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Cancer treatment 
Conventional cancer treatment modalities such as chemotherapy target not only tumor cells 
but all rapidly dividing cells which causes toxicity and other adverse effects. Therefore, there is 
a great need for novel tumor-specific and potent cancer treatment strategies. Immunotherapy 
offers more specific and therefore potentially less toxic alternative approaches for the 
treatment of cancer. Immunotherapy relies on strategies to manipulate the immune system 
to enhance or block an immune response to fight cancer [1]. Immunotherapeutic strategies 
are not only employed to confront malignancies, but also for the treatment of allergies [2] 
and viral diseases such as HIV infection [3]. 
Numerous immunotherapy strategies have been investigated with promising clinical results 
including: 
1-Peptide and protein based cancer vaccines [4,5] including dendritic cell(DC)-based vaccine 
e.g. the first FDA approved therapeutic cancer vaccine against prostate cancer (Provenge), 
where DCs of the patient are activated with the tumor antigen and re-administered to the 
patient [6].
2-Immunomodulatory antibodies such as immune check point blockers, (FDA approved 
ipilimumab (antiCTLA4) [7] and lambrolizumab (antiPD1) [8]) and immunostimulatory 
antibodies such as antiCD40 and antiOX40 [9].
3-Antibodies that target tumor cells such as antiHER2 [10] 
4-Adoptive transfer of B/T/NK cells [11-14].

The potential of immunotherapy lies in the fact that our body’s immune system is capable 
of identifying and killing foreign cells. Nevertheless cancer cells use several mechanisms 
to evade the immune system [15]. To oppose immune-evading mechanisms and induce a         
potent immune response, immunotherapeutic approaches in combination with well-defined 
adjvants have been used to achieve a potent immune response [16]. 
Currently in cancer immunotherapy clinical trials, mainly relatively simple adjuvant systems 
such as emulsions are used as delivery systems. These emulsions (such as incomplete Freund’s 
adjuvant (IFA), Montanide and MF59) are based on mineral oils and form a depot at the 
injection site providing sustained release of their cargo [17-19]. However, these emulsions 
are pharmaceutically not well-defined formulations and suffer from stability issues and poor 
control over release kinetics [20-22]. Additionally, the administration of IFA and Montanide 
emulsions is accompanied with severe adverse and long-lasting side effects. Development of 
well-defined pharmaceutical formulations is therefore urgently needed and crucial for the 
success of immunothepy. 

Particulate systems for immunotherapy
Delivery of biotherapeutics such as protein and peptides is challenging due to their low 
stability, including sensitivity of these macromolecules to degradation and the importance of 
their 3D structure for their function and biological activity. To address these challenges, it is 
important to develop biocompatible carrier systems that are capable of delivering an effective 
dose of the biotherapeutic at the desired site, while protecting the cargo from enzymatic 
degradation upon administration and therefore increasing the efficacy and reducing the side 
effects [23-25].
One of the extensively used systems are biodegradable polymers, particularly aliphatic 
polyesters such as poly(lactic-co-glycolic) acid (pLGA), poly lactic acid (pLA) and poly 
ε-caprolactone (pCL). Among these polymers, pLGA is one of the most frequently  
investigated biodegradable polymers that has been used for several applications from sutures 
to delivery of biotherapeutics, including peptides, proteins and nucleic acids [26-28] as well 



G
eneral Introduction

9

  1
as vaccine formulations [16,29-31]. 
Advantages of using particulate drug delivery systems based on polymers such as pLGA 
for immunotherapy include protection of the cargo, ability to decorate the surface of 
the particles with ligands for imaging and targeting purposes and co-delivery of multiple 
immunotherapeutics including adjuvants, as well as sustained and controlled delivery of the 
antigen. Moreover, the size of the particulate system can be optimized to achieve optimal 
uptake by the antigen presenting cells (APCs) especially DCs or even target certain subsets 
of DCs. Additionally, in some cases it is important that the particles are not taken up by 
APCs and this can be achieved by preparing particle with a size larger than 10 µm [32]. These 
features of pLGA-based particulate carriers as well as various examples of particulate based 
immunotherapeutic formulations are reviewed in Chapter 2.

pLGA vs pLHMGA
One of the main pitfalls of using pLGA as a delivery system is the incomplete release of 
the cargo [29,33]. Upon degradation of pLGA, lactic and glycolic acid as well as water-
soluble oligomers of these monomers are formed. Accumulation of these acidic degradation 
products results in pH drop inside the polymeric matrix which in turn might result in 
aggregation, chemical modification such as acylation, loss of activity and incomplete release 
[24,34]. These drawbacks result in weak response and can cause unwanted immunogenic 
reactions and other adverse effects [23,35].
To overcome the disadvantages of pLGA and similar polymers, functionalized polyesters with 
enhanced hydrophilicity have been developed [36]. High water uptake results in relatively fast 
degradation rates. additionally, the acidic degradation products rapidly diffuse out resulting 
in a close-to-neutral pH inside the degrading particle matrix. One example is poly(lactide-
co-hydroxymethyl glycolide) (pLHMGA) (Figure 1) developed in our group. This polymer 
has a similar backbone as pLGA, however, it possesses pendant hydroxyl groups which make 
it more hydrophilic than pLGA. Earlier studies showed that the degradation of pLHMGA 
with variable monomer ratios can be tailored from a few days to two months [37]. Nano- 
and microparticulate delivery systems based on this polymer loaded with peptide and 
proteins were prepared and exhibited tailorable degradation and release characteristics. 
In these studies, pLHMGA has shown better protein/peptide compatibility as well as 
complete release of proteins/peptides as compared to pLGA [38-40]. Additionally, good in 
vitro cytocompatibility and in vivo biocompatibility upon subcutaneous injection of pLHMGA 
particles have been observed [41].

Figure 1. poly(lactic-co-hydroxymethyl glycolic acid) (pLHMGA)
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Aim of the current thesis

Given the superior features of pLHMGA particles as delivery systems and the need for 
development of pharmaceutically-defined and safe alternatives for commonly used 
emulsion formulations, particulate systems based on pLHMGA were developed in this 
thesis as potential biocompatible carriers either as a cancer vaccine or for delivery of 
immunomodulatory antibodies. 

This project was part of a bigger research program conducted by Center for Translational 
Molecular Medicine (CTMM) entitled “Cancer Vaccine Tracking”. This project aimed at 
development of several immunotherapeutic formulations and tracking them in vivo using near-
infrared labels as well as optimization of these formulations to achieve potent formulations 
for clinical translation.

Cancer vaccines aim to deliver tumor-specific antigens and adjuvants to APCs, particularly 
DCs. As a result, stimulated DCs activate tumor-specific CD8+ T cells which subsequently 
eradicate the tumor. To induce CD8+ T cell responses, the antigen should be processed 
and presented by mature DCs to T cells via MHC class I molecules (cross-presentation) 
[42]. Weak immunogenicity of soluble antigens and adjuvants, stability and toxicity issues 
encouraged the development of particulate cancer vaccines. Encapsulation in nanoparticles 
promotes cross-presentation and enables co-delivery of adjuvants to induce DC maturation 
[42,43]. In recent years several types of antigens have been studied for use in cancer vaccines 
ranging from short peptides consisting of MHC class I/II epitopes of tumor antigens to 
protein antigens, cell lysates and DNA encoding tumor antigens [44]. Recent studies have 
introduced a category of tumor antigens called synthetic long peptides (SLPs) [45] which are 
usually overlapping 15-35 amino acid peptides that cover the sequence of a tumor antigen. 
SLPs are more efficiently processed by DCs and induce a stronger T cell immune response 
as compared to protein antigens. Vaccination with SLPs based on human papillomavirus 
oncoproteins (HPV16 E6 and E7) has shown promising results in clinical trials [19,22,46].
In the current thesis, first, the model antigen ovalbumin was encapsulated in pLHMGA 
nanoparticles and the kinetics of the vaccine drainage to the lymph nodes and its 
immunogenicity were studied in vivo after subcutaneous (s.c.) administration. Following 
the promising results of human papillomavirus (HPV) SLPs in clinical trials, the therapeutic 
efficacy of pLHMGA nanoparticles as cancer vaccines was investigated by encapsulating a 
therapeutic peptide antigen, namely the human papillomavirus synthetic long peptide, and a 
TLR3 ligand (poly IC) in tumor-bearing mice.

Immunomodulatory antibodies regulate T cell immune response by either activation 
or inhibition of T cells/DCs [47]. One group of antibodies such as agonistic antiCD40, 
activates DCs, which in turn induces tumor-specific CD8+ T cell response [11]. Another 
group called immune check-point blockers such as antagonistic antiCTLA4 blocks inhibitory 
receptors on T cells [8-10]. Several classes of antibodies have been used in clinical trials with 
encouraging results [48,49]. However, systemic administration of these antibodies in their 
free form has been associated with systemic toxicity and momentary immune responses and 
autoimmunity [50,51]. 
To overcome these challenges, in the current study, sustained release microparticulate 
formulations loaded with an immune check point blocker (antiCTLA4) or a stimulatory 
antibody (antiCD40) were developed. These formulations were administered locally into 
tumor-bearing mice to provide controlled release of the antibody with the aim of achieving 
high therapeutic efficacy and preventing systemic toxicity and autoimmunity. 
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It was further hypothesized that these nano- and microparticulate carrier systems increase 
the efficacy of the treatment and limit the toxicity associated with administration of soluble 
therapeutics as well as with conventional adjuvant/delivery systems.

Outline of this thesis

Chapter 2 is an overview of particulate formulations based on aliphatic polyesters in 
cancer immunotherapy. To overcome challenges facing successful immunotherapy such as 
immunosuppression and tolerance, particulate systems have been suggested as a useful 
tool. It is shown in a number of publications that particulate systems indeed increase the 
therapeutic efficacy and reduce toxicity. In this review, we address the potential of pLGA-
based particulate formulations for immunotherapy of cancer.

In Chapter 3 the feasibility of pLHMGA nanoparticles loaded with ovalbumin as model 
vaccine was investigated. Ovalbumin and the polymer were labeled with two different near-
infrared dyes to enable the in vivo tracking of both the antigen and the delivery system 
simultaneously. The ability of the formulation to enhance sentation and T cell proliferation 
was studied in vitro and in vivo and compared to soluble ovalbumin.

Chapter 4 describes preparation and preclinical evaluation of a cancer vaccine formulation 
for treatment of human papillomavirus (HPV)-induced malignancies.  A synthetic long peptide 
(SLP) derived from HPV16 E7 oncoprotein with or without a toll like receptor 3 (TLR3) 
ligand (poly IC) was encapsulated in pLHMGA nanoparticles. The therapeutic efficacy of the 
nanoparticulate formulation was compared to that of HPV SLP and poly IC formulated in 
IFA in tumor-bearing mice. Finally the expansion of HPV-specific CD8+ T cells in the blood 
was studied in mice.

In Chapter 5 the application of pLHMGA microparticles in local and sustained delivery of 
an immunostimulating antibody, antiCD40 and an immune check point blocker, antiCTLA4 
was investigated. The antibody release profile of these microparticles was studied in vitro and 
the therapeutic efficacy of the particles was compared to the antitumor effect of antibody 
IFA emulsions in MC38 colon carcinoma tumor model. Moreover, the antibody serum levels 
and local reactions upon administration of these formulations were studied. 

Chapter 6 studies the effect of particle size on uptake of the pLHMGA nano- and 
microparticles by DCs and localization of these particles within DCs. The uptake in vitro 
was compared between different particles sizes by flow cytometry analysis and the uptake 
rate and intracellular localization of the particles was studied by confocal microscopy. It 
was hypothesized that the nanoparticles are taken up to a higher extent as compared to 
microparticles.  

Chapter 7 provides an overview of the results and discusses the major findings and 
conclusions of the research conducted in this thesis and provides suggestions and perspectives 
for the future of cancer immunotherapy with particulate systems.
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Abstract
Immunotherapy of cancer is a promising therapeutic approach which aims to eliminate 
malignancies by inducing or enhancing an immune response against the tumor. Immunotherapy, 
however, faces several challenges such as local immunosuppression in the tumor area leading 
to immunological tolerance. To overcome these challenges, particulate formulations such as 
nano- and microparticles containing immunotherapeutics have been developed to increase 
therapeutic efficacy and reduce toxicity of immunotherapy. Particulate formulations based 
on biodegradable aliphatic polyesters such as poly(lactic-co-glycolic acid) (pLGA) have been 
extensively used with promising results. In this review, we addressed the potential of pLGA-
based particulate formulations for immunotherapy of cancer. The discussion was focused 
on cancer vaccines and delivery of immunomodulatory antibodies. Features and drawbacks 
of pLGA systems were discussed together with several examples of recently developed 
therapeutic cancer vaccines and antibody-loaded particulate systems. Various strategies to 
overcome the drawbacks and optimize the formulations were given. In conclusion, pLGA-
based particulate systems are attractive carriers for development of clinically acceptable 
formulations in immunotherapy of cancer. 

Keywords: Cancer immunotherapy, pLGA, Aliphatic polyesters, Cancer vaccine, 
Immunomodulatory antibody, Nanoparticles, Microparticles
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1. Introduction
Cancer immunotherapy is a rapidly evolving branch of cancer treatment. It involves modulation 
of the host’s immune response to fight cancer. This is achieved by either enhancing tumor-
specific T cell responses [1,2] or inhibition of the tumor-induced immune suppression [3]. 
Compared to conventional cancer therapies, using immunotherapy to activate the immune 
system against tumors brings several advantages such as specificity (specific killing), minimal 
toxicity, systemic immune responses enabling the identification and eradication of possible 
metastases, and immunological memory [4].

Methods in cancer immunotherapy and current challenges
Various strategies are followed in immunotherapy of cancer, two of which are the focus of this 
review; Therapeutic vaccination (cancer vaccines) and administration of immunomodulatory 
antibodies. Cancer vaccines target antigen presenting cells resulting in uptake and processing 
of tumor-specific antigens and stimulation by adjuvants to induce a long-lasting and robust 
tumor-specific CD8+ T cell immune response [5]. Immunomodulatory antibodies promote 
the anti-tumor immune response by modifying the stimulatory or inhibitory signals on 
dendritic cells (DCs) and T cells [6].

1-Cancer vaccines aim to induce or enhance T cell-mediated immune responses against 
tumors by activation/stimulation of antigen presenting cells (APCs), more specifically DCs, 
with tumor-specific antigen and adjuvants. From the perspective of an APC, antigens can be 
presented according to two categories based on their origin: exogenous and endogenous. 
Endogenous antigens already intracellularly present in APCs such as viral antigens and 
normal cell proteins, are processed into peptide epitopes and presented to CD8+ T cells 
on major histocompatibility complex (MHC) class I molecules on the plasma membrane 
[7]. When CD8+ T cells attain their effector functions, they are referred to as cytotoxic T 
cells (CTL), capable of target cell killing [8]. Exogenous antigens such as bacterial antigens, 
allergens, proteins from transplanted organs and tumor antigens are internalized by the 
APCs, processed in the endosomes and classically presented to CD4+ T cells on MHC class 
II molecules. CD4+ T cells in a particular cytokine environment differentiate into one of 
several lineages of T helper (Th) cells. Th1 cells facilitate cellular immune responses against 
viruses and tumors and Th2 cells promote antibody production and initiation of a humoral 
immune response [9]. APCs have the unique ability to process both endogenous and 
exogenous antigens while normal nucleated cells in the body can only present endogenous 
antigens [7]. A strong CD8+ T cell response is known to be essential in the eradication of 
tumor cells [10]. CD8+ T cells are activated through ligation of the T cell receptor (TCR) 
by APCs presenting their specific antigen in MHC I molecules. Classically, only epitopes 
from intracellular proteins are presented in MHC I, while internalized exogenous material 
is presented in distinct MHC II molecules. As cancer antigens are from exogenous origin, 
they need to cross from the MHC II route to the MHC I route in order to induce a CD8+ 
T cell response. This process is called cross-presentation [8]. DCs are highly efficient in 
antigen internalization, processing and cross-presentation to specific CD8+ T cells which 
consequently differentiate to cytotoxic T cells [11]. A potent T cell response is achieved 
only when the antigen is presented by mature DCs, while antigen presentation by immature 
DCs results in tolerance [12,13]. Immature DCs have high antigen uptake and low antigen 
processing capabilities [14] and express low levels of MHC and co-stimulatory molecules 
[15]. DCs mature in the presence of danger signals derived from either microorganisms 
or from damaged tissue, which bind to sensing receptors expressed both on the plasma 
membrane and intracellularly [16,17]. Mature DCs lose their exceptional antigen uptake 
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properties and gain potent T cell priming capacity by expression of high levels of MHC class 
I and II and co-stimulatory molecules such as CD80 and CD86 and production of cytokines 
such as interleukin (IL)-12 [15,17,18]. Addition of adjuvants to a cancer vaccine formulation 
can provide the stimulatory signals necessary for DC maturation. However, administration 
of soluble antigens and adjuvants as such has several pitfalls, including weak immunogenicity, 
poor antigen cross-presentation as well as stability and toxicity concerns. These limitations 
can be overcome by particulate formulations. Particles can co-deliver multiple components 
such as several antigens and adjuvants. This co-delivery is crucial for induction of a robust CTL 
response [19,20] and to overcome tumor-induced immunosuppression [21]. Importantly, 
particles can also be decorated with targeting ligands. In this way, they mimic pathogens and 
cause less toxicity while the cargo will be more stable. Based on the type of antigen used, 
several particulate cancer vaccines can be distinguished including peptide, protein and cell 
lysate [22-24] cancer vaccines. These vaccines are either administered directly to the patient 
or used for ex vivo manipulation of DCs and are therefore called DC-based vaccines [25].

2-Immunomodulatory antibodies enhance the T cell immune response by 1-activation of 
T cells such as antiCD137 (4-1BB agonists) and 2-activation of DCs, such as CD40 agonists, or 
3-blockade of inhibitory signals on T cells, like programmed cell death 1 (PD1) and cytotoxic 
T cell lymphocyte antigen 4 (CTLA4) blocking antibodies [26]. These antibodies have shown 
promising results in clinical trials [27,28] and some have even been approved for human 
use such as ipilimumab (antiCTLA4) and pembrolizumab (antiPD1). Nevertheless, there are 
certain drawbacks which limit their applications, such as increased systemic toxicity as a 
result of multiple (systemic) administrations, short-lived immune responses, lack of specificity 
and high costs [29,30]. The tumor environment is infiltrated with various types of immune 
cells and multiple immunosuppressive cells such as regulatory T cells (Tregs) [31] which 
facilitate the tumor growth by cytokine secretion as well as by suppressing tumor-specific T 
cell response. Facing this complex tumor environment calls for well-engineered formulations. 
Studies have shown that local and sustained delivery of antibodies can overcome these 
limitations. Controlled release of antibody results in high therapeutic efficacy and prevents 
systemic toxicity as well as autoimmunity [32,33]. Current strategies for sustained delivery 
of antibodies such as formulations based on incomplete Freund’s adjuvant (IFA) cause certain 
adverese effects associated with the delivery vehicle [34] which will be further discussed in 
this review in Section 4. Therefore, it was hypothesized that encapsulation of antibodies in 
polymeric particles can face these challenges. 

Besides these approaches, passive strategies including administration of tumor-targeting 
antibodies such as antiHER2 for breast cancer (Herceptin or Rituximab) [35] and adoptive 
transfer of activated T cells or natural killer (NK) cells (expansion of tumor-specific T cells 
or NK cells in vitro and re-administration to the patient) have been used in immunotherapy 
of cancer with promising results [36,37].

2. Particulate systems for immunotherapy of cancer
Recent advances in particulate delivery systems have given rise to multiple groups of synthetic 
particles including polymeric nano- and microparticles, liposomes, virus-like particles (VLPs) 
and immune-stimulating complexes (ISCOMs) [38]. The features of particulate carrier 
systems are summarized in Table 1 and discussed further in detail.
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Table 1. Advantages of particulate carrier systems for delivery of immunotherapeutics

Particles can

1-Protect their cargo against degradation

2-Be decorated with targeting ligands, dyes etc.

3-Mimic the pathogens

4-Co-deliver multiple antigens and adjuvants

5-Overcome poor bioavailability of the drug by encapsulation

1-Protection of the immunotherapeutic agent from premature degradation. 
Immunotherapeutics generally include biomolecules such as peptides/proteins, antibodies, 
DNA/RNA and lipopeptides, all of which are subjected to enzymatic degradation when 
injected in their free form into the body. However, when encapsulated in particles, these 
molecules will be protected against enzymatic attack and consequently have a longer half-life 
in the body [39]. 
2-Particles provide the possibility to co-encapsulate and co-deliver various molecules such 
as antigens, adjuvants and imaging tools. 
As discussed in previous section, co-delivery of several immunotherapeutic agents is crucial 
for facing the tumor-induced immunosuppression [21]. 
3-Encapsulation of immunotherapeutics in particles enables us to conjugate certain molecules 
for targeting, labeling and shielding (with polyethylene glycol (PEG)) or in short “surface 
decoration”. There are versatile ways to perform this conjugation such as click chemistry, 
NHS coupling and maleimide chemistry [39,40] which are reviewed in detail in [39].
4-Based on their size, particles can mimic certain pathogens (e.g. microparticles (MPs) 
can mimic bacteria and nanoparticles (NPs) mimic viruses). Other than size, the presence 
of adjuvants, targeting ligands and sustained release of the antigen and adjuvant help the 
particulate systems to act like an artificial pathogen [41].
5-Encapsulation of immunotherapeutics helps overcome poor solubility, low therapeutic 
indices and poor bioavailability of these agents; encapsulation results in a strong T cell 
response with low doses of the immunotherapeutics which in turn results in lower toxicity 
and lower costs [42,43].

Features of aliphatic polyester-based particulate systems for cancer 
immunotherapy 
Particulate formulations based on aliphatic polyesters have been extensively used as drug 
delivery systems for small molecules as well as macromolecules [44-47] with several 
products in market [48,49]. Micro- and nanoparticles based on poly(lactic-co-glycolic acid) 
(pLGA) and similar polymers have been widely investigated as antigen delivery systems in 
preclinical studies with promising results [50,51]. 
General hallmarks of particulate carrier systems based on pLGA and related polymers in 
immunotherapy are outlined in Table 2 and discussed further in detail.

Table 2. Features of pLGA particles in cancer immunotherapy 

pLGA particles 

1-Are commercially available

2-Are biodegradable and biocompatible

3-Provide sustained release of the cargo

4-Can be easily modified to obtain varying release profiles
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1-These polymers are commercially available and are easy to synthesize.
2- pLGA is a biodegradable polymer composed of varying ratios of lactic and glycolic acid. 
The ester bond present in this polymer hydrolyzes in aqueous media and the degradation 
products can be metabolized via the Krebs cycle [52,53].
3-Sustained delivery of their payload. Encapsulation of a bioactive molecule can provide 
controlled release of the agent and limit the number of injections. This controlled release is 
especially important in case of cancer vaccines where a prolonged delivery of antigen and 
adjuvant is needed for a robust immune response [54]. It has been shown that administration 
of minimal peptide antigens in slow-delivery formulations (around 100 days) such as IFA can 
cause T cell tolerance. However, this does not seem to be solely related to the slow antigen 
release kinetics, but also other factors such as the type of the antigen (short peptide) and 
absence of co-stimulatory signals which were responsible for the loss of the T cell response 
[55,56]. Nevertheless, multiple studies have shown that prolonged antigen presentation is 
an important parameter in inducing a long-lasting CTL response. It can be argued that the 
duration of antigen presentation (few days to few months) could be of importance and 
should be further studied.
4-The possibility to tune the release/degradation rate and targeting by manipulation of pLGA.
The release rate of a loaded “drug” from pLGA particles can be tailored by changing the 
monomer ratio and molecular weight of the polymer [57]. This has been shown in a recent in 
vitro study comparing commonly-used pLGA with 50:50 lactide/glycolide monomer ratio to 
pLGA with 75:25 lactide to glycolide ratio [58]. Moreover, chemical modifications on pLGA 
provide an array of versatile polymers. PEG is widely used to increase the hydrophilicity of 
pLGA [44]. Pegylation also eases the procedure of adding targeting ligands on the surface of 
the particle [59,60]. This has been shown in in vitro and in vivo studies using antibody-targeted 
pegylated pLGA NPs [40,61].

Drawbacks of commonly used aliphatic polyesters such as pLGA 
Even though pLGA offers great opportunities in immunotherapy, pitfalls of this polymer 
come to sight when biotherapeutics are involved. Upon degradation, acidic degradation 
products such as lactic acid and glycolic acid as well as and short oligomers accumulate in the 
particle. This results in a pH drop inside the particle [62] which negatively affects the protein/
peptide integrity and stability [63,64]. Physical changes (unfolding, denaturation, aggregation) 
and chemical modifications (acylation of lysine residues) of the entrapped macromolecules 
have been observed, resulting in incomplete release of the cargo and possible unwanted 
immunological reactions and toxic side effects [61]. This might not be very critical in case 
of antigen delivery (since antigens are degraded in the APCs) and peptide delivery (since 
denaturation is ruled out), but it is of utmost importance when the sustained and complete 
release of a macromolecule such as antibody is required. 
Some strategies have focused on stabilization of peptides and proteins inside pLGA particles 
including pegylation of peptides/proteins and addition of urea to the formulation [62,63]. 
In addition, insoluble basic excipients such as magnesium hydroxide have been used to 
neutralize the acidic pH in the degrading particles [64]. Furthermore, dermatan sulfate, a 
glycosaminoglycan polymer, has been used to stabilize the model protein BSA in the pLGA 
particles [65]. Moreover, lysine, trehalose and sorbitol have been used to prevent aggregation 
and unfolding of proteins [66].
Other strategies to prevent acidification of PLGA particles encompassed the development 
of hydrophilic polymers with fast degradation rates. These polymers include pegylated 
aliphatic polyesters [67] as well as novel polyesters with a more hydrophilic backbone [68]. 
High water uptake of these polymers results in accelerated degradation (and release of the 
payload) and fast removal of the acidic degradation products and, thus prevents the pH drop 
[69]. Preparation of porous particles is another approach that facilitates the water diffusion 
and increases the degradation rate of the particles [70]. Strategies shortly discussed here are 
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reviewed in more detail in [71].
Another challenge limiting the use of pLGA particles is the costly aseptic scale-up preparation 
procedure. However, regarding the fact that several pLGA formulations are already available 
on the market [65] these issues can obviously be overcome. Drawbacks of pLGA-based 
delivery systems are summarized in Table 3.

Table 3. Drawbacks of pLGA particles for cancer immunotherapy

Drawbacks of pLGA delivery systems

1-Acidification of the polymer matrix upon degradation resulting in 
aggregation, chemical modifcation and incomplete release of the cargo

2-Low encapsulation efficiencies for hydrophilic molecules

3-Lack of functional groups for conjugaton of targeting ligands etc.

4-Costly aseptic production

3. Cancer vaccines 
As mentioned earlier, cancer vaccines target DCs to initiate a T cell immune response. An 
ideal cancer vaccine should activate cellular and humoral immune responses and result in 
formation of memory T cells and memory B cells for a durable tumor-specific immunity [43]. 
Particulate formulations based on aliphatic polyesters such as pLGA and poly lactic acid 
(pLA) are specifically suitable as cancer vaccines because they are taken up efficiently by DCs 
and promote cross-presentation [11,66]. The depot effect of the particles provides another 
advantage of particulate cancer vaccines by prolongation of antigen presentation to T cells 
which is important for a strong T cell response and formation of immunological memory 
[43,67,68]. The action of a typical cancer vaccine is presented in Figure 1.

Figure 1. A particulate cancer vaccine in action. A particle loaded with protein antigen and 
adjuvant and decorated with a DC-specific antibody is administered to the body. The particle is taken 
up by an immature dendritic cell, the antigen is processed and presented on MHC I molecules. In 
the prescence of costimulatory molecules and cytokines, the now “mature” DC activates the T cells. 
Upon activation, the T cell population expands and migrates to tumor site where T cells recognize and 
destroy the tumor.
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3.1. Physicochemical requirements for particulate cancer vaccines
3.1.1. Particle size 
Many studies have focused on the effect of the size of the antigen-loaded particle on the 
T cell immune response. However, there is no consensus on the optimal size for a cancer 
vaccine. Conflicting data arise from the heterogeneous experiments studying different 
variables, such as route of administration, method of antigen loading, and type of antigen 
(Reviewed by Oyevumi et al.) [69]. Nevertheless, it is known that particle size is not only 
important for the uptake as such but also for the intracellular trafficking and processing 
of the antigen [43,45]. Various studies stress the advantages of NPs in the range of around 
200 nm (and sometimes as small as 40-50 nm) [70] because of their ability to drain to the 
lymph nodes after subcutaneous administration for subsequent uptake by immature resident 
DCs [45]. When targeting lymph nodes, the size of the lymphoid capillaries should also be 
taken into account [71,72]. Only small NPs (< 200 nm) can drain freely to the lymph nodes 
and are found there shortly after administration (2 h). However, bigger particles need to be 
transported to the lymph nodes upon uptake by DCs. Particles bigger than 200-500 nm are 
deposited in the lymph nodes no sooner than 24 h after administration which might delay 
the immune response [72]. Other studies indicated that as a result of enhanced uptake, NPs 
containing CpG ODN (TLR9 ligand) more efficiently induce DC maturation and immune 
responses than MPs [73]. In a recent study by Silva et al., the effect of particle size on the type 
and extent of the immune response was evaluated. MPs (112 µm) and NPs (350 nm) loaded 
with ovalbumin (OVA) and poly IC (TLR3 ligand) were compared and it was shown that the 
NPs were efficiently taken up by DCs and showed stronger antigen cross-presentation in 
vitro and in vivo as compared to MPs. [58]. 

