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ABSTRACT 

Although the existing flu vaccines elicit strong antigen-specific antibody responses, they 

fail to provide effective, long term protection – partly due to the absence of robust cellular 

memory immunity. We hypothesized that co-administration of combination adjuvants, 

mirroring the flu-virus related innate signaling pathways, could elicit strong cellular 

immunity.  Here, we show that the small molecule adjuvant R848 and the RNA adjuvant 

PUUC, targeting endosomal TLR7s and cytoplasmic RLRs respectively, when delivered 

together in polymer nanoparticles (NP), elicits a broadened immune responses in mouse 

bone marrow-derived dendritic cells (mBMDCs) and a synergistic response in both mouse 

and human plasmacytoid dendritic cells (pDCs). In mBMDCs, NP-R848-PUUC induced 

both NF-kB and interferon signaling.  Interferon responses to co-delivered R848 and 

PUUC were additive in human peripheral blood mononuclear cells (PBMCs) and 

synergistic in human FLT3-differentiated mBMDCs and CAL-1 pDCs.  Vaccination with 

NPs loaded with H1N1 Flu antigen, R848, and PUUC increased CD8+ T-cell populations 

in the lungs and antigen-specific T-cell populations in the spleen, and enhanced antigen-

specific T cell immunity. Our results demonstrate that simultaneous engagement of TLR7 

and RIG-I pathways using particulate carriers is a potential approach to improve cellular 

immunity in flu vaccination.  
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INTRODUCTION 

It is estimated that every year, globally, between 294,000 and 518,000 people die 

of influenza and associate complications. In the previous century, three global pandemic 

outbreaks of influenza occurred, with the largest killing an estimated 50-100 million.1-3 

While vaccines have controlled the spread of other deadly diseases, such as smallpox, 

polio, and measles, vaccines against the flu, although somewhat effective in the short-

term, do not offer long-term protection. In the elderly, it is estimated that flu vaccines only 

protect 46% of patients against the 2009 pandemic H1N1 virus.4 High affinity antibodies 

generated in response to flu vaccines primarily recognize the surface hemagglutinin (HA), 

which mutates frequently. As a result, it is difficult to achieve long-lasting neutralizing 

antibody responses.5 Designing vaccines that can elicit robust induction of persistent T 

cell immunity may enable better protection against the flu.6,7   

Virus-specific CD8+ and CD4+ T cells are more likely to induce memory formation 

to effectively combat a wider flu virus repertoire. To boost the efficacy of flu vaccines, 

non-specific immune adjuvants have been deployed to enhance antibody and cell-

mediated responses.8 Antibody-specific responses to the A(H1N1)pdm09 antigen were 

significantly boosted by an a-tocopherol oil-in-water emulsion-based adjuvant in both 

young and middle-aged adults at 21 days and 42 days, but not after 12 months.9 Children 

have benefited from flu vaccines co-delivered with the MF-59 adjuvant, which strengthens 

the antibody response.10 In the absence of a universal influenza vaccine, immune 

adjuvantation represents a major strategy to improving flu vaccinations.  

Second generation immune adjuvants that target specific innate immune receptors 

are powerful weapons for combating cancer and infectious disease.11,12  These adjuvants 

carry pathogen-associated molecular patterns (PAMPs), which trigger Toll-like receptors 

(TLRs) and cytosolic immune-receptors (e.g. retinoic-inducible gene 1 (RIG-I) like 

receptors (RLRs), cyclic GMP-AMP Synthase (cGAS)).  For specific application to flu 

vaccines, combinations of various synthetic TLR-agonists have been reported, but 

combinations of TLR agonists with RLR or cGAS-ligands have not been thoroughly 

investigated.13-15 RLRs play a critical role in antiviral defense against the flu, West Nile 

virus, and Zika virus.16-20  RLRs recognize RNA sequences with 5’ triphosphorylated 

(5’ppp) ends, which is a hallmark of viral RNA.  RLR activation induces a conformational 
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change that allows caspase activation and recruitment domains (CARDs) to interact with 

the adaptor protein MAVS, which drives a signaling cascade that initiates Type I interferon 

production. Split vaccines adjuvanted with IRF3-activating small molecule RLR agonists 

have improved antibody titers and lethal challenge survival in mouse models of 

influenza.21  Activation of RIG-I may also enhance cell-mediated immunity by improving 

the T cell priming capability of pDCs.22 RIG-I ligands have been co-administered with HA 

antigens, which resulted in enhanced germinal center reactions and follicular helper T cell 

response kinetics at sparing doses.23 When combined with virus-like particles expressing 

hemagglutinin (HA) and neuraminidase antigens from the H5N1 virus, RIG-I ligands 

enhanced Th1 cytokine levels in CD4+ T cells and the antibody response induced by the 

virus-like particles.24  

 Since combination adjuvants have been shown to improve immune responses, we 

hypothesized that concurrent activation of endosomal TLR7 and the cytoplasmic innate 

immune sensor RIG-I using polymeric particulate carriers would initiate broadened or 

synergistic innate immune responses that enhance cellular immunity against flu.  We 

defined a “broadened response” as when a combination of adjuvants induces a larger 

number of types of immune responses than a single adjuvant (e.g., IL-6 and IFN-β 

production compared to only IL-6 production).  A “synergistic response” is defined as 

when the response to the combination of adjuvants is greater than the sum of the 

responses to two adjuvants delivered individually (e.g. a combination of two adjuvants 

triggers production of 3 ng ΙFN-β when each adjuvant alone only triggers production of 1 

ng IFN-β).  In contrast, an additive response to combination adjuvants would be precisely 

the sum of the responses to two individual adjuvants. This adjuvant combination is 

relevant to the physiological makeup of the flu virus, which is a ssRNA that activates TLR7 

and RLRs in the absence of non-structural proteins inhibiting innate immunity.25,26  

