88 and mitochondrial antiviral signaling (MAVS) double knockout mice [81], and 

supplementation of DCs with recombinant Type I IFNs enhances DC maturation [81–83]. 

Subsequent activation of CD4+ and CD8+ T cells [9], the switch to TH1-immunity [56], and 

activation of T-cell independent B cell activation [84], have also been shown to be at least 

partially TRIF-dependent. Nonetheless, the molecular mechanisms of TRIF-mediated 

adjuvanticity remain unclear.

Therefore, in an effort to define further the role of TRIF signaling in adjuvanticity, we 

initially compared sMPL to E6020 for their relative abilities to activate MyD88-dependent 

versus TRIF-dependent genes. Herein, we show that E6020 was a more potent inducer of 

both pathways. However, at 100 ng/ml, a concentration that elicited nearly equivalent 

MyD88-dependent gene expression by sMPL and E6020, only E6020 strongly induced 

TRIF-dependent genes (Figures 1 A–B and 2), findings supported by our observations that 

sMPL was severely attenuated for stimulating TLR4 internalization that is required for IRF3 

activation compared to E6020 and LPS (Figure 1C–D). Together, these data suggest that 

E6020 is more potent than sMPL for TLR4-dependent macrophage responses. This may be 

due to a higher affinity for MD2, suggested by the ability of Eritoran, a TLR4 antagonist that 

acts by binding to MD2, to inhibit sMPL-induced signaling more readily than E6020-

induced signaling (Figure 3).

In search of improved TLR4-based vaccine adjuvants, Eisai Inc. developed novel, 

structurally related lipid A analogs that were easier to synthesize. Ishizaka and colleagues 

reported that ER-803022 (a precursor to E6020) was a better adjuvant than sMPL [29, 85]. 

Even though this family of synthetic lipid A mimetics is diphosphorylated [29], E6020 

shows low toxicity, similar to sMPL, in contrast to the significantly more inflammatory bis-

phosphorylated lipid A [11, 26]. Subsequently, E6020 was advanced as a possible candidate 

adjuvant and has more recently been used as an adjuvant in small animal models of 

influenza [28], cytomegalovirus [33], tetanus [29], meningitis [31], chlamydia [34] [33] 

[34], Chagas disease [27, 32], a Staphylococcal enterotoxin B vaccine [30], and an anti-

methamphetamine vaccine preparation [37]. E6020 adjuvanticity for mucosal responses was 

demonstrated at low doses (3 μg/mouse), a dose tolerated by mice when administered by the 

i.n. route [85]. In most of these published studies, however, E6020 was formulated as an 

emulsion, which may enhance the adjuvanticity of a vaccine independently of TLR4, as was 

shown for MPL [74, 75]. To compare the intrinsic adjuvanticity of sMPL and E6020 

directly, we used aqueous suspensions of these two synthetic TLR4 agonists. We used 

IgG2c:IgG1 isotype analysis as surrogate measurement for Th1:Th2 balance, as IgG class 

switching is highly dependent on Th1 cytokines (e.g., IFN-γ)) for IgG2 and Th2 cytokines 

Richard et al. Page 11

Vaccine. Author manuscript; available in PMC 2021 June 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(e.g., IL-4) for IgG1 (reviewed in [72]). As expected from the literature, sMPL and E6020 

supported induction of TH1 immune responses (IgG2c) better than alum (Figure 4). Since 

E6020 exhibits greater solubility in aqueous solutions than sMPL, it is even more surprising 

that both adjuvants that differ so significantly with respect to their ability to activate the 

TRIF pathway, elicited comparable antibody responses in vivo, including enhanced titers of 

IgG1 (TH2) and IgG2c (TH1) in the classic Ova-immunization model (Figure 4B–C), as well 

as significantly reduced rates of non-responders for IgG2c (TH1) and BALf IgA (mucosal) 

responses in a complex nanoparticle vaccine model (Figure 5). The enhanced TRIF-

signaling in E6020-stimulated animals failed to enhance vaccine responses beyond those 

induced by sMPL.