3.1.2. Surface characteristics (surface charge, hydrophobicity/hydrophilicity)
Effect of surface charge on particle uptake
Surface characteristics also affect the particle uptake and consequently the immune response. 
Studies showed that the electrostatic interaction between positively charged particles and 
negatively charged cellular membranes results in high and efficient particle uptake by human 
monocyte-derived DCs and macrophages in vitro [74]. As a result, strategies have been 
used to decorate the surface of commonly negative pLGA particles with positively-charged 
groups such as protamine [75] and chitosan or to shield the negative charge with PEG 
[76]. However, It has been shown that interaction of positively-charged particles with non-
phagocytic cells [77,78] and endogenous proteins [79] is also higher than that of negatively-
charged particles. Therefore, it can be argued that positively-charged particles exhibit high 
levels of non-specific binding and uptake and therefore possibly decreased efficacy. 
 
Effect of hydrophilicity on cell uptake, lymph node drainage and immune response
In a study performed by Rao et al., the effect of particle hydrophilicity and surface charge 
on lymphatic drainage and retention was evaluated. (pLGA + PEG-pLA) NPs of various sizes 
(50-200 nm) were injected to foodpad of rats and the results were compared with that of 
polystyrene NPs. 1-pyrenemethylamine (PMA) was chemically conjugated to to pLGA to 
facilitate in vivo tracking of the particles. The results showed that an increased hydrophilicity 
of the particle surface (by increasing the PEG content) causes higher accumulation in the 
lymph nodes [80]. Additionally the kinetics of lymph node drainage of negatively charged 
pLGA NPs (with varying amount of COOH end groups) was studied. It was shown that the 
rate and extent of lymphatic drainage is directly related to the negative surface charge. It 
was suggested that this fast drainage is caused by triggering macrophage uptake and drainage 
as well as free diffusion of the NPs [80]. However, another study performed by Liu et al. 
using pLA, pLGA and PEG-pLA MPs (1 µm), showed that increased surface hydrophobicity 
resulted in increased antigen uptake by bone marrow-derived murine DCs in vitro and 
enhanced DC maturation and lymph node drainage after subcutaneous injection in mice. 
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Importantly, in vivo studies showed an elevated T cell response (but not antibody production) 
when more hydrophobic particles (pLA) were used. It was shown that the increased surface 
hydrophobicity results in a stronger interaction between the particles and the DCs [81]. 

3.1.3. Shape 
Particle shape is important for the interaction between APCs and particles and this has been 
the subject of a few studies on particle uptake by macrophages and DCs. Rod-shaped gold 
NPs (40 by 10 nm) were taken up by bone marrow-derived murine DCs more efficiently 
than spherical (20 or 40 nm) or cubic NPs (40 nm). However, spherical NPs (40 nm) induced 
a more potent immune response than the other particles [82]. Uptake of particles larger 
than 1 µm was highly dependent on their shape. Macrophages were much more successful 
in the uptake of spherical polystyrene particles as compared to worm-shaped particles with 
>20 aspect ratios [83,84]. 

3.2. Components of a particulate cancer vaccine
3.2.1. Antigens
Antigens used in cancer vaccines are ideally expressed by the tumor cells exclusively (tumor 
antigens) or primarily (tumor-associated antigens), and are essential for the survival of the 
cells and as a result not able to evade the immune surveillance [4]. A wide array of antigens 
has been encapsulated in particles based on aliphatic polyesters, including tumor lysates, 
protein antigens, synthetic long peptides and minimal epitope peptides [51,85-87].

3.2.2. Adjuvants
The importance of adjuvants in cancer vaccines cannot be stressed enough because the 
presence of adjuvants is crucial for a successful cancer vaccine, regardless of the type of 
antigen used [1]. After antigen uptake, DCs only undergo maturation in the presence of 
adjuvants such as LPS, resulting in an effective T cell response.
Depending on the type of immune response needed, several adjuvants are available. As 
mentioned earlier, in promoting strong CD8+ T cell activation, CD4+ T helper cells (Th) 
play a key role. Th cells are responsible for activation of APCs, especially DCs. Of two Th cell 
subtypes, Th1 takes part in activation of CD8+ T cells and Th2 is responsible for humoral 
responses [1]. However, in cancer treatment, a Th1 immune response is needed while the 
classical adjuvants such as alum mainly cause a Th2 immune response [88].
Due to superior immunogenicity of pLGA-based vaccines compared to their soluble 
counterparts, pLGA particles are considered to exhibit intrinsic adjuvant properties. Multiple 
studies have shown that encapsulation of antigen and adjuvants in pLGA particles results in 
enhanced humoral and celluar immune response when compared to soluble forms [19,89-
91]. This adjuvanticity is attributed to the high and efficient uptake of the particles and 
increased stability and sustained release of the antigen/adjuvant to result in more efficient 
cross-presentation [68]. In addition, a study by Zhang et al. has shown that even placebo 
pLGA MPs are able to induce upregulation of CD80 (a co-stimulatory molecule on DCs) on 
in vitro bone marrow-derived murine DCs [92]. However, another study using placebo pLGA 
MPs showed no MHC class I , II and CD86 upregulation in bone marrow-derived murine 
cells indicating that these particles are not capable of inducing DC maturation [19]. Similar 
results to the latter study have been reported using human monocyte-derived DCs [93].
 
Toll like receptor (TLR) ligands
In order to achieve a high extent of DC maturation and Th1 immune response, one can 
benefit from using TLR ligands. Toll like receptors recognize highly conserved pathogen-
associated molecular patterns (PAMPs) from pathogens [94,95], and are well-defined and 
widely used adjuvants in preclinical as well as in clinical studies [20]. These molecules induce 
DC maturation and enhance the vaccine efficacy by increasing both cytokine secretion 
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and presentation of surface peptide/MHC and co-stimulatory molecules [43]. TLR ligands 
which have commonly been investigated in cancer immunotherapy include: TLR2/6 ligands 
(lipoproteins), TLR3 ligands (double stranded RNA such as poly IC), TLR4 ligands (LPS), TLR7 
ligands (imidazoquinolines) and TLR9 ligands (CpG DNA) [96]. Some TLR ligands such as 
TLR3 and TLR9 ligands have been reported to enhance antigen cross-presentation [97]; the 
role and mechanism of action of TLR ligands are reviewed in more detail in [95]. 

Co-delivery of the antigen and adjuvant
As antigen uptake and processing in the absence of adjuvants and lack of proper activation 
of DCs, might result in immunological tolerance, several studies have reported about co-
encapsulation of an antigen and an adjuvant in pLGA NPs [24,50,51,98]. The majority of 
studies showed that co-encapsulation of antigen and adjuvant resulted in superior antigen 
presentation and T cell activation as compared to separate administration. These studies 
suggest that the co-delivery of the vaccine components to the same cellular compartment 
(and not only to the same DC) is playing a major role in the induction of a potent cellular 
immune response. In a study conducted by Schlosser et al., OVA was co-encapsulated either 
with CpG (TLR9 ligand) or with poly IC (TLR3 ligand)) in pLGA MPs. Co-encapsulated 
MPs were more successful in inducing cross-presentation in immunized mice six days 
after injection when compared to co-administration of OVA MPs and TLR ligand MPs and 
soluble adjuvants. Single injection of co-encapsulated (OVA+CpG) MPs in mice resulted in 
9% tetramer positive CD8+ T cells, high level of production of IFN-γ and protection from 
vaccinia virus infection [19]. Several examples of similar studies with a focus on co-delivery 
of antigens and TLR ligands are reviewed in [21,99]. 

3.2.3. Targeting ligands
Decoration of the NP surface with targeting ligands has two major aims: 1- increased uptake 
by specific cells [100,101] and 2-enhanced adjuvanticity [76]. Ligands with a receptor on the 
DCs are great candidates for targeting DCs, these targeting ligands include: 
-DC-specific antibodies including:
 C type lectin receptor (CLR) ligands (targeting mannose and DC-SIGN and DEC-205), 
antiCD40 (a TNF-α family receptor), antiCD11c (an integrin receptor) [23,40,61,102,103] 
-Nucleotide-binding oligomerization domain (NOD) like receptor ligands and TLR ligands 
that facilitate intracellular transport [41,104]
TLR3, -7, -8 and -9 ligands can also be used as intracellular targeting ligands [105]. Other than 
enhanced uptake, binding of CLRs and TLRs to their ligands causes DC maturation which 
results in efficient immune cell activation and Th1 immune response. Particulate formulations 
utilizing targeting ligands are discussed in detail elsewhere [45]. 

A schematic overview of components of a cancer vaccine is given in Figure 2.

3.3. Particle preparation strategies
As discussed earlier, particulate formulations comprise of various types of molecules, including 
peptides, proteins (including antibodies), nucleic acids, lipids etc. Co-delivery of multiple 
antigens and adjuvants and introducing targeting ligands further complicates this procedure. 
In order to develop a stable and effective formulation, physico-chemical properties of each 
component should be considered and the interaction between several components of the   
formulation and its effect on stability and efficacy of the formulation should be studied. 

Components of a formulation can either be loaded by encapsulation or by surface association. 
Encapsulation is more widely used for delivery of immunotherapeutics and has been reviewed 
in [106,107]. Encapsulation protects the payload from enzymatic degradation and provides 
sustained release of the cargo. However, some encapsulation methods such as the water-
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in-oil-in-water emulsion method require organic solvents which increase the possibility of 
denaturation and aggregation of macromolecules such as antibodies. In addition, as discussed 
in the section “drawbacks of pLGA” biotherapeutics encapsulated in pLGA particles are 

Figure 2. Schematic overview of components of a particulate cancer vaccine. 

prone to chemical modification, aggregation and instability which drastically affect the 
immunogenicity of the formulation [108]. To increase the stability of the therapeutic agent 
and as an alternative to other options mentioned in the section “drawbacks of pLGA”, 
various particle preparation methods have been investigated such as surface-binding [109] 
and encapsulation by self-healing [110,111].

3.4. Examples of particulate cancer vaccines based on polyesters
This section provides examples of recent particulate cancer vaccines being developed plus a 
brief discussion of the obtained results.

3.4.1. DC vaccines
This branch of cancer vaccines is based on ex vivo manipulation of DCs. First, the patient’s 
DCs are isolated and exposed to antigens/adjuvants and subsequently the activated DCs 
are administered to the patient as a cancer vaccine. The first DC-based therapeutic cancer 
vaccine was approved by the FDA for prostate cancer (Provenge) [112] which encouraged 
various studies on the development of DC vaccines using pLGA particulate systems [113]. 
Promising results were reported, but the development of such vaccines is very labor-
intensive and associated with high costs and regulatory complications [114]. Moreover, upon 
administration, DCs vaccines need to be transported to the lymph nodes which might affect 
the type and kinetics of the immune response [40]. These limitations can easily be overcome 
by using in vivo administered particulate cancer vaccines. 

3.4.2. Cell lysate vaccines
Gross et al. recently encapsulated 4T1 cell lysate (adenocarcinoma breast cancer) in 2.3 
µm pLGA MPs. These particles were injected subcutaneously as the prime dose into 4T1 
tumor-bearing mice. Boost injection consisted of soluble tumor lysates and a cocktail of 
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TLR 3, 2/6 and 9 ligands in DOTAP liposomal transfection reagent (N-[1-(2,3-Dioleoyloxy)
propyl]-N,N,N-trimethylammonium methyl-sulfate). This cancer vaccine efficiently reduced 
the number of lung metastases (up to 42%) as compared to untreated controls 25 days after 
tumor inoculation [115]. Another research team encapsulated a TRAMP prostate tumor 
lysate and TLR9 ligand (CpG) in pLGA MPs (size 1-10 µm). Co-encapsulated TRAMP + CpG 
MPs were co-administered subcutaneously with TLR3 ligand (poly IC) MPs in a TRAMP C2 
prostate carcinoma tumor model in mice. TRAMP is a well-characterized transgenic mouse 
model of prostate cancer that expresses SV40 large T antigen [116]. Therapeutic vaccination 
resulted in a potent CD8+ T cell response and a significant decrease in tumor size [24].
Although tumor cell lysates have shown promising results, from a pharmaceutical point of 
view, these formulations are not well defined and lack specificity. Therefore, current research 
is more focused on protein and peptide formulations.

3.4.3. Protein and peptide vaccines
In various studies, model antigen OVA was used either as whole protein or as peptide 
(containing CD8+ T cell epitope) encapsulated in polyester-based NPs also co-encapsulated 
with TLR ligands such as TLR3, TLR4 and TLR9 to evaluate the effect of (co-) encapsulation 
of the antigen and adjuvants. Results showed that these particulate formulations are superior 
in antigen cross-presentation and in enhancing the CD8+ T cell response compared to the 
use of soluble antigen [113]. Moreover, the TLR ligands induced a strong maturation of 
the DCs characterized by an increase in DC surface markers and a very potent CD8+ 
T cell response. Furthermore, when decorated with targeting ligands such as antiCD40, 
particulate formulations show a superior antigen-specific T cell response (discussed in detail 
by Silva et al. [21]). As an example of targeted NP delivery, a recent study by Rosalia et al. 
used antiCD40 targeted pLGA NPs loaded either with OVA or with human papillomavirus 
(HPV) E7 oncoprotein and co-encapsulated with TLR2 and TLR3 ligands. Upon subcutaneous 
administration in mice, antiCD40 targeted NPs were taken up by DCs in an efficient and 
selective way. Antigen-specific T cell expansion was observed for both antigens in vivo and 
therapeutic vaccination against B16-OVA tumor-bearing mice enhanced tumor control and 
increased the survival of mice [23] (Figure 3 and 4).

Encouraged by the results obtained using model antigens, several therapeutic peptide 
epitopes were studied in vitro and in vivo. pLGA NPs loaded with tyrosinase-related peptide 2 
(TRP2180-188- a melanoma antigen) and with 7-acyl lipid A (TLR4 ligand) were administered to 
B16 melanoma tumor-bearing mice. These formulations showed a good anti-tumor effect, a 
strong T cell activation and increased secretion of pro-inflammatory cytokines in the tumor 
environment [98]. Similar results have been obtained using other clinically relevant peptides 
[22,117].
Recent studies have shown that the efficacy of vaccination is considerably enhanced by 
increasing the length of the peptide antigens [118]. These antigens are coined as synthetic 
long peptides (SLPs). It has been documented that administration of peptide vaccines 
consisting of minimum peptide epitopes in slow-release formulations results in a brief T cell 
response which consequently causes T cell tolerance and lack of immunological memory, 
mainly because of peptide presentation on many MHC I expressing somatic cells lacking co-
stimulation [55,119-121]. The increase in peptide length in SLPs avoids its direct interaction 
with MHC I molecules. As a result, SLPs need to be taken up and processed by professional 
antigen presenting cells like DCs in order for the epitope to be presented to CD8+ T cells. 
Additionally, following administration of SLPs, longer antigen presentation was observed in 
vivo [122]. Moreover, DCs process SLPs more efficiently than whole proteins and cause long 
term antigen presentation [123] and efficient T cell activation as well as expansion [123,124]. 
Despite the promising results of SLPs in inducing strong T cell responses as compared to 
minimum peptide epitopes, if administered in free form, SLPs can be degraded by proteases 
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before being taken up and processed [125]. Encapsulation of SLPs therefore was considered 
to increase the stability and efficacy of the vaccine [51,126].  A model SLP based on OVA was 
encapsulated in pLGA NPs either alone or co-encapsulated with a TLR2 ligand. Importantly, 
SLP-loaded NPs (without any adjuvant) were superior to soluble SLPs in the induction of    
T cell responses in vitro [126]. Adoptive transfer of DCs loaded with SLP+TLR2 ligand NPs 
resulted in sustained CD8+ T cell proliferation. However, as opposed to previous studies, 
the co-encapsulation of antigen and adjuvant was not necessary but it was argued that the 
positively charged TLR2 ligand in soluble form has electrostatic and hydrophobic interactions 
with negatively charged pLGA NPs [127]. Following the promising results of a model SLP 
encapsulated in NPs in vitro and in vivo and success of human papillomavirus (HPV) SLPs 
in clinical trials [34,128,129], a recent study of our group used an HPV SLP derived from 
HPV16 E7 oncoprotein and a TLR3 ligand (poly IC) encapsulated in a hydrophilic polyester, 
poly(lactic-co-hydroxymethyl glycolic acid) (pLHMGA). pLHMGA has a similar backbone 
as pLGA but also carries pendant hydroxyl groups [130-132]. The therapeutic efficacy of 
NPs loaded with HPV SLP and poly IC in the TC1 tumor model in mice was equivalent to 
that of HPV SLP and poly IC formulated in incomplete Freund’s adjuvant (IFA) emulsion -a 
commonly used vaccine adjuvant that forms a depot at the injection site [51]. Once again in 
this case the co-encapsulation of HPV SLP and poly IC was not required for an effective T 
cell response. A few examples of recent developments in particulate cancer vaccines based 
on aliphatic polyesters and the in vitro/preclinical results are provided in Table 4.

Figure 3. Seven days after tumor inoculation with B16-OVA cells, mice were vaccinated with 
antiCD40-targeted pLGA NPs loaded with OVA (10 µg) and TLR2+3 ligands followed by boost 
injection 10 days after the first vaccination. A) Average tumor size per group is plotted until the first 
mouse is sacrificed (day 22). Two-way ANOVA (with Bonferroni post-test) was used to determine the 
differences in average tumor size per group to calculate the difference in mean values at each time 
point. Targeted NPs significantly suppressed the tumor growth comparing to non targeted NPs.  B)
Animal survival is presented in Kalpan Meier plot and the differences between groups were assessed 
using Log-rank (Mantel-Cox) test, *** = p < 0.001, ** = p < 0.01 and * = p < 0.05. Targeted cancer 
vaccine significantly prolonged the survival of mice as compared to non targeted NPs. Reproduced 
with permission from [23].
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Figure 4. TC1 tumor-bearing mice were vaccinated with antiCD40-targeted pLGA NPs loaded with 
HPV E7 protein antigen (15 µg) and TLR2 and 3 ligands on day 7 after tumor inoculation. On day 15, 
the percentage of RAHYNIVTF/H2-Db specific CD8+ T cells in blood was significantly higher than the 
non targeted NPs and mixture of soluble HPV E7 antigen together with TLR ligands and antiCD40. 
Differences in percentage of Ag-specific CD8+T cells were analyzed by Mann Whitney tests, * = p < 
0.05. Reproduced with permission from [23].

4. Immunomodulatory antibodies
Immunomodulatory antibodies activate the immune system either by blocking inhibitory 
signals or enhancing immunostimulatory signals on DCs and T cells. Immunomodulatory 
antibodies have been used in clinical trials as monotherapy for the treatment of malignancies 
with promising results [134].  A well-established category of antibodies is known as checkpoint 
blockers. The targets of these antibodies are inhibitory receptors such as CTLA4 and PD1. 
CTLA4 and PD1 are expressed on T cells to inhibit their activation or function. Successful 
clinical trials resulted in FDA approval of both antiCTLA4 and antiPD1 [135,136]. T cells also 
express stimulatory receptors from the TNFR superfamily including OX40 and 4-1BB, whose 
ligation by agonistic antibodies has a stimulatory effect on T cell survival and on memory T 
cells [137]. Finally, DCs and other APCs can be activated by agonistic antibodies against the 
stimulatory molecule CD40, resulting in DC maturation which is crucial for the induction of 
a potent immune response [138,139]  (Figure 5).
One of the major factors that limits the application of the immunomodulatory antibodies 
is the occurrence of immune-related adverse effects such as autoimmune and inflammatory 
reactions upon systemic/high dose administration [29,140,141]. In order to minimize 
adverse effects, several antibodies have been formulated in water-in-oil adjuvants such as 
IFA and Montanide [32,142] and have been administered locally mostly by subcutaneous 
injection. IFA and Montanide are mixtures of non-metabolizable mineral oils such as 
paraffin oil and surfactants such as mannide monooleate. The formulations are prepared 
by emulsification of a solution of antibodies in these mineral oils and surfactants to form a 
water-in-oil (W/O) emulsion [143]. However, these emulsions caused local inflammation and 
other adverse effects related to the W/O carrier system [144]. From a pharmaceutical point 
of view, these emulsions are not well-defined as the release kinetics of the antigen/adjuvant 
are not predictable and their stability profile is not well characterized [34,145]. Therefore, 
pharmaceutically acceptable formulations which provide sustained release of the antibody 
are preferred (Figure 5). 
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Figure 5. Sustained delivery of immunomodulatory antibodies results in activation of 
immune system. A) Immunomodulatory antibodies targeting DCs. CD40 is a stimulatory 
molecule expressed by DC and a member of TNF receptor superfamily. Interaction between CD40 
and CD40 ligand expressed on activated T helper cells results in DC maturation by upregulation of 
co-stimulatory molecules and secretion of various cytokines, efficient cross-presentation and a potent 
T cell response. Agonistic CD40-specific antibodies can mimic this DC-T helper interaction and will 
strongly activate DC and thereby stimulate cellular immune responses. B) Immunomodulatory 
antibodies targeting T cells. CTLA4 expressed on T cells competes with CD28 (also on T cells) 
for binding to CD80 and CD86 (co-stimulatory molecules on DCs) resulting in immunosuppression. 
Blocking CTLA4 using antiCTLA4 antibodies released locally from the MPs, allows enhanced T cell 
stimulation by blocking the inhibitory signal of CTLA4. OX40 is also expressed on T cells but as 
opposed to CTLA4 has a stimulatory role in initiation of  T cell immune response.  AntiOX40 promotes 
co-stimulatory signals to T cells which result in enhanced T cell proliferation and effector function.

4.1. Physicochemical requirements of antibody-loaded particulate systems
4.1.1. Particle size 
To provide sustained release of antibodies close to the tumor, antibody-loaded particles 
-as opposed to cancer vaccines- should not to be taken up by phagocytic cells such as 
macrophages and DCs. This can be achieved by choosing an appropriate particle size (larger 
than 10 µm) [146].

4.1.2. Stability of the antibody in the particle
As discussed in Section 2, upon degradation of pLGA, acidic byproducts are formed that 
cause instability and aggregation of the protein/peptide cargo. This might not be of concern 
for antigens since they are degraded upon uptake, but it is of great importance for delivery 
of large proteins especially antibodies where sustained release of a fully functional antibody 
is necessary. Instability of antibodies does not happen only during release but encapsulation 
methods and storage of the formulations can also result in aggregation and loss of activity 
[63,147].
In order to achieve a stable formulation, several encapsulation methods have been explored 
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for the preparation of antibody-loaded particles using aliphatic polyesters such as water-in-
oil-in water (W/O/W) and solid-in-oil-in-water (S/O/W) encapsulation processes as well 
as stabilizers such as mannitol and trehalose. Examples of these formulations and in vitro/
preclinical results are discussed below as well as in Table 5.
As mentioned in Section 2, pLHMGA polymers are recently developed hydrophilic 
polyesters which have been used for encapsulation and release of peptides [148] and 
proteins [132]. pLHMGA particles have shown to be peptide/protein-friendly as they do not 
exhibit a pH drop upon degradation in the particles and release the cargo completely and 
without modification [149]. The degradation of the particles and the release of the entrapped 
peptides/proteins can be tailored by adjusting their copolymer composition. Moreover, upon 
subcutaneous administration these particles have shown good biocompatibility [150]. These 
advantages make pLHMGA polymers attractive candidates for antibody delivery.

4.2. Examples of antibody-loaded particulate systems based on polyesters
As opposed to several studies using pLGA as an antigen delivery vehicle, there are only a 
few studies covering the delivery of antibodies loaded in polyester particulate forms, which 
may be due to the drawbacks of pLGA as a protein carrier system as discussed earlier. The 
stability of monoclonal antibodies encapsulated in pLGA or similar polyesters was evaluated 
in a few studies. In a study by Wang et al., W/O/W and S/O/W particle preparation methods 
were compared using human IgG as model antibody and several stabilizers. Although the 
primary structure of the IgG was unchanged by ultrasonication, W/O/W resulted in 80% 
denaturation of IgG due to aggregation as well as unfolding at interface between water and 
the organic phase. Mannitol and trehalose could successfully stabilize IgG during spray freeze-
drying. Nevertheless, the release of the antibody from MPs prepared by both methods was 
incomplete which was argued to be a result of aggregation and degradation of the antibody 
[151]. In a similar study, polyclonal bovine IgG was encapsulated by S/O/W method in pLGA 
MPs using ethyl acetate as organic phase. The integrity of the IgG was characterized by SEC-
HPLC and was shown to be preserved using this method. These particles showed low burst 
release (20%) and complete release of the IgG in vitro in 8 weeks [152]. Polycaprolactone (pCL) 
and a triblock copolymer of PEG and pCL (mPEG-pCL-PEG) were used for encapsulation 
of human IgG using W/O/W method. It was shown that pegylation of the polymer provided 
more control over the release of the antibody in vitro as compared to pCL. However, only 
57% of the released IgG kept structural integrity (measured by ELISA) after 90 days [153]. 
Marquette et al. studied the stability of antiTNF alpha in pLGA MPs with varying amount 
of lactic acid. Their results showed that the antibody was more stable in pLGA with higher 
content of lactic acid (75%) compared to pLGA with 50% lactic acid [154]. The effect of 
stabilizers was studied on the conformational stability of the antibody as well as the activity 
of the antibody as a DNA binding agent. Among several stabilizers (polyethylene glycol (PEG), 
trehalose, mannitol and heparin) mannitol was reported to be the best performing stabilizer. 
However, the release kinetics of the protein from the particles was not studied [155]. In 
another study, a relevant antibody for immunotherapy (antiOX40) was coated on pLGA NPs. 
The in vitro release kinetics of the antibody loaded NPs showed a low burst release of 12% at 
day one followed by sustained release up to 60% at day 20. In vitro, these NPs were capable 
of inducing a CD8+ T cell response and enhanced cytokine production which was stronger 
than their soluble counterpart (Figure 6). Nevertheless, the release of the antiOX40 from 
the NPs was not complete, which might point to the instability of the antibody inside the 
NPs. However, these particles were not examined in vivo where there is a high chance that 
the particles are taken up because of their small size [156]. 
In our recent study, two immunostimulatory antibodies (antiCD40 and antiCTLA4) were 
encapsulated in pLHMGA MPs. These particles were bigger than 10 µm to avoid uptake by 
macrophages. The in vitro release profile of antiCD40 and antiCTLA4 from MPs showed a 
burst release of about 20% of the loading and a sustained release of the content up to 80% 
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in approximately 30 days. Particles were administered locally into tumor-bearing mice and 
the therapeutic efficacy was compared to IFA W/O formulations. The antibody-loaded MPs 
showed comparable and as efficient therapeutic efficacy as the IFA formulation with no local 
adverse effects. The antibody levels in sera of mice were low, reducing the risk of systemic 
toxicity (manuscript submitted for publication). Table 5 provides particulate formulations 
loaded with model/therapeutic antibodies in aliphatic polyesters.

Figure 6. The effect of surface coated antiOX40 NPs on T cell expansion was studied by CFSE 
dilution assay followed by flow cytometric analysis. (A) An analysis of CFSE staining in the CTLs (CD8+ 
T cells) was performed after gating on viable cells, and the percentage of proliferating cells is indicated 
for each panel. (B) Data from three independent experiments were analyzed by student’s t test p < 
0.01, the antiOX40 NPs significantly enhanced the T cell proliferation in vitro compared to soluble 
antiOX40. Reproduced with permission from [156].
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5. Perspectives
Although some monotherapy approaches discussed in this review have shown encouraging 
results, the immunosuppressive tumor environment is a threat to the success of cancer 
immunotherapy. Tumor cells can escape from the immune system by employing several 
strategies including downregulation of MHC molecules (decrease in antigen presentation) and 
the induction of immunosuppressive cells and molecules leading to immune tolerance [157-
160]. Combinatorial therapies including combination of chemotherapy and immunotherapy 
as well as utilizing multiple immunotherapy strategies are very attractive for overcoming 
the immunosuppression caused by tumors and is regarded as a feasible next step in 
immunotherapy of cancer. 
From a pharmaceutical point of view future improvements can include co-encapsulation and/
or surface decoration of cancer vaccine with multiple antigens, adjuvants, immunomodulatory 
antibodies and targeting ligands to provide an optimal immunotherapeutic agents resulting in 
induction of an efficient and potent immune response. 

