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Abstract

Dendritic cells (DC) play a prominent role in the priming of CD8+ T cells. Vaccination is a 

promising treatment to boost tumor-specific CD8+ T cells which is crucially dependent 

on adequate delivery of the vaccine to DC. Upon subcutaneous (s.c.) injection, only a 

small fraction of the vaccine is delivered to DC whereas the majority is cleared by the 

body or engulfed by other immune cells. 

To overcome this, we studied vaccine delivery to DC via CD40-targeting using a multi-

compound particulate vaccine with the aim to induce potent CD8+ T cell responses. 

To this end, biodegradable poly(lactic-co-glycolic acid) nanoparticles (NP) were 

formulated encapsulating a protein Ag, Pam3CSK4 and Poly(I:C) and coated with 

an agonistic αCD40-mAb (NP-CD40). Targeting NP to CD40 led to very efficient and 

selective delivery to DC in vivo upon s.c. injection and improved priming of CD8+ T cells 

against two independent tumor associated Ag. Therapeutic application of NP-CD40 

enhanced tumor control and prolonged survival of tumor-bearing mice. 

We conclude that CD40-mediated delivery to DC of NP-vaccines, co-encapsulating Ag 

and adjuvants, efficiently drives specific T cell responses, and therefore, is an attractive 

method to improve the efficacy of protein based cancer vaccines undergoing clinical 

testing in the clinic.
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Introduction

Dendritic Cells (DC) are the main antigen (Ag) presenting cells (APC) of the immune  

system 1,2 and their ability to orchestrate innate and adaptive immunity is widely being 

exploited to develop cancer immunotherapies 3. Immature DC have high endocytic 

capacity, express various intra- and extracellular pathogen recognition receptors, such as 

toll-like receptors (TLR), and continuously sample their surroundings for danger signals. 

TLR-triggering results in phenotypical changes, facilitated Ag processing, MHC presentation 

and increased cytokine production, a process termed DC maturation 4. 

Therapeutic vaccinations against cancer are centered on the delivery of tumor associated 

Ag (TAA) to DC which then initiate Ag-specific T cell responses 5,6. However, in vivo 

generation of robust anti-tumor cytotoxic CD8+ T cells (CTL) remains a major challenge. 

Targeted delivery of TAA to DC using nanoparticle (NP) vaccine carriers formulated with 

poly(lactic-co-glycolic acid) (PLGA) is an attractive approach to enhance specific T cell 

responses. PLGA NP can be formulated to encapsulate protein 7 or short- 8 and long-

peptide 9 Ag encoding TAA and TLR ligands (TLRL) 10. Encapsulation of Ag in NP facilitates 

MHC Ag presentation 8 and in vivo anti-tumor T cell responses compared to soluble Ag 11. 

Encapsulation of Ag in NP facilitates MHC Ag presentation and in vivo anti-tumor T cell 

responses compared to soluble Ag. 

Due to their physical characteristics, NP are prone to be internalized by scavenger cells, 

such as macrophages (Mɸ), which offer poor T cell priming capacity compared to DC. 

Protection from nonspecific uptake is achieved by pegylation of NP which also prolongs 

the in vivo half-life 12. Pegylated NP can be specifically (re-)targeted to DC by additional 

surface modifications which is suggested to enhance in vivo T cell responses. Indeed, 

C-type lectin specific antibodies coated to PLGA-PEG NP 13,14 but also compounds such 

as protamine and mannose coated to the PLGA-NP surface core 15,16 have been shown to 

improve in vitro binding and internalization by DC and promote better T cell responses. 

However, no direct evidence was provided in these studies for selective DC-targeting and 

improved delivery of the vaccine to DC in vivo.

Facilitating in vivo delivery of PLGA-NP-vaccines to DC via CD40 and the resulting vaccine 

induced T cell responses is the subject of this study. CD40 is a tumor necrosis factor-receptor 

family cell surface receptor highly expressed on DC. CD40/CD40L ligation plays a crucial 

role in the maturation of DC into fully competent APC and is a key signal for CD4+ T helper 

dependent CD8+ T cell priming 17,18. Moreover, targeting soluble Ag via CD40 using antibody 
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constructs was shown to facilitate the internalization of Ag into early-endosomes 19,  

intracellular compartments associated with efficient MHC class I Ag cross-presentation, 

and promotes tumor-specific T cell responses 20.  

In this study, we evaluated CD40-targeting of a particulate Ag, by formulating PLGA-NP 

co-encapsulating ovalbumin protein, the adjuvants Pam3Csk4 (TLR2L) and Poly(I:C) 

(TLR3L), as well as the murine αCD40-mAb FGK45 17 coupled to the NP-surface, PLGA(-Ag/

TLR2+3L)-αCD40 (NP-CD40). 

We report here, that NP-CD40 administered as a vaccine displays selective and improved 

capacity to deliver Ag to DC in vivo, over other APC, and better DC maturation in comparison 

to non-targeted NP-vaccines. Vaccinations with NP-CD40 resulted in the priming of robust 

Ag-specific CD8+ T cells with the capacity to control tumor growth and prolong survival 

of tumor-bearing animals. 

Material and methods

Animals

C57BL/6 (CD45.2/Thy1.2; H-2b) mice were obtained from Charles River Laboratories. Ly5.1/

CD45.1 (C57BL/6 background), CD40 KO (C57BL/6 background), transgenic OT-I/Thy1.1/

CD45.2 (specific for the OVA257–264 CTL epitope presented by H2-Kb) and transgenic OT-II/

Ly5.1/CD45.1 mice (specific for the OVA323–339 Th epitope presented by I-Ab) were bred in the 

specific pathogen-free animal facility of the Leiden University Medical Center. All animal 

experiments were approved by the animal experimental committee of Leiden University.

