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Abstract

We present a primary example of a cell-surface modified with a synergistic combination of 

agonists to tune immune stimulation. A model cell-line, Lewis Lung Carcinoma, was covalently 

modified with CpG-oligonucleotides and lipoteichoic acid, both Toll-like receptor (TLR) agonists. 

The immune-stimulating constructs provided greater stimulation of NF-κB in a model cell line and 

bone marrow-derived dendritic cells than the components unconjugated in solution.

Immunotherapy is a promising treatment method that uses stimulation of receptors of the 

innate immune system to combat disease.1 Pattern recognition receptors (PRRs) on antigen-

presenting cells (APCs) are stimulated via molecular signals. These molecular signals, or 

pathogen-associated molecular patterns (PAMPs), can vary from oligonucleotides to 

bacterial cell wall components.2 Many current cell-based immunotherapies are comprised of 

one type of PAMP that stimulates only one PRR, resulting in a partial immune response. In 

contrast, effective vaccines, such as the yellow fever vaccine,3 are comprised of several 

signals that interact with multiple PRRs to elicit a robust immune response.4 Targeting 

antigens with molecular agonists is an important aspect in effective vaccines.1k,5 The 

chemical identity of a stimulating signal and its proximity to target antigens work in concert 

to elicit a specific immune response. Lipid anchoring6 and physical entrapment7 of 

molecular signals on tumor cells enhance immune response, but to date, the covalent 

attachment of multiple, synergistic agonist combinations on cell surfaces has not been 

attempted.

Here, we report the use of a polymeric linker to covalently modify Lewis Lung Carcinoma 

(LLC) with lipoteichoic acid (LTA – TLR2/6 agonist)8 and CpG-oligonucleotides (CpG-

ODN1826 – TLR9 agonist).9 We sought to answer the following questions. (1) Would 

direct, chemical modification of cell surface proteins enhance stimulation? and (2) Would 

synergistic combinations enabled by modular chemistry create increased activation or 

potential immune direction? We report that the PAMP-labeled cells upregulated cell surface 

marker expression, critical for T-cell activation. The multiple PAMP-labeled constructs also 

modulated cytokine production, allowing for the potential to design targeted vaccines. We 

also observed the macrophagocytosis of our PAMP-labeled cells, indicating a potential 

mechanism by which the immune-stimulating constructs are presented to an endosomal 
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TLR9. The covalent attachment of LTA and CpG-ODN to cell surface proteins on tumor 

cells enhanced dendritic cell activation toward the modified tumor cells. Our approach 

demonstrates the significance of chemically conjugating PAMPs to target cell antigens as 

well as the use of multiple PAMPs in developing more effective vaccines.

To modify cell surfaces with PAMPs, the first goal was to synthesize PAMP-polymer 

conjugates that can react with free amines on cell surfaces (Figure 1 & 2). We chose LTA 

and CpG-ODN1826 as the initial PAMPs, since they are potent TLR agonists and often 

exhibit a synergistic effect when used in combination.4d,10 Hsiao, et al.11 demonstrated the 

chemical attachment of ssDNA to cell surfaces via a commercially available, bi-functional 

SM(PEG)6 linker. The maleimide end of the linker was reacted with a free thiol on each 

PAMP. For CpG-ODN, as the 5’-end increases stimulation, the 3’-end of CpG-ODN (100 

µL, 0.40 mM) was conjugated in phosphate buffer (pH 7.4) for 2 h at room temperature. For 

LTA attachment, the lipid-tail of LTA is responsible for stimulation, so primary amines 

along the backbone were thiolated by treating LTA (200 µL, 1 mM) with N-succinimidyl-S-

acetylthiopropionate (SATP) in phosphate buffer (pH 7.4 with 1 mM EDTA) for 1 h at room 

temperature (Figure S6). Subsequently, the thiolated LTA was reacted with the maleimide 

end of the linker in phosphate buffer (pH 7.4) for 30 min at room temperature. The resulting 

conjugate 2a was confirmed via 1H NMR and thin-layer chromatography (TLC) (Figure S5–

S9) and conjugate 2b was confirmed via MALDI-MS (Figure S10).

We then sought to conjugate the PAMP-polymer conjugates to Lewis Lung Carcinoma 

(LLC) cells. LLC is a model lung cancer cell line often employed in C57Bl/6 mice studies. 