6. Conclusion 
This review aimed to highlight recent advances in development of particulate formulation for 
cancer immunotherapy. Important parameters in design of a particulate carrier system such 
as nature of the polymers, particle size, hydrophobicity/hydrophilicity, surface charge etc. were 
discussed as well as various types of cancer vaccines (antigens, adjuvants and targeting ligands) 
and immunomodulatory antibodies (antiCD40, antiCTLA4, etc.). Various formulations have 
been discussed such as particulate cancer vaccines based on pLGA and pLHMGA containing 
SLPs and TLR ligands, and pLGA and pLHMGA loaded with immunomodulatory antibodies 
with promising results. 
In summary, particulate formulations based on pLGA and related polymers are attractive 
systems for delivery of immunotherapeutics.
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Abstract
Particulate antigen delivery systems aimed at the induction of antigen-specific T cells form 
a promising approach in immunotherapy to replace pharmacokinetically unfavorable soluble 
antigen formulations. In this study, we developed a delivery system using the model protein 
antigen ovalbumin (OVA) encapsulated in nanoparticles based on the hydrophilic polyester 
poly(lactide-co-hydroxymethylglycolic acid) (pLHMGA). Spherical nanoparticles with size 
300-400 nm were prepared and characterized and showed a strong ability to deliver antigen 
to dendritic cells for cross-presentation to antigen-specific T cells in vitro. Using near-infrared 
(NIR) fluorescent dyes covalently linked to both the nanoparticle and the encapsulated 
OVA antigen, we tracked the fate of this formulation in mice. We observed that the antigen 
and the nanoparticles are efficiently co-transported from the injection site to the draining 
lymph nodes, in a more gradual and durable manner than soluble OVA protein. OVA-loaded 
pLHMGA nanoparticles efficiently induced antigen cross-presentation to OVA-specific 
CD8+ T cells in the lymph nodes, superior to soluble OVA vaccination. Together, these data 
show the potential of pLHMGA nanoparticles as attractive antigen delivery vehicles. 

Keywords: Antigen delivery, In vivo tracking, Nanoparticles, Near-infrared imaging, pLHMGA
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1. Introduction
Immunotherapy aims at the induction or enhancement of cellular immune responses against 
the target of interest, and has the advantage of a high efficacy and low side effects based 
on antigen specificity [1]. One of the challenging aspects in the development of effective 
strategies for immunotherapy is to secure efficient antigen presentation by dendritic cells 
(DCs) in a targeted and sustained manner to subsequently result in activation of antigen-
specific T cells [2]. DCs are professional antigen presenting cells (APCs) and have a pivotal 
role in the initiation and orchestration of T cell immune responses [3-6]. Immature DCs 
constantly engulf and process soluble and particulate antigens, as well as necrotic and 
apoptotic cells via various mechanisms [7]. Upon maturation, DCs migrate to draining lymph 
nodes and present the processed protein antigens in the form of linear peptide epitopes to 
CD4+ and CD8+ T cells through major histocompatibility complex (MHC) class I and class 
II molecules to initiate a proper immune response against the antigens [6,8,9]. The crucial 
role of DCs in adaptive immunity makes them an important target for the development of 
vaccines. The weak immunogenicity of soluble protein antigens has led to the development 
of carrier systems that aim for DC targeting and intracellular antigen delivery [2,10-17]. 
Particulate delivery systems have several advantages such as protection of antigen against 
enzymatic degradation and enhanced uptake by DCs, the possibility of co-delivery of antigen 
and adjuvants to DCs, and the possibility of introducing targeting ligands on the surface 
of the particle as well as prolonged antigen delivery for sustained antigen-presentation by 
DCs [2,3,7,15,18-22]. Especially biodegradable polymeric nanoparticles (NPs) have been 
used extensively as antigen delivery vehicles [3,15,19,23]. In particular, particles based on 
poly(lactic-co-glycolic acid) (pLGA), a biodegradable polyester, have been widely investigated 
for diverse pharmaceutical applications including protein and antigen delivery [24-29]. Several 
studies have shown the efficacy of antigen-loaded pLGA particulate systems in the induction 
of immune responses both in vitro and in animal models [18,30,31]. pLGA particles are far 
more efficient in generating long lasting CD8+ T cell immunity than soluble antigen and antigen 
in incomplete Freund’s adjuvant (IFA) formulations [32]. Nevertheless, pLGA systems have 
several drawbacks as peptide/protein-releasing formulations. Upon degradation, acidification 
inside the particles results in aggregation and denaturation of the loaded peptide/protein 
[33]. Moreover, peptide/protein encapsulated in pLGA are prone to chemical modifications 
such as acylation [34,35]. Altogether these drawbacks lead to incomplete release [36] of 
the content from the particles and possible undesired immunogenicity and other adverse 
reactions [37]. To overcome pLGA pitfalls, functionalized polyesters such as poly(lactic-co-
glycolic-hydroxymethyl glycolic acid) (pLGHMGA) and poly(lactic-co-hydroxymethyl glycolic 
acid) (pLHMGA) have been developed. These polymers are more hydrophilic than pLGA 
and therefore degrade faster, do not show a pH drop inside the degrading particles [38] and 
cause much lower acylation. Moreover, they show complete and faster release in comparison 
to pLGA particles [39-41].
The fate of vaccines after administration has been investigated in several in vivo imaging 
studies [42-46]. Fluorescence imaging has received considerable attention during the past 
few years because of its advantages such as the ease of translation from in vitro imaging 
studies and being non-invasive, fast and cost-effective [47-51]. Several in vivo near-infrared 
(NIR) fluorescent dyes have been developed with excitation/emission maxima between 700 
and 900 nm to minimize tissue absorbance and light scattering, resulting in increased depth 
of penetration, low fluorescence background, and high intensity signals [45]. These dyes can 
be modified or conjugated to antigens or NPs/polymers [50]. A considerable number of 
vaccine tracking studies with NIR fluorescent dyes focuses on tracking of DCs rather than 
the vaccine. Moreover, the fluorescent dye is often encapsulated in the particles which brings 
the risk of dye leakage from the particles [46,52], or is attached to other contrast agents such 
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as superparamagnetic iron oxide particles [53,54]. The use of NIR fluorescent dyes coupled 
both to the antigen of interest and to the delivery system may therefore be preferred.
In this study, we evaluate the feasibility of polymeric pLHMGA NPs as a protein antigen 
delivery system. The particulate antigen showed a superior ability to induce antigen cross-
presentation to antigen-specific T cells compared to soluble antigen, both in vitro and in 
vivo. Using NIR dyes covalently linked to both the NP and the model protein antigen, we 
visualized the delivery system and its content in real-time, showing gradual relocation from 
the injection site to the draining lymph nodes. This shows the potential of pLHMGA NPs 
as an efficient antigen delivery system for the induction of antigen-specific cellular immune 
responses and suggests its experimental application in cancer research.

2. Materials and methods
2.1. Materials
Ovalbumin Low Endo™ (OVA, batch X2N13844) was purchased from Worthington, USA. 
IRDye680RD and IRDye800CW N-hydroxysuccinimide ester (NHS ester) were purchased 
from LI-COR Biosciences, USA. Alexa647-labeled ovalbumin was obtained from Molecular 
probes, the Netherlands. 5-Hexyn-1-ol, polyvinyl alcohol (PVA; Mw 30,000-70,000; 88% 
hydrolyzed), palladium on carbon (Pd/C; 10% wt. loading dry support), tin(II) 2-ethylhexanoate 
(Sn(Oct)2), copper(I) acetate, dimethyl sulfoxide (DMSO) and tris[(1-benzyl-1H-1,2,3-
triazol-4-yl)methyl]amine (TBTA) were obtained from Sigma Aldrich, USA. Benzyl alcohol, 
sodium dihydrogen phosphate (NaH2PO4) and disodium hydrogen phosphate (Na2HPO4) 
were obtained from Merck, Germany. D,L-Lactide was from Purac, the Netherlands. N,N 
dimethylformamide (DMF), chloroform, dichloromethane (DCM), n-propanol, methanol, 
tetrahydrofuran (THF) and toluene were from Biosolve, the Netherlands. Sodium azide (NaN3, 
99%), sodium hydroxide (NaOH) and sodium dodecyl sulphate 20% (SDS) were purchased 
from Fluka, the Netherlands. Micro-BCA protein assay kit was obtained from Thermo Fisher 
Scientific Inc., USA. Pyrogen-free water was purchased from Carl Roth, Germany. Phosphate 
buffered saline (1.8 mM NaH2PO4, 8.7 mM Na2HPO4, 163.9 mM Na+, 140.3 mM Cl-) (PBS) 
was obtained from B Braun, Germany. Toluene and DMF were dried on 3Å molecular sieves 
prior to use. Chemicals were used as received without further purification, unless otherwise 
stated. Azide-functionalized water-soluble near-infrared fluorescent dye 10 (azide- NIR10) 
(Supplementary Figure S1) was prepared as described elsewhere [55] (Experimental 
details are provided in supplementary data).

2.2. Synthesis of polymers
2.2.1. Synthesis of copolymers of 3S-(benzyloxymethyl)-6S-methyl-1,4-dioxane-
2,5-dione with D,L-lactide (pLHMGA)
3S-(benzyloxymethyl)-6S-methyl-1,4-dioxane-2,5-dione (benzyloxymethylmethylglycolide) 
(BMMG) was synthesized as described before [56]. A copolymer of D,L-lactide and BMMG 
(50:50 molar ratio) was synthesized via ring opening polymerization at 130°C using benzyl 
alcohol as initiator with a 100/1 monomer-to-initiator molar ratio and Sn(Oct)2 as catalyst 
(Figure 1) [39,56]. In a typical procedure, vacuum dried monomers (BMMG (2840 mg, 
11.35 mmol) and D,L-lactide (1630 mg, 11.35 mmol)) were introduced into a dry schlenk 
tube under a nitrogen atmosphere. Next, benzyl alcohol (24.5 mg, 0.226 mmol; 223.1 mL 
from a 109.8 mg/mL stock solution in toluene) and Sn(Oct)2 (45.9 mg, 0.113 mmol; 409.8 
mL from a 112 mg/mL stock solution in toluene) were added. Toluene was evaporated under 
vacuum for 2 h, the tube was closed and immersed into a preheated 130°C oil bath for 
16 h while stirring. Next, the obtained polymer was dissolved in 10 mL chloroform and 
subsequently precipitated in 500 mL cold methanol to remove the unreacted monomers and 
to precipitate the polymer, which was collected by filtration and vacuum dried to yield 4.5 
g (90%) poly(D,L-lactic-co-benzyloxymethylglycolic acid) (pLBMGA). Subsequently, pLBMGA 
was dissolved in 500 mL THF, and 5 g of 10% w/w Pd/C catalyst was added. The flask was 
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filled with hydrogen in three consecutive steps of subsequent evacuation and refilling with H2 
and the reaction mixture was stirred for 16 h under a H2 pressure. Next, Pd/C was removed 
using a glass filter and THF was removed by evaporation. The obtained polymer was then 
dissolved in 5 mL chloroform and precipitated in 200 mL n-propanol and vacuum dried after 
filtration to yield 3 g of pLHMGA (84%).

Figure 1. Synthesis of poly(lactic-co-hydroxymethylglycolic acid) (pLHMGA) in two steps; synthesis 
of poly(lactic-co-benzyloxymethylglycolic acid) (pLBMGA) via ring opening polymerization of BMMG 
and D,L-lactide, followed by removing the benzyl group by hydrogenation to yield pLHMGA.

2.2.2. Synthesis of hexyn-poly(D,L-lactide) (hexyn-pDLLA) to couple to azide-
NIR10 via click chemistry
Hexyn-pDLLA was synthesized via ring opening polymerization similar to the method 
described in Section 2.2.1. Briefly, vacuum dried D,L-lactide (396 mg, 2.75 mmol) was 
transferred into a dry schlenk tube under a nitrogen atmosphere. Next, the initiator, 
5-hexyn-1-ol (monomer-to-initiator molar ratio was 70 to 1, 3.85 mg, 0.039 mmol; 75.5 
mL from a 51 mg/mL stock solution in toluene) and Sn(Oct)2 (7.9 mg, 0.020 mmol; 71.2 mL 
from a 112 mg/mL stock solution in toluene) were introduced into the schlenk tube. The 
tube was evacuated for 2 h, sealed, and immersed in an oil bath thermostated at 130°C. The 
polymerization was performed for 16 h and the formed polymer was purified by dissolution 
in chloroform and precipitation in n-propanol followed by filtration and vacuum drying to 
yield 370 mg of hexyn-pDLLA (Supplementary Figure S2) (Yield: 92%).

2.3. Conjugation of azide-NIR10 to hexyn-pDLLA by click chemistry
Conjugation of the azide-NIR10 to hexyn-pDLLA was performed using copper catalyzed 
azide-alkyne cycloaddition [57-60] (Supplementary Figure S3). In a typical procedure, 
30.4 mg hexyn-pDLLA (1.84 mmol) and 2 mg azide-NIR10 (1.84 mmol) were transferred 
into a vial. Then copper (I) acetate (0.2 mol per mole of polymer) and TBTA (0.05 mol per 
mole of polymer) were added to the vial from their stock solution in dried DMF and the 
volume was adjusted with DMF to 250 mL. The system was flushed with nitrogen for 20 min 
and the reaction was performed at 40°C overnight. The obtained conjugate (NIR10-pDLLA) 
was purified by precipitation in water. The obtained precipitate was washed with water 
and freeze-dried at -50°C and 0.7 mbar overnight (Chris Alpha 1-2 freeze-drier, Germany). 
The conjugation efficiency was calculated using GPC analysis by dividing the area under the 
curve of the conjugated polymer using UV detection by the area under the curve of reaction 
mixture (Yield: 76%).

2.4. Polymer characterization
2.4.1. NMR spectroscopy
A Gemini 300 MHz spectrometer (Varian Associates Inc., USA) was used to conduct 1H 
NMR measurements at 298 K. Chemical shifts are reported in ppm with reference to the 
solvent peak (δ) 7.26 ppm for CDCl3. 
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2.4.2. Gel permeation chromatography (GPC) 
Molecular weight and molecular weight distribution (polydispersity index (PDI); weight 
average molecular weight/number average molecular weight) of the synthesized pLHMGA 
was measured by using a Waters Alliance system (Waters, USA) with a Waters 2695 
separating module equipped with Waters 2414 refractive index detector. Fifty µL of 5 
mg/mL sample was injected onto two PL-gel 5 mm mixed-D columns fitted with a guard 
column (Polymer Laboratories, Mw range 0.2-400 kDa). Polystyrene standards were used to 
calibrate the columns and AR grade THF was used as eluent at a flow rate of 1 mL/min and a 
run time of 30 min. For hexyn-pDLLA and NIR10-pDLLA, DMF containing LiCl 10 mM was 
used as eluent and a Waters 2478 UV detector was connected to the system and the UV 
absorbance of the dye was measured at 700 nm. Polyethylene glycol (PEG) standards were 
used to calibrate the column. The flow rate was set at 0.7 mL/min with a run time of 40 min. 
The results were analyzed using Empower software v. 2 (Waters, USA).

2.4.3. Differential scanning calorimetry (DSC)
The thermal properties of the polymers were established by using differential scanning 
calorimetry (Discovery DSC, TA instrument, USA). Two to five mg of polymer sample was 
loaded into an aluminum pan which was subsequently heated from room temperature to 
120°C, with a heating rate of 5°C/min, followed by cooling down to -50°C. Thereafter, the 
sample was heated to 120°C with a temperature modulation of ±1°C and a ramping rate 
of 2°C/min. The glass transition temperature (Tg) was recorded as the midpoint of the heat 
capacity change in the second heating run.

2.5. Labeling OVA with NIR fluorescent dyes
OVA was labeled with either IRDye680RD (IR680) or IRDye800CW (IR800) by coupling the 
NHS ester of the dyes to the protein. In a typical procedure, 20 mg of OVA was dissolved 
in 1 mL PBS (B Braun, Germany) pH 7.4 and the pH was adjusted to 8.5 by adding 0.1 mL 
of K2HPO4 1 M pH 9. The IRDye680RD NHS ester was dissolved in DMSO (4 mg/mL) and 
0.25 mL of the stock solution containing 1 mg of the dye was added to the OVA solution at 
a 2:1 molar ratio. The reaction was carried out at room temperature for 2 h. The unreacted 
dye was subsequently removed with pyrogen-free water by using Zeba™ spin desalting 
columns equilibrated with pyrogen-free water in two consecutive steps and IR680-OVA was 
collected after freeze-drying (yield: 85%). IR800CW was conjugated and purified by using the 
same procedure with a dye/OVA feed molar ratio of 1.7 to 1 (Yield: 79%).

2.6. Characterization of labeled OVA
IR680-OVA was characterized by GPC using a Waters UPLC Acquity system equipped with 
a fluorescence detector. Two channels were used: channel 1 for detection of the protein 
(excitation at 280 nm and emission at 340 nm) and channel 2 for detection of the IR680 
signal (excitation at 672 nm and emission at 694 nm). Seven and a half µL of IR680-OVA (10 
mg/mL in PBS) was injected onto a BEH450 SEC 2.5 mm column (Waters, USA). PBS was 
used as elution buffer and the flow rate was set at 0.25 mL/min. To calculate the dye/OVA 
molar ratio, the UV spectrum of the freeze-dried labeled OVA was recorded (Shimadzu 
2450, Japan) and the absorbance values at 280 nm (A280) and 672 nm (A672) were used to 
calculate the degree of conjugation according to the following formula:
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Dye/OVA is the molar ratio of IR680 to OVA and the molar extinction coefficient of 
IR680 (εDye) is 165,000 M-1 cm-1 (according to the manufacturer) and the molar extinction 
coefficient of OVA (εOVA) is 30590 M-1 cm-1 [61]. IR800-OVA was characterized similarly by 
using the corresponding wavelengths suitable for IR800.

2.7. Preparation of NPs
OVA-loaded NPs were prepared by using a double emulsion solvent evaporation method 
essentially as described before [62]. In brief, 50 µL of 30 mg/mL OVA solution in pyrogen-free 
water was emulsified by sonication (30 s, 20 W-ultrasonic homogenizer (Labsonic P, B. Braun 
Biotech, Germany)) in a solution of 50 mg of pLHMGA in 1 mL of DCM to obtain a water-
in-oil emulsion (W1/O). Next, 2 mL of PVA 1% w/v solution in pyrogen-free water (filtered 
through a 0.2 µm filter) was added to this first emulsion and a water-in-oil-in-water emulsion 
was formed by a second round of sonication for 30 s. The double emulsion (W1/O/W2) was 
then added dropwise to 25 mL of PVA 0.3% w/v in pyrogen-free water at 40°C while stirring 
for rapid removal of DCM.  After 1 h, the particles were collected by centrifugation for 30 
min at 20,000 g, washed with PBS and consecutively with water, resuspended in pyrogen-
free water, and freeze-dried overnight. Dual labeled NPs containing NIR10-labeled pLHMGA 
and IR680-OVA were prepared using the same method by addition of 4 mg of NIR10-
pDLLA to 50 mg of pLHMGA and using IR680-OVA (20 mg/mL) as internal water phase. For 
preparation of empty NPs or NPs loaded with Alexa 647-OVA, 50 µL pyrogen-free or 50 µL 
of Alexa 647-OVA 20 mg/mL was used as internal water phase.

2.8. NP characterization
2.8.1. Size and morphology analysis
2.8.1.1. Dynamic light scattering 
The size of NPs was measured with dynamic light scattering (DLS) on an ALV CGS-3 system 
(Malvern Instruments, Malvern, UK) equipped with a JDS Uniphase 22mW He-Ne laser 
operating at 632.8 nm, an optical fiber-based detector, and a digital LV/LSE-5003 correlator. 
Freeze-dried NPs were suspended in deionized water (RI = 1.332 and viscosity 0.8898 cP) 
and measurements were done at 25°C at an angle of 90°.

2.8.1.2. Transmission electron microscopy (TEM) 
The size and morphology of NPs were analyzed by using transmission electron microscopy 
(TEM, Philips-FEI Tecnai T10, USA).  A droplet of NP suspension in water was placed on a 
carbon coated copper grid and the sample was stained with 2% uranyl acetate. NPs were 
visualized with 7-73 k fold magnification and analyzed by MeasureIT software.

2.8.2. OVA content and loading efficiency of NPs
OVA loading efficiency of the NPs was determined by measuring the protein content of 
digested NPs essentially as described before [63]. In short, about 5 mg of particles (accurately 
weighed) was dissolved in 0.5 mL of DMSO followed by addition of 2.5 mL of 50 mM 
NaOH containing 0.5% (w/v) SDS. After complete degradation of the particles, the resulting 
solution was analyzed by using the Micro-BCA Protein Assay Kit, a calorimetric method that 
quantifies protein concentration based on peptide bonds and specific amino acid residues. 
Calibration was performed using 2-40 µg/mL of OVA solution in DMSO:NaOH 50 mM/SDS 
0.5% (1:5). Loading efficiency (LE%) is defined as the amount of OVA encapsulated in the NPs 
divided by the amount of protein added × 100%. Loading percentage (L%) is reported as the 
amount of OVA entrapped in the particles per total dry mass of the NPs × 100%. In case of 
dual labeled NPs (containing IR680-OVA) the solution containing the degraded particles was 
analyzed for its OVA content based on the NIR label by using an Odyssey scanner (LI-COR 
Biosciences, USA) at the 700 nm channel for IR680-OVA and the calibration was done using 
IR680-OVA.
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2.8.3. In vitro release of OVA from NPs
About 5 mg of freeze-dried dual labeled NPs (containing IR680-OVA) was accurately 
weighed and suspended in 5 mL phosphate buffered saline (pH 7.4, 49 mM NaH2PO4, 99 
mM Na2HPO4, 6 mM NaCl and 0.05% (w/v)). The particle suspension was incubated at 37°C 
under mild agitation. At different time points, 300 µL was removed and centrifuged at 24000 
g for 15 min. The amount of protein released and present in the supernatant was quantified 
by using an Odyssey scanner using the 700 nm channel for visualization of IR680-OVA. 
Calibration was done using IR680-OVA in PBS.

2.9. Mice and cells
WT C57BL/6 (CD45.2/Thy1.2; H2-Kb) mice were obtained from Charles River Laboratories 
(France). Albino BL/6 mice (B6(Cg)-Tyrc-2J/J tyrosinase-deficient immunocompetent BL/6 
mice) were bred in the animal breeding facility of the Leiden University Medical Center, 
the Netherlands. All experiments were approved by the animal experimental committee 
of Leiden University, the Netherlands. D1 cells are a DC line of BL/6 background [64], 
and B3Z is a CD8+ T cell hybridoma specific for the SIINFEKL epitope from OVA and 
carrying the lacZ (Escherichia coli β-galactosidase) reporter gene induced by NFAT (nuclear 
factor of activated T cells) [65]. Antigen-specific activation of B3Z cells leads to T cell 
receptor-mediated triggering of NFAT, and the subsequent production of β-galactosidase 
can be quantified by addition of CPRG, a substrate for the β-galactosidase, as a measure of 
antigen cross-presentation [66]. Cells were cultured in Iscove’s Modified Dulbecco’s Medium 
(IMDM, Lonza) containing 8% fetal calf serum (FCS, Greiner), supplemented with 2 mM 
GlutaMax (Gibco) and 80 IU/mL sodium-penicillin G (Astellas, the Netherlands) for D1 cells, 
or supplemented with 100 IU/mL penicillin/streptomycin (Gibco), 2 mM glutamin (Gibco), 
25 µM 2-mercaptoethanol and 500 µg/mL Hygromycin B (AG Scientific) for B3Z cells. OT-I 
* Thy1.1 mice are TCR-transgenic mice on B6 background whose CD8+ T cells recognize 
the OVA epitope SIINFEKL presented in H2-Kb, crossed to Thy1.1 mice to obtain a congenic 
marker for distinction from endogenous CD8+ T cells in transfer experiments. Naïve OT-I 
CD8+ T cells were obtained by creating single-cell suspensions from spleens and lymph 
nodes of OT-I * Thy1.1 mice and subsequent purification of CD8+ cells.

2.10. DC viability assay
D1 DCs (50,000 cells/well in 96-well plates) were incubated with dispersions of unlabeled 
and labeled NPs (7.8-1000 µg/mL) overnight at 37°C, and cell viability was measured by flow 
cytometry using the DNA-binding fluorescent dye 7-amino-actinomycin-D (7-AAD) to stain 
the dead cells.

2.11. Analysis of cellular uptake
D1 cells (100,000 cells/well in 96-well plates) were incubated with Alexa647-OVA NPs (final 
concentration of OVA in the medium was 6 µg/mL) overnight. D1 cells were subsequently 
transferred onto a confocal slide without washing or fixation. The intracellular localization 
of NPs was studied by confocal laser scanning microscopy imaging using inverted Leica SP2 
confocal microscope and the samples were analyzed using the corresponding Leica confocal 
software in DIC mode.

2.12. In vitro antigen cross-presentation assay
In vitro cross-presentation of OVA by DCs was studied by incubating titrated amounts of 
OVA encapsulated in NPs or in soluble form with 50,000 D1 cells (100 µL of OVA 0.2-25 
µg/mL in PBS corresponding to 0.12-1.5 mg/mL of NPs) for two hours at 37°C followed by 
addition of 50,000 B3Z cells and incubation overnight at 37°C in 96-well plates. The cells 
were then incubated with a lysis buffer containing the CPRG substrate for lacZ (PBS +1% 9 
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mg/mL CPRG + 0.9% 1M MgCl2 + 0.125% NP40 + 0.71% 14.3 M 2-mercaptoethanol) at 37°C 
until the color reaction had progressed sufficiently for readout in a plate reader measuring 
the optical density at 590 nm. The direct MHC-binding minimal epitope SIINFEKL (100 ng/
mL in PBS) was used as a positive control, and unstimulated D1 cells were negative controls.

2.13. In vivo tracking of labeled NPs
Albino BL/6 mice were vaccinated subcutaneously with 50 µg OVA encapsulated in dual 
labeled NPs dispersed in 100 µL PBS or 50 µg IR800-OVA in 100 µL PBS. Vaccine kinetics 
were then studied at several time points after administration by using the IVIS spectrum 
preclinical in vivo imaging system (PerkinElmer). Kinetics were measured by quantifying the 
fluorescent intensity in pre-set regions of interest (ROI) at the injection site and the two 
vaccine-draining inguinal lymph nodes, expressed as the total radiant efficiency in [p/s]/[mW/
cm2]. The fluorescent signal in the injection site at each time point is presented as the as 
percentage of the maximum recorded value, to show percentual decrease in time. In the 
lymph nodes the data is presented as the signal to background ratio and it is calculated by 
dividing the fluorescence signal of the lymph nodes by the background signal at each time 
point [67].

2.14. In vivo antigen cross-presentation
To establish antigen presentation in vivo, BL/6 mice were vaccinated with OVA encapsulated 
in NPs or in its soluble form. Mice were injected subcutaneously with 200 µL of a 2 mg/mL 
suspension of NPs in PBS containing 50 µg of encapsulated OVA or 50 µg of soluble OVA. One 
day after vaccination, 500,000 OVA-specific OT-I CD8+ T cells were injected intravenously 
in the tail vein in 200 µL PBS. Mice were sacrificed four days after T cell transfer to analyze 
the expansion of the transferred OVA-specific T cells caused by presentation of the OVA 
antigen. Vaccine-draining inguinal lymph nodes and the spleen were taken out, mashed on 70 
mm cell strainers (Becton Dickinson) and the cells were stained with fluorescently labeled 
antibodies for CD8β and the OT-I congenic marker CD90.1 (Thy1.1), and analyzed by flow 
cytometry. T cell expansion is expressed as the number of transferred (OT-I) T cells as a 
percentage from total CD8+ T cells [68].

2.15. Statistical analysis
GraphPad Prism software was used for statistical analysis. Two groups were compared by 
unpaired two-tailed Student’s t-test with alpha = 0.05. Statistical significance was considered 
when p < 0.05.

3. Results and discussion
3.1. Synthesis and characterization of pLHMGA
A random copolymer of BMMG and D,L-lactide was synthesized by using BnOH and 
Sn(Oct)2 as initiator and catalyst, respectively, via ring opening polymerization (Figure1) 
and the polymer was obtained in high yield (~100%). The protective benzyl groups were 
subsequently removed overnight by hydrogenation to yield pLHMGA (83%). The structures 
of the synthesized polymers were confirmed by 1H NMR spectroscopy and this analysis 
showed that the molar ratio of BMMG and D,L-lactide in pLBMGA (protected polymer) was 
48/52, which is close to feed ratio (50/50). Both pLBMGA and pLHMGA were amorphous 
with Tg values of 39°C and 57°C, respectively, which were similar to values reported 
earlier [39] and confirmed the random structure of the polymers. GPC analysis showed 
that the number average molecular weight of pLHMGA (16.2 kDa) was close to the aimed 
molecular weight based on monomer-to initiator molar ratio (15.8 kDa) and the PDI was 
1.6 (Supplementary Table S1). Based on previous studies using the same polymers, we 
selected a polymer with a relatively low molecular weight in order to achieve small NPs with 
high loading and fast release.