DC and cell lines

Mouse BMDC were cultured published previously 18. In brief, Freshly isolated mouse bone 

marrow (BM) cells from WT C57BL/6 mice or CD40 KO femurs were and cultured for 10 

days in medium supplemented with GM-CSF (50 ng/ml). After 10 days of culture, large 

numbers of typical DC were obtained which were at least 90% positive for murine DC 

marker CD11c (data not shown). D1 cells, a GM-CSF dependent immature dendritic cell 

line were cultured as described before 21. OVA-transfected B16 tumor cell line (B16-OVA), 

syngeneic to the C57BL/6 strain, was cultured as described previously 22.
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Preparation and characterization of targeted PLGA-NP

PLGA-NP (Ag/TLRL)-mAb were formulated encapsulating a model protein Ag and in 

combination with TLR2L (Pam3Csk4) and/or TLR3L (Poly(I:C)) using double-emulsion 

and solvent evaporation technique as previously described 20. PLGA-NP was coated with 

mAbs, murine agonistic αCD40 mAb, FGK45 and mouse IgG2a Isotype control respectively, 

essentially as described before 23. In brief, 100 mg of PLGA in 2 mL of ethyl acetate 

containing OVA antigen free from endotoxin (10 mg) and/or Poly(I:C) (InvivoGen) (4 mg) 

and/or Pam3CSK4 (InvivoGen) (1 mg) were emulsified under sonification (Branson, sonofier 

250) during 60 seconds. This first emulsion was rapidly added to 1 mL of 1% polyvinyl 

alcohol/7% ethyl acetate in distillated water during 15 second. A combination of pegylated 

lipids (DSPE-PEG(2000) succinic acid (6 mg) and mPEG 2000 PE (6 mg)) were dissolved in 

chloroform and added to the vial. The chloroform was removed by a stream of nitrogen 

gas. Subsequently, the emulsion was rapidly added to the vial containing the lipids and 

the solution was homogenized during 30 seconds using a sonicator. This solution was 

added to 100 mL of 0.3% PVA/7% of ethyl acetate in distillated water and stirred overnight 

to evaporate ethyl acetate. The PLGA-NP were collected by centrifugation at 12000 x g for 

10 min, washed four times with distilled water and lyophilized. Next, mAbs was covalently 

coupled to 10 mg of PLGA-NP by activating surface carboxyl groups in isotonic 0.1 M MES 

buffer pH 5.5 containing 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride 

(10 equiv.) and N-hydroxysuccinimide (10 equiv.) for 1 h. Mouse IgG2a Isotype control 

(Clone:C1.18.4 Catalog #:BE0085) was purchased from Bio X Cell Antibody Production and 

Purification. The activated carboxyl-PLGA-NP was washed one time with MES buffer by 

centrifugation. Subsequently, mAbs (200 μg per mg NP) were added and the suspension 

was stirred during 3 h at room temperature and later overnight at 4°C. Unbound antibodies 

were removed by centrifugation (12000 x g, during 10 min) and the PLGA-NPs-mAbs was 

washed four times with PBS. The presence of Abs on the particle surface was determined 

by Coomassie dye protein assay. Physicochemical characteristics of formulated NP are 

summarized in Table 7.1. 

Dynamic light scattering and zeta-potential measurements

Dynamic light scattering (DLS) measurements were taken on different PLGA-NP using an 

ALV light-scattering instrument equipped with an ALV5000/60X0 Multiple Tau Correlator 

and an Oxxius SLIM-532 150 mW DPSS laser operating at a wavelength of 532 nm. A 
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refractive index matching bath of filtered cis-decalin surrounded the cylindrical scattering 

cell, and the temperature was controlled at 21.5 ± 0.3 °C using a Haake F3-K thermostat. 

In each sample, the g2(τ) auto-correlation function was recorded ten times at a detection 

angle of 90°. For each measurement, the diffusion coefficient (D) was determined by using 

the second-order cumulant, and the corresponding PLGA-NP diameter was calculated 

assuming that the PLGA-NP were spherical in shape. Zeta potential measurements were 

performed on PLGA-NP using a Malvern ZetaSizer 2000 (UK).

Quantifying encapsulated OVA in NPs

OVA-protein encapsulating efficiency was determined after hydrolyzing 5 mg PLGA-NPs 

in 0.5 mL 0.8 M NaOH overnight at 37°C. The OVA-protein content was then measured 

using Coomassie Plus Protein Assay Reagent (Pierce) according to the manufacturer’s 

protocol. OVA encapsulation efficiency was calculated by dividing the measured amount 

of encapsulated Ag by the theoretical amount assuming all was encapsulated.

Quantifying encapsulated TLR ligands

Biodegradable PLGA-NP was hydrolyzed with 0.8 M NaOH overnight at 37°C. The 

encapsulation efficiency of Poly(I:C) was determined by reversed-phase high-performance 

liquid chromatography (RP_HPLC) and was also determined by UV spectrometry using 

a Nanodrop system (Thermo Scientific). Poly(I:C) was assayed by RP-HPLC at room 

temperature using a Shimadzu system (Shimadzu Corporation, Kyoto, Japan) equipped 

with a reversed-phase Symmetric C18 column (250 mm x 4.6 mm). The flow rate was fixed 

at 1 mL/min and detection was obtained by UV detection at 254 nm. A linear gradient 

of 0% to 80% of acetonitrile (containing 0.036% trifluoroacetic acid) in water (containing 

0.045% trifluoroacetic acid) was used for Poly(I:C). The retention time of the Poly(I:C) was 

approximately 20 min. The regression analysis was constructed by plotting the peak–area 

ratio of Poly(I:C) versus concentration. The calibration curves were linear within the range 

of 2.5 µg to 150 µg for Poly(I:C). The correlation coefficient (R2) was greater than 0.99. 