The NHS ester end-group of each PAMP-polymer conjugate (36 µM, 100 µL) was reacted 

with free amines on LLC surface proteins in phosphate buffer (pH 7.4) for 30 min at room 

temperature. To quantify the modification, CpG_LLCs (3b) were detected by incubating 3b 
with the 6-FAM tagged anti-sense strand of CpG-ODN1826 (10 µL, 100 µM) in phosphate 

buffer (pH 7.4) for 30 min at 0 °C.‡ A similar method was used to detect LTA_LLCs (3a), 

however rhodamine B isothiocyanate was conjugated to amines on the LTA backbone 

before the modification of LLC cell surfaces (Figure S2–S4). To synthesize 

CpG_LTA_LLCs (3c), 2a and 2b (in a 1:1 molar ratio) were incubated with LLCs to 

provide the same total concentration of the two PAMPs as that used for the single PAMP 

modification (3a or 3b). We confirmed covalent attachment of the PAMP-polymer 

conjugates using flow cytometry and confocal microscopy (Figure 3). For all LTA and CpG-

ODN LLC modifications, we observed a shift in the median fluorescence of the labeled 

LLCs using flow cytometry, confirming the cell surface modifications (Figures 3A–C). 

Some non-specific sticking of the fluorescently tagged PAMPs was observed, but distinct 

populations were observed for all PAMP_LLCs (Figure S11). Using fluorescence 

microscopy, we also observed fluorescence for each PAMP as well as both PAMPs together 

in co-localization experiments (Figure 3D).‡‡

To determine possible mechanisms by which our PAMP_LLCs stimulated APCs, we 

examined the cells using confocal microscopy. An immortalized dendritic cell-line, JAWS 

II, was employed as a model owing to its ease of use. APCs were labeled with DiO (green) 

and our LLC constructs with DiI (red).12 CpG_LLCs were internalized by the APC cell-line, 
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confirming that macrophagocytosis is one possible mechanism by which stimulation 

proceeds (Figure 4A).‡‡‡

Next, we determined the effect of the PAMP modifications on the stimulation of internal 

signaling pathways in RAW264.7, a murine macrophage reporter cell-line (RAW-Blue) 

(Figure 4B). In RAW-Blue cells, NF-κB stimulation is quantified through secretion of 

alkaline phosphatase using a colorimetric assay. In all experiments involving unmodified 

cells, we observed little stimulation of the RAW-Blue cell line. Incubating the RAW-Blue 

cells with 3a or 3b for 18 h at 37 °C displayed a 500% increase of NF-κB expression from 

the unmodified LLCs. Interestingly, both 3a and 3b stimulated to a similar degree despite 

interacting with a cell surface and an endosomal PRR, respectively. 3c evoked the greatest 

NF-κB signaling. Approximately a 200% increase in stimulation was observed compared to 

a single modification despite 3c contained only half the total cell-surface concentration of 

each PAMP. This result suggests that covalently conjugating multiple PAMPs to whole cells 

increases immune activation, which can lower loading levels compared to use of a single 

PAMP.

To examine potential synergistic effects of covalently attached PAMPs in vivo, we tested 

PAMP_LLCs against bone marrow-derived dendritic cells (BMDCs), a standard cell-line 

used to confirm immune activation in vitro (Figure 4C).13 Activation of BMDCs was 

confirmed via the upregulation of cell surface markers by flow cytometry and expression of 

cytokines by intracellular cytokine flow cytometry. To determine cell surface marker 

expression, BMDCs were incubated with each construct for 18 h at 37 °C. Cell surface 

markers CD86, CD40, MHC II, and CD80 are proteins involved in priming naïve T-cells to 

elicit robust T-cell mediated immune responses. The upregulation of these cell surface 

markers signifies potential T-cell activation, resulting in an adaptive immune response. For 

unmodified LLCs, minor upregulation of cell surface markers CD86, CD40, and MHC II 

was observed. Expression of CD80 was also quantified, but the basal level observed was 

high, resulting in minor upregulation of the CD80 (Figure S15). All of the PAMP_LLCs 

resulted in enhanced activation of BMDC cell surface markers. Cell surface expression for 

CD86 was 20% greater for 3b and 30% greater for 3c than unmodified LLCs. 3a displayed 

greater activation relative to the unmodified LLCs. However, 3a showed modest activation 

compared to other modified constructs. The discrepancy in activation could be explained by 

localization of the CpG-ODN modified constructs inside and throughout the cell, resulting in 

more effective TLR9 stimulation within the endosome.‡‡‡‡ The two PAMP modification, 

when presented on the same tumor cell, enhanced BMDC activation, which demonstrated 

the potential for using multiple PAMPs to increase APC activation. All PAMP_LLCs 

provided increased activation over BMDCs incubated with the unconjugated components at 

an even higher concentration (Figure S16). This demonstrated that the covalent conjugation 

of multiple PAMPs to potential tumor-associated antigens (TAAs) can enhance immune 

activation, indicative of the priming of naïve T-cells.

To determine the cytokine profile elicited by the PAMP_LLC constructs, intracellular 

cytokine flow cytometry was used to analyze cytokine production (Figure 4D). 