52

     3

3.2. Synthesis and characterization of hexyn-pDLLA and NIR10-pDLLA
An alkyne-bearing homopolymer of D,L-lactide (hexyn-pDLLA) was synthesized by using 
1 hexyn-6-ol as initiator and Sn(Oct)2 as catalyst. The alkyne functionality in this polymer 
provides the possibility to conjugate azide-bearing molecules via click chemistry. The obtained 
polymer was amorphous with a Tg of 50°C, similar to values reported in the literature [69]. 
GPC analysis showed that the number average molecular weight of hexyn-pDLLA (11.0 
kDa) was close to that of the aimed molecular weight based on monomer-to-initiator molar 
ratio (10.1 kDa) (Supplementary Table S2). To obtain a NIR fluorescent-labeled polymer, 
the azide-NIR10 was coupled to hexyn-pDLLA by click reaction. Analysis of the reaction 
mixture after 16 h by GPC with UV detection confirmed the presence of labeled polymer 
at a retention time of 20 min corresponding to that of the polymer, while a peak was also 
observed at 23.5 min, which corresponds to the retention time of the free dye. Based on the 
chromatogram a coupling efficiency of 85% was calculated. After purification, GPC analysis 
showed that the polymer contained 8% of free dye. GPC analysis of the freeze-dried particles 
containing NIR10-pDLLA showed that only a negligible amount of free dye was present in 
the particles indicating that most of the free dye was removed during particle preparation 
process (Supplementary Figure S4, and supplementary Table S3).

3.3. Characterization of IR680-OVA and IR800-OVA 
In order to prepare a traceable OVA for in vivo imaging, the NHS ester of IRdye680RD was 
conjugated to OVA and the obtained IR680-OVA was analyzed by GPC. Overlapping peaks 
corresponding to OVA (excitation 280 and emission 340 nm) and IR680 (excitation 672 and 
emission 694 nm) in the GPC chromatogram of the purified IR680-OVA confirmed that 
the IR680 was indeed conjugated to OVA (Supplementary Figure S5). No additional 
peaks (fluorescence detection) were observed, indicating that the free dye was completely 
removed by purification. Conjugation efficiency calculated by UV measurements showed an 
average molar dye/protein ratio of 1.7. IR800-OVA was successfully prepared and purified as 
described for IR680-OVA. The average molar dye/protein ratio was 1.0 (Supplementary 
Table S4).

3.4. Preparation and characterization of empty and OVA-loaded NPs
Empty and OVA-loaded NPs particles were prepared by a double emulsion-solvent 
evaporation method, which is a well-known procedure and has been used frequently for 
encapsulation of hydrophilic drugs as well as biotherapeutics [70-73]. Empty and OVA-
loaded NPs with NIR fluorescent dyes on the polymer and/or the protein antigen had 
comparable characteristics in terms of morphology and size. DLS analysis showed that the 
mean hydrodynamic diameter of the NPs ranged from 290 to 370 nm with a PDI of 0.15-
0.33 (Table 1). 

Table 1. Characteristics of NPs. Representative data are presented as average ± SD (N=3)

NPs Size (nm) 
(DLS) PDI (DLS) Loading 

(L)%
LE% (Loading 

efficiency)

Empty NPs 364 ± 40 0.22 ± 0.08 - -

OVA NPs 340 ± 4 0.19 ± 0.04 1.71 ± 0.01 57.4 ± 0.4

Dual labeled NPs 293 ± 3 0.15 ± 0.02 1.38 ± 0.01 69.0 ± 0.4

Alexa-OVA NPs  384 ± 20 0.33 ± 0.05 1.15 ± 0.02 57.6 ± 0.4
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The particle preparation procedure was optimized in order to obtain NPs with a size of 
around 300 nm because NPs of this size were most efficient in activation of DCs and inducing 
a systemic immune response as compared to bigger particles [74]. Analysis of freeze-dried 
samples with TEM showed spherical NPs with a size ranging from 150 to 250 nm (Figure 2), 
which is smaller than the sizes obtained with DLS. This is due to the fact that DLS reports the 
hydrodynamic diameter of the particles based on scattering intensity which is proportional 
to the 6th power of the particle diameter, and therefore in polydisperse samples, relatively 
low scattering intensities of small particles are overshadowed by high scattering intensities 
of big particles, resulting in a skewed average size [75,76]. The loading efficiency of unlabeled 
as well as labeled OVA in NPs was about 60%. The in vitro release of OVA from pLHMGA 
particles was studied by using dual labeled NPs (containing IR680-OVA). Figure 3 shows 
that the particles had a low burst release of about 5%, followed by sustained release up to 
70% for 30 days. These data are in line with previous studies of pLHMGA particles with the 
same copolymer composition and loaded with bovine serum albumin [77]. Considering slight 
variations in the loading efficiency of the NPs and in order to allow a fair comparison in 
functional experiments, a fixed amount of OVA was used in various in vitro and in vivo studies.

Figure 2. TEM images of NPs a) Empty NPs, b) Unlabeled OVA NPs, c) Dual labeled NPs. The bar 
scale indicates 500 nm.

Figure 3. In vitro release of IR680-OVA from pLHMGA NPs. Dual labeled NPs were dispersed in PBS 
(1 mg/mL) and kept at 37°C under mild agitation. Following a low burst release of about 5%, IR680-
OVA was release in a sustained manner in 30 days up to 70%.

3.5. Cytocompatibility of empty and OVA-loaded NPs
To assess the cytocompatibility of NPs, DCs were incubated with empty and OVA NPs as 
well as dual labeled NPs for 16 h at 37°C. Dead cells were quantified by using 7-AAD, a 
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DNA binding fluorescent dye which stains cells that have lost membrane integrity [78]. DCs 
incubated with LPS and soluble OVA corresponding to the amounts of OVA in the loaded 
NPs were used as controls. Cell viability was about 90% for DCs incubated with empty and 
OVA-loaded NPs (concentration of NPs ranging from 7.8 to 1000 µg/mL). These data show 
the cytocompatibility of these particles.

3.6. NP uptake by DCs
To verify that OVA NPs are taken up by DCs, D1 cells were incubated with Alexa647-OVA 
NPs overnight and the fluorescent Alexa647 signal was visualized by confocal microscopy.  As 
shown in Figure S6, DCs efficiently take up NPs carrying OVA protein.

3.7. Antigen cross-presentation in vitro
Subsequently, we wanted to test whether the uptake of OVA NPs by DCs leads to processing 
and cross-presentation of the OVA antigen to OVA-specific T cells. To this end, DCs were 
incubated with OVA NPs and co-cultured with OVA-specific B3Z hybridoma T cells. Figure 
4 shows that OVA NPs induced antigen-specific T cell activation in a dose-dependent manner, 
while soluble OVA failed to activate T cells even at high doses. Since this assay is based on 
the immunological principles of antigen-specificity of T cells, any T cell activation is the result 
of uptake, processing and cross-presentation of the antigen by DCs to T cells. Furthermore, 
the dual labeled NPs were equally efficient in T cell activation as the unlabeled NPs (data 
not shown), showing that labeling did not affect the ability of NPs to induce in vitro cross-
presentation.

Figure 4. In vitro protein cross-presentation of OVA-encapsulated NPs. DCs were incubated with  
0.2-25 mg OVA/mL encapsulated in NPs or in soluble form, and co-cultured with OVA-specific B3Z 
hybridoma T cells overnight. The B3Z cells contain a construct in which triggering of the T cell receptor, 
by cross-presentation of their specific OVA epitope SIINFEKL by DCs, leads to the production of the 
enzyme β-galactosidase that mediates a color reaction upon addition of the substrate CPRG. This 
color reaction, measured as the optical density (OD) at 590 nm, therefore forms a measure for antigen 
cross-presentation by DCs to specific T cells. The SIINFEKL minimal peptide epitope (100 ng/mL in 
PBS) was used as a positive control, and unstimulated DCs with B3Z cells formed the negative control. 
N = 3 samples per condition, representative graph of 5 independent experiments.
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3.8. In vivo tracking of labeled NPs
As our aim was to develop an antigen delivery system that ensures a prolonged supply of 
antigen to the immune system, we visualized the presence of OVA NPs in the injection 
site and in the draining lymph nodes, where immune responses are initiated. The tail-base 
injection site was chosen as it drains specifically to the inguinal lymph nodes which are 
located at sufficient distance in the mouse to be able to distinguish the injection site from 
the lymph nodes, and to visualize and quantify their respective signals accurately. Using a 
dual-color in vivo imaging setup based on two distinct NIR fluorescent dyes, we were able 
to visualize the antigen and the delivery vehicle simultaneously. The NIR fluorescent dye 
IR680 (excitation 675 nm, emission 720 nm) was coupled to the OVA antigen and the dye 
NIR10 (excitation 745 nm and emission 840 nm) was coupled to the polymer to track the 
delivery vehicle. Figure 5(a) shows the presence of the double-labeled OVA NPs at the 
injection site in time, compared to a soluble formulation of NIR-labeled OVA protein in PBS. 
As expected, the vast majority of soluble OVA antigen leaves the injection site within the 
first day, leading to a short peak presence in the lymph nodes immediately after injection that 
rapidly decreases (Figure 5(b)). In contrast, OVA encapsulated in NPs was cleared from the 
injection site more gradually, corresponding with gradual accumulation in the draining lymph 
nodes and remaining there for several days. Figure 6 shows examples of the presence of 
OVA NPs at the injection site and in the draining lymph nodes. Interestingly, the signals from 
the NP vehicle and its OVA content show similar patterns in the injection site and lymph 
nodes, suggesting that the OVA antigen arrives in the lymph nodes in encapsulated form. The 
increasing fluorescent signal of encapsulated IR680-OVA in the first day after injection may 
be caused by initial quenching of the signal, for example by the hydrophobic environment in 
the NPs or by self-aggregation and stacking of the dye at high concentrations [79]. Hydration 
of the NPs and a decreased stacking of NPs at the injection site during the first day would 
relieve the IR680 dye from both these quenching effects.

3.9. In vivo antigen cross-presentation
The efficient and prolonged delivery of antigen to the draining lymph nodes by OVA NPs 
led us to test their ability to induce antigen cross-presentation in vivo. To test this hypothesis, 
we administered OVA NPs to mice, followed after one day by an adoptive transfer of OVA-
specific CD8+ T cells (OT-I cells). By transferring these high numbers of OT-I T cells, we 
increase the precursor frequency of OVA-specific T cells to artificially high levels, which 
allows us to detect subtle effects in terms of cross-presentation of OVA antigen. Four days 
after T cell transfer, the proliferation of these transferred OT-I T cells as a result of in vivo 
cross-presentation of the OVA antigen was assessed in the vaccine draining lymph nodes 
and the spleen (Figure 7 and Supplementary Figure S7). A strong expansion of OT-I 
cells was found in the lymph nodes and spleen of mice treated with OVA NPs, which proved 
far superior to the administration of soluble OVA. The absence of T cell proliferation after 
injection of equal amounts of empty NPs shows that the delivery system itself plays no role 
and emphasizes the antigen-specific nature of T cell activation. These results correspond 
with the superior ability of OVA NPs over soluble OVA to induce in vitro antigen cross-
presentation to OVA-specific CD8+ T cells (Figure 4).
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Figure 5. In vivo tracking of NPs and OVA antigen. Quantification of the fluorescent signal of IR680 
and NIR10 in dual labeled NPs (containing NIR10 dye on the polymer and IR680 on the OVA), and 
IR800 signal of soluble antigen (IR800-OVA in PBS) after s.c. injection of 50 µg OVA in NPs or in 
soluble form. a) Fluorescent signal at the injection site expressed as a percentage of maximum signal. 
b) Fluorescent signal in the draining lymph nodes expressed as signal to background ratio. Statistical 
significance is indicated by asterisks comparing IR680 signal in NPs vs. soluble IR800-OVA. Statistical 
analysis was performed by unpaired Student’s t-test, * = p < 0.05, ** = p < 0.01. N = 3 mice per group.



N
ear-infrared labeled, ovalbum

in-loaded polym
eric nanoparticles based on a hydrophilic polyester as 

m
odel vaccine: In vivo tracking and evaluation of antigen-specific C

D
8+ T

 cell im
m

une response

57

  3

Figure 6. In vivo visualization of OVA NPs in the injection site and draining lymph nodes. Presence of 
OVA NPs in a) the injection site and b) the right inguinal draining lymph node, based on quantification 
of the fluorescent signal of NIR10 coupled to the NP polymer. Repeated measurements in time plotted 
on the same scale of fluorescence. The lymph node (LN) is indicated by an arrow. All images are 
overlays of grayscale photographs with fluorescence intensity measurements indicated on the color 
scale. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.)
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Figure 7. In vivo cross-presentation of OVA antigen to OVA-specific CD8+ T cells. Expansion of 
TCR-transgenic OVA-specific CD8+ T cells (OT-I) in the draining lymph nodes and spleen, 4 days after 
transfer into recipients mice. One day before the OT-I transfer, mice were treated subcutaneously 
with 50 µg OVA either in soluble form or in 400 µg of NPs or with 400 µg of empty NPs. In vivo 
expansion of the transferred OT-I T cells was quantified by ex vivo flow cytometry and expressed as 
the percentage of the total CD8+ T cell pool (CD8β staining). N = 3-4 mice per group, representative 
of 2 independent experiments. Unpaired Student’s t-test showed significant difference in OT-I T cell 
expansion between mice treated with OVA NPs versus soluble OVA, ** = p < 0.01, *** = p < 0.001. N 
= 3-4 mice per group.

4. Conclusion
We developed an antigen delivery system based on pLHMGA NPs encapsulating the model 
protein antigen OVA. The NPs showed sustained release of antigen in vitro and were able 
to induce in vitro antigen cross-presentation by DCs to antigen-specific T cells. Using our 
non-invasive double-label approach, we visualized the delivery vehicle and the antigen 
simultaneously in real-time and showed that the antigen is carried to the lymphoid organs 
by the delivery vehicle. This finding is in line with the results of in vivo antigen presentation 
in the lymph nodes, where the OVA NPs exhibited a strong capacity to induce antigen-
specific CD8+ T cell proliferation through cross-presentation of the antigen. In conclusion, 
pLHMGA NPs are attractive vehicles for protein antigen delivery for effective stimulation of 
the cellular immune system.
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Appendix A
Supplementary Data

Synthesis of azide-NIR dye 10
Azide-functionalized water-soluble near-infrared fluorescent dye 10 was prepared as follows: 
indolenine 1 was N-alkylated with a sulfopropyl group 2, giving indolinium salt 3 in 90% 
yield. The iminium salt 5 was synthesized by Vilsmeier-Haack formylation of cyclohexanone 
4. NIR dye 6 was synthesized by condensation of indolinium salt 3 and iminium salt 5 using 
NaOAc in dry MeOH. The mixture was refluxed for 3 hours, cooled down and the dye 6 
was precipitated from diethyl ether. The chloride in 6 was substituted with benzoic acid by a 
Suzuki-reaction using boronic acid 7 and Pd(Ph)4. The reaction was followed by LCMS, which 
showed formation of NIR-acid dye 8, but also partial hydrolysis of C-Cl bond. The H2N-
PEG3-N3 and NIR-acid dye 8 were condensed using EDC.HCl to give the desired azide-NIR 
dye 10 (azide-NIR10) in 33% over two steps (Figure S1). 

Figure S1.Synthesis of azide-NIR10.

2,3,3-Trimethyl -1-(3-sulfopropyl)-3H-indolium (3). 2,3,3-Trimethylbenz[e]indole 1 
(6.7 g, 32 mmol, 1.05 eq) and 1,3-propanesultone 2 (3.71 g, 30.4 mmol, 1.0 eq) were dissolved 
in chlorobenzene (15 mL) and capped in a microwave vial after filling the tube with Argon. 
The reaction was heated to 120°C overnight. The chunks were suspended in acetone and 
filtered giving the target compound as light blue crystals (9.76 g, 29.4 mmol, 92%). 1H NMR 
(400 MHz, MeOD-d4): 8.31 (dd, 1 H, J = 8.3, 1.1 Hz, Harom), 8.20 (d, 1 H, J = 9.0 Hz, Harom), 
8.13 (m, 2 H, Harom), 7.79 (ddd, 1 H, J = 8.4, 6.9, 1.3 Hz, Harom), 7.70 (m, 1 H, Harom), 4.88 (s, 
3 H, Hmethyl), 4.86 (m, 2 H, Hpropyl), 3.06 (t, 2 H, J = 6.5 Hz, Hpropyl), 2.44 (m, 2 H, Hpropyl), 1.83 
(s, 6 H, 2x Hmethyl); 

13C NMR (100 MHz, MeOD-d4); 198.06, 139.85, 138.66, 135.20, 132.45, 
131.03, 129.61, 129.09, 128.62, 124.35, 113.94, 57.30, 48.14, 24.84, 22.35. HRMS Calculated 
for [C18H21NO3S + H]+: 332.1320, found 332.1315
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N-[5-Anilino-3chloro-2,4-(propane-1,3-diyl)-2,4-pentadiene-1-ylidine]anilinium 
chloride (5). At 0°C, phosphorus oxychloride (11 mL, 0.12 mol, 2.25 eq) was added dropwise 
to anhydrous DMF (13 mL, 0.17 mmol, 3.2 eq) at 0°C and after 30 min cyclohexanone 4 (5.5 
mL, 53 mmol, 1.0 eq) was added and the mixture was reflux for 1 h. At room temperature, an 
aniline/ethanol (1:1, 18 mL) (106 mmol aniline, 2 eq) was added and the reaction was stirred 
for 1 h. The deep purple mixture was poured into 110 mL cold HCl aqueous solution (10%). 
The mixture was allowed to crystallize overnight in the fridge. The crystals were filtered and 
washed twice with cold water, washed twice with ether and then dried under vacuum. Product 
was obtained as purple crystals (10.8 g, 30.2 mmol, 57%); 1H NMR (400 MHz, MeOD-d4); 8.68 
(s, 2 H), 7.60-7.30 (m, 10 H, Harom), 2.66 (t, 4 H, J = 6.4 Hz, 2x CH2-cyclohexanone), 2.00 (m, 2 H, 
CH2-cyclohexanone); 

13C NMR (100 MHz, MeOD-d4); 150.50, 140.67, 131.32, 128.00, 11988, 116.36, 
25.56, 21.07. HRMS Calculated for [C20H19ClN2 +H]+: 323.1315, found 323.1310.

NIR-dye (6). Compound 3 (3.31 g, 10.0 mmol, 2.0 eq) and aniline 5 (1.80 g, 5.00 mmol, 
1.0 eq) was dissolved in dry MeOH (100 mL). Anhydrous NaOAc (1.64 g, 20.0 mmol, 4 eq) 
was added and the mixture refluxed for 3 h. The reaction was cooled down and the poured 
into ether (200 mL) giving green solid (3.3 g, 4.12 mmol, 82%). 1H NMR (400 MHz, DMF-d7): 
8.50 (d, 2 H, J = 13.9 Hz, 2x =CH), 8.38 (d, 2 H, J = 8.9 Hz, 2x Harom), 8.14 (d, 2 H, J = 8.9 
Hz, 2x Harom), 8.11 (d, 2 H, J = 8.5, 2x Harom), 7.70 (m, 2 H, Harom), 7.55 (t, 2 H, J = 7.5 Hz, 2x 
=CH), 4.71 (m, 4 H, 2x CH2-propyl), 2.82-2.76 (m, 8 H, 2x CH2-propyl and 2x CH2-cyclohexanone) 2.28 
(m, 4 H, 2x CH2-propyl), 2.07 (s, 12 H, 4x CH3), 1.91 (m, 2 H, CH2-cyclohexanone); 

13C NMR (100 
MHz, DMF-d7): 174.16, 162.54, 143.06, 140.52, 134.23, 132.22, 130.89, 130.29, 129.16, 128.21, 
127.90, 127.34, 125.14, 122.68, 118.56, 112.23, 102.05, 51.33, 49.02, 48.08, 43.68, 27.17, 24.23. 
HRMS Calculated for [C44H47ClN2O6S2 +H]+: 799.2642, found 799.2638. 

NIR-PEG3-Azide (10). NIR-dye 6 (0.4 g, 0.5 mmol, 1.0 eq) was dissolved in water/dioxane 
(1:1, 5 mL) in a microwave vial. To the solution were added Pd(Ph)4 (12 mg, 0.01 mmol, 
0.02 eq), boronic acid 7 (0.1 g, 0.6 mmol, 1.2 eq) and Et3N (0.28 mL, 2.0 mmol, 4.0 eq). The 
mixture was flushed with argon and the microwave vial was closed. The mixture was heated 
to 90°C for two hours, concentrated in vacuo and co-evaporated twice with toluene. The 
crude acid (0.5 mmol) was dissolved in dry DMF (5 mL) and N3-PEG4-NH3Cl 9 (140 mg, 
0.55 mmol, 1.1 eq) was added followed by EDC-Cl (0.24 g, 1.25 mmol, 2.5 eq). The reaction 
was stirred at room temperature overnight and full conversion was confirmed with HPLC-
MS. The reaction was concentrated and purified by HPLC-MS giving 10 as a green powder 
(180 mg, 0.16 mmol, 33%). 1H NMR (400 MHz, DMF-d7); 8.94 (t, 1 H, J = 5.4 Hz, NH), 8.33 
(d, 2 H, J = 8.1 Hz, Harom), 8.05-7.98 (m, 6 H, Harom), 7.89 (d, 2 H, J = 8.9 Hz, Harom), 7.62 (ddd, 
2 H, J = 8.3, 6.8, 1.3 Hz, Harom), 7.52 (d, 2 H, J = 8.1 Hz, Harom), 7.48 (dd, 2 H, J = 8.2, 6.9 Hz, 
Harom), 7.29 (d, 2 H, J = 14.1 Hz, 2x =CH), 6.64 (d, 2 H, J = 14.1 Hz, 2x =CH), 4.60 (m, 4 H, 
2x CH2-propyl), 3.78 (t, 2 H, J = 6.3 Hz, CH2-PEG), 3.72-3.68 (m, 4 H, 2x CH2-PEG), 3.67-3.63 (m 
4 H, 2x CH2-PEG), 3.42 (m, 2 H, CH2-PEG), 2.85 (t, 4 H, J = 5.7 Hz, 2x CH2-cyclohexanone), 2.76 (m, 4 
H, 2x CH2-propyl), 2.20 (m, 4 H, CH2-propyl), 1.98 (m, 2 H, CH2-cyclohexanone), 1.51 (s, 12 H, 4x CH3); 
13C NMR (100 MHz, DMF-d7); 173.02, 166.62, 162.52, 160.40, 146.68, 142.63, 140.57, 134.88, 
133.31, 131.95, 130.74, 130.24, 130.05, 128.17, 127,94, 127.81, 124.84, 122.37, 111.98, 100.69, 
70.55, 70.53, 70.40, 70.35, 69.95, 69.63, 50.71, 50.54, 48.17, 43.35, 39.92, 26.64, 24.94, 24.10. 
HRMS Calculated for [C59H68N6O10S2 + H]+: 1085.4517, found 1085.4512.
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Figure S2. Synthesis of hexyn-pDLLA by ring opening polymerization.

Figure S3 . Click reaction between azide-NIR10 and hexyn-pDLLA.

Table S1. Characteristics of pLBMGA and pLHMGA. 
pLBMGA pLHMGA

Monomer
/initiator 

molar 
ratio

BMMG/
d,l-

lactide 
molar 

ratio in 
feed

NMR GPC DSC
Yield 
(%)

Target
Mn 

(kDa)

GPC DSC

Yield 
(%)BMMG

/d,l-
lactide 
molar 
ratio

Mn

(kDa)
PDI

Tg

(°C)
Mn 

(kDa)
PDI

Tg

(°C)

100 50/50 48/52 13.4 1.99 39 100 15.8 16.2 1.57 57 83
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Table S2. Characteristics of hexyn-pDLLA.

Hexyn-pDLLA

Monomer/
Initiator molar 

ratio
Target

Mn (kDa)
GPC DSC

Yield (%)
Mn (kDa) PDI Tg(°C)

70 10.1 11.0 1.62 50 75

Table S3. Characteristics of NIR10-pDLLA. 

Polymer

Polymer/
dye

molar 
ratio in 
the feed 

Yield 
(%)

Conjugation 
efficiency 

(%)

Free dye in 
polymer after 
reaction (%)

Free dye 
present after 
precipitation 
in water (%)

Mn (kDa) PDI

NIR10-
pDLLA 1 76 85 15 8 12.8 1.40

Figure S4. GPC chromatograms of hexyn-pDLLA, NIR 10-pDLLA before purification and NIR10-
pDLLA after purification and dual labeled NPs a) RI detection, b) UV detection at 700 nm. 
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Figure S5. GPC chromatogram of IR680-OVA after purification with a Zeba spin column (see 
Section 2.6).

Table S4. Characteristics of IR680-OVA and IR800-OVA.

IR-OVA Dye/protein 
molar ratio in 

the feed

Dye/protein molar 
ratio in the freeze-

dried product
Conjugation 
efficiency (%) Yield (%)

IR680-OVA 2.0 1.7 80 85

IR800-OVA 1.7 1.0 58 84

Figure S6. Uptake of OVA loaded NPs by D1 cells. Confocal microscopic images showing the uptake 
of OVA NPs by D1 dendritic cells. NPs loaded with Alexa 647 OVA (red) were incubated with D1 
dendritic cells overnight, and NP uptake was visualized based on the red fluorescent signal of Alexa647. 
The shown cells are representative for the whole sample.
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Figure S7. Flow cytometry plots for quantification of in vivo OT-I proliferation. Expansion of 
transferred OT-I cells after administration of OVA NPs to mice was quantified by ex vivo flow cytometry 
analysis. Inguinal lymph nodes (both draining the injection site) and the spleen were harvested and 
single-cell suspensions were stained with fluorescently labeled antibodies to identify the total CD8+ 
T cell pool (CD8β staining) and the transferred OT-I cells (CD90.1 staining). Shown examples are 
representative plots from N=4 mice, as shown in Figure 8.  
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Abstract

The aim of the current study was to develop a cancer vaccine formulation for treatment of 
human papillomavirus (HPV)-induced malignancies. Synthetic long peptides (SLPs) derived 
from HPV16 E6 and E7 oncoproteins have been used for therapeutic vaccination in clinical 
trials with promising results. In preclinical and clinical studies adjuvants based on mineral oils 
(such as incomplete Freund’s adjuvant (IFA) and Montanide) are used to create a sustained 
release depot at the injection site. While the depot effect of mineral oils is important for 
induction of robust immune responses, their administration is accompanied with severe and 
long lasting side effects. In order to develop an alternative for IFA family of adjuvants, polymeric 
nanoparticles (NPs) based on hydrophilic polyester (poly(D,L lactic-co-hydroxymethyl 
glycolic acid) (pLHMGA)) were prepared. These NPs were loaded with a synthetic long 
peptide (SLP) derived from HPV16 E7 oncoprotein and a toll like receptor 3 (TLR3) ligand 
(poly IC) by double emulsion solvent evaporation technique. The therapeutic efficacy of 
the nanoparticulate formulations was compared to that of HPV SLP + poly IC formulated 
in IFA. Encapsulation of HPV SLP antigen in NPs substantially enhanced the population of 
HPV-specific CD8+ T cells when combined with poly IC either co-encapsulated with the 
antigen or in its soluble form. The therapeutic efficacy of NPs containing poly IC in tumor 
eradication was equivalent to that of the IFA formulation. Importantly, administration of 
pLHMGA NPs was not associated with adverse effects and therefore these biodegradable 
NPs are excellent substitutes for IFA in cancer vaccines.