Analysis of in vitro NP-association with DC

WT C57BL/6 or CD40 KO BMDC (100,000/well) were plated into a 96-well flat bottom plate 

and incubated for 1 hr at either 4°C (binding analysis) or 37°C (uptake analysis) with titrated 
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amounts of CD40-targeted or non-targeted (PLGA-Ag/TLR2+3L)-PEG-mAb formulations 

labeled with the near infrared dye (near-IR dyes, CW800). Cells were washed twice to 

remove residual non-bound NP. Binding and uptake of PLGA-NP by DC was determined 

based on near-IR fluorescence using odyssey equipment (LI-COR) at 800 nm. Data analyses 

were corrected for the number of amount cells per measurement via co-staining with 

TO-PRO® (Invitrogen) at 700 nm. 

Analysis of in vivo NP-uptake by immune cells

Animals were vaccinated with the CD40-targeted or non-targeted (PLGA-Ag/TLR2+3L)-PEG-

mAb formulations containing OVA-Alexa647 (Invitrogen) by subcutaneous (s.c.) injection 

into the right flank. In vivo NP-uptake by cells was analyzed 24 or 48 hr after vaccination 

by sacrificing the animals and isolating the inguinal lymph nodes. Single cell suspensions 

were prepared and flow cytometry was used to determine the fluorescence intensity of 

OVA-Alexa647 in F4/80-CD11b+CD11c+ DC and CD19+B220+ B cells as a measure for NP-

uptake. All fluorescent-mAb used for staining were purchased from BD Pharmingen. Flow 

cytometry was performed using a LSRII (BD Pharmingen) and data analyzed with FlowJo 

software (Treestar).

In vitro MHC class II-restricted Ag presentation and T cell priming

DC were incubated for 5 hr with the various (PLGA-Ag/TLRL)-mAb formulations at the 

indicated OVA concentrations. After incubation, supernatants were harvested and cells 

were then further co-cultured for 72 hr in the presence of OT-II splenocytes to assess OVA-

specific MHC class II-restricted proliferation of naïve CD4+ T cells. Cells were pulsed with [3H]-

thymidine for the last 16 hours of culture. Samples were then counted on a TopCountTM 

microplate scintillation counter (Packard Instrument Co., Meridan, CT, USA). Stimulation 

index was used as a measure for proliferation and was calculated as the fold increase of 

[3H]-thymidine CPM over the CPM counts obtained with medium as negative control. 

Analysis of cytokine production by DC or T cells using Enzyme-linked Im-
munosorbent Assay (ELISA)

DC (100,000/well) were plated into a 96-well round bottom plate and incubated for 24 

hr with titrated amounts of Ag. Supernatants were harvested and tested for IL-12 p70 by 

ELISA (BD OptEIA™ MOUSE IL-12 Cat. Nr 555256) following the manufacturer’s instructions.
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Vaccination and immunization schemes

Animals were vaccinated with the various targeted or non-targeted NP formulations 

(Table 7.1) by s.c. injection into the right flank. In vivo priming of cytotoxic CD8+ T cells was 

studied 1 week post-vaccination by transferring splenocytes prepared from congeneic 

Ly5.1 C57BL/6 animals which were pulsed with the SIINFEKL (OVA8/specific target cells) or 

ASNENMETM (FLU9/non-specific target cells) short peptide. The target cells were labeled 

with either 10 μM (OVA) or 0.5 μM (Flu) CFSE mixed 1:1 and 107 total cells were injected 

intravenously (i.v.) into vaccinated animals. 18 hr post transfer of target cells, animals were 

sacrificed and single cell suspensions were prepared from isolated spleens. Injected target 

cells were distinguished by APC-conjugated rat anti-mouse CD45.1 mAb (BD Pharmingen). 

In vivo cytotoxicity was determined by flow cytometry using the following formula:(1-

[(CFSE-peak OVA/CFSE-peak FLU)vaccinated animals x (CFSE-peak OVA/CFSE-peak FLU)non-vaccinated 

animals]) x 100%. Vaccine efficacy against the HPV-E7 oncoprotein was determined in blood 

of TC-1 tumor bearing mice (60000/TC-1 cells per mice inoculated s.c. in the left flank). Mice 

were vaccinated on day 7 with 15 μg HPV-E7 protein encapsulated in CD40-targeted NP, 

control formulations or in soluble form and HPV-E7 -specific CD8+ T cell responses were 

measured by quantification via flow cytometry of RAHYNIVTF/H2-Db-TM (APC-labeled) 

positive CD8+ T cells co-stained with AF-conjugated anti-mouse CD8α mAb and V500-

conjugated rat anti-mouse CD3 mAb.

Tumor challenge

Therapeutic and prophylactic vaccine capacity of CD40-targeted NP and relevant controls 

were studied by analyzing their efficiency to induce anti-tumor immune responses. For 

prophylactic tumor challenges mice were vaccinated s.c. in the right flank and seven days 

later OVA-expressing melanoma cells (B16-OVA) were inoculated s.c. on the opposite 

flank. Tumor size (mm3) was calculated by (length) × (width) × (length + width/2). Animal 

survival was then followed and mice were sacrificed when humane end-points were met 

as described in Code of practice for animal experiments in oncological related research 

(Code of practice dierproeven in het kankeronderzoek). 

To assess the therapeutic capacity of CD40-targeted NP we inoculated 2 x 105 B16-OVA 

melanoma cells s.c. in the right flank of WT C57BL/6 mice. On day 7 and day 17 post tumor 

inoculation, mice were s.c. vaccinated with 10 µg of OVA encapsulated in PLGA-(OVA/

TLR2+3L)-αCD40 and PLGA-(OVA/TLR2+3L)-IgG2a NP (12 mice per group) on the opposite 
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flank. Tumor growth was measured 1–3 times a week and survival was monitored daily. Tail 

vein blood samples were collected on day 14 after tumor challenge. Blood samples were 

prepared by erythrocyte lysis, followed by 2 washing steps with PBA buffer. OVA-specific 

CD8+ T cells were analyzed by co-staining with APC-conjugated SIINFEKL/H2-Kb tetramers 

(TM), AF-conjugated anti-mouse CD8α mAb and V500-conjugated rat anti-mouse CD3 

mAb. All fluorescent-antibodies used for staining were purchased from BD Pharmingen 

and the APC-SIINFEKL/H2-Kb tetramers were produced in house. Flow cytometry analysis 

was performed as described above.