To summarize, E6020 is an unusual TLR4 agonist that breaks from the pattern of enhancing 

adjuvanticity despite significant increases in TRIF-dependent TLR4 signaling. Thus, TRIF-

mediated signaling likely has alternate downstream effects apart from mediating increases to 

adaptive immune responses. Thus, the comparable adjuvanticity of sMPL and E6020 

supports the conclusion that “TRIF bias” cannot be used as a proxy for predicting 

adjuvanticity of novel TLR4 agonists. Further studies are needed to address the divergence 

in responses downstream of TRIF-activation between E6020 and other TRIF-biased TLR4-

agonists that enhance adjuvanticity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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E6020 manuscript abbreviations (alphabetical order)

alum Alhydrogel

BAL bronchoalveolar lavage

BALf bronchoalveolar lavage fluid

CIBR Center for Innovative Biomedical Resources

DE differentially expressed

FDR false discovery rate

Ft Francisella tularensis

Ft LVS Francisella tularensis Live Vaccine Strain
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Ft Schu S4 Francisella tularensis Schu S4 Strain (BSL-3)

h hours

IC50 inhibitory concentration for 50% inhibition

IFN interferon

Ig immunoglobulin

i.m. intramuscular

i.n. intranasal

i.p. intraperitoneal

IPA Ingenuity® Pathway Analysis™

IRF3 interferon regulatory factor 3

LPS lipopolysaccharide

LVS-V Ft LVS-functionalized nanoparticles (catanionic surfactant 

vesicles (V))

MAP mitogen-activated protein

MD2 myeloid differentiation 2

min minutes

MPL monophosphoryl lipid A (here, referring to detoxified 

product of bacterial membranes)

MyD88 myeloid differentiation primary response protein 88

NF-κB nuclear factor kappa B

Ova ovalbumin

PE phytoerythrin

PEC peritoneal exudate cells

RIN RNA integrity number

SEM standard error of the means

sMPL synthetic monophosphoryl lipid A

TH1 T helper 1

TH2 T helper 2

Ticam1 TIR-domain containing adaptor molecule 1 (a.k.a. TRIF)
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TLR4 Toll-like receptor 4

TLRs Toll-like receptors

TRAM TRIF-related adaptor molecule

TRIF TIR-domain containing adaptor inducing interferon-β 
(a.k.a. Ticam1)

V empty catanionic vesicles (nanoparticles)
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Highlights

• Synthetic lipid A analog adjuvants, E6020 and sMPL, signal through TLR4/

MD2.

• E6020 preferentially activates the TRIF-dependent TLR4 signaling pathway.

• E6020 interacts more strongly with TLR4/MD2 and is internalized more 

rapidly.

• Despite TRIF-bias, E6020 and sMPL exhibit comparable adjuvanticity in 
vivo.

• Conclusion: Our study shows that a “TRIF bias” is dissociable from 

adjuvanticity.
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Figure 1. TRIF-dependent genes, IRF3 phosphorylation, and TLR4 internalization are strongly 
induced in E6020- vs. sMPL-stimulated macrophages.
Macrophages were either medium-treated (“0”) or treated for the indicated times with 1 – 

100 ng/mL of LPS (circle, dotted line), sMPL (square, dashed line), or E6020 (triangle, solid 

line). qRT-PCR was employed to measure fold-induction over medium-treated baseline gene 

expression (normalized to Hprt mRNA expression) of (A) MyD88-dependent genes Tnf, 
Il10, and Il1b mRNA, and (B) TRIF-dependent genes Ifnb1 and Cxcl10, and MyD88-TRIF 

co-dependent gene Ccl5 mRNA. Each graph shows the arithmetic mean ± SEM of a 

representative experiment of 2–4 separate experiments. Preliminary time-course experiments 
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for each gene were performed and the maximum gene expression time chosen for dose 

response curves: Tnf, Il10, and Ifnb1 mRNAs were harvested at 2 h, Il1b and Cxcl10 
mRNAs were harvested at 4 h, and Ccl5 mRNA was harvested at 24 h. Dose response data 

were analyzed by One-Way ANOVA with post-hoc multiple comparison analyses; E6020 vs. 
sMPL A: p = 0.0167 (Tnf), p = 0.0005 (Il10), p = 0.0048 (Il1b), B: p ≤ 0.0001 (Ifnb1, 
Cxcl10, and Ccl5). (C) Macrophages were treated with 100 ng/mL of the indicated TLR4 

agonists and samples collected at the indicated time points (0 – 180 minutes). Western 

analysis was carried out using anti-phospho-IRF3 antibodies, anti-phospho-p65 antibodies, 

and anti-total IRF3 antibodies. (D) Macrophages were cultured overnight in flow cytometry 

tubes, and either left untreated or stimulated with 100 ng/mL of LPS, sMPL, or E6020 for 30 