Keywords: Therapeutic cancer vaccine, Human papillomavirus (HPV), Synthetic long peptide 
(SLP), TLR3 ligand, Poly IC, Nanoparticles, pLHMGA, Incomplete Freund’s adjuvant (IFA)
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1. Introduction
Infection with human papillomavirus (HPV) is the main cause of cervical cancer and is 
associated with other anogenital malignancies such as vaginal and anal cancer [1]. More 
than 99% of cervical cancer cases - the second most common cancer in women worldwide 
[2] - are attributed to infection with high risk oncogenic HPV types [3]. The predominant 
high risk type is HPV16 [4] which accounts for approximately 50% of the cervical tumors 
[5]. Known etiology of the disease provides an appealing opportunity to develop vaccines 
against the high risk HPV types. The registered prophylactic vaccines are highly successful 
in prevention of cancer [6] but have no therapeutic efficacy [7]. Therefore, there is great 
need for therapeutic vaccines to treat HPV-induced malignancies. HPV16 encodes two major 
oncoproteins, namely E6 and E7 which are expressed in all HPV16-induced cervical cancer 
cells [5] and are responsible for interference in the cell cycle [8]. Several clinical studies have 
used E6 and E7 proteins as targets in immunotherapy of HPV-induced cancer using different 
strategies such as peptide and protein based vaccines, virus like particles and DC-based 
vaccines [9–12]. Although these studies showed activation of CD8+ T cells - the immune 
cells capable of killing tumor cells - the majority exhibited limited tumor regression and 
therapeutic efficacy [13–15]. Vaccination with minimal peptide epitopes of oncoproteins 
has been a popular approach in several studies for treatment of HPV-induced malignancies 
[16–18]. Nevertheless, it has not been very successful due to several reasons, including direct 
binding of the peptide epitope to MHC molecules on the surface of cells, which results in 
tolerization of T cells [15,18] and failure to develop a long-term memory [19]. Increasing the 
length of the peptide antigens has substantially improved the efficacy of the peptide vaccines 
[19,20].  As synthetic long peptides (SLPs) are too large to be able to directly bind to MHC 
molecules on the surface of cells, their epitope can only be presented by professional antigen 
presenting cells (APCs) which are able to take up and process the peptide for subsequent 
presentation to T cells. This restriction to professional APCs is essential as only these cells 
can provide the co-stimulatory signals necessary for adequate T cell activation. DCs are 
the most efficient professional APCs. These cells process SLPs more efficiently than whole 
proteins [21] and provide long-term antigen presentation in the draining lymph nodes which 
is crucial for T cell activation and expansion [22].
Vaccination with SLPs overlapping the whole sequence of HPV16 E6 and E7 oncoproteins 
formulated in Montanide ISA 51 has proven the immunogenicity of the vaccine in clinical trials 
[23–26]. Incomplete Freund’s adjuvant (IFA) and similar adjuvants such as Montanide ISA 51 
act as depots that deliver the peptide antigen in water-in-oil emulsions [27,28]. However, their 
adjuvanticity is not sufficient for initiation of a strong T cell response [19,24,25].  An effective 
cancer vaccine is capable of activating the adaptive as well as the innate immune system 
which results in efficient targeting and elimination of cancer cells by eliciting a strong T cell-
mediated immune response [29]. IFA formulations fail to cause strong DC maturation and as 
a result, are not capable of inducing a strong CD8+ T cell response [30,31]. DC maturation 
bridges between innate and adaptive immune system and can be mediated by triggering a 
family of receptors on DCs (as well as other cells), called toll-like receptors (TLRs) [32,33]. 
Some TLR ligands such as TLR3 ligands bind to their receptors in the endosome, where the 
antigens are processed [34]. An advantage of using TLR3 ligands such as poly IC in cancer 
vaccines is that upon triggering, these ligands are able to enhance antigen cross-presentation 
to CD8+ T cells, therefore expanding the cytotoxic T cell population to induce cellular 
immune response [35]. However poly IC - a double stranded RNA construct, is degraded 
rapidly by nucleases in the body. This demands a high administered dose which consequently 
might result in toxicity and autoimmune responses [36]. Studies have demonstrated that the 
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co-delivery of TLR ligands and peptide antigens in carrier systems can considerably enhance 
T cell response [37–40] while decreasing the risk of toxicity [36].
Another drawback of IFA other than its weak immunogenicity is adverse effects at the 
injection site such as painful granulomas, inflammation and swelling, sterile abscesses and 
cysts [41,42]. Hence, development of a delivery system to replace IFA in cancer vaccines 
is of great interest. The present study, aimed to 1) to increase the efficacy and safety of 
the HPV SLP cancer vaccine by designing a particulate cancer vaccine, and 2) to study the 
effect of co-delivery of HPV SLP and TLR3 ligand (poly IC) in nanoparticles (NPs). We have 
developed a nanoparticulate cancer vaccine based on a biodegradable polymer, poly(D,L 
lactic-co-hydroxymethyl glycolic acid) (pLHMGA) [43,44] and loaded with a 27 amino acid 
synthetic long peptide and poly IC (TLR3 ligand). This SLP contains both a CD8+ epitope 
(RAHYNIVTF) and a CD4+ epitope (DRAHYNI) of the HPV16 E7 protein. Previous studies 
have shown the advantages of pLHMGA over the well-known and frequently investigated 
pLGA, such as better compatibility with proteins and peptides [45,46]. In a recent study, 
ovalbumin-loaded pLHMGA NPs were used as a model vaccine. These particles showed 
prolonged presence in the lymph nodes upon subcutaneous administration and excellent in 
vivo T cell expansion which proved their potential as antigen delivery systems [47]. pLHMGA 
particles have shown good cytocompatibility in vitro [47,48] and are biocompatible in vivo 
after subcutaneous administration [48]. In the current study, we examined the therapeutic 
efficacy of HPV SLP-loaded pLHMGA NPs in a prime-boost vaccination regimen in TC-1 
tumor-bearing mice and compared it with IFA formulation.

2. Materials and methods
2.1. Materials
Poly(D,L lactic-co-hydroxymethyl glycolic acid) (pLHMGA) with initial monomer ratios 
of 65/35 (d,l lactide/benzyloxy methyl methylglycolide (BMMG)) was synthesized and 
characterized as described before [43, 47] (Supplementary Figure S1-details are 
provided in the supplementary data). Polyvinyl alcohol (PVA; Mw 30,000–70,000; 88% 
hydrolyzed), dimethyl sulfoxide (DMSO), tetrafluoroacetic acid (TFA), poly IC (sodium salt, 
gamma irradiated) and 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES 1 M) 
were obtained from Sigma-Aldrich, USA. Dichloromethane (DCM) and acetonitrile (ACN) 
were obtained from Biosolve, the Netherlands. Sodium hydroxide (NaOH) and sodium 
dodecyl sulfate 20% (SDS) were purchased from Fluka, The Netherlands. Pyrogen-free water 
was obtained from Carl Roth, Germany. Phosphate buffered saline (1.8 mM NaH2PO4, 8.7 
mM Na2HPO4, 163.9 mM Na+, 140.3 mM Cl− , pH 7.4) (PBS) was obtained from B Braun, 
Germany. IFA was purchased from Difco, USA. Synthetic long peptide 27-mer HPV SLP 
(GQAEPDRAHYNIVTF(Abu)(Abu)K(Abu)DSTLRL(Abu)V), containing the cytotoxic T 
lymphocyte (CTL) epitope RAHYNIVTF of HPV E7 oncoprotein (E743–69) was synthesized 
in interdepartmental GMP facility of the Department of Clinical Pharmacy and Toxicology of 
Leiden University Medical Center. In this SLP, cysteines were replaced by the unnatural amino 
acid, aminobutyric acid (Abu). Chemicals were used as received without further purification, 
unless otherwise stated.

2.2. Preparation of HPV SLP loaded NPs with/without poly IC
HPV SLP-loaded pLHMGA NPs with/without poly IC (HPV SLP ± poly IC NPs) were 
prepared using a double emulsion solvent evaporation technique essentially as described 
before [49] with a few adjustments. In brief, 200 µL of 10 mg/mL HPV SLP (100 µL of ACN 
and 100 µL of TFA 0.1% in pyrogen-free water) ± 50 µL of 20 mg/mL poly IC in pyrogen-free 
water were emulsified by sonication (30 s, 20% amplitude-ultrasonic homogenizer (Labsonic 
P, B. Braun Biotech, Germany)) in 50 mg of pLHMGA dissolved in 1 mL of DCM to prepare 
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a water-in-oil emulsion (W1/O). Next 2 mL of an aqueous PVA 1% w/v solution (filtered 
through 0.2 µm cellulose acetate sterile filter) was added to this first emulsion and the 
mixture was emulsified again by sonication forming the double emulsion (W1/O/W2). This 
double emulsion was then added drop-wise to 25 mL of PVA 0.3% w/v at 40°C while stirring 
for rapid removal of DCM.  After 1 h, the particles were harvested by centrifugation for 30 
min at 20,000 g, washed with pyrogen-free  water, resuspended in pyrogen-free water and 
freeze-dried overnight.

2.3. NP characterization
2.3.1. Size, zeta-potential and morphology of the NPs
2.3.1.1. Dynamic light scattering 
The size of NPs was measured by dynamic light scattering (DLS) on an ALV CGS-3 system 
(Malvern Instruments, Malvern, UK) equipped with a JDS Uniphase 22 mW He–Ne laser 
operating at 632.8 nm, an optical fiber-based detector, and a digital LV/LSE-5003 correlator. 
Freeze-dried NPs were suspended in deionized water (RI = 1.332 and viscosity of 0.8898 cP) 
and measurements were done at 25°C at an angle of 90°.

2.3.1.2. Transmission electron microscopy (TEM)
The size and morphology of NPs were analyzed using transmission electron microscopy 
(TEM, Philips-FEI Tecnai T10, USA). Twenty microliter of particle suspension in water was 
placed on parafilm. A glow discharged Formvar carbon film on copper grid (Agar scientific, 
UK) was placed on the particle suspension to absorb the NPs.  After 2 min the excess liquid 
was removed using a filter paper. The sample was stained with 20 µL of 2% uranyl acetate 
in water for 1 min and consecutively dried with filter paper and was left for 5 min to dry 
completely. NPs were visualized with 7–73 k fold magnification and analyzed by Olympus 
MeasureIT software.

2.3.1.3. Zeta potential 
The zeta-potential (ζ) of the NPs was measured using a Malvern Zetasizer Nano-Z (Malvern 
Instruments, Malvern, UK) with disposable folded capillary cells. NPs were dispersed in 10 
mM HEPES pH 7.0 and zeta potential was measured at 25°C and analyzed using DTS Nano 
4.20 software.

2.3.2. Loading efficiency measurements
2.3.2.1. HPV SLP content
The HPV SLP loading efficiency of the NPs was determined by measuring the peptide content 
of digested NPs as previously described [61]. Approximately 5 mg of freeze-dried NPs was 
carefully weighed and dissolved in 0.25 mL of DMSO.  After complete dissolution of NPs 
(60°C, 1 h) 375 µL of ACN and 375 µL of TFA 0.1% in water was added to precipitate the 
polymer. After 2 h at 60°C, samples were centrifuged at 14,000 g for 15 min and 100 µL of 
the supernatant was injected into an HPLC system equipped with a C18 column (Dr. Maisch 
Reprosil-Pur C18-AQ, 3 µm, 150 × 4.6 mm) and an ultraviolet detector (Waters 2487). 
Mobile phases were 5% ACN in water with 0.1% TFA (solvent A), and 95% ACN in water 
with 0.1% TFA (solvent B). HPV SLP was separated by applying a linear gradient from 0% to 
100% solvent B over 15 min, at a flow rate of 1 mL/min, and peptide detection was at 210 
nm. Calibration was done using 100 µL of HPV SLP (1.5–200 µg/mL).

2.3.2.2. Poly IC content
The amount of poly IC encapsulated in the NPs was determined as previously described [50] 
with some modifications. In detail, approximately 5 mg of freeze-dried NPs was accurately 
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weighed and dissolved in 1 mL of DCM. Then 3 mL of Tris EDTA (TE-provided with the 
Quantifluor kit, (Promega Corporation, USA)) buffer was added and the tube was vortexed 
for 30 s. The two immiscible layers were separated by centrifugation at 5000 g for 5 min. 
Next, 2.5 mL of the upper layer containing poly IC in TE buffer was removed and replaced by 
2.5 mL of fresh TE buffer and the extraction was repeated 4-5 times until the amount of poly 
IC extracted was less than 1% of the initial loading. The amount of poly IC in the extraction 
medium was measured by using Quantifluor RNA quantification assay kit and calibration 
was done using poly IC in TE buffer (4.8–2500 ng/mL). HPV SLP NPs and empty NPs as well 
as empty NPs plus known amount of poly IC were used as controls. These samples were 
treated similar to (HPV SLP + poly IC) NPs. Loading efficiency (LE%) is reported as the 
amount of HPV SLP/poly IC encapsulated in the NPs divided by the amount of HPV SLP/poly 
IC added × 100%. Loading percentage (L%) is reported as the amount of HPV SLP/poly IC 
entrapped in the NPs per total dry mass of the NPs × 100%.

2.4. Mice and cells
Female C57BL/6 (H-2b) mice were purchased from Charles River laboratories (France) 
and kept in specified pathogen-free facility. The experiments were approved by the Animal 
Experimental Committee of the Leiden University Medical Center. TC-1 cells (growth factor 
independent and highly oncogenic in immunocompetent mice) are primary lung epithelial 
cells of C57BL/6 mice transformed with HPV16 E6 and E7 and c-Ha-Ras oncogenes [51]. 
TC-1 cells were cultured at 37°C with 5% CO2 in IMDM containing 8% FCS (Greiner), 2 
mM glutamine, and 100 IU/mL penicillin, 400 µg/mL geneticin (G418; Life Technologies), non-
essential amino acids (Life Technologies), and 1 mM sodium pyruvate (Life Technologies).

2.5. Therapeutic vaccination
2.5.1. Vaccination regimen
TC-1 tumor cells (105) dispersed in 200 µL of PBS were injected subcutaneously (s.c.) in the 
right flank of mice (age 8-10 weeks). Tumor size was measured with calipers two times per 
week in three dimensions and the tumor volume was calculated using this formula: tumor 
length × width × height. Only mice with palpable tumors (0.5-3 mm3) were enrolled in the 
experiment. Therapeutic vaccination was given in a prime-boost fashion; when the tumors 
were palpable, on day 8 after tumor inoculation the prime dose was injected and the boost 
was given on day 22 after tumor inoculation. Mice (5-10 in each group) were vaccinated 
s.c. in the left flank with 100 µg of HPV SLP NPs with or without 50 µg of poly IC either 
co-encapsulated in NPs or in soluble form. IFA formulation containing HPV SLP and poly IC 
was used as control. This IFA formulation was prepared on the vaccination day by mixing 
100 µg HPV SLP and 50 µg poly IC in PBS/IFA with a volume ratio of 1:1 and vortexing for 
30 min [52].  As we aimed to compare the effect of NPs to IFA formulations used previously, 
the doses of HPV SLP and poly IC were chosen according to the previous treatments 
which showed good T cell response and tumor regression [52]. Empty pLHMGA NPs were 
excluded from this experiment. Earlier studies showed that empty pLHMGA NPs do not 
elicit a T cell response [47]. Furthermore, empty pLHMGA microparticles have been used as 
control in tumor therapy (unpublished data) where no delay in tumor growth and survival 
of mice was observed. Mice were sacrificed for ethical reasons when tumors exceeded 1000 
mm3 or in case of tumor ulceration. The experiment was ended when none of the mice had 
a palpable tumor. Tumor growth for each group is presented as relative tumor volume (RTV) 
calculated using this formula: RTVt=Tumor volume at time t/initial tumor volume. Data were 
fitted using non-linear regression and survival of mice is presented in Kaplan-Meier plot.
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2.5.2. Detection of HPV16 E7-specific CD8+ T cells in peripheral blood of tumor-
bearing mice by tetramer staining
Peripheral blood was collected from the tail-vein of the mice 9 days after the prime dose (17 
days after tumor inoculation).  After lysis of erythrocytes, the blood samples were stained 
for cell surface markers CD3ε, CD8α and the allophycocyanine-conjugated H-2Db E749–57 
tetramer which binds to the T cell receptor recognizing RAHYNIVTF epitope [53].

2.6. Statistical analyses
All data were analyzed using GraphPad Prism 5.02 software. For tumor experiments Kaplan-
Meier survival curves were applied and the differences between survival curves were 
analyzed by log-rank test (p < 0.05 was considered statistically significant). Expansion of HPV-
specific CD8+ T cells in the blood of tumor-bearing mice 9 days after the prime vaccination 
in mice treated with HPV SLP and poly IC formulations was compared to untreated mice by 
Dunn’s multiple comparisons test. Statistical significance of total experiment (p < 0.001) was 
calculated by Kruskal-Wallis test.

3. Results and discussion
3.1. Preparation and characterization of (HPV SLP ± poly IC) NPs
HPV SLP loaded NPs and (HPV SLP + poly IC) loaded NPs were prepared by a double 
emulsion solvent evaporation technique. This method has been extensively used for 
encapsulation of peptides and nucleic acids as well as other biomacromolecules in nano- and 
microparticles based on aliphatic polyesters [54–58]. The obtained NP formulations showed 
comparable characteristics in terms of size and morphology and HPV SLP loading efficiency. 
The mean hydrodynamic diameter of the NPs measured by DLS ranged between 400 and 
500 nm with a PDI of approximately 0.20-0.29. Analysis of freeze-dried samples with TEM 
showed spherical NPs with a smooth surface and a particle size of approximately 100-200 
nm (Figure 1). The difference between the observations from TEM and results of DLS 
measurements can be explained by the algorithms used for calculation of hydrodynamic 
diameter of the NPs by DLS which results in overestimation of the average population 
[59]. The HPV SLP loaded NP exhibited negative zeta potential (approximately -14 mV). 
The negative zeta potential of the HPV loaded NPs could be ascribed to the carboxylic 
(COOH) end groups present in the pLHMGA polymer (Supplementary Figure S1). 
These COOH groups are deprotonated in HEPES buffer and therefore causing a negative 
zeta potential. The isoelectric point (pI) of HPV SLP is 7.7 and therefore it bears very low 
charge in HEPES buffer pH 7.0 (Supplementary Figure S2) which is unlikely to contribute 
to the negative zeta potential values. The zeta potential values of (HPV SLP + poly IC) NPs 
were approximately -25 mV which can be attributed to negatively-charged poly IC molecules 
that are associated with/close to the surface of the NPs. The loading efficiency of HPV SLP 
for both NP formulations was approximately 60% and independent of presence of poly 
IC in the formulations. The loading efficiency of poly IC in (HPV SLP + poly IC) NPs was 
approximately 65% and the ratio between HPV SLP and poly IC was close to the target ratio 
(2 to 1 (w/w)). For the ease of comparison, the ratio between HPV SLP and poly IC was 
chosen according to the previous studies in which HPV SLP was used in soluble form or 
emulsified in Montanide [52].  Analysis of HPV SLP NPs and empty NPs using Quantifluor kit 
showed the baseline signal for empty and HPV SLP NPs formulations.  Additionally poly IC 
was completely recovered when added to the empty NPs, Therefore it was concluded that 
neither HPV SLP in the particles nor the particles as such affect the quantification of poly 
IC. The HPV SLP has a poor solubility in aqueous solutions. As it has been studied by Silva 
et al., the in vitro release of long peptides from pLGA NPs could not be accurately followed 
for more than 24 h, likely due to the precipitation of peptide during release. However in the 



76

     4

abovementioned study, pLGA NPs with low burst release showed superior T cell activation 
in vitro, when compared to pLGA NPs with high burst release [49]. The in vitro release of 
HPV SLP from pLHMGA NPs in PBS was followed up to 48 h and not more than 5-7% of the 
encapsulated peptide was detected. Moreover, there is no good model system to investigate 
the release of peptides from carriers in DCs. The characteristics of the NPs are summarized 
in Table 1.

Table 1.Characteristics of NPs. Results are representative of two independent formulations.

NP 
formulation

Theoretical 
Loading %
HPV SLP/

poly IC

Size 
(nm) PDI

Zeta 
potential 

(mV)

HPV SLP 
loading 

efficiency
(%)

Poly IC
loading 

efficiency
(%)

µg HPV SLP/
µg poly IC

in 1 mg of NP 
formulation

HPV SLP 4/0 423 ± 49 0.21 ± 0.03 -14.9 ± 0.3 58.3 ± 9.9 - -

HPV SLP + 
poly IC 4/2 491 ± 16 0.29 ± 0.08 -25.0 ± 1.3 58.8 ± 5.9 63.0 ± 10.0 1.92 ± 0.06

Figure 1. TEM photographs of a) (HPV SLP + poly IC) NPs and b) HPV SLP NPs. Scale bar represents 
200 nm.

3.2. Tumor growth following treatment with NP and IFA formulations
To assess the anti-tumor efficacy of nanoparticulate cancer vaccines in comparison to 
commonly used IFA formulations in a mouse model of HPV-induced cervical cancer, mice 
were inoculated subcutaneously with TC-1 tumor cells expressing HPV16 oncogenes E6 
and E7. When the tumors were palpable, at day 8 after tumor inoculation, the mice were 
s.c. vaccinated with various formulations and received the boost dose at day 21 after tumor 
inoculation. In order to evaluate the necessity of using poly IC in co-encapsulated form with 
HPV SLP, one group of mice was vaccinated with HPV SLP NPs and poly IC in PBS. Control 
mice were either treated with poly IC in PBS or left untreated. Tumor growth curves in 
the different groups of mice are presented in Figure 2a and Supplementary Figure S3. 
All untreated mice developed tumors larger than 1000 mm3 and were euthanized no later 
than 28 days post inoculation. In the groups of mice which received poly IC in soluble form, 
tumors grew out similarly to untreated mice. This confirms previous observations showing 
that a TLR ligand per se does not cause regression in pre-established tumors [52]. HPV 
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SLP NPs increased the overall survival of mice but their inhibitory effect was limited, in 
agreement with previous studies in which the administration of the HPV SLP in IFA was able 
to delay the tumor growth, but did not completely eradicate tumors [20]. In contrast, NPs 
loaded with HPV SLP and poly IC strongly delayed the tumor growth with approximately 
20 days, comparable to the effect after administration of HPV SLP NPs in combination with 
soluble poly IC. Treatment with HPV and poly IC in IFA emulsion showed similar tumor 
regression to NP formulations administered with poly IC (either encapsulated or in soluble 
form). The anti-tumor efficacy of the various HPV SLP formulations in tumor-bearing mice 
is presented in the Kaplan-Meier plot (Figure 2b). Neither poly IC in soluble form (median 
survival: 22 days) nor HPV SLP NPs (median survival: 25 days) were able to significantly 
prolong the survival of mice as compared to untreated mice (median survival: 22 days), 
whereas vaccination with NP formulations containing HPV SLP in combination with a TLR3 
ligand (poly IC) significantly increased the survival time of mice (p < 0.001) (median survival 
43 days). There were no differences in survival proportion and median survival of mice which 
received (HPV SLP + poly IC) NPs and the group which received HPV SLP NP co-administered 
with poly IC in soluble form. Although previous studies suggested that the co-encapsulation 
of the antigen and the adjuvant substantially enhances the T cell response, our data did not 
support this notion [36]. This can likely be ascribed to the relatively high dose of soluble 
poly IC that was administered. It can be expected that at lower doses, co-encapsulation will 
have a beneficial effect. The favorable aspect of co-encapsulation over soluble administration 
is the lower risk of systemic immune activation by spread of the soluble TLR ligand. Upon 
vaccination of mice with HPV SLP + poly IC in IFA, the vaccine formed a lump at the injection 
site which persisted until the end of the experiment, whereas in mice treated with NPs, no 
residue (remainder) of NPs was observed. This is in line with previous observations where 
upon local administration of pLHMGA NPs of similar size in mice, NPs were cleared from 
the injection site in a sustained manner [47]. Moreover, pLHMGA particles when injected 
subcutaneously have shown biocompatibility with no toxicity [48]. In an earlier study, a 
postmortem examination of the injection site 60 days after administration of both pLHMGA 
microparticles and IFA formulation showed that the IFA depot was still present while no 
remainders of pLHMGA particles were observed (unpublished data) which confirms previous 
observations on in vitro degradation of pLHMGA particles in 30–50 days [45].

3.3. HPV-specific T cell expansion in peripheral blood of tumor-bearing mice 
after treatment with NP and IFA formulations
Earlier studies have shown that the ability of a peptide vaccine to induce a systemic CD8+T 
cell response predicts the anti-tumor efficacy of the vaccine [20,52]. Therefore, the population 
of HPV-specific CD8+T cells in blood was measured by tetramer staining 9 days after the 
prime vaccination. Mice treated with poly IC containing NP formulations and HPV SLP + poly 
IC in IFA showed high and comparable frequencies of HPV-specific CD8+ T cells whereas 
this effect was not observed for mice treated with the HPV SLP NP formulation (Figure 2c). 
In agreement with previous observations [60–62], TLR3 ligand alone (poly IC in PBS) did not 
induce any HPV-specific T cell expansion. Importantly, the height of the HPV-specific CD8+ 
T cell response in blood correlated with the delay in tumor growth, suggesting an important 
role for CD8+ T cells in the anti-tumor effect of the vaccines.
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Figure 2. a) Relative tumor growth in tumor bearing mice. Seven days after TC-1 tumor inoculation 
in wild-type C57BL/6 mice, and when tumors were palpable, mice were either left untreated or were 
s.c. vaccinated in the opposite flank with formulations consisting of HPV SLP with or without poly IC 
formulated in NPs or in IFA followed by a boost injection 14 days after the prime dose. The mice were 
sacrificed when the tumor volume reached 1000 mm3 or in case of tumor ulceration. The relative 
TC-1 tumor volume is plotted against time and fitted using non-linear regression. For each group, line 
is only plotted until the first mouse is sacrificed. 5-10 mice per group were used. Data is representative 
of two independent experiments. b) Survival of mice per group presented in Kaplan-Meier plot. The 
differences between the groups were calculated using log-rank (Mantel-Cox) test. The survival of mice 
vaccinated with HPV SLP NPs with poly IC (either co-encapsulated or in soluble form) and HPV SLP 
+ poly IC in IFA was significantly longer compared to the non-treated mice (p < 0.001). Numbers in 
the legends represent median survival in days. Data is representative of two independent experiments. 
c) Expansion of HPV-specific CD8+ T cells in the blood of tumor-bearing mice 9 days after the prime 
vaccination. Each dot represents one mouse. HPV-specific CD8+T cell expansion in tumor-bearing 
mice 9 days after the prime vaccination in mice treated with HPV SLP and poly IC formulations 
is compared to untreated mice by Dunn’s multiple comparisons test. Statistical significance of total 
experiment (p < 0.001) is calculated by Kruskal-Wallis test. Statistical significance between groups is 
shown by asterisks, ** = p < 0.01.
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4. Conclusion
This study highlights the potential of pLHMGA NPs as substitute for IFA-based cancer 
vaccines. Vaccination with NPs comprising a synthetic long peptide derived from HPV E7 
oncoprotein and poly IC as a TLR3 ligand substantially prolonged the survival of mice (three 
weeks) in a therapeutic tumor setting. There was no difference between the effects of using 
poly IC in encapsulated NP form or in a soluble form when the HPV SLP was encapsulated in 
pLHMGA NPs. Importantly, the anti-tumor effect of these NP formulations was comparable 
to that of IFA, while as opposed to IFA, subcutaneous administration of pLHMGA NPs was 
not associated with local adverse effects. Moreover, the HPV-specific CD8+ T cell expansion 
following administration of NPs could predict their therapeutic efficacy in tumor-bearing 
mice. Although the efficacies of the studied vaccine formulations; HPV SLP + poly IC in IFA, 
(HPV SLP + poly IC) NPs and HPV SLP NPs + poly IC were similar, safety concerns are 
considerably distinct for each formulation. Encapsulation of poly IC prevents autoimmunity 
caused by high systemic concentrations of poly IC.  Additionally NPs do not exhibit the local 
adverse effects associated with administration of IFA. In conclusion, the (HPV SLP + poly IC) 
NPs provide equal efficacy and are superior in terms of safety and therefore the preferred 
formulation in cancer immunotherapy as alternatives for IFA in immunotherapy of cancer.
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Appendix
Supplementary Data

Synthesis of poly(d,l lactic-co- hydroxymethylglycolic acid) (pLHMGA) 
3S-(benzyloxymethyl)-6S-methyl-1,4-dioxane-2,5-dione (benzyloxymethyl-methylglycolide) 
(BMMG) was synthesized as described in detail elsewhere [1]. A random copolymer of 
BMMG and d,l-lactide (35:65 molar ratio) was synthesized via ring opening polymerization 
in melt using benzyl alcohol as initiator with a 100/1 monomer-to-initiator molar ratio and 
Sn(Oct)2 as catalyst (Figure S1).

Figure S1. Synthesis of poly(lactic-co-hydroxymethyl-glycolic acid) (pLHMGA) in two consecutive 
steps; synthesis of poly(lactic-co-benzyloxymethyl-glycolic acid) (pLBMGA) via ring opening 
polymerization of BMMG and d,l lactide, followed by removal of the benzyl group by hydrogenation 
to yield pLHMGA.