Specifically, we hypothesized that the concurrent activation of TLR7, which triggers NF-

κB mediated pro-inflammatory pathways, and RIG-I, which triggers  interferon signaling 

pathways critical to anti-viral immunity, would generate an innate immune activation 

profile that improves vaccine responses more effectively than either adjuvant by itself. 

Our initial goal was to develop an efficient system that delivers both adjuvants to dendritic 

cells, which are a critical bridge between innate and adaptive immunity.27  We developed 
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a pathogen-like nanoparticle (PLP) system that could co-deliver antigens and multiple 

adjuvants on a single particle, can be internalized efficiently by murine bone marrow-

derived dendritic cells (mBMDCs), escape the endolysosomal pathway, and induce Type 

I interferon production through delivery of a RIG-I adjuvant (PUUC) to activate cytosolic 

RLRs.  We then demonstrated that PUUC could broaden the immune response to the 

TLR7 adjuvant R848 in mBMDCs.  In addition, we found that R848 induces synergistic 

interferon responses in pDCs. The R848 and PUUC combination induced broadened and 

synergistic antibody and cell-mediated responses when delivered on nanoparticles with 

encapsulated HA antigen to mice. This broadened and synergistic response, according 

to previous adjuvant studies, could result in longer lasting protection.22 Taken together, 

our results indicate that simultaneous engagement of the TLR and RLR pathways could 

be beneficial for anti-viral cellular immunity and the development of more potent, next-

generation vaccines. 

 

MATERIALS AND METHODS 

Murine bone marrow-derived dendritic cell (mBMDC) culture 

Bone marrow was harvested from the tibias and fibulas of BALB/c or C57 Bl/6 mice 

(6-10 weeks, Jackson Labs, Bar Harbor, ME).  For RIG-I-/- mBMDCs, knockout mice of a 

mixed C57Bl/6J and 129 × 1/SvJ background were kindly provided by the lab of Michael 

Gale Jr. at the University of Washington, Seattle.28 The bone marrow cells were 

processed through a 40 µm cell strainer, treated with RBC lysis buffer, and seeded in 

Petri dishes at a concentration of 1,000,000 cells/mL.  GM-CSF differentiated mBMDCs 

were cultured by growing murine bone marrow-derived cells in RPMI media (Invitrogen) 

with 10% characterized fetal bovine serum (HyClone, Logan< UT), 1% penicillin-

streptomycin, 2 mM glutamine, 1x beta-mercapethanol, 1 mM sodium pyruvate, and 20 

ng/mL murine recombinant GM-CSF (Peprotech, Rocky Hill, NJ). Media was refreshed 

on days 2, 4, and 6.  Experiments were performed with cells in culture for 7 days.  Human 

FLT-3 differentiated mBMDCs were cultured by growing murine bone marrow-derived 

cells  with 10% characterized fetal bovine serum (HyClone, Logan< UT), 1% penicillin-

streptomycin, 2 mM glutamine, 1x beta-mercapethanol, 1 mM pyruvate, and 200 ng/mL 
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human recombinant FLT-3 (Peprotech, Rocky Hill, NJ) for 9 days.  Experiments were 

performed immediately with human FLT-3 differentiated murine BMDCs.  

 

Microparticle and nanoparticle synthesis and characterization 
 Hydrophobic TLR7 adjuvant (R848) was purchased from STEMCell Technologies 

(Vancouver, CA).  The RIG-I adjuvant PUUC (MW = 60,200 g/mole) was synthesized in 

house as described in a published protocol.29 Luciferase mRNA (MW = 130,000 g/mole) 

was synthesized by the lab of Philip Santangelo at the Georgia Institute of Technology.  

Fluorescent labeling of the mRNA for uptake and endosomal escape studies was 

achieved by a previously published method.30  PLGA nanoparticles were synthesized 

using a double emulsion method as described in a published protocol.31 Resomer ® RG 

502 H Poly(D-Lactide-Co-Glycolide) (Sigma-Aldrich, St. Louis, MO) was dissolved in 

dichloromethane and water in a 1:20:5 w/v/v ratio to form a primary emulsion, which was 

sonicated at 65% power for 2 minutes.  The secondary emulsion was formed by adding 

the primary emulsion to a solution of 5% polyvinyl alcohol (87-89% hydrolyzed, Sigma 

Aldrich) in a 5:16 v/v ratio, which was sonicated at 65% power for 5 minutes. To remove 

dichloromethane by evaporation, the formulation was stirred in a fume hood for 3 hours.  