Statistical analysis

Graph Pad Prism software version 5 was used for statistical analysis. Two-way analysis 

of variance (ANOVA) tests were used to evaluate cytokine production by DC or T cells 

across different concentrations of PLGA-(OVA/TLR)-mAb and to analyze differences in in 

vitro binding/uptake studies. The differences in OVA-Alexa647 fluorescence upon in vivo 

uptake by immune cells were analyzed using the two-tailed unpaired Students t test or 

Mann Whitney test. Dose-response in vitro studies were analyzed using two-way ANOVA 

with Bonferroni posttests. Differences in animal survival were calculated using Log-rank 

(Mantel-Cox) test. Statistical significance was considered when P < 0.05.

RESULTS

Coupling of αCD40-mAb to NP improves binding and internalization by DC 
in vitro and in vivo 

The efficiency of targeting via CD40 was analyzed by determining the efficacy of binding 

and internalization of NP by DC. Two types of formulations were compared and unless 

otherwise stated PLGA-(Ag/TLR2+3L)-αCD40 NP are referred to as NP-CD40 and PLGA-(Ag/

TLR2+3L)-IgG2a (NP) as NP-Iso (IgG2a-isotype control mAb coated NP). DC were incubated 

for 1 hr with fluorescently labeled NP at 4°C (binding) and 37°C (internalization). Coupling of 

the αCD40-mAb significantly improved the association of NP with DC compared to isotype 

control mAb (Figure 7.1). The effect of CD40-targeting was also observed in a mixed cell 

culture. NP-CD40 added to spleen single cell suspensions in vitro were internalized better 

by DC than B cells (Supporting Information Figure S7.1). But F4/80+CD11b+CD11c- Mɸ 
showed poor capacity to take up NP, irrespective of targeting (data not shown).
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The in vivo uptake was examined by injecting mice s.c. in the flank with NP-CD40 or NP-Iso 

and the draining inguinal lymph node (LN) excised 48 hr later. Higher amounts of NP-

CD40 were taken up by CD11c+CD11b+F4/80- DC than NP-Iso (Figure 7.2A). In addition, 

the LN contained significantly higher numbers of NP+ DC when NP-CD40 were injected 

(Figure 7.2B). CD19+B220+ B cells also internalized NP-CD40 although to a lesser extent 

than DC (Figure 7.2C and 7.2D). Control injections of NP-Iso mixed with same amount of 

soluble anti-CD40 showed the necessity of coating the αCD40-mAb to the NP surface. In 

summary, CD40-targeting of NP improves binding and uptake and facilitates efficient in 

vivo delivery of NP to DC.

Enhanced maturation of DC via CD40-targeted delivery of TLR2 and TLR3 
ligands encapsulated in PLGA-NP

The potency of various NP formulations (Table 7.1) to activate DC was studied in vitro by 

analyzing the cell-surface expression of the T cell co-stimulatory molecules CD86 and 

Figure 7.1  DC more efficiently binds and internalizes NP-CD40 compared to NP-Iso.

WT BMDC were incubated with titrated amounts of NP-CD40 or NP-Iso for 1 hr at 4°C to study bind-

ing (A) or 37°C for uptake (B) followed by extensive washing with medium to remove unbound 

NP. CD40-mediated binding and uptake of NP was tested CD40 KO BMDC (C & D). Fluorescence 

intensity was measured by scanning on the Odyssey® and results shown are mean fluorescence 

intensities of a duplicate analysis + deviation. Data are from one out of two independent experi-

ments performed with two different batches of NP. Differences in NP-binding and uptake were 

analyzed applying two-way ANOVA with Bonferroni posttests,* = P < 0.05 or *** = P < 0.0001.
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CD40 on DC and the capacity of these cells to produce IL-12. The strongest DC maturation 

resulted from incubation with NP-CD40 as reflected by the highest production of IL-12, 

(Figure 7.3A), but also by IL-6 and IL-2 production (data not shown) and the enhanced 

surface expression of CD86 and CD40 (Figure 7.3B & C). At the concentrations tested, single 

formulations of (PLGA-Ag/TLRL)-mAb NP containing either Pam3Csk4, Poly(I:C) or FGK45 

showed poor (FGK45 & TLR2L), or low (Poly(I:C)) capacity to activate DC compared to NP 

formulations co-encapsulating Pam3Csk4 and Poly(I:C) (Supporting Information Figure 

S7.2). Coupling of the αCD40-mAb to NP encapsulating TLRL appeared to be essential to 

achieve the synergistic activation of DC as NP-Iso mixed with soluble (free) αCD40-mAb 

showed lower potency compared to NP-CD40 (Figure 7.3D). Furthermore, DC incubated 

Figure 7.2  NP-CD40 are better targeted in vivo to and internalized by DC upon s.c. injection.