– 90 minutes. At each time point, cells were rapidly chilled to prevent further internalization 

of TLR4, surface-stained with PE-rat IgG2a,κ anti-mouse CD284 (TLR4; clone SA15–21) 

or isotype control (clone RTK2758), and analyzed by flow cytometry. The percentage of 

TLR4 remaining on cell surface based on median PE-intensity is shown as arithmetic mean 

± SEM of 3 or more independent experiments. TLR4 internalization rates (linear regression 

model with TLR4/MD2 surface staining levels at 0 min defined as 100%) of the 4 treatment 

groups were analyzed by One Way ANOVA (p < 0.0001) with Holm-Sidak’s multiple 

comparsion post-hoc analysis: ####, LPS or E6020 vs. unstimulated cells or sMPL p < 

0.0001. (E) C57BL/6J, TRIF−/−, and TLR4−/− macrophages were stimulated with 100 

ng/mL of the respective TLR4 agonists and cytokine expression (Tnf, MyD88-dependent; 

Ifnb, TRIF-dependent) measured by qRT-PCR relative to Hprt. Differences were assessed by 

ANOVA with Holm-Sidak posthoc analyses; ****, p < 0.0001.
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Figure 2. E6020 induces a strong Type I IFN signature.
Primary macrophages were either treated for 2 h with medium only, sMPL, or E6020 (100 

ng/mL). RNA was subjected to microarray analysis. (A) Heatmap of differentially expressed 

(2-fold cut-off, FDR < 0.05) protein-coding and complex genes from 3 biological replicates 

(numbered 1–3 below), that were either left untreated (left), or treated with 100 ng/mL 

sMPL (middle) or E6020 (right). Each treatment per replicate was assayed on an individual 

chip. Intensity was plotted relative to the average of the untreated controls. (B) Quadrant plot 

of gene induction/suppression by sMPL versus Control (x-axis) and E6020 versus Control 
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(y-axis). Diagonal lines are spaced 1 log2-fold difference, and genes falling within the lines 

are equally induced by sMPL and E6020. Genes of particular interest for TLR4-induced, 

MyD88-dependent and TRIF-dependent activation are labeled. (C) The ratio of induction 

between E6020-treated cells and sMPL-treated cells was calculated for a subset of the 

differentially expressed genes with previously reported dependence on MyD88, TRIF, or 

both adapters downstream of TLR4 signaling pathways (Supplementary Table II).

Richard et al. Page 23

Vaccine. Author manuscript; available in PMC 2021 June 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Eritoran is a more potent competitive inhibitor of gene expression induced by sMPL 
than E6020.
Macrophages were pre-treated with the indicated concentrations of Eritoran, then left 

untreated (dotted grey line, open circles) or stimulated for 2 h with sMPL (100 ng/mL; 

dashed grey line, squares) or E6020 (10 ng/mL; solid black line, triangles). These doses 

were based on equivalent Tnf mRNA expression in experiments in Figure 1A. Tnf and Cxcl1 
steady-state mRNA levels were measured by qRT-PCR, normalized to mRNA levels for Hprt 
(housekeeping gene). The Eritoran IC50 was calculated on the Log-transformed data by 

Sigmoidal (4PL) curve fit for each TLR4 agonist. A 2-tailed paired Student’s t-test was used 

to analyze differences in Eritoran IC50 for sMPL vs. E6020, p = 0.0072 (**). Data were 

combined from two independent experiments.
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Figure 4. sMPL and E6020 induce comparable antibody titers and Ig isotypes in Ova 
immunization model.
Mice were immunized i.m./i.m., in weeks 0 and 2, with PBS (open triangle, thin dashed 

line), Ova (grey circle, thin solid line), Ova + alum (grey diamonds, grey dotted line), Ova + 

sMPL (grey squares, grey dashed line), or Ova + E6020 (black triangles, thick black line). 