Large PLGA particles were removed by centrifugation for 20 minutes at 3500 g.  PLGA 

nanoparticles were pelleted by ultracentrifugation at 80,000 g for 20 minutes and then 

washed once with DI H2O. The nanoparticles were then formed by coating the PLGA 

nanoparticles with branched polyethylenimine (Polysciences, MW=70,000, Warrington, 

PA) through reaction with EDC and sulfo-NHS as described in previous work.31 The 

nanoparticles were washed once with 1 M NaCl solution and once with DI H2O by 

ultracentrifugation for 20 minutes.  Next, the nanoparticles were sonicated in a bath 

sonicator for 10 minutes prior to lyophilization in RNAse free DI H2O for 48 hours.  PUUC 

loading was achieved by pipetting of a solution of PUUC adjuvant in RNAse free DI H2O 

into a suspension of nanoparticles in sodium phosphate buffer (pH 6.5) treated with 

diethyl pyrocarbonate (DEPC).  After mixing, the nanoparticles and adjuvant were 

vortexed for 1 minute.  To complete the loading process, the nanoparticles with adjuvant 

were rotated at 4° C overnight. In dose escalation studies, the mass of nanoparticles was 

held constant for all PUUC doses. Measurement of nanoparticle size before PEI 
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modification and zeta potential after PEI modification were measured using a Malvern 

Zetasizer.  R848 loading was measured by dissolving nanoparticles in DMSO followed by 

absorbance measurements at 324 nm on a BIOTEK plate reader.  Loading of PUUC was 

quantified using the Nucleic Acid Quantification module of the Gen5 software on a 

BIOTEK Plate Reader. 

 
Endosomal escape assay 

Glass coverslips were sterilized and placed into 24 well plates.  Murine BMDCs 

were seeded on the coverslips at a density of 100,000 cells/well and allowed to grow 

overnight.  Fluorescently labeled nanoparticles were added to the cells and incubated for 

2 hours.  Cells were washed 3x with PBS and media was replaced.  The cells were 

returned to the incubator for 0, 2, or 24 hours.  At each timepoint, cells were washed 3x 

with warmed PBS and fixed with BD Cytofix buffer for 10 minutes. Cells were then washed 

3x with warmed PBS and permeabilized with 0.002% Triton X for 10 minutes.  After 3 

more washes with PBS, the cells were blocked with 10% donkey serum overnight at 4 C.  

Following overnight incubation, cells were washed 3x with PBS and incubated with a 

cocktail of primary antibodies to intracellular compartment markers - clathrin (1:500, 

Biolegend MMS-423P), caveolin (1:200, Santa Cruz sc-53564), CD63 (1:50, Abcam 

ab193349), EEA1 (1:100, Santa Cruz sc-365652), and LAMP1 (1:200, Abcam ab25630) 

– for 30 minutes at 37 C.  Cells were washed 3x with PBS and then incubated with an 

Alexa-Fluor 488 donkey-anti-mouse secondary antibody (1:250, Thermo Fisher) for 30 

minutes at 37 C.  Next, cells were washed 3x with PBS and the coverslips were mounted 

onto glass slides using Prolong Gold with DAPI.  Slides were imaged on a Perkin Elmer 

Spinning Disk microscope with an EM-CCD camera (60x magnification).  Manders M1 

overlap coefficients (PLGA-PEI nanoparticles to intracellular compartments) were 

determined using the Co-localization toolbox in Volocity software for individual cells.   

 
In vitro activation of murine BMDCs with adjuvant-loaded nanoparticles 
 On day 7 of culture, GM-CSF-derived mBMDCs were plated at a density of 

300,000 cells/well in 96-well plates and allowed to settle for 2 hours before the addition 

of nanoparticles with adjuvant.  After treatment with nanoparticles, supernatants were 
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harvested at 24 hours. ELISA or Luminex was used to measure cytokine concentrations 

after cell activation (IFN-b, IL-1b, TNF-a, CXCL10). FLT-3-derived mBMDCs were 

analogously plated and treated with nanoparticles at day 9 of culture. Cell culture 

supernatant was harvested at 24 hours and IFN-b was measured by ELISA.  

 
In vitro activation of CAL-1 pDC with adjuvant-loaded nanoparticles 

  CAL-1 pDCs were provided as a gift from Dr. Takahiro Maeda of Nagasaki 

University and Dr. Dennis Klinman of NIH.  The cells were cultured in RPMI medium, 

0.3µg/mL L-glutamine, 25 mM HEPES, 10% heat-inactivated characterized fetal bovine 

serum, and 1% penicillin/streptomycin.  Cells were plated at a density of 150,000 

cells/well in a 96 well plate.  After treatment with nanoparticles, supernatants were 

harvested at 24 hours.  Luminex was used to measure human cytokine concentrations 

after cell activation (IFN-a, IFN-b, and TNF-a).  

 

Adaptive immune response to adjuvant-loaded nanoparticles 

BALB/c mice (12 weeks old) were used to measure the adaptive immune response.  