WT mice were injected s.c. in the right flank with NP-CD40 or NP-Iso encapsulating 10 μg OVA-

Alexa647 or NP-Iso mixed with soluble aCD40. After 48 hr mice were sacrificed and single-cell 

suspensions prepared from the inguinal LN and stained with fluorescent DC-specific mAb. The 

different immune cell populations positive for Alexa-647 fluorescence were distinguished by 

flow cytometry. The absolute numbers of NP+ CD11c+CD11b+F4/80- DC were calculated and the 

results shown are averages ± SEM of two independent experiments using 3–5 mice per group 

(A). Relative amount of particles internalized per cell was based on the Alexa-647 MFI on the NP+ 

DC and values depicted as mean ± SEM (B). NP+ CD19+B220+ B cells (C) and MFI on the NP+ B cells 

(D) were quantified. The Mann Whitney or the unpaired student`s test was used to compare the 

absolute numbers of NP+ cells after vaccinations with NP-CD40 and NP-Iso and the resulting MFI 

on NP+ cells, * = P < 0.05 & ** = P < 0.01.
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with mixtures of NP-Iso with PLGA-(Ag)-αCD40 NP (lacking both TLR ligands) did not 

induce DC maturation to a similar extent as NP-CD40 (Figure 7.3E). No DC maturation was 

induced by NP formulations encapsulating just OVA, independent of CD40-targeting (data 

not shown). We tested up to 25-fold higher amounts of soluble OVA compared to the 

amount encapsulated in NP, either alone or in combination with TLRL and αCD40-mAb but 

observed no additive stimulatory effect on DC maturation (data not shown). In summary, 

we show that CD40-targeted delivery of NP, co-encapsulating Poly(I:C) and Pam3Csk4, 

synergistically enhances DC maturation in contrast to non-targeted NP containing the 

same Ag/TLRL cargo. 

Figure 7.3  CD40-targeted PLGA-(Ag/TLR2+3L) NP show superior capacity to mature DC 

compared to non-targeted NP.

WT BMDC (100,000 cells/well) were incubated with titrated amounts of NP-CD40 or NP-Iso for 24 

hr at 37°C. Culture supernatants were harvested and the amount of IL-12 determined by ELISA 

(A). Post-incubation, DC were stained with fluorescent antibodies against CD86 (B) and CD40 

(C) followed by Flow Cytometry analysis. IL-12 was determined in culture supernatants after 24 

hr incubation of DC with NP-CD40, NP-Iso and control formulations of NP-Iso mixed with soluble 

αCD40 mAb (D) or PLGA-(OVA)-αCD40 NP (E). Differences in cytokine production were analyzed 

applying two way ANOVA with Bonferroni posttests, *** = P < 0.001.
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Improved CD4+ T cell proliferation and IFN-γ production by NP-CD40

We studied if DC loaded with NP-CD40 resulted in efficient MHC class II Ag processing and 

activation of naïve CD4+ T cells in vitro. In line with the previous results, OVA-specific CD4+ 

T cells proliferated better but especially produced significantly higher amounts of IFN-γ 

when primed by DC loaded with NP-CD40 compared to stimulation by NP-Iso loaded DC 

(Figure 7.4). In conclusion, CD40-targeted delivery to DC of Pam3Csk4 and Poly(I:C) co-

encapsulated with protein Ag in NP, also facilitates MHC class II presentation and enhances 

effector CD4+ T cell functionality. DC loaded with NP-CD40 and NP-Iso both had potent 

APC capacity resulting in similar proliferation and IFN-γ production by naïve CD8+ T cells 

in vitro (data not shown).   

Vaccination with NP-CD40 improves CD8+ T cell responses  

The quantity and quality of TAA-specific CD8+ T cells are important determinants for a 

robust anti-tumor immune response. Enhancing CD8+ T cell responses in the presence 

Figure 7.4  DC loaded with NP-CD40 have improved APC-capacity to stimulate CD4+ T cell 

proliferation and IFN-γ production.

BMDC from C57BL/6 were incubated with titrated amounts of NP-CD40 or NP-Iso for 5 hr at 37°C. 

After incubation with Ag, 75% of the culture medium was removed and splenocytes from OT-II mice 

added (200000 splenocytes/200 μl/well). OVA-specific CD4+ T cell proliferation was analyzed 72 hr 

later by analysis of [3H]-thymidine incorporation which was added in the final 16 hours of culture 

(A). Samples were taken after 48 hr of co-culture between Ag-loaded DC and OT-II splenocytes and 

analyzed for IFN-γ levels (B). Differences in CD4+ T cell proliferation and cytokine production were 

analyzed using the two way ANOVA with Bonferroni posttests, * = P < 0.5 and *** = P < 0.0001.
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of a tumor is a crucial merit of therapeutic vaccines. Therefore, to study how NP-CD40 

modulate an ongoing anti-tumor CD8+ T cell response we collected blood samples of 

tumor-bearing animals 7 days after vaccination. NP-CD40 significantly boosted the % 

Figure 7.5  Vaccinations with NP-CD40 prime CD8+ T cells with improved cytotoxic capacity 

compared to NP-Iso. 

Tail vein blood samples were taken on day 14 post-tumor inoculation from tumor bearing mice 

which received vaccinations with either NP-CD40 or NP-Iso. Blood samples were prepared as 

stated in M&M and stained with SIINFEKL-Tetramers to determine OVA-specific CD8+ T cells by 

FACS (A) WT mice were vaccinated s.c. with 10 μg OVA encapsulated in CD40-targeted PLGA-(Ag/

TLR2+3L) NP or non-targeted PLGA-(Ag/TLR2+3L) control NP in the right flank. On day 7 day post 

vaccination, SIINFEKL-loaded CFSEhigh OVA-specific target cells and ASNENMETM-loaded CFSElow 

INFLUENZA-specific target cells (negative controls) were injected i.v. in a 1:1 ratio and mice sacri-

ficed 18 hr later to determine the degree of OVA-specific lysis of the target cells (B). The average 

% OVA-specific target cell killing, of 3 independent experiments, was quantified as described in 

M&M (C). TC-1 tumor-bearing mice were vaccinated on day 7 with NP-formulations encapsulating 

15 μg HPV-E7 protein and TLRL or soluble protein/TLRL mixture. On day 15, tail vein blood samples 

were collected and the % of RAHYNIVTF/H2-Db specific CD8+ T cells determined (D). Differences 

in % of Ag specific CD8+ T cells and in vivo killing or target cells were analyzed applying the Mann 

Whitney tests, * = P < 0.05.