In a typical procedure, vacuum-dried monomers (BMMG (1920 mg, 7.68 mmol) and d,l-
lactide (2060 mg, 14.27 mmol)) were transferred into a dried schlenk tube under a nitrogen 
atmosphere. Benzyl alcohol (23.7 mg, 0.219 mmol; 215.8 µL from a 109.8 mg/mL stock 
solution in toluene)) and Sn(Oct)2 (44.4 mg, 0.109 mmol; 396.1 µL from a 112 mg/mL stock 
solution in toluene) were added. Next, toluene was evaporated under vacuum for 2 h and 
the tube was closed and immersed into a preheated 130°C oil bath while stirring. After an 
overnight reaction, the obtained polymer was dissolved in 10 mL chloroform and purified by 
precipitation in 400 mL methanol. The precipitated polymer was collected by filtration and 
vacuum dried to yield 3.6 g (91%) poly(d,l-lactic-co-benzyloxymethylglycolic acid) (pLBMGA). 
Thereafter, pLBMGA was dissolved in 500 mL THF, and 4 g of 10 % w/w Pd/C catalyst was 
added. The flask was filled with hydrogen (H2) in three consecutive steps of subsequent 
evacuation and refilling with H2 and the reaction mixture was stirred overnight under an 
H2 pressure. Next, Pd/C was removed by filtration and THF was removed by evaporation. 
The obtained polymer was then dissolved in 5 mL chloroform and precipitated in 200 mL 
n-propanol and vacuum dried after filtration to yield 3.0 g of pLHMGA (90%).
The molar ratio of BMMG and d,l-lactide in pLBMGA (protected polymer) was calculated 
from the NMR spectrum and was 34/66, which is close to feed ratio (35/65). In pLHMGA 
(deprotected polymer), the ratio remained the same, (34/66). DSC analysis showed that both 
pLBMGA and pLHMGA were fully amorphous with a Tg of 39°C and 50°C, respectively, in 
agreement with previously published data [2]. Molecular weight analysis by GPC showed 
that the number average molecular weight of pLHMGA (13.3 kDa) was close to the aimed 
molecular weight based on monomer-to-initiator molar ratio (14.8 kDa) implying that the 
backbone of the polymer was kept intact after hydrogenation. The polymer characteristics 
are summarized in Table S1.
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Table S1. Characteristics of pLHMGA

pLBMGA pLHMGA 

Monomer
/initiator
Molar 
ratio

BMMG/
d,l-

lactide 
molar 

ratio in 
feed

NMR GPC DSC
Yield 
(%)

Target
Mn 

(kDa)

NMR GPC DSC

Yield 
(%)BMMG/

d,l-
lactide
molar 
ratio

Mn 
(kDa)

PDI
Tg

(°C)

HMG*/
d,l-

lactide
molar 
ratio

Mn 

(kDa)
PDI

Tg

(°C)

100 35/65 34±1/ 
66±1

13.6± 
0.8

2.00± 
0.06 39±1 95±4 14.8 34±1/ 

66±1
13.3± 
2.2

1.90± 
0.19 50±1 87±12

*HMG: Hydroxymethylglycolide; BMMG after removal of benzyl groups. 

Figure S2.The isoelectric point (pI) of the HPV SLP was obtained from the following website: http://
pepcalc.com/peptide-solubility-calculator.php
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Figure S3.Tumor growth curves in tumor bearing mice receiving different therapeutic treatments. 
Wild-type C57BL/6 mice were inoculated with TC-1 cells and when tumors were palpable (0.5-3 
mm3), mice were either left untreated or were s.c. vaccinated in the opposite flank with formulations 
consisting of HPV SLP with or without TLR3 ligand (poly IC) formulated in NPs or in IFA and boosted 
14 days later. The mice were sacrificed when the tumor volume reached 1000 mm3 or in case of 
ulceration. Each line represents one mouse. Numbers in the top left corner indicate mice succumbed 
to tumor burden of all mice in that group at end of experiment. 5-10 mice per group were used. Data 
is representative of two independent experiments.
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Abstract
This study investigated the feasibility of the use of polymeric microparticles for sustained and 
local delivery of immunomodulatory antibodies in immunotherapy of cancer. Local delivery 
of potent immunomodulatory antibodies avoids unwanted systemic side effects while 
retaining their anti-tumor effects. Microparticles based on poly(lactic-co-hydroxymethyl-
glycolic acid) (pLHMGA) and loaded with two distinct types of immunomodulatory 
antibodies (CTLA4 antibody blocking inhibitory receptors on T cells or CD40 agonistic 
antibody stimulating dendritic cells) were prepared by double emulsion solvent evaporation 
technique. The obtained particles had a diameter of 12-15 µm to avoid engulfment by 
phagocytes and were slightly porous as shown by SEM analysis. The loading efficiency of 
the antibodies in the microparticles was >85%. The in vitro release profile of antiCD40 
and antiCTLA4 from microparticles showed a burst release of about 20% followed by a 
sustained release of the content up to 80% of the loading in around 30 days. The therapeutic 
efficacy of the microparticulate formulations was studied in colon carcinoma tumor model 
(MC-38). Mice bearing subcutaneous MC-38 tumors were treated with the same dose of 
immunomodulatory antibodies formulated either in incomplete Freund’s adjuvant (IFA) or in 
microparticles. The antibody-loaded microparticles showed comparable therapeutic efficacy 
to the IFA formulation with no local adverse effects. The biodegradable microparticles were 
fully resorbed in vivo and no remnants of inflammatory depots as observed with IFA were 
present in the cured mice. Moreover the microparticles exhibited lower antibody serum 
levels in comparison with IFA formulations which lowers the probability of systemic adverse 
effects. In conclusion, pLHMGA microparticles are excellent delivery systems in providing 
long-lasting and non-toxic antibody therapy for immunotherapy of cancer. 

Keywords: pLHMGA, Immunomodulatory antibody, CTLA4-blocking antibody, AntiCD40, 
Cancer immunotherapy, Sustained release, Local delivery, Incomplete Freund’s adjuvant (IFA)
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1. Introduction
Immunotherapy has been established as a groundbreaking approach to treat cancer [1]. As 
opposed to conventional cancer treatment strategies which employ methods to eliminate all 
rapidly proliferating tumor cells, immunotherapy aims to use the immune system to attack 
the target of interest with high specificity and low toxicity [2-4]. Immunotherapy of cancer 
embraces several strategies, including application of immunomodulatory antibodies as 
monotherapy in the treatment of malignancies [5,6]. These antibodies do not directly target 
cancer cells but instead aim to induce and enhance immune responses against the tumor, 
particularly by CD8+ T cells which are crucial for tumor eradication [7]. The mode of action 
of such indirectly acting or immunomodulatory antibodies can be inhibitory or stimulatory, 
depending on the role of their target in the anti-tumor immune response. Check-point 
blocking antibodies such as antagonistic antiCTLA4 have been developed to block inhibitory 
receptors expressed on T cells [8-10]. Other antibodies such as agonistic antiCD40 function 
at an earlier phase of the immune response by activating antigen presenting cells (APCs) 
including dendritic cells (DCs) which are responsible for the activation of tumor-specific 
CD8+ T cells by cross-presentation of tumor antigens [11].
The cytotoxic T lymphocyte-associated antigen 4 (CTLA4) is one of the key inhibitory 
receptors expressed by activated CD4+ and CD8+ T cells as well as by memory and 
regulatory T cells [12], and is responsible for “pushing the brake” of the immune system 
[13,14]. CTLA4 has a high affinity for CD80 and CD86 on APCs and competes with CD28, 
a major co-stimulatory signal required for T cell activation, for binding to these ligands. 
Binding of CTLA4 to its natural ligands, CD80 and CD86 on APCs, results in decreased 
cytokine production and T cell proliferation [15]. The inhibitory role of CTLA4 is crucial to 
maintain the balance of the immune system and to prevent autoimmunity, whereas cancer 
immunotherapy aims to reverse the CD8+ T cell inactivation [16]. To overcome the effect of 
inhibitory immune regulators, CTLA4 blocking antibodies have been developed as potential 
anticancer agents [9,17-20].
CD40 is a receptor on APCs as well as on several other cells and binds to its ligand 
(CD154-also called CD40L) on activated CD4+ Th cells [21]. The CD40-CD40L interaction 
is essential for maturation of DCs (up-regulation of co-stimulatory molecules, increased 
secretion of cytokines) and consequently for CD8+ T cell priming and induction of CD8+ 
T cell response [22]. Earlier studies have shown that the CD40L signal from CD4+ Th cells 
can also be provided by agonistic antiCD40, encouraging their use for the induction of a 
robust T cell response [23]. Despite the promising results obtained with clinical trials using 
immunomodulatory antibodies in advanced stage cancer patients [18,24], after systemic 
administration, immune related adverse effects such as autoimmune and inflammatory 
reactions and cytokine release syndrome have been observed [20,25-30]. To minimize these 
adverse effects, Fransen et al. used Montanide ISA 51 to prepare a sustained-release water-
in-oil emulsion for local delivery of an agonistic CD40 antibody in a preclinical mouse model. 
Unlike systemic antibody administration, this allowed local treatment with a lower dose of 
antibody, abrogating systemic toxicity while remaining effective in activating T cells [31,32]. 
In a study the effect of different administration methods on anti-tumor efficacy and toxicity 
of antiCD40 was evaluated in adenovirus protein E1A-expressing tumor-bearing mice. It 
was shown that the antitumor efficacy of 30 µg antiCD40 administered locally either in 
saline or Montanide was comparable to 3 consecutive intravenous injections of 100 µg 
antiCD40 (survival 70-80%) while single intravenous injection of 30 µg antiCD40 showed 
minimal tumor growth reduction (survival 30%). In addition, local treatment with low dose 
of antiCD40 resulted in lower toxicity than high dose intravenous treatment and sustained 
release formulation of antiCD40 in Montanide caused the lowest adverse effects, which was 
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characterized by organ histology and liver enzymes in the blood [32].
Montanide ISA 51 is a commercially available mixture of light mineral oils (similar to 
incomplete Freund’s adjuvant (IFA)) with mannide monooleate (as surfactant) and has been 
used extensively in clinical trials [30,33]. Nevertheless, administration of Montanide ISA 51–
based emulsion and similar formulations has been associated with several side effects such 
as inflammation and swelling, painful granulomas at the injection site, fever, cysts and sterile 
abscesses [34]. In order to provide a safe formulation for local delivery of immunomodulatory 
antibodies, microparticulate formulations loaded with CTLA4 blocking antibody and 
CD40 agonistic antibody were developed in this study using the biodegradable polymer 
(poly(d,l lactic-co-hydroxymethylglycolic acid) (pLHMGA)). Although similar in backbone 
to pLGA, pLHMGA possesses pendant hydroxyl groups which increase the hydrophilicity 
of the polymer. This results in less acidification inside the particles upon degradation and 
protects the protein/peptide from chemical modification [35,36]. As a result pLHMGA and 
similar hydrophilic polymers have shown better protein/peptide compatibility and complete 
release of encapsulated proteins/peptides as compared to pLGA [36-38]. Moreover, these 
polymers have been successfully used locally as antigen or drug delivery systems in vivo 
without showing toxicity [39,40]. In the present study, first, pLHMGA microparticles were 
optimized using - for economic reasons - polyclonal human IgG, to obtain a formulation with 
the desired particle size and antibody release profile. Because these particles were intended 
for local and sustained release of the antibody and not to be taken up by e.g. macrophages, 
the desired particle size should be larger than 10 µm [41]. Next, based on experience with 
the IgG formulations, antiCD40 and antiCTLA4 loaded microparticles were prepared and 
characterized. The anti-tumor efficacy of the obtained microparticles was compared with 
that of IFA formulations in tumor-bearing mice.  Antibody serum levels were monitored 
during treatment for potential systemic toxicity and the site of injection was studied for 
local reactions. 

2. Materials and Methods
2.1. Materials
Poly(lactic-co-hydroxymethyl glycolic acid) (pLHMGA) with a copolymer ratio of 50/50 was 
synthesized and characterized as described previously [40,42] (Supplementary Figure 
S1 and Table S1). IRDye680RD N-hydroxysuccinimide ester (NHS ester) was obtained 
from LI-COR Biosciences, USA. Polyclonal human IgG (50 mg/mL in glucose 5%) was a gift 
from Sanquin, the Netherlands. Polyvinyl alcohol (PVA; Mw 30,000-70,000; 88% hydrolyzed) 
and dimethyl sulfoxide (DMSO) were obtained from Sigma-Aldrich, USA. Sodium dihydrogen 
phosphate (NaH2PO4) and disodium hydrogen phosphate (Na2HPO4) were obtained from 
Merck, Germany. Dichloromethane (DCM) was from Biosolve, the Netherlands. Sodium 
azide (NaN3, 99%), sodium hydroxide (NaOH), dipotassium hydrogen phosphate (K2HPO4) 
and sodium dodecyl sulfate 20% (SDS) were purchased from Fluka, the Netherlands. 
Bicinchoninic acid assay (MicroBCA) reagents were obtained from Thermo Fisher Scientific, 
USA. Phosphate buffered saline (1.8 mM NaH2PO4, 8.7 mM Na2HPO4, 163.9 mM Na+, 
140.3 mM Cl-, pH 7.4) (PBS) was obtained from B Braun, Germany. Pyrogen-free water 
was obtained from Carl Roth, Germany. Polyclonal anti-rat antibody (BD biosciences, USA) 
was used for analysis of antiCD40 by ELISA and antiCTLA4 was analyzed by biotin-labeled 
mouse anti-hamster antibody (clone 192-1) (BD biosciences, USA). Chemicals were used as 
received without further purification, unless otherwise stated.

2.2. Labeling IgG with NIR fluorescent dyes
Given the limited availability of immunomodulatory antibodies, human IgG was used as a 
model antibody to optimize the pLHMGA microparticle formulations. In order to accurately 
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characterize the release kinetics of the formulations, IgG was labeled with IRDye680RD 
(IR680) by coupling the NHS ester of the dye to the protein. In a typical procedure, the 
medium in which the IgG was provided (50 mg/mL in glucose 5%) was exchanged to PBS 
(B Braun, Germany, pH 7.4) using a Zeba™ spin desalting column (7 kDa, Thermo Fisher 
Scientific, USA). Next, the pH of the antibody solution was adjusted to 8.5 by adding 0.1 mL 
of K2HPO4 1 M pH 9.0 to 1 mL of IgG in PBS. The IRDye680RD NHS ester was dissolved 
in DMSO (4 mg/mL) and 0.67 mL of this solution (2.7 mg of the dye) was added to the IgG 
solution yielding 2:1 molar ratio of dye/IgG. The reaction was carried out at room temperature 
for 2 h. The unreacted dye was subsequently removed using Zeba™ spin desalting columns 
(7 kDa) equilibrated with HEPES buffer 50 mM pH 7.0 in two consecutive steps and IR680-
IgG was collected in HEPES buffer and kept at 4°C. IR680-IgG was characterized by gel 
permeation chromatography (GPC) as described previously [40].

2.3. Preparation of the microparticles
IR680-IgG loaded microparticles were prepared using a double emulsion solvent evaporation 
method [37,43]. One hundred and twenty five µL of 5 mg/mL IR-IgG in HEPES 50 mM pH 
7.0 was emulsified in 0.5 ml of solution of pLHMGA (10%, 15%, 20% and 30%) in DCM 
by homogenization (IKA® T10 basic Ultra-Turrax, Germany) at 20,000 rpm for 45 s. This 
primary emulsion was subsequently emulsified in 1 mL aqueous solution of PVA 1% (20,000 
rpm for 45 s) and transferred into 5 mL of PVA 0.5% in 0.9% NaCl in water.  After evaporation 
of DCM (3 h, RT), the particle suspension was centrifuged at 3000 g for 3 min and the pellet 
was washed twice with pyrogen-free water and freeze-dried overnight. Immunomodulatory 
antibody loaded microparticles were prepared by the same method using 125 µL antiCD40 
(5 mg/mL in HEPES 50 mM pH 7.0) or antiCTLA4 (3 mg/mL in HEPES 50 mM pH 7.0) 
and polymer concentration of 15%. Empty microparticles were prepared using polymer 
concentration of 15% and by replacing the antibody solution with pyrogen-free water.

2.4. Characterization of the microparticles
2.4.1. Size and morphology of the microparticles
The average size of the microparticles dispersed in water was measured using a light 
obscuration particle counter (Accusizer 780, USA).
The morphology of the microparticles was studied by scanning electron microscopy (SEM)
(Phenom, FEI, the Netherlands). Freeze-dried microparticles were transferred onto 12-mm 
diameter aluminum specimen stubs (Agar Scientific Ltd., England) using double-sided adhesive 
tape and prior to analysis were coated with a 6 nm platinum layer using sputter coater.

2.4.2. Antibody loading in the microparticles
The loading efficiency of antibodies in the microparticles was determined by measuring the 
antibody content of digested microparticles [44]. In brief, around 5 mg of microparticles 
(accurately weighed) was dissolved in 0.5 mL DMSO. After complete dissolution, 2.5 mL of 
50 mM NaOH containing 0.5% (w/v) SDS was added and the samples were incubated at 
37°C overnight to accelerate the degradation process. For IR680-IgG loaded microparticles, 
the amount of antibody in the resulting solution was determined based on the IR680 label 
using an Odyssey™ scanner (LI-COR Biosciences, USA) at the 700 nm channel for IR680 
and calibration was done using IR680-IgG (0.4-12.5 µg/mL) in DMSO:NaOH 50 mM/SDS 
0.5% (1:5). The amount of antiCD40 and antiCTLA4 in microparticles was quantified by 
MicroBCA protein assay kit and calibration was done using 2-40 µg/mL of antibody solution 
in DMSO:NaOH 50 mM/SDS 0.5% (1:5). 
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2.4.3. In vitro release of antibodies from microparticles
Ten to twenty mg of freeze-dried antibody-loaded microparticles was accurately weighed 
and suspended in 1.5 mL of phosphate buffered saline pH 7.4 (49 mM NaH2PO4, 99 mM 
Na2HPO4, 6 mM NaCl and 0.05% (w/v) NaN3). Samples were incubated at 37°C under mild 
agitation.  At different time points, samples were centrifuged (2000 g for 2 min) and 0.75 mL 
of the supernatant was replaced by 0.75 mL of buffer. The supernatants were kept at 4°C 
before quantification. The protein content in the supernatant of samples containing IR680-IgG 
loaded MPs was measured with an Odyssey™ scanner using the 700 nm channel to detect 
IR680-IgG. Calibration was done using IR680-IgG in PBS (0.19-25 µg/mL). Quantification 
of antiCD40 and antiCTLA4 was done using the intrinsic fluorescence of the antibody 
(excitation 280 nm and emission 345 nm) and calibration was done with the corresponding 
antibody in PBS (1.5-50 µg/mL).

2.5. Experimental animals and cell lines
The experiments were approved by the Animal Experimental Committee of the University 
of Leiden. C57BL/6 mice were purchased from The Jackson Laboratory, USA. The FGK-45 
hybridoma cells producing antiCD40 (a rat IgG2a provided by A. Rolink, Basel Institute for 
Immunology, Basel, Switzerland) [45] and hybridoma cells producing antiCTLA4 (a Syrian 
hamster IgG, clone 9H10) [13] were cultured in Protein-Free Hybridoma Medium (Gibco), 
and antibodies were purified using a Protein G column. Antibody purity was checked by 
SDS-PAGE.

2.6. Detection of IgG in sera of mice following administration of IR680-IgG 
loaded microparticles 
IR680-IgG loaded microparticles (Formulation 2) were administered subcutaneously to non-
tumor bearing mice and at several time points after injection, blood samples were drawn 
from mice and IgG was detected by ELISA using Protein A coating (Sigma-Aldrich, USA) and 
HRP conjugated goat-anti human IgG (Southern Biotech, USA).

2.7. Tumor experiments with immunomodulatory antibody- loaded 
microparticles and serum analysis
MC-38 tumor cells (murine colon carcinoma cell line) [46] were cultured in Iscove’s Modified 
Dulbecco’s Medium (IMDM; BioWhittaker) supplemented with 4% fetal calf serum (FCS), 
50 mM 2-mercaptoethanol, and 100 IU/mL penicillin/streptomycin. MC-38 tumor cells (105 
dispersed in 100 µL PBS) were injected subcutaneously into the right flank of 8 to12 week-
old female mice. Treatment was started when the tumors were palpable (6-10 days after 
tumor inoculation; tumor size 0.5-3 mm3), the tumor size was measured with calipers in three 
dimensions and mice were sacrificed when tumors size exceeded 1 cm3. Mice (14-18 per 
group) were either left untreated or were injected subcutaneously close to the tumor with 
30 µg antiCD40 or 50 µg antiCTLA4 in IFA (Dibco, USA) or encapsulated in microparticles. 
A group of 5 mice was treated with empty microparticles. IFA formulations were prepared 
by mixing the antibody in PBS at a concentration of 0.3 mg/mL for antiCD40 and 0.5 mg/mL 
for antiCTLA4 with IFA (1:1), and vortexing for 30 minutes to form a water-in-oil emulsion. 
The injected volume was 200 µL [34]. At several time points after administration of the 
formulations, blood samples were drawn from mice and antiCD40 and antiCTLA4 levels in 
serum were analyzed by ELISA.

2.8. Statistical analyses
All data were analyzed using GraphPad Prism 5.02 software. For tumor experiments Kaplan-
Meier survival curves were applied and the differences between survival curves were 
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analyzed by log-rank test. Antibody serum levels in different groups of mice were compared 
using two-tailed unpaired Student’s t test and p < 0.05 was considered statistically significant.

3. Results and Discussion
3.1. Characterization of IR680-IgG
To ensure accurate and sensitive detection of released antibody in in vitro studies, human IgG 
was labeled with IR680. IR680-IgG was obtained by coupling IR680 to IgG and was analyzed 
by GPC. Overlapping peaks corresponding to IgG (excitation 280 and emission 340 nm) and 
IR680 (excitation 672 and emission 694 nm) in the GPC chromatogram (supplementary 
Figure S2) of the purified IR680-IgG confirmed that the IR680 was indeed conjugated 
to IgG. No additional peaks (fluorescence detection) were observed, indicating that the 
free dye was completely removed by purification. Conjugation efficiency calculated by UV 
measurements showed an average molar dye/protein ratio of 1.4. 

3.2. Optimization of pLHMGA microparticulate formulations
Preparation and characterization of IR680-IgG microparticles
IR680-IgG loaded microparticles were prepared using a double emulsion solvent evaporation 
process as described in Section 2.3. In the current study, these antibody-loaded particles 
were designed for sustained delivery. Because the antibody must be released in the 
extracellular matrix and not inside the cells where it can be degraded in the lysosomes, 
the particles were designed to be large enough to prevent uptake by the mononuclear 
phagocyte system, which is able to uptake particles ranging from 0.5 to10 µm, with its most 
efficient uptake of around 2-3 µm [41,47]. Besides particle size, sustained and complete 
release of the antibody is essential in the development of an optimal formulation [48,49]. 
High burst release might result in high local and systemic concentrations which in turn 
might cause toxicity [50,51]. The particle preparation was therefore optimized to obtain 
particles that are larger than 10 µm and provide sustained release of the antibody.  Among 
several parameters involved in particle preparation, polymer concentration is a critical one 
which affects multiple characteristics of the microparticles, such as size, burst release, loading 
efficiency and duration of release [52]. The optimal formulation, with an appropriate particle 
size and fast release profile, was selected from 4 different IR680-IgG loaded pLHMGA 
microparticles, prepared by varying the polymer concentration from 10% to 30% w/v. The 
characteristics of these IR680-IgG loaded microparticles are summarized in Table 1. 

Table 1. Characteristics of the IR680-IgG loaded pLHMGA microparticles.

Formulation
Polymer 

concentration 
(%)

Volume-average 
particle size 

(µm)

Loading 
efficiency 

(%)
Loading 

%

1 10 12 86 1.09

2 15 15 74 0.62

3 20 18 86 0.54

4 30 25 100 0.42

For all formulations, volume-average particle size was > 10 µm. Further, when the polymer 
concentration in the DCM solution was increased from 10% to 30%, the average particle 
size increased from 12 to 25 µm. Particle size determinations obtained by light obscuration 
(Table 1) were confirmed through SEM analysis (Figure 1), which also revealed that 
microparticles were spherical and slightly porous. IR680-IgG was encapsulated in the 
microparticles with high loading efficiency (~80%). The loading efficiency increased with 
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increasing polymer concentration in the oil phase. Formulation1, prepared with the lowest 
polymer concentration (10%), showed a burst IR680-IgG release of around 35% followed 
by sustained release of antibody up to 90% by day 7. Formulation 2 and 3 exhibited a burst 
release (12% and 8% respectively) and a sustained release of IR680-IgG up to 75% of the 
loading in 35 days. Formulation 4 prepared with the highest polymer concentration (30%), 
showed very low burst release (1%) and at day 35, 50% of the loaded IR680-IgG was released 
(Figure 2). These observations are in agreement with earlier studies which showed that an 
increasing polymer concentration in the DCM solution and consequently a high viscosity of 
polymer solution resulted in an increase in both the particle size and the loading efficiency 
as well as retardation in release kinetics [52,53]. The burst release of IgG from the pLHMGA 
microparticles can be ascribed to the porosity of the microparticles. The burst release 
decreased with increasing polymer concentration (Figure 2). The high burst release of 
particles of Formulation 1, can be attributed to the high surface to volume ratio of these 
particles and low polymer density inside the microparticles which result in fast hydration 
of the particles and consequently rapid diffusion of protein from water-filled pores [53]. 
Nevertheless all formulations showed sustained release of the IR680-IgG due to polymer 
degradation [37]. The characteristics of the obtained microparticles are presented in Table 
1. Formulation 2 was chosen for further characterization because of its low burst as well 
as sustained release (up to 75% for 35 days in vitro) and relatively higher loading percentage 
comparing to Formulation 3 which showed similar release kinetics. 

Figure 1. SEM images of the IR680-IgG microparticles. Scale bar represents 10 µm.

Figure 2. In vitro release of IR680-IgG from microparticle formulations. The characteristics of the 
formulations are given in Table 1. Values shown are the average ± SD of three measurements.



Polym
eric m

icroparticles for sustained and local delivery of antiC
D

40 and antiC
T

LA
4 in 

im
m

unotherapy of cancer

95

  5

IR680-IgG serum levels in mice 
After subcutaneous injection of equal doses of IgG whether in PBS, emulsified in IFA or 
encapsulated in microparticles (Formulation 2), sera of mice were collected at several time 
points and the antibody levels were quantified by ELISA.  As depicted in Figure 3, subcutaneous 
injection of IgG dissolved in PBS resulted in high levels of serum IgG. Administration of 
IFA formulation resulted initially in lower concentrations than the PBS formulation but 
increased in time, resulting in comparable levels at day 6 post injection. Administration of 
IgG in microparticles was associated with at least 10 times lower serum concentrations than 
observed after administration of the soluble protein. This is likely due to the antibody being 
released locally in a controlled and sustained manner from the microparticles, reducing the 
risk of systemic toxicity. In the present study we were able to analyze the serum levels only  
for a limited time because on day 6 the levels were close to the detection limit of the ELISA 
assay (0.05 µg of human IgG/ml). It is therefore possible that the antibody was still released 
from the microparticles but it was below the detection limit. 
Possible formed mice anti-human antibodies were not analyzed since Figure 2 shows 
that most of the human IgG is released within the first two weeks which is too short for 
development of anti-human antibodies.

Figure 3. Antibody levels in serum after s.c. administration of 75 µg of IgG in various formulations in 
non-tumor-bearing mice. Samples were taken at regular intervals and the antibody levels in mice were 
measured by ELISA, N = 3 mice per group.

3.4. Preparation and characterization of antiCD40 and antiCTLA4 loaded 
microparticles
Based on the results obtained with the microparticles using the IR680-IgG as model 
antibody (section 3.3), immunomodulatory antibodies were encapsulated in microparticles 
using polymer concentration of 15% (Formulation 2, Table 1). This formulation was chosen 
because of its low burst release, high encapsulation efficiency and sustained release of the 
cargo in 21 days. The characteristics of the prepared microparticles are summarized in Table 
2. AntiCD40 and antiCTLA4 loaded microparticles were respectively around 12 and 15 µm 
in diameter, as measured by light obscuration. As shown by SEM, they were spherical and 
slightly porous (Figure 4). The loading efficiency of antiCD40 was 86% and of antiCTLA4, 
89%. As Figure 5 indicates, both microparticle formulations showed a 20% burst release 
(0.5 h) followed by sustained release, up to 80% of the loading in around 30 days. Though 
high burst release might be unfavorable in some sustained release formulations, the burst 
release observed with these formulations may be favorable in our study, achieving optimal 
therapeutic efficacy by providing a minimum therapeutic antibody level promptly after 
administration.
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Table 2. Characteristics of empty, antiCD40 and antiCTLA4 loaded pLHMGA microparticles. Data 
shown is the result of several (8-15) pooled batches.

Microparticle
formulations

Volume-average 
particle size (µm)

Loading 
efficiency 

(%)

Loading %

AntiCTLA4 15 ± 3 89 0.50

AntiCD40 13 ± 1 86 0.83

Empty 11 ± 4 - -

Figure 4. SEM images of the microparticles a) antiCTLA4, b) antiCD40 c) empty. Scale bar represents 
10 µm.