Mice were immunized by intramuscular injection (50 μL in each quadricep muscle, for a 

total 100 μL injection volume)  with PLGA-PEI nanoparticles loaded with H1N1 flu antigen 

(Influenza A H1N1 (A/California/04/2009)/HA0 protein(full length), Sino Biological, China), 

H1N1 flu antigen + R848, H1N1 flu antigen + PUUC, or H1N1 flu antigen + R848 + PUUC 

on days 0 and 28.  The mice were sacrificed on day 35 and lungs, blood, popliteal lymph 

nodes, and spleens were collected.  Serum was isolated from blood by centrifugation at 

10,000 g for 5 minutes at 4 C.  Antibody titers (IgG1, IgG2a) were measured in serum 

with ELISA.  Lymph nodes were passed through a 40 µm strainer to make single cell 

suspensions and were stained for the B220 marker.  Lungs and spleens were 

homogenized with a GentleMACS dissociator and passed through a 40 µm strainer.  Lung 

cells were stained for CD3 and CD8 and analyzed by flow cytometry. Splenocytes were 

either stained for flow cytometry or seeded on 96-well plates for restimulation assays. The 

Class II I-A(d) Influenza HA2 96-104 AELLVLLEN tetramer was obtained from the NIH 

Tetramer Core Facility (Emory Vaccine Center, Atlanta, GA). Tetramer-specific CD8+ T-

cell, CD4+ central memory T-cell (CD44+ CD62L+ CCR7+), CD4+ effector memory T-
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cell (CD44+ CD62L- CCR7-), and CD8+ central memory T-cell (CD62L+ CD127+ KLRG+) 

populations were measured with flow cytometry.  For restimulation, cells were incubated 

with flu antigen at a concentration of 50 ng/mL for 6 hours while incubated with brefeldin.   

Cells were stained for CD3, CD4, CD8, IFN-g, IL-4, and TNF-a and were analyzed by flow 

cytometry. 

 

Statistical analysis 

 All statistical analyses were performed using GraphPad Prism 8.  Datasets were 

analyzed for normality using the Shapiro-Wilk normality test.  To assess the statistical 

significance of the difference between two normal datasets, a Mann-Whitney test was 

performed.  To assess the statistical significance of the difference between three or more 

normal datasets, a one-way ANOVA was performed, and multiple comparisons were 

evaluated using Tukey’s test.   

 
RESULTS 

Nano-PLPs, but not micro-PLPs, efficiently deliver the RIG-I adjuvant PUUC into 
the cytosol of mouse BMDCs and induce Type I interferon production. 

To generate PLPs, we synthesized PLGA microparticles (MPs) and nanoparticles 

(NPs) for the delivery of encapsulated R848 adjuvant and surface-loaded RIG-I RNA 

adjuvant (PUUC).  Surface loading of the negatively charged PUUC adjuvant was 

facilitated by conjugation of the cationic polymer branched polyethylenimine (PEI) to the 

particle surface (Figure 1A, Table 1).   Before PEI modification and subsequent PUUC 

loading, PLGA MPs were approximately 2.4 µm in diameter, while PLGA NPs were 

approximately 250-300 nm in diameter with or without R848.  Loading of PUUC on the 

PLGA NP surface resulted in some aggregation, increasing the average hydrodynamic 

size to ~800 nm.  Zeta potential of particles at pH 7.4 was measured to be ~+30 mV for 

MPs and NPs without PUUC.  Loading with PUUC reduced NP zeta potential to ~+22 mV.  

For both MPs and NPs, 100% loading of PUUC adjuvant was achieved at a loading level 

of 10 μg/mg particles.   
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Table 1. Characterization of nanoparticle formulations with and without flu antigen (HA), 

R848 (R848) and RIG-I adjuvant (PUUC). 

†DLS measurements for MP-PUUC yielded a very high polydisperse index of 1.000, containing high 
amounts of large particles, indicating that the addition of PUUC likely aggregated the MPs. Analysis of the 
size of MP-PUUC by DLS may not be appropriate due to this condition.  
 

We proceeded to assess uptake and endosomal escape of micro-PLPs and nano-

PLPs. In order to evaluate cytoplasmic delivery efficacy, we stained for markers of various 

intracellular endo/lysosomal compartments, which included clathrin, caveolin, CD63, 

early endosomal marker 1 (EEA1), and lysosome-associated membrane protein 1 

(LAMP1).  Images revealed a higher amount of fluorescent RNA in nano-PLPs in 

comparison to micro-PLPs (n=50).  In addition, PLPs were not all co-localized with 

endo/lysosomal compartments (Figure 1B).  The median fluorescence intensity of 

mBMDCs treated with PLPs with fluorescent mRNA showed equivalent uptake by micro-

PLP and nano-PLP formulations (SI Figure 1B).  A significantly higher percentage of cells, 

however, contained RNA after nano-PLP treatment when compared to micro-PLP 

treatment after 2 hours (Figure 1C).  To quantify endosomal escape, we measured the 

Manders’ overlap coefficient of RNA to endo/lysosomal compartments for micro-PLPs 

and nano-PLPs. On average, RNA delivered with nano-PLPs had lower colocalization to 

intracellular compartments. This suggested that nano-PLPs are more efficient at escaping 

into the cytosol (Figure 1D), compared to micro-PLPs. We then compared interferon-b 

secretion from mBMDCs after treatment with soluble PUUC, PLPs without adjuvant, and 
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nano and micro-PLPs with PUUC loaded on the particle surface.  Soluble adjuvant and 

microparticles or nanoparticles without adjuvant induced no IFN-β secretion.  