CFSEhigh – CFSElow

Counts

Not vaccinated    Non-targeted NP        CD40-targeted NP 

0 20 40 60 80 100

Not vaccinated

CD40-targeted NP
non-targeted NP

% specific killing

0.00

0.05

0.10

0.15

0.20

0.25

Untreated

NP-CD40
NP-Iso

%
 O

VA
-s

pe
ci

fic
 C

D
8+  T

 c
el

ls

NS

*

***

0.0

0.1

0.2

0.3

PLGA-(HPV-E7/TLR2+3L)-CD40
PLGA-(HPV-E7/TLR2+3L)-IgG2a
sHPV-E7 + sTLR2+ sTLR3L sCD40

Untreated
PLGA-(OVA/TLR2+3L)-CD40

%
 H

PV
-E

7-
sp

ec
ifi

c 
C

D
8+  T

 c
el

ls

*

***

**
*



Chapter 7

198

of TAA-specific CD8+ T cells compared to NP-Iso vaccinated and untreated mice (Figure 

7.5A). Ag-specific CD8+ T cells after vaccination of naïve animals with NP-CD40 showed 

strong in vivo cytotoxic capacity (Figure 7.5B), which resulted in efficient killing of target 

cells (Figure 7.5C). Similarly, CD40-targeted NP encapsulating HPV-E7 protein significantly 

enhanced RAHYNIVTF-specific CD8+ T cells in blood after a single vaccination compared 

to non-targeted NP formulations or a mixture of soluble HPV-E7-protein and adjuvants. 

Encapsulation of specific Ag in CD40-targeted NP was required for the observed T cell 

priming as TLRL and an irrelevant protein targeted to CD40 failed to boost HPV-E7 specific 

responses (Figure 7.5D). NP formulations with no or only one TLRL were inferior vaccines 

as compared to NP-CD40 (Supporting Information Figure S7.3). These observations show 

significant improvement of CD8+ T cell quantity and functional quality via CD40-targeted 

NP-vaccines. 

CD40-targeting of NP improves anti-tumor vaccine potency

The prophylactic vaccine potency of NP-vaccines was studied in a murine melanoma-OVA 

model. Mice were vaccinated or left un-treated and 7 days later challenged with B16-OVA 

tumors. But both NP-vaccines inhibited tumor growth (Figure 7.6A) and exhibited similar 

efficacy (P < 0.001) in prolonging animal survival compared to un-treated mice (Figure 

7.6B). Single TLRL NP-vaccines also induced partial protection against tumor challenge, 

however; NP-CD40 inhibited tumor out growth in 50% of tumor bearing animals resulting 

in the longest median survival time compared to animals vaccinated with the other NP-

vaccines (Supporting Information Figure S7.4).

The therapeutic vaccine potency of NP-CD40 and NP-Iso was assessed by vaccinating 

tumor-bearing mice on day 7 and 17 post tumor inoculation. Comparison based on average 

tumor size per group could be determined until day 22; hereafter the first animals were 

sacrificed because of tumor burden. NP-CD40 vaccinated animals displayed statistically 

smaller tumors compared to non-treated (P < 0.01) and NP-Iso treated animals (P < 0.05) 

(Figure 7.6D). Furthermore, NP-CD40 vaccinated animals displayed a better prolonged 

survival compared to the control groups (P < 0.02) (Figure 7.6D). Collectively, the results 

indicate that CD40-targeting of PLGA-(Ag/TLR2+3L)-NP potentiates vaccine efficacy and 

induces (or boosts) anti-tumor responses inhibiting tumor growth and prolonging survival 

of animals. 
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Figure 7.6  Vaccinations with PLGA-(Ag/TLR2+3L)-αCD40 NP induce potent anti-tumor 

responses. 

WT mice were vaccinated in the right flank with 10 μg OVA encapsulated in NP-CD40 and NP-Iso 

on day 0 or left untreated. On day 7 post-vaccination 2 x 105 B16-OVA tumor cells were inoculated 

s.c. on the opposite flank. Tumor growth (A) and animal survival (B) were monitored. Untreated 

animals were all required to be sacrificed because of tumor burden by day 29. 2 x 105 B16-OVA 

tumor cells were inoculated s.c. in the left flank of WT mice and these rested for 1 week followed 

by vaccinations on day 7 and 17 with 10 μg OVA encapsulated in NP. Average tumor size per group 

was followed in time until day 22, the final time point when all animals were still alive (C), and 

survival monitored (D). Differences in tumor sizes per group were determined by regular two-way 

ANOVA with Bonferroni posttests to calculate the difference in mean values at each time point. 

Animal survival per group was assessed using Log-rank (Mantel-Cox) test, *** = P < 0.001, ** = P 

< 0.01 and * = P < 0.05.
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In this study we formulated a PLGA-NP based multi-compound particulate vaccine which 

target DC and deliver protein Ag and adjuvants via the cell-surface molecule CD40 with 
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the aim to activate efficient cytotoxic CD8+ T cell responses. The effects of CD40-targeting 

on vaccine potency were evaluated using a murine melanoma tumor model.

The results described here indicate that the selective and efficient in vivo delivery of 

particulate NP-vaccines to DC via CD40 is feasible and results in efficacious T cell responses. 

Combined CD40-targeting with TLR2- and TLR3-triggering synergistically enhanced IL-12 

production by DC and IFN-γ production by CD4+ T cells in vitro, suggesting that NP-CD40 

facilitates a TH1-mediated pro-inflammatory immune response. TH1 immune polarization 

by vaccines is essential to sustain robust anti-tumor CD8+ T cell responses in vivo 24. In line 

with this direct vaccinations with NP-CD40 improved the induction of Ag-specific cytotoxic 

CD8+ T cells and tumor-control.