PAMP_LLCs were incubated with BMDCs for 8 hours at 37 °C. GolgiPlug (BD 

Biosciences), containing Brefeldin A, was added to cell cultures for the final 4 hours of 
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incubation. 3b elicited the greatest production of IL-6, IL-12, and TNF-α, all pro-

inflammatory cytokines. 3b exhibited nearly a 45% increase of IL-6, IL-12, and TNF-α 

production compared to unmodified LLCs. 3c produced the second greatest amount of IL-6, 

IL-12, and TNF-α, approximately a 35% increase compared to unmodified LLCs. The 

production of pro-inflammatory cytokines may lead to activation of a cytotoxic T-cell 

response toward the LLC target antigen, resulting in the recruitment of APCs to the whole 

tumor cells. It also appeared that the LTA modulated signaling cytokine production, since 3c 
resulted in approximately a 5–10% decrease in IL-6, IL-12, compared to the 3b while TNF-

α cytokine production remained virtually the same. 3a only induced minor IL-6, IL-12, and 

TNF-α production, a 1–5% increase from unmodified LLCs. Our data suggests that the 

TLR2/6/9 combination resulted in a muted TH1 response while still activating T-cells via 

CD86 and CD40. This will allow us to simultaneously activate the immune system and 

modify cytokine production. A combination of TH1/TH2 responses may also be present, 

which is similar to an effective broad-based vaccine, where both pro-inflammatory (TH1) 

and anti-inflammatory responses (TH2) are produced. This potential to modulate cytokine 

production may allow us to direct APC immune responses toward a target antigen.‡‡‡‡‡

In this work, we have presented the first covalent conjugation of PAMPs to antigens on 

whole cells. A general, modular bioconjugation approach is employed, so different 

combinations of PAMPs, antigens, and target cell types can be tested. Our studies confirmed 

that directly and chemically modifying target cell antigens using multiple PAMPs elicited 

greater stimulation of APC lines. Future immunotherapies can use these techniques to enable 

lower therapeutic dosage and greater activation of dendritic cells in in vivo 

immunotherapeutic applications as well as modifying TAAs in biopsied samples. The use of 

these chemical tools can potentially enhance cell-mediated immunity and create more 

potent, directed cancer vaccines.
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Figure 1. 
The synthesis of immune-stimulating tumor cell surfaces via conjugation of NHSLTA (2a), 

NHS-CpG-ODN (2b), and both NHS-LTA and NHS-CpG-ODN to Lewis Lung Carcinoma 

(1) via a SM(PEG)6 linker in phosphate buffer (pH 7.4) for 30 min at room temperature.
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Figure 2. 
Scheme illustrating synthesis of PAMP-polymer conjugates (fluorescently tagged conjugates 

were not used for flow cytometry experiments): A) NHS-LTA (2a) and B) NHSCpG- ODN 

(2b) were synthesized by treating each thiolated agonist with a SM(PEG)6 linker in 

phosphate buffer (pH 7.4) for 30 min and 2 h, respectively, at room temperature.
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Figure 3. 
Analysis of fluorescently labeled PAMP_LLCs A) CpG-ODN1826_LLCs incubated with 6-

FAM CpG-ODN1826 anti-sense strand in Tris-EDTA (TE) buffer for 30 min at 0 °C 

(unmodified LLCs-black, CpG_LLCs-green), B) RITC LTA_LLCs (unmodified LLCs-

black, LTA_LLCs-red), and C) CpG_LTA_LLCs (upper right quadrant). D) Confocal 

microscopy images (at 488 nm for 6-FAM & 555 nm for RITC) of a) unmodified LLCs 

incubated with 6- FAM CpG-ODN1826 anti-sense strand exhibiting non-specific sticking, 

b) CpG_LLCs incubated with 6-FAM CpG1826 anti-sense strand, c) RITC LTA_LLCs, and 

d) CpG_LTA_LLCs.
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Figure 4. 
A) Confocal microscopy image of DiI-labeled CpG_LLCs (red) macrophagocytosed by 

DiO-labeled dendritic cells (green). B) RAW264.7 macrophage NF- κB stimulation. 

Macrophages were incubated with PAMP_LLC constructs for 18 h at 37 °C. Each bar is the 

result of six independent experiments. C) BMDC activation via cell surface marker 

expression when incubated with PAMP_LLC constructs for 18 h at 37 °C. D) BMDC 

cytokine profile measured by intracellular cytokine production when incubated with 

PAMP_LLC constructs for 8 h at 37 °C. IFN-γ and IL-10 secretion was not observed for any 

PAMP_LLC construct (Figure S18).14 For flow cytometry experiments, control (dark blue), 

unmodified LLCs (red), LTA_LLCs (green), CpG_LLCs (purple), CpG_LTA_LLCs (light 

blue). Each result is from three independent experiments, where *p < 0.025, **p < 0.05, 

***p < 0.01, and ****p < 0.1 (see S.I. for entire statistical analysis).
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