Microparticles with PUUC induced very low IFN-b secretion in wild-type mBMDCs and 

induced no IFN-β secretion in RIG-I-/- mBMDCs (SI Figure 1C).  Meanwhile, the 

nanoparticle with PUUC induced considerable production and secretion of interferon-b 

(Figure 1E).  Nanoparticles with PUUC substituted for the double-stranded RNA analog 

poly(I:C) did not induce significant IFN-β secretion from wild-type mBMDCs, which 

indicates that the strong interferon response is specific for the combination of the delivery 

system and the adjuvant (SI Figure 1D).  These studies motivated the exclusive use of 

the PLGA-PEI nanoparticle (from here on referred to only as NP) for all subsequent 

immune response studies. 
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Figure 1.  Nano-PLPs enable delivery of functional RIG-I adjuvant (PUUC). A) 
Schematic of micro-PLP or nano-PLP design. B) mBMDC were treated with PLGA-PEI 

microparticles or nanoparticles with fluorescent luciferase mRNA (red) and stained for 

intracellular compartments (clathrin, caveolin, CD63, EEA1, LAMP1: green).   C) Uptake 

of fluorescent luciferase mRNA delivered by micro-PLPs or nano-PLPs (particle dose = 

133 μg/mL), D) Endosomal escape was quantified by calculating Manders’ M1 overlap 

coefficient of mRNA with endosomal compartments (n=50 cells/treatment, scale bar = 10 

µm).  E) mBMDC activation (300,000 cells/well) with soluble PUUC (500 ng/mL) or with 

PUUC in soluble form, micro-PLPs, or nano PLPs (150 ng/mL,17 ug/mL particle dose) 

after 24 hours (n=4).  Error bars represent SD of the mean.  For comparisons between 

two groups, statistical differences were determined by the Mann-Whitney test. For 

comparisons between more than two groups, statistical differences were determined by 

one-way ANOVA followed by Tukey’s test for multiple comparisons *P< 0.05,***P<0.001 

****P <0.0001.   

 
Nano-PLP delivered RIG-I agonist (PUUC) broadens the innate immune response 
induced by the TLR7 agonist R848 in mouse BMDCs. 

We next evaluated if combination of PUUC and R848 adjuvants induce stronger 

innate immune responses in GM-CSF differentiated mouse BMDCs as compared to 

adjuvant alone. In all experiments, PUUC and R848 adjuvants were co-delivered in a 

single nanoparticle formulation. Nanoparticles with R848 adjuvant induced TNF-a 

production, which was neither enhanced nor ablated with the co-delivery of PUUC 

adjuvant. A strong IL-1b response was induced by treatment with nanoparticles with R848 

from mouse BMDCs.  Co-delivery of R848 and PUUC adjuvants on nanoparticles resulted 

in a 50% decrease in IL-1b production from mouse BMDCs when compared to R848 

alone. (Figure 2B).  Nanoparticles with R848 induce very low levels of IFN-b when 

delivered alone, while the nanoparticles with PUUC induce high production of IFN-b from 

mouse BMDCs as shown previously.  When R848 and PUUC are delivered in 

combination on nanoparticles, high IFN-b production is maintained (Figure 2C).  We then 

measured if CXCL10, a protein whose synthesis is dependent on interferon production, 

was also upregulated downstream.  Nanoparticles with PUUC induce high levels of 
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CXCL10 production, while nanoparticles with R848 induce half the amount of CXCL10 

production as PUUC.  When PUUC and R848 are delivered in combination on 

nanoparticles, CXCL10 production in mouse BMDCs is comparable to when PUUC is 

delivered alone.  

 

 

   
Figure 2. Nanoparticle co-delivery of PUUC with R848 broadens the innate immune 
response in GM-CSF differentiated murine BMDCs. BALB/c murine BMDCs cultured 

with 20 ng/mL GM-CSF were treated with blank nanoparticles (12.3 µg /mL) without 

adjuvant, nanoparticles with R848 (80 ng/mL), nanoparticles with PUUC (250 ng/mL), or 

nanoparticles co-loaded with both R848 and PUUC. Comparison of A) TNF-a, B) IL-1b, 
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C) IFN-b, and D) CXCL10 secretion from murine BMDCs after R848 treatment with or 

without PUUC (n=8). Error bars represent SD of the mean. Statistical significance was 

determined by one-way ANOVA followed by Tukey’s test for multiple comparisons. 

**P<0.01,****P<0 .0001.   

 
R848 + PUUC induces an additive immune response in human PBMCs and a 
synergistic immune response in plasmacytoid DCs (pDCs). 

To investigate if the R848-PUUC adjuvant combination has relevance in humans, 

we evaluated innate immune activation in human PBMCs and the CAL-1 pDC line, which 

is derived from blastic natural killer cell lymphoma and is phenotypically similar to human 

plasmacytoid dendritic cells.32  Both NP-R848 and NP-PUUC induced IFN-α and IFN-β 

responses in human PBMCs, while NP-R848-PUUC induced an additive ΙFN-α and IFN-

β response (Figure 3A-B).  TNF-α responses were not significantly higher than control 

for the NPs with R848 or PUUC alone, but NP-R848-PUUC induced a higher TNF-α 

response in human PBMCs (Figure 3C). We proceeded to evaluate the ΙFN-α and IFN-β 

response in both mouse and human pDCs.  A mBMDC culture differentiated with human 

FLT-3 was used to obtain cells with a pDC phenotype (B220+ PDCA1+).  While NP-R848 

and NP-PUUC induced low levels of IFN-β production, NP-R848-PUUC induced IFN-β 

levels that were synergistically higher than each of the individual adjuvants (Figure 4A). 