The covalent coupling of the αCD40-mAb to the NP (NP-CD40) greatly enhanced the 

maturation effect of the NP-vaccine on DC (Figure 7.3). The better capacity of NP-CD40 to 

mature DC is possibly a consequence of triggering distinct adapter proteins involved in 

signaling pathways upstream of NF-κβ transcription regulation of DC maturation; TRAF 

(CD40) 25, MyD88 (TLR2) and TRIF (TLR3) 26. Another possibility is that receptor-mediated 

internalization via CD40 leads to higher quantities of Poly(I:C) and Pam3Csk4 inside 

intracellular compartments of DC compared to non-targeted NP 13 inducing stronger TLR-

stimulation. Additional experiments are ongoing to elucidate the mechanisms responsible 

for the enhanced DC maturation by NP-CD40.  

Enhanced vaccine-delivery to DC can also be achieved via passive targeting by modifying 

the size of the vaccine which influences lymph node drainage of the vaccine 27. Alternatively, 

active vaccine-targeting strategies via CD40, as shown in this study, or through C-type 

lectins such as DEC-205, DC-SIGN and Glec9a greatly improves Ag delivery, processing 

and T cell priming by DC over non-targeted controls 14,16,23,28,29. 

It is clear that DC express many cell-surface molecules which can function as potential 

targets for vaccine-delivery resulting in improved binding and internalization of the 

vaccine. The cell-surface molecule chosen is based on the DC-subtype possessing the 

optimal APC-properties for the desired type of immune response 30 one aims to activate. 

Figdor and colleagues have recently questioned to necessity to target vaccines to 

specific DC-subsets 31, even though some DC-subtypes can possess a specialized role in 

peripheral tolerance 32,33 or in the activation of CD8+ T cell mediated immune responses 34. 

However, owing to the plasticity in function of several DC-subtypes 35,36 and on the results 

described here and published previously by our group 37 we hypothesize that the success 
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of therapeutic vaccinations is not critically dependent on the DC-subtype targeted but 

rather on the efficient delivery of the vaccine and importantly the adjuvants in sufficient 

amounts to activate CD11c+ DC instead of non-professional APC. 

We recently performed a study using PLGA-(Ag/TLR3+7L)-NP and compared the delivery 

to DC via the targeting of CD40, CD11c or DEC-205. Our results indicate that the binding 

and internalization of the NP via these molecules similarly facilitate DC maturation in 

vitro but that CD40-targeting leads to slightly better CD8+ T cell responses in vivo (L.Cruz 

& R.Rosalia et al., manuscript in press 10.1016/j.jconrel.2014.07.040).

The surface expression of most targeting molecules is promiscuous on several immune 

cells. CD40 expression is not restricted to DC. For example, B cells also express CD40 and 

therefore might contribute to the anti-tumor responses observed after vaccinations 

with NP-CD40. A small percentage of B cells bind NP in vivo, however due to their inferior 

endocytic capacity 38 and T cell activating capacity 39 compared to DC it is likely that T cell 

stimulation by B cells in vivo played a minor role in this study. 

PLGA-particles were shown to be internalized by Mɸ in vivo leading to cross-presentation 

of particle-encapsulated protein and priming of CD8+ T cells 40. We observed that Mɸ 
poorly internalized NP-CD40 and NP-Iso compared to DC (data not shown) likely because 

of the PEG-layer on the NP which blocks non-specific phagocytosis 41. Targeting to 

CD40 did not lead to better in vivo internalization of NP-CD40 by Mɸ and we observed 

that CD11c+CD11b+F4/80- DC have higher cell-surface expression of CD40 compared 

to CD19+B220+ B cells and CD11c-CD11b+F4/80+ Mɸ (data not shown). The higher CD4-

expression on DC may form a mechanistic basis for the improved in vivo delivery of NP-

CD40 compared to other APC.  

Lymphoid organ resident CD8α+ DC are considered the main Ag cross-presenting and CD8+ 

T cell priming DC in the mouse 42. We observed a trend that CD8a+ DC more efficiently 

internalized NP (Supporting Information Figure S7.1) than CD8a- DC. A surprising finding 

as CD8+ and CD8- CD11c+ DC were shown to possess similar phagocytic capacity 43, but 

differed in the mechanisms and efficiency of Ag-presentation 44. Cell-surface expression 

of CD40 was reported to be higher on CD8a+ DC in mice 45 which could explain why more 

CD8a+ DC internalize higher numbers of NP-CD40 via receptor mediated endocytosis. 

CD40 seems to be a suitable target to deliver other types of particulate vaccines. Similar 

ex vivo and in vivo DC-specific delivery of a CD40-targeted adenoviral tumor vaccine was 

previously reported 46 inducing stronger anti-tumor responses than the non-targeted 
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vectors, which supports CD40 on DC to be a suitable target to deliver not only PLGA-NP 

based vaccines but also other types of particulate vaccines. 

DC were poorly matured by (PLGA-Ag)-αCD40 NP or soluble αCD40-mAb in the absence 

of TLRL. This was surprising as αCD40-mAb bound to polystyrene 47, poly(γ-glutamic 

acid) 48 and porous silicon NP 49 resulted in DC maturation. FGK45 is a relatively weaker 

DC activating adjuvant compared to most TLRL 50 and we hypothesized that coupling of 

αCD40-mAb to PLGA-NP would improve the cross-linking of CD40 on DC and enhance 

the stimulatory effect of FGK45. But, our data suggests that the stimulating properties of 

FGK45 coupled to PLGA-NP at the quantities tested were insufficient to strongly activate 

DC as a single adjuvant. Higher concentrations of FGK45, than reported in our study, 

coupled to NP could not be achieved due to already saturating amounts of the mAb 

coupled to the NP-surface. Of course, increasing the size (Table 7.1) of the NP would allow 

the coupling of more antibodies, but we opted not to as the amounts of αCD40-mAb 

coupled to the NP were already sufficient to significantly boost the immune activating 

properties of TLRL encapsulated in NP. And importantly, higher dosages of systemic 

αCD40-mAb after injection might lead to liver toxicity as reported recently by Fransen 

et al. 51. Vaccinations using NP-CD40 resulted in the most efficient T cell responses in vitro 

and in vivo. Multi-adjuvant vaccines are known to improve immune responses compared 

to single adjuvant based vaccines 52 and Berzofsky et al. recently showed that this effect 

is related to a qualitative differences of the primed effector T cells 53. Our observations 

support this report as the strongest CD8+ T cell cytotoxicity was achieved with vaccines 

combining TLR2L, TLR3L and αCD40-mAb. 