Figure 5. Sustained in vitro release of antibody from AntiCD40 microparticles and antiCTLA4 
microparticles. Antibody-loaded microparticles were dispersed in PBS and incubated at 37°C while 
agitated. At various time points, samples were taken and the released antibody was measured by 
intrinsic fluorescence of the antibody. Mean ± SD of three measurements is presented.

3.5. Serum levels in tumor-bearing mice after treatment with antiCD40 and 
antiCTLA4 formulations 
Sera of mice were collected at certain time points up to day 8 after administration of the 
immunomodulatory antibody formulations and quantified by ELISA. Following injection of 
antiCD40 loaded microparticles, a peak was reached in serum at day 3. Nevertheless, at all 
time points the level of antiCD40 antibody in the serum was lower than the antibody level 
detected following administration of IFA formulations. In case of antiCTLA4 microparticles, 
no peak was detected and antibody concentrations in blood were significantly lower (5-
10 times) than the levels detected after injection of antiCTLA4 IFA formulation up to day 
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6 (Figure 6). This is in agreement with the results obtained from administration of IgG 
microparticles in serum (Figure 3), indicating that subcutaneous injection of microparticles 
causes low antibody serum levels and thus likely prevents systemic adverse effects. To test the 
hypothesis that biodegradable sustained-release formulations can be used as an alternative 
to IFA, we assessed the injection site of pLHMGA microparticles and IFA emulsions at the 
end of the experiment in mice cured of their tumor. Sixty days after administration of the 
different antibody formulations, mice treated with IFA had a palpable lump at the injection 
site, which was confirmed by post-mortem examination (Figure 7a). In contrast, cured 
mice treated with pLHMGA microparticles showed no apparent remainder of the antibody 
formulation (Figure 7b). 
As mentioned in section 3.4, these microparticles were completely degraded after 30 days 
in vitro; thus it is reasonable to assume that the same would be true 60 days following 
subcutaneous injection, and indeed no residues were found. These finding are in agreement 
with previous studies, which have shown that the microparticles based on pLHMGA with 
similar characteristics degrade in 30-60 days both in vitro [43,54] and in vivo [39].

Figure 6. Antibody levels in serum after s.c. administration of various formulations in tumor-bearing 
mice. Samples were taken at regular intervals after treatment and the antibody levels in mice were 
detected by ELISA (*** p<0.001), N = 3 mice per group. Values shown are the average ± SD of three 
measurements.

3.6. Anti-tumor efficacy of antiCD40 and antiCTLA4 formulations 
To evaluate the therapeutic efficacy of the microparticulate formulations, mice were inoculated 
with MC-38 tumor cells and the antibody treatment was started when the tumors were 
palpable (0.5-3 mm3) and tumor outgrowth was monitored for 42-54 days after initiation 
of the treatment. Survival proportions of mice that received the different formulations are 
given in Kaplan-Meier plots (Figure 8). The majority (about 90%) of untreated mice were 
sacrificed before day 30 after antibody treatment while in mice treated with antiCD40, 
50% survival was observed at the end of the tumor experiment (day 54). The survival rate 
was comparable for both groups receiving antiCD40 encapsulated in microparticles or 
formulated in IFA as we have reported before [32]. A 40% survival rate was seen in mice 
treated with antiCTLA4 microparticles, and 30% survival was observed in mice treated 
with antiCTLA4 in IFA emulsion. Here again the therapeutic efficacy of microparticles and 
IFA formulation were comparable [31]. Treatment with empty microparticles showed no 
effect on tumor outgrowth and the survival of the mice treated with these microparticles 
was comparable with that of untreated mice (Supplementary Figure S3). This supports 
earlier studies which have shown the advantages of local and sustained delivery of antiCD40 
and antiCTLA4 as well as other immunomodulatory molecules in cancer treatment in 
comparison with systemic administration [31,32,55]. It has been shown that low doses of 
immunomodulatory antibodies are capable of inducing CD8+ T cell immune responses that 
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are as effective as systemic high doses without leading to the adverse effects associated with 
high antibody serum levels, such as autoimmune and inflammatory conditions. Therefore, local 
delivery of these antibodies is plausible and sustained-release formulations were developed 
to provide sustained delivery of the antibodies locally where they are needed [56]. IFA and 
similar vehicles have been widely used in preclinical studies as well as in clinical trials [57]. 
Though these vehicles differ in characteristics, they are used to formulate an emulsion (w/o 
in case of IFA and Montanide, or o/w in case of MF-59) containing the immunotherapeutic 
agent. This emulsion forms a depot and provides sustained release of the cargo. The 
challenges that emerge from using these formulations are the local and systemic adverse 
effects associated with the IFA formulations (as well as Montanide ISA 51) [58].  Alternatively, 
dextran microparticles containing antiCD40 have been used for this purpose in a preclinical 
study. These particles were successful in providing a sustained antibody release in vitro and 
in vivo, although they caused increased tumor outgrowth and local inflammation as well as 
ulcerating subcutaneous swelling [59]. Importantly, as the present study shows, pLHMGA 
microparticles loaded with antiCD40 or antiCTLA4 can result in efficient antitumor efficacy 
in a therapeutic setting in tumor-bearing mice comparable to IFA formulation but without 
causing adverse effects. This was expected because microparticles showed low antibody 
serum levels at early and late time points following administration in mice.

Figure 7. Post mortem examination of mice two months after treatment with immunomodulatory 
antibodies formulated in a) IFA or b) microparticles. LN: inguinal lymph node. SI: site of injection, 
Representative images of N = 4 mice per group injections.

Figure 8. Kaplan-Meier plot presenting the survival proportions of MC-38 tumor bearing-mice 
treated with different formulations containing antiCD40 or antiCTLA4. Pooled data from two 
experiments (N = 14-18 mice) are shown.
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4. Conclusion
This study shows that polymeric microparticles based on pLHMGA are capable of providing 
sustained delivery of encapsulated antibodies, and when administered locally and close to 
the tumor microenvironment, exhibit equal and efficient therapeutic efficacy as compared to 
IFA formulations. These biodegradable particles importantly display no local adverse effects. 
Moreover, low antibody serum levels at different time points suggest a strong limitation of 
systemic adverse effects. In conclusion, pLHMGA microparticles are attractive systems for 
local and sustained delivery of biotherapeutics.
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Appendix 
Supplementary data

Synthesis of copolymers of 3S-(benzyloxymethyl)-6S-methyl-1,4-dioxane-2,5-
dione with D,L-lactide (pLHMGA)
3S-(benzyloxymethyl)-6S-methyl-1,4-dioxane-2,5-dione (benzyloxymethyl-methylglycolide) 
(BMMG) was synthesized as described before [1]. A copolymer of D,L-lactide and BMMG 
(50:50 molar ratio) was synthesized via ring opening polymeriztion at 130°C using benzyl 
alcohol as initiator with a 100/1 monomer-to-initiator molar ratio and Sn(Oct)2 as catalyst 
(Figure S1). In a typical procedure, vacuum dried monomers (BMMG (2840 mg, 11.35 
mmol) and D,L-lactide (1630 mg, 11.35 mmol)) were introduced into a dry schlenk tube 
under a nitrogen atmosphere. Next, benzyl alcohol (24.5 mg, 0.226 mmol; 223.1 µL from 
a 109.8 mg/mL stock solution in toluene) and Sn(Oct)2 (45.9 mg, 0.113 mmol; 409.8 µL 
from a 112 mg/mL stock solution in toluene) were added. Toluene was evaporated under 
vacuum for 2 hours, the tube was closed and immersed into a preheated 130°C oil bath 
for 16 h while stirring. Next, the obtained polymer was dissolved in 10 mL chloroform and 
subsequently precipitated in 500 mL cold methanol to remove the unreacted monomers and 
to precipitate the polymer, which was collected by filtration and vacuum dried to yield 4.5 g 
(93%) poly (D,L-lactic-co-benzyloxymethylglycolic acid) (pLBMGA). Subsequently, pLBMGA 
was dissolved in 500 mL THF, and 5 g of 10 % w/w Pd/C catalyst was added. The flask was 
filled with hydrogen in three consecutive steps of subsequent evacuation and refilling with 
H2 and the reaction mixture was stirred for 16 hours under a H2 pressure. Next, Pd/C was 
removed using a glass filter and THF was removed by evaporation (Yield 90%). 

Figure S1.Synthesis of pLHMGA

The structure of the polymer was confirmed by 1H NMR spectroscopy and the ratio 
between the monomers (BMMG/D,L lactide) was calculated to be 46/54, closely matching 
the feed ratio. Next, the benzyl groups in pLBMGA were removed by hydrogenation in an 
overnight reaction with H2, to yield pLHMGA. The structure of pLHMGA and removal of 
protective benzyl groups were validated by 1H NMR spectroscopy. Random structure in 
pLBMGA and pLHMGA was confirmed by DSC. Both polymers were amorphous, with a Tg 
value of 36°C and 52°C, respectively, similar to values reported earlier [2]. The molecular 
weight of the synthesized polymers was analyzed by GPC, the number average molecular 
weight of pLHMGA was 10.2 kDa and the PDI was 1.75 which verified that there were no 
chain sessions in the hydrogenation step. The characteristics of the obtained polymers are 
summarized in Table S1.



104

   5

Table S1. Characteristics of synthesized polymers.

pLBMGA pLHMGA 

Monomer/
initiator 
Molar 
ratio

BMMG/ 
D,L-

lactide 
molar 

ratio in 
feed

NMR GPC DSC

Yield 
(%)

Target 
Mn 

(kDa)

NMR GPC DSC

Yield 
(%)

BMMG/ 
D,L-

lactide 
molar 
ratio

Mn 
(kDa)

PDI
Tg 

(°C)

HMG*/      
D,L-

lactide 
molar 
ratio

Mn 

(kDa)
PDI

Tg 
(°C)

100 50/50 46/54 14.3 1.89 36 93 14.8 48/52 10.2 1.75 52 90
* HMG: Hydroxymethylglycolide; BMMG after removal of benzyl groups.

Characterization of IR680-IgG
IR680-IgG was characterized by gel permeation chromatography (GPC) using a Waters UPLC 
Acquity system equipped with a fluorescence detector. Two channels were used: channel 1 
for detection of the protein (excitation at 280 nm and emission at 340 nm) and channel 2 
for detection of the IR680 signal (excitation at 672 nm and emission at 694 nm). Seven and 
a half μL of IR680-IgG (10 µg/mL in PBS) was injected onto a BEH450 SEC 2.5 µm column 
(Waters, USA). PBS was used as elution buffer and the flow rate was set at 0.25 mL/min. 
To calculate the dye/IgG molar ratio, the UV spectrum of the freeze-dried labeled IgG was 
recorded (Shimadzu 2450, Japan) and the absorbance values at 280 nm (A280) and 672 nm 
(A672) were used to calculate the degree of conjugation according to the following formula:

Dye/IgG is the molar ratio of IR680 to IgG and the molar extinction coefficient of IR680 
(εDye) is 165,000 M–1 cm–1 and the molar extinction coefficient of IgG (εIgG) is 210,000 M–1 
cm–1(according to the manufacturer)) .

Figure S2. GPC chromatogram of IR680-IgG after purification with a Zeba spin column (see section 
2.3).
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Effect of administration of empty particles on survival of MC-38 tumor-bearing 
mice

Figure S3. Kaplan-Meier plot presenting the survival proportions of MC-38 tumor bearing-mice 
treated with empty versus antiCD40-loaded microparticles. N = 4-8 mice per group, * = p < 0.05. 
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Abstract

The efficiency of a vaccine largely relies on its effective targeting to the antigen presenting 
cells (APCs), particularly to dendritic cells (DCs) as the most professional APCs.  Additionally, 
the vaccine should provide continuous delivery of antigens to achieve a strong immune 
response. To achieve this, various strategies have focused on encapsulation of antigens in 
particulate delivery systems. To evaluate the effect of particle size on internalization of 
particles in vitro, biodegradable nanoparticles (average size 300 nm) and microparticles (size 
1 and 2 µm) based on a hydrophilic polyester, poly(lactic-co-hydroxymethylglycolic acid) 
(pLHMGA) were prepared. These particles were compared for their ability to deliver a 
fluorescently labeled model antigen (Alexa488-ovalbumin) to murine dendritic cells in vitro. 
Flow cytometry studies revealed that nanoparticles showed higher cell binding and uptake 
upon incubation with DCs than microparticles. Co-localization studies using confocal laser 
scanning microscopy showed that upon incubation of DCs with nanoparticles, ovalbumin 
was released in the cytosol after 24 hours while microparticles mainly co-localized with 
the lysosomes. Our hypothesis is that in case of nanoparticles, the presence of ovalbumin in 
the cytosol suggests that the antigen can be cross-presented via MHC class I molecules to 
CD8+ T cells, to induce a cellular immune response. For cancer immunotherapy, cellular T 
cell responses are particularly desired. On the other hand, co-localization of microparticles 
with lysosomes can result in MHC class II antigen presentation and as a consequence in a 
weak cellular immune response. This introductory study shows the potential of pLHMGA 
particles for antigen delivery and suggests that future studies should focus on comparison of 
these particles in vitro and in vivo for their ability to present the antigen and induce antigen-
specific immune responses. 

Keywords: Particle uptake, pLHMGA, Dendritic cells, Microparticles, Nanoparticles
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1.Introduction
Efficient antigen presentation is one of the key initial steps in achieving an effective immune 
response.  Antigen presenting cells (APCs) have an important role in mediating between the 
innate and adaptive immune system. Dendritic cells (DCs), as the most professional APCs, 
are the primary targets of vaccine formulations [1]. Immature DCs constantly sample their 
environment for self- and foreign antigens including soluble antigens, particulate antigens as 
well as apoptotic cells which are internalized via several mechanisms. Antigen uptake and 
processing in the presence of co-stimulatory signals and cytokines result in maturation of 
DCs. Mature DCs subsequently migrate to the draining lymph nodes where the naïve T 
cells reside. The processed antigen is presented to CD8+ and CD4+ T cells through MHC 
class I and class II molecules, respectively, to establish an antigen-specific immune response 
[2]. Because of the essential role of DCs in the initiation of the immune response, many 
studies have focused on optimization of strategies to deliver vaccines by targeting DCs [3,4]. 
Particulate vaccine delivery systems have been developed to face the weak immunogenicity 
of soluble protein antigens [5-7]. Particles are internalized more efficiently and are able to 
promote/enhance antigen presentation via major histocompatibility complex (MHC) class 
I (also known as cross-presentation) which is essential for initiation of a T cell mediated 
immune response especially to fight cancer and viral infections [8]. Particles based on aliphatic 
polyesters such as poly(lactic-co-glycolic acid)(pLGA) are commonly used for delivery of 
different types of antigens such as proteins, peptides and nucleic acids with promising results 
in vivo [9]. However, there are some challenges facing the delivery systems based on pLGA 
as antigen delivery systems. Accumulation of acidic products of pLGA degradation (lactic 
acid and glycolic acid and their soluble oligomers) in the particles results in denaturation and 
aggregation of the loaded peptide/protein [10]. Additionally, peptides/proteins encapsulated in 
pLGA particles are susceptible to chemical modifications such as acylation [11]. These issues 
eventually result in incomplete release of the cargo from the particles, and immunogenicity 
against the loaded peptide/protein and other adverse reactions. In order to overcome 
these drawbacks, hydrophilic polyesters such as poly(lactic-co-hydroxymethyl glycolic acid) 
(pLHMGA) (Figure 1) have been developed [12].

Figure 1. Structure of pLHMGA

During degradation, no pH drop was observed inside the particles which protected the 
cargo against denaturation and chemical modifications [13,14]. Importantly, these polymers 
have shown good biocompatibility in vitro and in vivo upon subcutaneous injection [15]. 
pLHMGA NPs have been recently used as antigen delivery systems with ovalbumin as the 
model antigen. These particles drained to lymph nodes and efficiently presented the antigen 
both in vitro and in vivo [16]. In another study, pLHMGA NPs were used as a therapeutic 
cancer vaccine encapsulating human papilloma virus synthetic long peptide as antigen. These 
particles could significantly prolong the survival of TC1 tumor-bearing mice [17]. In vaccine 
delivery, the challenge is to develop a vehicle with optimal size that efficiently targets the 
antigen presenting cells and provides controlled and sustained intracellular release of the 
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antigen. Studies suggest that the size of the particles affects the mechanism via which DCs 
process the antigen, which in turn affects the immunological outcome of the antigen [18]. 
Therefore, it is of great interest to study the uptake and internalization of antigen-loaded 
particles with different sizes by the DCs, to design optimal vaccine delivery systems. In 
this study, pLHMGA was used for encapsulation of a fluorescently labeled model antigen 
ovalbumin (Alexa488-OVA) and nano- and microparticles with different sizes were prepared 
and compared in vitro in terms of binding and internalization, as well as localization in the 
DCs. 

2. Materials and Methods
2.1. Materials
Poly(d,l lactic-co-hydroxymethyl glycolic acid) (pLHMGA) with a copolymer ratio of 65/35 
(d,l lactide/benzyloxy methyl methylglycolide (BMMG)) was synthesized and characterized 
as described before [12]. Hexyn-poly d,l lactic acid (hexyn-pDLLA) was synthesized and 
diSulfo-Cy5 azide dye (Cyandye, USA) was coupled to this polymer as previously described 
[16].  Alexa488-OVA and Lysotracker red DND-99 were obtained from Molecular 
Probes, Life Technologies USA. Ovalbumin (Low endo) was purchased from Worthington, 
USA.3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium) (MTS) was purchased from Promega, USA. Polyvinyl alcohol (PVA; Mw 30000-
70000; 88% hydrolyzed), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) and 
2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI), paraformaldehyde (PFA) 
were obtained from Sigma-Aldrich, USA. Dichloromethane (DCM) was purchased from 
Biosolve, the Netherlands. Bicinchoninic acid assay (Micro BCA) reagents were obtained 
from Thermo Scientific Fischer, USA. Pyrogen-free water was purchased from Carl Roth, 
Germany. Phosphate buffered saline (1.8 mM NaH2PO4, 8.7 mM Na2HPO4, 163.9 mM Na+, 
140.3 mM Cl-) (PBS) was obtained from B Braun, Germany. Chemicals were used as received 
without further purification, unless otherwise stated. 

2.2. Preparation of the particles
OVA-loaded nano- and microparticles were prepared by a double emulsion- solvent 
evaporation technique as described before [16]. Preparation of particles was optimized in 
order to achieve three distinct sizes of nano- and microparticles. 

Nanoparticles
Fifty µL of OVA 10 mg/mL (containing 30% Alexa488 OVA) in pyrogen-free water was 
emulsified in 1 mL pLHMGA 5% w/v in DCM for 30 s (Labsonic P, B. Braun Biotech, Germany, 
20% amplitude) followed by sonication of this first emulsion in 2 mL PVA 1% in pyrogen-free 
water for 30 s. Next, the obtained double emulsion was transferred into 25 mL PVA 0.3% 
in pyrogen-free water and stirred for 2 h. After evaporation of DCM, the particles were 
harvested by centrifugation (20,000 g, 30 minutes) and washed with PBS and subsequently 
with pyrogen free water and freeze-dried overnight. 

Microparticles
For preparation of 2 µm particles, 100 µL of 10 mg/mL OVA (containing 30% Alexa488-OVA) 
in pyrogen-free water was emulsified in 1 ml of solution of 10% pLHMGA in DCM using a 
homogenizer (IKA® T10 basic Ultra-Turrax, Germany) at 30,000 rpm for 60 s. This primary 
emulsion was subsequently emulsified in 10 mL of PVA 2.5% to form the double emulsion. 
After evaporation of DCM, the particle suspension was centrifuged at 3000 g for 3 minutes 
and the pellet washed with PBS and subsequently with pyrogen-free water and freeze-dried 
overnight. 
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One µm particles were prepared using 5% pLHMGA in DCM and the primary emulsion was 
prepared by addition of 50 µL of 10 mg/mL OVA (containing 30% Alexa488-OVA) in pyrogen-
free water and mixing with ultra-turrax at 30,000 rpm for 60 s. To this first emulsion, 1 mL of 
PVA 1% in pyrogen free water was added and the double emulsion was prepared by mixing 
at 30,000 rpm for another 60 s. The double emulsion was subsequently transferred into 5 mL 
of PVA 0.5% in NaCl 0.9% and after evaporation of DCM, centrifugation was done at 5000 
g for 3 minutes and the pellet was washed similarly as described for the other particles and 
freeze-dried overnight.
Dual labeled NPs and MPs were prepared using the same method by addition of 1% w/w of 
Cy5-pDLLA (from a 10 mg/mL polymer solution in DCM) to the pLHMGA. 

2.3. Characterization of the particles 
2.3.1. Size, zeta potential and morphology of the particles 
Dynamic light scattering 
The size of nanoparticles was measured with dynamic light scattering (DLS) on an ALV 
CGS-3 system (Malvern Instruments, Malvern, UK) equipped with a JDS Uniphase 22 mW 
He-Ne laser operating at 632.8 nm, an optical fiber-based detector, and a digital LV/LSE-5003 
correlator. Freeze-dried nanoparticles were suspended in deionized water (RI = 1.332 and 
viscosity 0.8898 cP) and measurements were done at 25°C at an angle of 90°.

Light obscuration particle counter 
The average size and size distribution of the freeze-dried microparticles were measured 
using a light obscuration particle counter (Accusizer 780, USA). 

Zeta potential
The zeta-potential (ζ) of the particles was measured using a Malvern Zetasizer Nano-Z 
(Malvern Instruments, Malvern, UK) with disposable folded capillary cells. Freeze-dried 
particles were dispersed in 10 mM HEPES pH 7.0 and zeta potential was measured at 25°C 
and analyzed using DTS Nano 4.20 software.

Scanning electron microscopy (SEM)
The morphology of the particles was studied by SEM (FEI, XL30SFEG, USA for nanoparticles 
and Phenom, FEI, USA for microparticles). Freeze-dried particles were transferred onto 12-
mm diameter aluminum specimen stubs (Agar Scientific Ltd., England) using double-sided 
adhesive tape and were coated with 6 nm platinum prior to analysis. 

2.3.2. Loading efficiency and loading percentage in the particles 
The OVA loading efficiency of the microparticles was determined indirectly by measuring 
the non-encapsulated OVA in the external water phase and washing liquids. Calibration was 
done using 2-40 µg/mL of OVA in PVA and in water. Loading efficiency (LE%) is defined as 
the amount of OVA encapsulated in the NPs divided by the amount of protein added × 100%. 
Loading percentage (L%) is reported as the amount of OVA entrapped in the particles per 
total dry mass of the NPs × 100%.

2.3.3. Experimental cell lines 
D1 cells are GM-CSF dependent immature dendritic cell line derived from spleen of WT 
C57BL/6 (H-2b) mice [19]. Cells were cultured in Iscove’s Modified Dulbecco’s Medium 
(IMDM, Lonza) containing 8% fetal calf serum (FCS, Greiner), supplemented with 2 mM 
GlutaMax (Gibco) and 80 IU/mL sodium-penicillin G (Astellas, the Netherlands) for D1 cells, 
or supplemented with 100 IU/mL penicillin/streptomycin (Gibco), 2 mM glutamin (Gibco), 
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25 mM 2-mercaptoethanol.

2.3.4. Cytocompatibility (MTS assay)
CellTiter 96W AQueous Non-Radioactive Cell Proliferation Assay (Promega) was used to 
assess the cytocompatibility of Alexa488-OVA labeled and dual labeled particles. D1 cells 
were seeded into a 96-well plate at a density of 104 cell/well (100 µL in each well). Cells were 
allowed to attach by incubation in a CO2 incubator at 37°C overnight. Various formulations 
were added to the cells in triplicate with concentrations ranging from 7.8 to 500 µg/mL of 
particles. The cells were incubated for 24 h. Then, 20 µL of MTS reagent (combined MTS/
PMS solution at a ratio of 20 to 1- reagents provided in the assay kit) was added to each well 
and incubated for 2 h at 37°C in the cell incubator. Finally, the absorbance at 490 nm was 
measured using a microplate reader (Formazan bio-reduction by live cells).

2.3.5. In vitro binding and internalization study 
D1 cells were plated at a density of 105 cells per well in 96-well plates and grown overnight. 
The cells were incubated for different time points with Alexa488-OVA particles at a 
concentration of 100 µg/mL of particles at 4°C (for binding assay) or at 37°C (for binding 
and internalization assay). Soluble OVA (containing 30% Alexa488-OVA) was used as control. 
After incubation, the cells were washed thrice with cold medium and once with PBS to 
remove unbound particles. Samples were analyzed by a FACScalibur (Becton Dickinson, 
USA). A minimum of 10,000 events was collected and the data were analyzed by Cell Quest 
Pro analysis software (Becton Dickinson) by gating on the live cell populations. For technical 
reasons, Alexa488-OVA (single-labeled) particles were used for flow cytometry studies.

2.3.6.Confocal microscopy analysis of internalization and intracellular 
distribution of particles
D1 cells were plated at a density of 50,000 per dish in a Fluorodish (tissue culture dish with a 
10 mm glass coverslip (WPI, USA)) and were incubated overnight. Dual labeled nano- and 
2 µm microparticles were added to the cells at a final concentration of 20 µg/mL and 
incubated for different times. Next, cells were washed 2 times with cold PBS and fixed in 
PFA 4% for 30 min. After washing with PBS, the cells were stained with DAPI for 5 min and 
washed with PBS. Fluorescence images were acquired using Zeiss LSM 700 and analyzed with 
ZEN lite software. 

Co-localization studies
D1 cells were plated at a density of 50,000 per dish in a Fluorodish and incubated for 
2 h to adhere. Dual labeled nano- and microparticles were added to the cells at a final 
concentration of 20 µg/mL and incubated for 2 h or 24 h at 37°C. Lysotracker red and DAPI 
were added 2 h before imaging. Cells were washed 2 times with cold PBS and fluorescence 
images were acquired using Leica SPE II and analyzed by LAF AF Lite software. 

3. Results and discussion
3.1. Particle characterization
Particulate systems are extensively used as vaccine delivery systems and do offer great 
advantages over soluble antigens [8]. Nevertheless several variables (size, surface hydrophilicity 
and charge, the presence of targeting ligands, release characteristics etc.) need to be 
optimized for the development of particulate vaccine carrier systems. Particularly, several 
studies have reported on the effect of particle size on the vaccine-induced immune response 
without consensus on the optimal size [20]. These conflicting results are probably due to 
different design of studies using varying cell types [21-24] route of administration [7,25] and 
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antigen release kinetics [26,27]. Many studies have shown that nanoparticles smaller than 
500 nm are responsible for CD8+ T cell responses, whereas MPs (of 1 µm and larger) cause 
activation of CD4+ T cells that consequently results in a humoral immune response [7,20]. 
On the other hand there are reports that MPs of size 0.5-5 µm are successful in inducing 
a CD8+ T cell response [28,29]. In this study we prepared nano- and microparticles and 
compared their uptake by D1 cells. pLHMGA NPs and MPs loaded with Alexa488 OVA were 
prepared by a double emulsion-solvent evaporation method. This method has been widely 
used for encapsulation of hydrophilic molecules including protein antigens in polyester 
based particles [9,30-32]. Particles with or without the labeled polymer (Cy5-pDLLA) 
had comparable characteristics in terms of morphology, size and loading efficiency. Mean 
hydrodynamic diameter of the NPs measured by DLS was 380 nm with a PDI of 0.16-0.17 
(Table 1). The number average size of the MPs was approximately 1 and 2 µm with standard 
deviation of around 1.1-1.4. The SEM images revealed that the particles were spherical with 
a smooth surface (Figure 2). The loading efficiency of OVA in NPs was approximately 70%. 
For the 1 µm MPs the loading efficiency was higher and around 85%. Larger MPs of 2 µm 
showed a loading efficiency of 65%. The NPs showed a negative zeta potential of -24 mV. The 
zeta potential values of the 1 and 2 um MPs were -31 and-36 mV, respectively. These negative 
zeta potential values can be attributed to the carboxylic (COOH) end groups in pLHMGA 
(Figure 1) which are deprotonated in the HEPES buffer of pH 7.4.

Table 1. Characteristics of the OVA loaded particle

# 
Batch Labels

Polymer
concentration 
%

Size (nm)
PDI
(DLS)

Size (µm) ± 
STD DEV
Number-
average
(Accusizer)

Zeta 
potential
(mV)

Loading 
efficiency 
(%)

1 Alexa488 5 378-0.16 - -23 70

2 Alexa + Cy5 5 382-0.17 - -24 68

3 Alexa488 10 - 1.2 ± 1.0 -36 85

4 Alexa + Cy5 10 - 1.3 ± 1.1 -36 83

5 Alexa488 10 - 2.5 ± 1.6 -36 66

6 Alexa + Cy5 10 - 2.1 ± 1.4 -31 61

   

Figure 2. NPs and MPs (2 µm) loaded with OVA

3.2. Cytocompatibility 
To assess the cytocompatibility of various particles, D1 cells were incubated with Alexa488-
OVA and dual labeled particles (concentration from 7.8 to 500 µg/mL) for 24 h at 37°C. 
Control groups consisted of D1 cells and D1 cells incubated with soluble OVA corresponding 
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to the amounts of OVA in the particles (50- 4250 ng/mL). Figure 3 shows that the viability 
of D1 cells incubated with NPs and MPs was comparable to the controls (approximately 
90%) which showed the good cytocompatibility of these particles. These results are in line 
with previous studies confirming the cytocompatibility of pLHMGA particles [15-17].