We found that PUUC delivery did not induce IFN-a or IFN-b in CAL-1 pDCs when 

delivered in the absence of R848 (Figure 4B-C).  Co-delivery of PUUC with R848, 

however, induced a synergistic IFN-a in a dose-dependent manner.  R848 induced IFN-

b production, which was doubled with co-delivery of a dose of 200 ng/mL PUUC and 

quadrupled with co-delivery of a dose at 500 ng/mL PUUC.  The R848 treatment induced 

TNF-a production from CAL-1 pDCs, which was not enhanced by concurrent treatment 

with PUUC (SI Figure 2).  
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Figure 3. Co-delivery of R848 and PUUC in nanoparticles results in an additive 
innate immune response from human PBMCs. PBMCs were treated with nanoparticles 

(12.3 µg/mL) loaded with R848 adjuvant (80 ng/mL) and PUUC adjuvant (500 ng/mL).  A) 
IFN-a, B) IFN-b, C) TNF-a were measured 24 hours after PBMC activation. In all 

experiments, dual delivery was performed with a single nanoparticle system. Outliers 

were identified by the ROUT method and removed.  Statistical significance was evaluated 

with one-way ANOVA followed by Tukey’s test for multiple comparisons. *P<0.05, 

**P<0.01, ****P<0.0001.  
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Figure 4. Co-delivery of R848 and PUUC in nanoparticles results in a synergistic 
interferon response from murine and human plasmacytoid DCs. A) Human FLT3-

differentiated murine BMDCs were treated with nanoparticles (12.3 µg/mL) loaded with 

R848 adjuvant (80 ng/mL) and PUUC adjuvant (500 ng/mL) and B-C) CAL-1 human 

pDCs were treated with nanoparticles (86.5 µg/mL) loaded with R848 adjuvant (561 

ng/mL) and PUUC adjuvant of doses ranging from 0-1000 ng/mL.  IFN-a or IFN-β levels 

were measured 24 hours after pDC activation. In all experiments, dual delivery was 

performed with a single nanoparticle system.  Nanoparticle mass was fixed across all 

PUUC doses.  Statistical significance was evaluated with one-way ANOVA followed by 

Tukey’s test for multiple comparisons. *P<0.05,*** P<0.001, ****P<0.0001. For IFN-a, all 
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-R848 groups are statistically different from +R848 with non-zero doses of PUUC 

(P<0.0001).  For IFN-b, all -R848 groups are significantly different from all +R848 groups 

(P<0.0001). 

 

Combinatorial delivery of PUUC, R848, and a flu-HA antigen enhances antigen-
specific T cell responses in vivo. 
 We proceeded to evaluate if enhancements in the innate immune response would 

translate to improved adaptive immune responses to flu vaccines.  Mice were vaccinated 

with nanoparticles that encapsulate H1N1 flu antigen, R848, and PUUC.  The mice were 

given a booster dose 28 days after the initial vaccination and tissues were analyzed one 

week after boost (Figure 5A).  Nanoparticles with H1N1 antigen, R848, and PUUC 

upregulated CD8+ T cell populations in the lung significantly more than nanoparticles with 

H1N1 antigen and either R848 or PUUC (Figure 5B).    Antigen-specific T-cell populations 

in the spleen were increased in mice vaccinated with H1N1 antigen, and PUUC (Figure 
5C, SI Figure 3).  In the popliteal lymph nodes, nanoparticles with H1N1 antigen, R848, 

and PUUC boosted the percentage of high B220+ expressing cells more than any other 

vaccine regimen (SI Figure 4A). Mice vaccinated with H1N1 antigen alone, however, 

produced significantly more H1N1-specific IgG1 antibodies than mice vaccinated with 

H1N1 antigen and single or dual adjuvants. There were no significant differences in 

H1N1-specific IgG2a titers (SI Figure 4B). Memory cell populations in the spleen were 

unaffected by the delivery of adjuvants. (SI Figure 4C-E). Splenocytes were harvested 

and then restimulated with 0.5 μg H1N1 antigen (2.5 μg/mL) for 6 hours.  After 

restimulation, CD3+CD4+ cells from mice vaccinated with H1N1 antigen, R848, and 

PUUC produced significantly more IFN-γ, IL-4, and TNF-α than splenocytes from mice 

vaccinated with either antigen alone or antigen with a single adjuvant (Figure 5D).  The 

H1N1 antigen/R848/PUUC combination also enhanced IFN-γ, IL-4, and TNF-α 

production by CD3+ CD8+ T-cells after restimulation (Figure 5E). A significantly higher 

number of CD3+ CD4+ and CD3+ CD8+ T-cells treated with H1N1 antigen, R848, and 

PUUC produced both IFN-γ and TNF-α when compared to all other groups (SI Figure 
4F). 
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Figure 5. TLR7 adjuvant (R848) and RIG-I adjuvant (PUUC) induce enhanced T-cell 
proliferation and recall responses to flu antigen in nanoparticles.  A) BALB/c mice 

were vaccinated by intramuscular injection into both quadricep muscles on day 0 and day 