Sera were harvested weekly and anti-ovalbumin titers of (A) IgM, (B) IgG1 (TH2), and (C) 
IgG2c (TH1) were determined by ELISA. Each symbol represents an individual mouse, and 

lines connect the geometric means within each treatment group over the time-course. Two-

way row-matched ANOVA with Tukey’s multiple comparison shows no sustained 

differences between Ova + sMPL and Ova + E6020 immunizations. IgG1 titers were 

significantly higher than immunization with Ova alone for groups Ova + Alum (p < 0.0001 

in weeks 3 and 4) Ova + sMPL (p = 0.0169 in week 4) and Ova + E6020 (p = 0.0214 in 

week 4). IgG2c titers were significantly higher than either immunization with Ova alone or 

Ova + Alum in immunization groups Ova + sMPL (week 3) and Ova + E6020 (weeks 3 and 

4), all at p < 0.0001.
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Figure 5. sMPL and E6020 induce similar levels of serum and mucosal antibody responses in the 
Ft LVS-V nanoparticle immunization model.
Mice were immunized i.p./i.n., in weeks 0 and 2, with PBS (open down-triangle), V (open 

circle), V+sMPL (open square), V+E6020 (open up-triangle), LVS-V (filled circle), LVS-V

+sMPL (grey square), or LVS-V+E6020 (filled up-triangle). As all the vaccine ‘non-

responders’ fall on the x-axis, the number of mice in each group (n) is included in 

parantheses. (A, B) Sera and (C) BALf were harvested in week 4 and analyzed by ELISA 

for Francisella tularensis (Ft)-specific (A) IgG1, (B) IgG2c, and (C) IgA. Each symbol 

represents the antibody titer from one mouse, and bars show geometric mean of the 

treatment groups. Data were Log-transformed and analyzed by One-Way ANOVA with 

Holm-Sidak’s multiple comparsions post-tests for LVS-V alone vs. LVS-V+sMPL or LVS-V

+E6020, and LVS-V+sMPL vs. LVS-V+E6020: (A) IgG1: none significant; (B) IgG2c: p = 

0.0012 (LVS-V ± sMPL), p = 0.0089 (LVS-V ± E6020); (C) BALf IgA: p = 0.0002 (LVS-V 

± sMPL), p = 0.0003 (LVS-V ± E6020).
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Table I.

Top 20 protein-coding genes with higher expression in E6020- versus sMPL-stimulated macrophages

Fold Change Gene Symbol Description

26.64 Ifit1 interferon-induced protein with tetratricopeptide repeats 1

24.66 Mx2 myxovirus (influenza virus) resistance 2

24.17 Mx1 myxovirus (influenza virus) resistance 1

22.91 Tgtp2 T cell specific GTPase 2; T cell specific GTPase 1; T-cell specific GTPase 2

20.07 Trim30c tripartite motif-containing 30C; novel tripartite motif protein

18.39 I830012O16Rik RIKEN cDNA I830012O16 gene; novel protein similar to interferon-induced protein with tetratricopeptide 
repeats 3 Ifit3

15.19 Ifit2 interferon-induced protein with tetratricopeptide repeats 2

15.15 Cmpk2 cytidine monophosphate (UMP-CMP) kinase 2, mitochondrial

14.08 Rsad2 radical S-adenosyl methionine domain containing 2

13.11 Tnfsf4 tumor necrosis factor (ligand) superfamily, member 4

12.22 Usp18 ubiquitin specific peptidase 18

11.95 F830016B08Rik RIKEN cDNA F830016B08 gene

11.07 Cxcl9 chemokine (C-X-C motif) ligand 9

10.51 Ifit3 interferon-induced protein with tetratricopeptide repeats 3

10.33 Edn1 endothelin 1

9.92 Iigp1 interferon inducible GTPase 1

9.91 Gm4951 predicted gene 4951; novel protein

9.60 Oasl1 2–5 oligoadenylate synthetase-like 1; 2′–5′ oligoadenylate synthetase-like 1

9.02 Tnfsf15 tumor necrosis factor (ligand) superfamily, member 15

8.65 Igtp interferon gamma induced GTPase

Vaccine. Author manuscript; available in PMC 2021 June 02.


	Abstract
	Graphical Abstract
	Introduction
	Materials and Methods
	Reagents
	Mice
	Cell culture and stimulation
	qRT-PCR
	Western analyses
	TLR4 internalization
	Microarray analysis
	Immunizations and antigen-specific ELISAs
	Statistics


	Results
	Analysis of Macrophage gene expression analysis stimulated by TLR4 agonists
	Kinetic differences of TLR4 internalization and signaling in macrophages stimulated with TLR4 agonists
	Genome-wide expression analysis of macrophages stimulated by TLR4 agonists
	E6020 is less susceptible than sMPL to competitive inhibition of TLR4/MD2
	Stimulation of adaptive humoral immune responses by sMPL vs. E6020

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table I.