Efficient and potent therapies against infectious diseases and cancer are highly necessary 

in the clinic. With recent exciting developments in immunotherapy, active vaccinations 

are close to being implemented as an accepted anti-cancer therapy but also against 

infectious diseases, for example Influenza 54. However, fine-tuning is required to achieve 

maximum vaccine potency via DC-controlled anti-tumor immune responses. We show 

here that CD40-targeting is an attractive strategy to deliver PLGA-NP-based well-defined 

vaccines to CD11c+ DC resulting in significant tumor control. Using the TC-1 tumor model, 

we showed in a clinically-relevant Ag model that CD40-targeting enhances HPV-E7 specific 

CD8+ T cell responses (Figure 7.5D) suggesting broad applicability of CD40-targeted NP-

vaccines to boost immune responses against other TAA. But possibly also as therapy for 

other diseases caused by microorganisms with known Ag-specificity, for example the 

parasite Plasmodium vivax which causes malaria. 
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In conclusion, significant boosting of effector T cells is achieved by improving the delivery 

of PLGA-(Ag/TLR2+3L) NP to DC via CD40 targeting. DC efficiently internalized the 

vaccine leading to full blown maturation and efficient priming of CD8+ T cells which led 

to prolonged survival of tumor-bearing animals.
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Supporting Information

Supporting Information Figure S7.1  DC and B Cells internalize NP-CD40 and NP-Iso in vitro 

and NP-CD40 are preferentially internalized by CD8+CD11+ DC. 

Splenocytes were were for 1 hr with (200.000 cells/well of a 96-wells plate) with titrated (2-step 

dilutions based on encapsulated OVA-protein in NP) amounts of PLGA-(OVA/TLR2+3L)-αCD40 or 

PLGA-(OVA/TLR2+3L)-IgG2a NP containing OVA-Alexa647. Cells were kept cold after incubation, 

washed 3x with PBS to remove unbound NP. Cells were then stained with antibodies against 

various cell surface molecles and anayzed by flow cytometry DC were designated as CD3-F4/80-

CD11b+CD11c+ (A) or divided into CD8+ or CD8- cells (C). B cells were gated as CD3-CD19+B220+ 

cells (B). NP encapsulated was determined based on the OVA-Alexa647 fluorescence intensity. 

C57BL/6 animals were vaccinated s.c. in the right flank with 10 μg OVA-Alexa647 encapsulated in 

NP and sacrificed 48 hr post-vaccination and the inguinal LN harvested and single-cell suspensions, 

stained with various fluorescent antibodies to distinguish the different immune cell populations 

which are positive for Alexa-647 fluorescence by Flow Cytometry (D).
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Supporting Information Figure S7.2  Combining triplicate adjuvants (TLR2L, TL3L and 

αCD40-mAb) leads to strong synergistic activation of DC compared to singlet or doublet 

adjuvant combinations. 

WT BMDC (100,000 cells/well) were incubated with titrated amounts of various PLGA-NP 

formulations encapsulating TLR2L, TLR3L or αCD40-mAb. Culture supernatants were harvested 

and the amount of IL-12 determined by ELISA (A, B and C). Post-incubation, DC were stained 

with fluorescent antibodies against CD86 (D) and CD40 (E) followed by Flow Cytometry analysis. 

Differences in cytokine production were analyzed applying two way ANOVA with Bonferroni 

posttests, *** = P < 0.001.
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Supporting Information Figure S7.3  CD40-targeted delivery of two TLRL co-encapsulated 

with protein Ag in NP results in superior priming of effector CD8+ T cells. 

C57BL/6 were vaccinated s.c. in the right flank with 10 μg OVA encapsulated in various CD40-

targeted PLGA-(Ag/TLRL) NP formulations. On day 7 day post vaccination, SIINFEKL-loaded CFSEhigh 

OVA-specific target cells and ASNENMETM-loaded CFSElow INFLUENZA-specific target cells (negative 

controls) were injected i.v. in a 1:1 ratio. Mice were sacrificed 18 hr later and the degree of OVA-

specific lysis of the target cells determined by FACS and the % killing of OVA-specific target cells 

quantified as described in M&M. Differences in in vivo cytotoxicity of primed CD8+ T cells were 

analyzed applying the Mann Whitney tests, *** = P < 0.001, ** = P < 0.01 & * = P < 0.05.
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Supporting Information Figure S7.4  Vaccinations with PLGA-(Ag/TLRL)-mAb NP prolong 

survival of tumor challenged animals. 

C57BL/6 were vaccinated on the right flank with 10 μg OVA encapsulated in different PLGA-(Ag/

TLRL)-mAb NP formulations (Table 7.1 manuscript). On day 7 post-vaccination 2 x 105 B16-OVA 

tumor cells were inoculated s.c. on the opposite flank. Tumor growth was followed and animal 

survival in the treatment groups were assessed and compared to untreated animals. Untreated 

animals were all required to be sacrificed because of tumor burden by day 29.   Animal survival per 

group was assessed and differences between the different groups were calculated using Log-rank 

(Mantel-Cox) test. *** = P < 0.0001 for animals treated with the different PLGA-(Ag/TLRL)-mAb NP 

formulations vs untreated. Numbers in red indicate median survival in days.
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