28.  Treatment groups included PLGA nanoparticles with H1N1 antigen (NP Η1Ν1), H1N1 

antigen and R848 (NP H1Ν1 R848), H1N1 antigen and PUUC (NP Η1Ν1 PUUC), and 

H1N1 antigen and R848 and PUUC (NP H1Ν1 R848 PUUC).  Dosing per injection was 

as follows: PLGA NP = 0.5 mg, H1N1 = 0.5 µg, R848 = 0.525 µg, PUUC = 10 µg.  Lungs, 

blood, spleen, and lymph nodes were harvested after 35 days.  B) Percentage of 

CD3+CD8+ cells in lung. C) Percentage of CD3+ CD8+ AELLVLLEN tetramer+ cells in 

spleen. Intracellular levels of IFN-γ, IL-4, and TNF-α were measured in D) CD3+ CD4+ 

and E) CD3+CD8+ splenocytes restimulated with H1N1 antigen for 6 hours. In all 

experiments, antigens and single or dual adjuvants were co-delivered on a single 

nanoparticle system.   Error bars represent SD of the mean. Statistical significance was 

determined by one-way ANOVA followed by Tukey’s test for multiple comparisons for 

normal datasets. *P< 0.05, **P< 0.01, ***P<0.001, ****P<0.0001. 

  
DISCUSSION 

We developed a PLP that delivers functional RIG-I adjuvant (PUUC) in vitro and in 

vivo and demonstrated that co-delivery with the TLR7 adjuvant R848 results in broadened 

or synergistic immune responses.  Flu viruses are difficult to vaccinate against because 

of their rapidly mutating epitopes and their induction of non-structural protein expression, 

which suppresses the host innate immune response.33 In subunit vaccines, low 

immunogenicity is a serious problem.  Many individual adjuvants have been studied for 

enhancement of flu vaccine immunogenicity.9,10,23,34 A few adjuvant combinations have 

been studied in conjunction with flu, but combinations of TLR and RLR adjuvants have 

not thoroughly been investigated.13,14  

To deliver a combination of TLR and RLR adjuvants, we synthesized PLPs that 

deliver both protein antigen and adjuvants (e.g., R848) within the polymer matrix and 

charged adjuvants on the particle surface (e.g., PUUC).  Similar pathogen-like particles 

have successfully delivered encapsulated TLR4 and TLR7 adjuvants with charged TLR9 

adjuvants, which induced in vitro and in vivo synergistic immune responses.35 We tested 
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if microparticles (~1.5 µm diameter) or nanoparticles (~250 nm diameter) could induce 

IFN-β responses after presentation with PUUC.  Only the nanoparticles with PUUC 

induced a robust IFN-β response in murine GM-CSF differentiated BMDCs. Although the 

nanoparticles with PUUC aggregated, we ruled out size as a trigger for Type I interferon 

production by demonstrating that the interferon response to nanoparticles loaded with 

poly(I:C), a double-stranded RNA analog, was absent. Consistent loading efficiency of 

PUUC across nanoparticles with and without antigen or adjuvant suggest insignificant 

differences in the charge of PUUC-loaded formulations.  We hypothesized that the 

different responses were due to differences in cellular uptake and endosomal escape of 

the microparticles and nanoparticles – two processes that are essential for cytosolic 

delivery to RLRs.  Although the average amount of mRNA delivered per cell was equal 

for micro-PLPs and nano-PLPs, we observed that a higher percentage of cells were 

transfected with nano-PLPs.  Nanoparticles also escaped the endolysosomal pathway 

into the cytosol more efficiently than microparticles.  For cationic lipid nanoparticles, size 

plays a role in determining a particle’s ability to bend and destabilize the plasma 

membrane for endosomal rupture.36  With cationic polymer nanoparticles, such as our 

PLP system, endosomal escape is hypothesized to be driven by the proton sponge 

effect.37 The monolayer of branched PEI on our PLPs, which has exposed secondary or 

teritary amines, enhances the proton sponge effect. Toxicity is also lower with PLPs in 

comparison to free PEI.  As an endosome matures into a lysosome, the compartmental 

pH drops and the amines of the PEI on the PLP surface become protonated.  In turn, this 

drives osmotic flux into the lysosome and subsequently bursts the compartment.  

Because particle mass and adjuvant dose are held constant in experiments, there is a 

higher total surface area with nano-PLPs in comparison to micro-PLPs.  Therefore, we 

speculate that the enhanced endosomal escape of nano-PLPs is due to a higher amount 

of PEI available to drive osmotic flux for rupture of lysosomes. Our findings justified the 

use of nanoparticles instead of microparticles for co-delivery of R848 and PUUC, which 

can also present adjuvants that activate endosomal TLRs.31 

Co-delivery of PUUC, a RIG-I agonist, and R848, a hydrophobic TLR7/8 agonist, 

produces a diverse cytokine response from murine GM-CSF-differentiated BMDCs.  This 

response is expected from stimulation of RLRs, which phosphorylate IRF3 and IRF7 to 
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promote Type I interferon expression, and stimulation of TLR7, which triggers a significant 

TNF-a response through MyD88-dependent NF-kB activation.38,39 TLR7 stimulation by 

R848 stimulates production of the procytokine pro-IL-1β.40 While R848 stimulation alone 

induces low levels of mature IL-1β, it is likely that the cationic PLPs amplify activation of 

inflammasome complexes by disrupting membrane potential.41  We showed that the 

loading of anionic PUUC onto PLPs with R848 reduces zeta potential, which may explain 

why IL-1β production in PLPs with both R848 and PUUC is dampened.  NF-κΒ also 

downregulates inflammasome activation, so enhanced NF-κΒ activation by PUUC may 

also be contributing to the slight dampening of the IL-1β response.42 In human FLT3-

differentiated murine BMDCs and the human CAL-1 pDC cell line, nanoparticle co-

delivery of R848 and PUUC induced synergistic cytokine outputs of IFN-a and IFN-b.  The 

interferon response is critical for flu protection, as successful flu infection is facilitated by 

viral nonstructural protein-mediated inhibition of the interferon induction signaling 

cascade. Unlike in murine GM-CSF differentiated BMDCs, which generated an IFN-a 

response with PUUC alone, human CAL-1 pDCs required co-delivery of both R848 and 

PUUC to produce IFN-α. TLR7-mediated synergy has also been observed in CAL-1 pDCs 

when two unique TLR7 adjuvants have been delivered together.43 It is possible that CAL-

1 pDCs require the activation of multiple pattern recognition receptors (PRRs) to produce 

IFN-a. Unlike IFN-a, IFN-b can be produced by CAL-1 pDCs either with R848 alone or 

with PUUC in a dose-dependent manner. Because PUUC loading density on NPs was 

increased to maintain the same R848 dose across groups, the loading density may also 

play a role in the magnitude of the interferon response.  It is likely that R848 is 

upregulating RIG-I expression in the cytosol in pDCs, which upregulates Type I interferon 

production by PUUC activation.44 Conventional BMDCs, which express RLRs 

constitutively, do not exhibit this phenemonon.22 These findings motivate further 

investigation of signaling crosstalk in CAL-1 pDCs, which may identify new therapeutic 

targets that induce strong antiviral responses in pDCs.  

Although antibody-mediated immunity is the main correlate of protection for flu, it 

has been suggested that cell-mediated immunity could enhance protection.45 CD8+ T-

cells rapidly proliferate in response to antigen; effector cell populations subsequently 

contract, which leave a memory T-cell population that can proliferate and secrete 
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cytokines after restimulation.  Indeed, T cell cytokine and Granzyme B responses 

correlate with influenza resistance in vaccinated seniors, while antibody titers did not 

correlate to protection from flu.46 Furthermore, CD8+ T cells have been implicated in 

responses to heterotypic influenza infections, possibly by recognizing conserved internal 

influenza peptides.47,48 This cross-reactivity may explain unexpected mild illnesses in the 

2009 pandemic H1N1 virus.7,49 While the combination of R848 and PUUC did not 

enhance antibody-mediated immunity, it enhanced multiple aspects of cellular immunity.  

In the lung, CD8+ T-cell populations increased after vaccination with H1N1 antigen, R848, 

and PUUC without altering the percentage of tissue-resident T-cells.  Higher percentage 

of H1N1 tetramer positive CD3+ CD8+ splenocytes were also observed with the vaccine 

and adjuvant combination. A significant increase in intracellular levels of IFN-γ, IL-4, and 

TNF-α - three cytokines critical for an antiviral response upon re-exposure to flu - was 

observed in splenocytes activated with R848 and PUUC - a phenomenon not observed 

after treatment with individual adjuvants.  The enhanced cellular response may be 

attributed to the combination of TLR7-mediated upregulation of TNF-α and RIG-I-

mediated upregulation of Type I interferon and interferon-stimulated genes, such as 

CXCL10.  TNF-α increases vascular permeability and increases cellular adhesion 

molecule expression, which aids extravasation of leukocytes into inflamed tissues.50 RIG-

I signaling is a critical event that triggers Type I interferon production and upregulates 

interferon stimulated genes, such as CXCL10, to promote migratory function in both 

activated T-cells and dendritic cells.51,52 Cross-presentation is also enhanced by both 

TLR7 and RIG-I activation.53,54 Therefore, synergistic cellular immunity through 

concurrent TLR7 and RIG-I activation may be driven by enhanced recruitment and 

priming of both effector and antigen-presenting cells.  We did not observe changes in 

effector or memory T-cell populations, but this is reasonable when considering that 

samples were analyzed one week after boost.  Typically, it takes weeks to months for 

memory T-cell populations to emerge after vaccination.55  

In summary, we have demonstrated that a hydrophobic TLR7 adjuvant and a RIG-

I adjuvant make up a potent adjuvant combination that drives broadened, synergistic 

immune responses.  Future studies should determine the precise mechanism in which 

antibody-mediated responses were not strengthened with the adjuvant combination, a 
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phenomenon also observed in a previous report using particles with co-encapsulated HA 

antigen and R848.14 In this report, the separation of antigens and adjuvants into separate 

nanoparticles revived the humoral response. The mechanism for this is unknown, but it 

is possible that antigen-processing and presentation to Tfh cells by lymph node B cells is 

hampered by co-loaded adjuvants. In addition, we propose future study of T-cell memory 

at a later timepoint after vaccination and evaluation if strong cell-mediated responses lead 

to enhanced vaccine efficacy in challenge studies.  Because of their relevance to 

influenza infections, the response of antigen-specific T cell populations in the lung should 

also be explored in relation to combinatorial TLR7 and RIG-I ligation. Our results motivate 

the development of immune adjuvant systems that engage both TLRs and cytosolic 

innate immune receptors.  An intriguing future vaccine design could be a PLP system that 

combines TLR7 and RIG-I adjuvants with nucleoprotein, an antigen that is associated 

with strong cellular immune responses.56 Targeted delivery to subsets of innate immune 

cells that synergistically respond to adjuvant combinations may pave the way to more 

robust vaccines and antiviral therapies. 
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