Figure 3. Cell viability of the D1 cells after 24 h incubation with NPs or MPs (7.8-500 µg/mL) using 
MTS assay.

3.3. Study of Binding and uptake of NPs and MPs by DCs
Binding of the NPs and 1 and 2 µm MPs to D1 cells and their subsequent internalization 
was studied using flow cytometry (Figure 4) and confocal microscopy (Figure 5). Soluble 
Alexa488-OVA used as control showed negligible binding at 4°C as well as very limited 
binding/internalization at 37°C. This result is in agreement with various studies demonstrating 
that soluble antigens are poorly taken up by the DCs [33-36]. In flow cytometry studies, 7% 
of D1 cells were positive for Alexa488-OVA after 4 h incubation with NPs incubated at 4°C 
while MPs showed negligible cell binding up to 4 h. The binding and uptake study performed 
at 37°C showed that almost all the D1 cells were associated with / had taken up the NPs 
after 24 h while MPs of 1 and 2 µm exhibited less cell association/uptake. Interestingly, 
DCs showed less internalizing of the 2 µm MPs than the 1 µm MPs. These results are in 
agreement with previous studies of pLGA particles which showed that 300 nm NPs were 
more efficiently taken up by DCs as compared to 1 µm MPs [7]. 

Figure 4. Binding and uptake of NPs / MPs by D1 cells. D1 cells were incubated at 37°C for 1, 4 and 24 
h with 100 µg/mL of NPs and MPs followed by extensive washing. The Alexa488 signal (representative 
of OVA) was analyzed by flow cytometry. The percentage of Alexa-488 positive D1 cells is presented. 
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Confocal microscopy studies were performed using dual labeled NPs and 2 µm MPs as it 
was observed that there was no considerable difference between the binding and cell uptake 
of 1 and 2 µm MPs (Figure 4). Limited numbers of internalized NPs were observed after 
10 min of incubation while no MPs were taken up.  After 1 h incubation both the Alexa488 
and Cy5 signals of NPs and MPs were visible inside the cells (Figure 5). Co-localization 
of the two signals was visible as yellow to orange points, however there was no complete 
co-localization of the two labels, which can be explained by the weak signal of Alexa488. 
Further, increasing uptake by D1 cells was observed with longer incubation time for both 
NPs and MPs. The fluorescence signals (both Cy5 and Alexa488) were monitored in time 
for NPs and MPs. Since the dye density on NPs was different from that of MPs, the signals of 
MPs could not be compared with those of NPs; instead the kinetics of the particle uptake 
was studied. MPs showed a more gradual trend in their uptake process by D1 cells during 
the 24 h as compared to NPs (Figure 6). Importantly, after 24 h of incubation with MPs, the 
Alexa488 (green) and Cy5 (red) signal were mainly co-localized (Figure 4A) showing that a 
small dose of the loaded amount Alexa488-OVA was released from the MPs. In contrast, in 
case of NPs, the Alexa488 signal was detectable all over the D1 cell and it co-localized with 
Cy5 (Figure 4B) which suggests that OVA was (at least partially) released from NPs. This 
was also confirmed when D1 cells were incubated with Alexa488-OVA-loaded NPs and 2 
µm MPs and the co-localization with lysosomes was studied using Lysotracker Red (Figure 
7). After 24 h incubation, staining with Lysotracker Red showed distinct lysosomes. Overlay 
of the red (lysosome) and green (OVA) signals showed a high level of co-localization of the 
two colors (yellow color) in DCs incubated with MPs, while NPs were detected both in the 
lysosomes and the cytosol which confirmed that the part of the released antigen was indeed 
present in the cytosol. This shows that the OVA was released from the NPs and had escaped 
from the lysosomes.

Perspectives and future studies
Upon internalization (mainly by endocytosis or micropinocytosis), antigen-loaded particles 
can be processed and presented via different pathways. If they remain in the endo-lysosomes, 
the particles can release the loaded antigen which after processing will be presented on 
MHC class II to CD4+ T cells. Upon activation, CD4+ T cells differentiate into Th cells 
[37]. On the other hand, the particle/antigen can escape from the endosomes resulting in 
their presence in the cytosol where the antigen will be processed by proteosomes and 
mount on MHC class I molecules and be presented to CD8+ T cells and initiate a cellular 
immune response [38]. However endosomal escape is not the only mechanism that can 
result in cross-presentation. Vacuolar pathway of cross-presentation involves localization of 
antigen/particles with endosomal compartments containing cathepsin S. Upon degradation 
of antigen by catepsin S, the processed antigen will be cross-presented to CD8+ T cells 
[39]. Some studies have investigated the effect of particle size on the cross-presentation 
pathways. One study showed that cross-presentation of 800 nm NPs was proteosome-
dependent and governed by endosomal escape, while cross-presentation of bigger particles 
(3 µm) was via vacuolar pathway [40]. In another study, 300 nm NPs strongly induced cross-
presentation and directed the immune response towards cellular (CD8+ T cell) responses 
while particles in the micrometer range were unsuccessful in inducing cross-presentation 
and caused humoral responses [7]. Interestingly, the NPs in our study escaped the endosome 
and were found in the cytosol (Figure 5 and 7). This suggests that pLHMGA NPs are 
more likely to cause antigen cross-presentation via MHC class I and induce a CD8+ T cell 
immune response. In contrast, the MPs were mainly in the lysosomes, where they are most 
probably to be presented via MHC class II which favors a humoral response. This should 
be evaluated in future studies by in vitro and in vivo antigen (cross-)presentation and T cell 
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proliferation assays. Further, in vitro particle degradation and antigen release as well as antigen 
co-localization studies in DCs would provide more insight into the role of particle size in 
antigen cross-presentation and immune response. 

Figure 5. Confocal microscopy for assessment of particle uptake by D1 cells. D1 cells were incubated 
with 20 µg/mL of A) NPs and B) 2 µm MPs. After fixation with PFA and staining with DAPI, confocal 
images were obtained at various time points between 0 and 24 h.
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Figure 6. Average fluorescence intensity in D1 cells upon incubation with double labeled NPs and (2 
µm) MPs obtained from confocal images.

Figure 7. Confocal images of D1 cells incubated with 20 µg/mL of A) NPs and B) 2 µm MPs (loaded 
with Alexa488-OVA) for 24 h and stained with Lysotracker Red to visualize the lysosomes and DAPI 
(Blue) to visualize the nucleus (scale bar, 10 µm). 

The charge of particles also affects their uptake and it has been shown that positively charged 
particles are more efficiently taken up by the cells in vitro [41], nevertheless negatively 
charged particles are more successful in draining to the lymph nodes upon subcutaneous 
administration [42,43] where large populations of DCs reside in lymph nodes. This could 
likely be due to the fact that negatively charged particles are not taken up by other (non-
professional antigen presenting) cells and therefore freely drain to the lymph nodes [43]. 
Additionally, it has been reported that pLGA particles with a negative zeta potential could 
facilitate the endosomal escape [44]. Future work should focus on in vitro co-localization 
studies using pLHMGA particles with different surface charges. 
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Finally, comparing the volume and loading of the MPs and the NPs, and the results of the 
present study, the dose of antigen delivered to the D1 cells by one MP is considerably 
higher (~300 times) than for a single NP. It should however be noted that 1- the amount 
of antigen delivered does not affect the cross-presentation pathway [40] and 2- Upon in 
vivo administration, the MPs do not drain freely to the lymph nodes but instead need to be 
taken up by DCs at the injection site and then transferred to the lymph nodes which will 
affect both the kinetics and the type of the immune response. Small NPs on the other hand, 
are capable of free drainage to the lymph nodes [45]. Lymph nodes are home to a great 
population of DCs and play a significant role in induction of T cell immune response [46,47] 
as well as T cell tolerance [48] and therefore have been suggested and an attractive target 
for cancer vaccination [49]. Altogether, it is speculated that the overall response of the MPs 
might be hampered by the weak uptake by the DCs and drainage to the lymph nodes. Yet, 
future studies are necessary to further evaluate the role of particle size on the antigen-
specific immune response.
 
4. Conclusion
pLHMGA NPs and MPs loaded with Alexa488-OVA were prepared and characterized for 
their cytocompatibility as well as in vitro binding and internalization by murine dendritic 
cells. The particles were incubated 24 h with D1 cells and showed no cytotoxicity even at 
the highest concentration tested. Binding and uptake studies showed that NPs are more 
efficiently taken up by the D1 cells after 24 h as compared to MPs. Confocal co-localization 
studies showed that after 24 h incubation of NPs with D1 cells, the antigen is detectable 
in the cytosol as well as in the lysosomes. This suggests that the antigen could possibly 
be presented in MHC class I to induce a CD8+ T cell immune response. In contrast MPs 
were co-localized mainly with lysosomes where they could most likely be processed and 
presented in context of MHC class II molecules, which does not per se result in a cellular 
immune response. This introductory study shows the potential and flexibility of particulate 
delivery systems as vaccine formulations. Future work should focus on in vitro and in vivo 
functional studies for characterization of type and strength of the immune responses. 
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Immunotherapy of cancer is a rapidly emerging and groundbreaking approach in cancer 
treatment that makes use of various immune-regulating macromolecules to fight cancer 
[1,2]. Among these immunotherapeutics are therapeutic peptides and proteins (including 
antibodies) and nucleic acids. These immunotherapeutic agents are sensitive to degradation 
by proteases and nucleases upon in vivo administration and therefore require multiple 
injections which in turn would increase the risk of toxicity. Furthermore, the complex tumor 
environment with multiple immunosuppressive mechanisms might result in tolerance which 
sabotages the success of immunotherapy [3,4]. Sustained release delivery systems based on 
biodegradable polymers have been developed to tackle these issues, particularly to increase 
the efficacy of the treatment and limit the toxicity. 
This thesis investigates two strategies towards using particulate carrier systems based 
on poly(lactic-co-hydroxymethylglycolic acid) (pLHMGA) in immunotherapy of cancer: 
therapeutic cancer vaccines and local delivery of immunomodulatory antibodies.

Cancer vaccines
Cancer vaccines usually comprise of tumor-specific antigens and adjuvants and intend 
to induce a strong and durable tumor-specific CD8+ T cell immune response capable of 
eradicating the tumor. Cancer vaccines target antigen presenting cells (especially dendritic 
cells, (DCs)), which are capable of processing and efficient antigen cross-presentation via 
MHC class I to CD8+ T cells [5,6]. 
Recently a new class of tumor antigens -synthetic long peptides (SLPs)- has been developed 
for cancer treatment. SLPs are usually 15-35 amino acid long and exhibit a very strong T cell 
response as compared to minimum peptide epitopes [7]. These minimum peptide epitopes 
(short peptides) can easily bind to MHC class I molecules on the surface of all nucleated cells 
(including DCS and macrophages) [8]. This direct binding causes a short-lived T cell response 
[9] and consequently leads to T cell tolerance and lack of immunological memory [10,11]. In 
contrast to short peptides, SLPs cannot directly bind to MHC class I molecules and therefore 
in order to present their epitope, they have to be taken up and processed by the DCs [8]. 
This takes away the possibility of direct binding of epitopes to MHC molecules. Importantly, 
SLPs are more efficiently processed by DCs and induce a stronger T cell immune response 
as compared to protein antigens [12]. Human papillomavirus (HPV) SLPs are among the 
SLPs that have been studied extensively in (pre)clinical models with promising results [13-
15]. However, upon administration, free SLPs can be degraded by peptidases and proteases 
before their uptake and formation of MHC-binding epitopes [16]. By encapsulation of SLPs, 
they are protected against enzymatic degradation, and this increases the stability of the 
vaccine, its uptake by DCs and therefore its efficacy [17].
Encapsulation of antigens and adjuvants in particulate systems can address many other 
challenges. Biodegradable polymeric particles offer controlled delivery of the components of 
the vaccines and ability to deliver large amounts of antigens and adjuvants as their uptake by 
cells is more efficient than soluble vaccines. Moreover, using particles, co-delivery of multiple 
antigens and adjuvants is possible. By co-encapsulating TLR ligands, a strong tumor-specific 
CD8+ T cell response can be achieved which is desired for cancer immunotherapy [18]. 
Active targeting of particulate cancer vaccines is possible by decorating the surface of the 
particles with various antibodies or targeting ligands to secure the delivery of the payload 
to the right cell [19]. Lastly, particles could decrease the risk of side effects as compared 
to soluble antigens or those formulated in commonly used water-in-oil (W/O) emulsions 
such as incomplete Freund’s adjuvant (IFA) and Montanide emulsions. W/O emulsions are 
prepared by emulsification of soluble antigen/adjuvant in a mixture of mineral oils and 
surfactants. However, these formulations are pharmaceutically not well-defined and therefore 
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antigen/adjuvant release kinetics are poorly reproducible. Moreover, their administration is 
associated with severe local side effects such as inflammation, granuloma, pain and swelling 
[15,20,21].

Immunomodulatory antibodies
Immunomodulatory antibodies enhance the anti-tumor immune response by altering the 
stimulatory or inhibitory signals on DCs and T cells [22-24]. The systemic administration of 
these antibodies in their soluble form has however been associated with severe toxicity and 
autoimmune reactions [25-27]. To overcome these drawbacks, sustained release formulations 
of these antibodies based on IFA or Montanide have been developed for local administration. 
However, as mentioned earlier in this chapter, W/O emulsions based on IFA or Montanide 
are associated with adverse effects and are therefore not the desirable formulations. 
Polymeric particles can provide safe and well-defined formulations with tailorable release 
kinetics. When aiming to release an immunotherapeutic agent locally, particles in micrometer 
range (>10 µm) are desired [28]. Such microparticles (MPs) will not be taken up by APCs 
and therefore they are able to deliver the cargo at the injection site without the therapeutic 
antibody being deactivated by APCs. Similar to NPs, co-delivery of multiple therapeutic 
agents is possible for MPs. 

Controlled release delivery systems based on aliphatic polyesters
Poly(lactic-co-glycolic acid) (pLGA) is an aliphatic polyester and is the most extensively used 
polymer for delivery of peptides and proteins [29,30], but there are several stability issues 
regarding encapsulation of these molecules in pLGA [31].
Acidification inside the particles upon degradation can induce chemical modification, 
aggregation and incomplete release of the payload which consequently is responsible for 
adverse effects and reduced efficacy [32]. To overcome this drawback of pLGA, in our 
department, a hydrophilic polyester, poly(lactide-co-hydroxymethyl glycolic acid) (pLHMGA) 
has been developed [33]. pLHMGA has been successfully used for encapsulation of various 
peptides and proteins [34-36]. Moreover, it was shown that upon degradation, pLHMGA 
shows no pH drop inside the particles and as a result less chemical modification and 
aggregation was observed. pLHMGA particles have shown complete release of their cargo 
and are therefore considered “protein and peptide friendly” [35-37]. In addition, these 
particles are biocompatible in vivo [38] and therefore were chosen as carrier systems in this 
thesis.
In this thesis, ovalbumin (OVA) loaded pLHMGA nanoparticles (NPs) were initially evaluated 
as model vaccines in vitro and in vivo with promising results. Encouraged by these results, 
a therapeutic cancer vaccine was designed based on human papillomavirus oncoprotein 
(HPV16 E7) which has shown promise in clinical trials [14,15]. A HPV SLP antigen derived 
from HPV16 E7, and poly IC (TLR3 ligand-adjuvant) were encapsulated in pLHMGA NPs 
and the therapeutic efficacy of the vaccine was evaluated in mice. For delivery of antibodies, 
pLHMGA MPs were loaded with antiCD40 and antiCTLA4 and the antitumor effects of 
these formulations were evaluated in tumor-bearing mice. Therapeutic efficacy of particulate 
formulations was compared to that of IFA emulsions in order to evaluate the particles as 
substitutes for IFA. 
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Chapter 1 gives an overview of clinically used cancer treatment modalities and briefly 
discusses the challenges in delivery of immunotherapeutics. Further the potential of 
biodegradable polymers as carriers for immunotherapeutics is addressed.

Chapter 2 reviews the application of particulate carrier systems based on aliphatic polyesters 
(particularly poly(lactic-co-glycolic acid)(pLGA)) in cancer immunotherapy. Delivery of 
immunotherapeutics is especially challenging due to sensitivity of these macromolecules to 
degradation in vivo, weak and short-lived immune responses and immune-suppression in the 
tumor environment that results in immunological tolerance. Particulate systems based on 
pLGA and similar polymers have great potential to overcome these challenges. In this review, 
important parameters for the design and development of a successful particulate delivery 
system are discussed. The effect of the immunotherapeutic agent, particle size, charge etc. 
and their effect on the type and magnitude of the immune response is reviewed and several 
examples of these systems for immunotherapy of cancer including cancer vaccines and 
immunomodulatory antibodies are given. 

The feasibility of the use of pLHMGA carrier systems was evaluated in Chapter 3 by 
encapsulating the model antigen ovalbumin (OVA) in pLHMGA NPs. To be able to track 
these particles in real time in vivo, two near-infrared dyes (NIR dye) were used to label 
OVA and the particles. To do so, an alkyne-bearing poly(d,l lactic acid) (alkyne-pDLLA) 
was synthesized and the azide-functionalized NIR dye was coupled to alkyne-pDLLA by 
click chemistry. NHS chemistry was used to label OVA with another NIR dye. The double 
emulsion-solvent evaporation technique was used to prepare spherical particles of 300-400 
nm (DLS measurements). The particles showed a low burst release followed by sustained 
release of OVA in 30 days up to approximately 70% of the loaded content. The low burst 
release observed with pLHMGA NPs is preferred because it avoids premature release of the 
antigen before being taken up by the DCs. In vitro studies on DCs showed cytocompatibility 
of both the empty and OVA loaded NPs and proved that the labeling does not cause toxicity. 
In vitro studies using Alexa647-OVA pLHMGA NPs showed that NPs were efficiently taken 
up by DCs after 16 hours incubation at 37°C. Subsequently the ability of the OVA NPs to 
cross-present the antigen to T cells was evaluated in vitro using OVA-specific B3Z hybridoma 
T cells. The obtained results showed a dose dependent and strong T cell activation induced by 
OVA NPs, while soluble OVA was not able to activate T cells even at high doses. Additionally, 
the dual labelled NPs were as efficient in T cell activation as the unlabeled NPs, again proving 
that labeling does not affect the ability of NPs to induce an immune response. To study the 
fate of the model nanoparticulate vaccine in vivo, dual labeled NPs were injected into the 
tail base of mice and the signals of two NIR dyes were monitored simultaneously for more 
than 14 days. OVA and NPs showed similar NIR signal patterns at the injection site as well 
as in the lymph nodes suggesting that the antigen is being transported mostly in the form 
of NPs. The clearance of NPs from the injection site and accumulation in the lymph nodes-
where the immune response initiates- was more gradual than soluble OVA protein. This 
prolonged supply of antigen to the lymph nodes secures a strong immune response which 
was observed in an in vivo T cell proliferation test performed by adoptive transfer of OT-1 T 
cells. OVA NPs showed superior antigen cross-presentation to OVA-specific CD8+ T cells in 
the lymph nodes and spleen as compared to soluble OVA. Taken together, this study showed 
the potential of pLHMGA NPs as antigen delivery systems for inducing cellular immune 
responses.

Encouraged by the results obtained by the study discussed in Chapter 3, we aimed to 
develop a therapeutic cancer vaccine based on pLHMGA NPs to treat HPV-induced cancer. 
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Many studies have focused on vaccination with minimal peptide epitopes of HPV16 E6 and E7 
oncoproteins with limited success. On the other hand, increasing the length of the peptide 
vaccines has resulted in development of synthetic long peptides (SLPs) which have shown 
promising results in preclinical studies as well as in clinical trials. These peptides have been 
commonly formulated in IFA. Administration of IFA formulations is associated with severe 
local and long lasting side effects. Therefore in Chapter 4 in order to develop a substitute for 
IFA emulsions, pLHMGA NPs loaded with a HPV SLP (derived from HPV16 E7 oncoprotein) 
with or without a toll like receptor 3 (TLR3) ligand (poly IC) were prepared. The particles 
were spherical with size around 400-500 nm (DLS measurements). The zeta potential of 
the HPV SLP NPs was negative due to the carboxylic acid end groups of the polymer. The 
HPV SLP + poly IC NPs showed an even more negative zeta potential which is likely due to 
surface associated negatively-charged poly IC molecules. The therapeutic efficacy of the NPs 
was compared to IFA emulsion in TC-1 tumor-bearing mice using a prime-boost vaccination 
regimen. The therapeutic efficacy of the NPs formulations containing HPV SLP and poly IC 
(either co-encapsulated or in soluble form) was comparable to that of HPV SLP and poly 
IC formulated in IFA. All formulations containing HPV SLP and poly IC (including NPs and 
IFA emulsion) significantly increased the survival of the tumor-bearing mice by three weeks. 
While HPV SLP NPs (without poly IC) delayed the tumor growth, they could not significantly 
prolong the survival of the mice. Survival of the mice treated with poly IC was comparable 
to that of the untreated group. In blood of mice 9 days after the prime dose, the population 
of HPV-specific CD8+ T cells was significantly enhanced when combined with poly IC 
either co-encapsulated with the antigen or in its soluble form and this HPV-specific T cell 
expansion in blood could successfully predict the outcome of the tumor study. Interestingly, 
no significant difference was observed between the effect of co-encapsulation of poly IC and 
co-administration of poly IC in the NPs. This could be due to the relatively high dose of the 
TLR ligand used that might have masked the expected superiority of the co-encapsulated 
TLR ligand as has been observed in previous studies. Nevertheless, administration of poly 
IC in soluble form can cause systemic toxicity and autoimmunity and is therefore not 
recommended. Subcutaneous administration of NPs -as opposed to IFA- did not show any 
adverse effects at the side of injection and therefore it was concluded that the (HPV SLP + 
poly IC) NPs are the preferred formulation since have the best safety profile among other 
formulations tested while exhibiting comparable therapeutic efficacy. 

In Chapter 5 the potential of the pLHMGA microparticles (MPs) was evaluated for 
local and sustained delivery of immunomodulatory antibodies. Given the important role 
of CD40-CD40L in DC activation and maturation and CTLA4 in immunosuppression, we 
chose two antibodies, antiCD40 and antiCTLA4 which were encapsulated in pLHMGA MPs. 
Because of the limited availability and laborious and costly preparation of the antibodies, 
the optimization of the formulation was done using polyclonal human IgG. This model IgG 
was labelled with a NIR dye to increase the sensitivity of quantification. In order to obtain 
a particle formulation suitable for local delivery of antibodies, we chose pLHMGA with a 
50/50 initial monomer ratio. This polymer contains 25% of the hydrophilic BMMG monomer 
and it was hypothesized that using a more hydrophilic pLHMGA would be more “antibody 
friendly”. Moreover it has been shown in previous studies that particles based on this 
polymer degrade in about 30 days, which is considered as a suitable timeframe to release 
an entrapped antibody for obtaining the desired antitumor effect. By altering the polymer 
concentration during particle preparation, different formulations were prepared and the 
size and morphology of the particles as well as IgG in vitro release kinetics were studied. It 
was observed that by increasing the polymer concentration from 10% to 30% the particle 
size increased from around 12 to 25 µm, sizes suitable to avoid unwanted uptake by antigen 
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presenting cells such as DCs and macrophages. The particles were spherical and IgG was 
encapsulated with high loading efficiency (>80%). Particles made with a polymer solution with 
a concentration of 10% showed the highest burst release (35% of the loading), followed by 
sustained release of the antibody up to 90% by day 7. An increase in polymer concentration 
resulted in decrease in burst release and a longer release time: the formulation made with 
polymer solution of 30% showed a burst release of only 1% and a sustained release of 50% 
of the loading in 35 days. The formulation prepared with polymer concentration of 15% 
showed a low burst release (12 %) but also a sustained release of the IgG up to 75% for 35 
days in vitro and because of the favorable release characteristics was selected for further in 
vivo studies. Equal doses of IgG in PBS, IFA or in MPs were administered subcutaneously to 
mice and the serum antibody levels were monitored in time. IgG dissolved in PBS resulted in 
high levels of serum IgG for 6 days. Upon administration of MPs antibody serum levels were 
at least 10 times lower than the soluble form for a duration of 6 days after administration. 
This was encouraging since the locally administered MPs indeed release IgG in a sustained 
manner and the serum levels are likely sufficiently low to avoid systemic toxicity. Next, 
antiCD40 and antiCTLA4 were loaded in the optimized formulation. These particles showed 
similar characteristics in terms of size, morphology, loading efficiency and in vitro release 
kinetics as those prepared using the polyclonal IgG. The therapeutic efficacy of the MPs 
was compared to that of IFA formulations in mice inoculated with colon carcinoma tumor 
model (MC-38). The survival of mice treated with IFA formulations was comparable to that 
treated with MPs: 30% survival after 45 days when treated with antiCTLA-4 and 60% survival 
after 55 days in case of antiCD40 treatment. Importantly, the MPs did not show any local 
adverse effects and no remnants of the MPs were found at the injection site 60 days after 
particle injection, whereas inflammatory depots were observed in mice treated with IFA 
formulations. Additionally, and in agreement with data obtained from polyclonal IgG MPs, the 
antibody serum levels upon administration of MPs were lower than levels observed with IFA 
formulations. In conclusion, pLHMGA microparticles are systems that provide long-lasting 
and non-toxic antibody therapy for immunotherapy of cancer.

Although polymeric particles have shown promising results as carrier systems in cancer 
immunotherapy -specifically as cancer vaccines- the optimum particle size to secure efficient 
uptake by DCs is under debate, and therefore in Chapter 6 the effect of particle size on 
the uptake of particles by DCs was investigated. In this study, NIR labelled (Cy5) pLHMGA 
particles loaded with Alexa488-OVA with different sizes (300 nm, and 1 and 2 µm) were 
prepared and characterized for the extent of their uptake by DCs in vitro. In flow cytometry 
studies, DCs showed higher cell binding and uptake upon incubation with NPs as compared 
to MPs. Confocal laser scanning microscopy using dual-labeled particles showed that OVA 
was released in the cytosol of DCs after 24 hours of incubation with NPs. This suggests that 
the antigen could be cross-presented via MHC class I molecules to CD8+ T cells to induce 
a cellular immune response which is particularly desired in cancer immunotherapy. Similar 
co-localization studies performed with MPs (2 µm) showed that the fluorescence signals of 
particles and OVA were mainly co-localized with the lysosomes. This indicates that the OVA 
is likely to be processed and presented via MHC class II which per se does not result in a 
strong T cell response. 

In summary, this thesis discusses various applications of nano- and microparticulate carrier 
systems based on a hydrophilic aliphatic polyester, poly(lactic-co-hydroxymethyl glycolic 
acid), pLHMGA, in immunotherapy. Antigens, adjuvants and antibodies were encapsulated 
in pLHMGA nano- and microparticles by double emulsion solvent evaporation technique. 
Particles with various characteristics (size, release kinetics) were obtained by varying different 
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formulation and processing parameters. These particles have shown in vitro cytocompatibility 
and are well tolerated in vivo. Furthermore, the therapeutic efficacy of formulations based 
on pLHMGA polymers were comparable to commonly used W/O IFA emulsions in tumor-
bearing mice. 
As part of the “Cancer Vaccine Tracking” project, conducted by CTMM (Center for 
Translational Molecular Medicine), this research successfully 1-Optimized protocols for 
preparation of nano-and microparticles loaded with immunotherapeutic agents 2-Studied 
the immunological activity of particles in vivo in tumor models and 3-Correlated in vivo 
imaging of a model nanoparticulate vaccine to T cell immune responses. This model vaccine 
was further developed into Human papillomavirus synthetic long peptide therapeutic cancer 
vaccine.

Promises, potentials and challenges of pLHMGA particles in cancer 
immunotherapy 
Promises and potentials
-pLHMGA has been successfully used in earlier studies for delivery of several peptides 
and proteins. The versatility of this polymer and its suitability for encapsulation of various 
molecules lies in its flexibility. The hydrophilicity of the polymer can be tailored by changing 
the ratio between d,l lactide and benzyloxymethyl methyl glycolide (BMMG). Doing so, 
various hydrophilic and hydrophobic molecules have been successfully encapsulated using 
this polymer [39,40]. Furthermore it was shown in Chapter 5 and in previous studies that 
one could easily obtain different release rates with changing parameters such as polymer 
concentration. 
-The particles were prepared by double emulsion solvent evaporation technique which is 
a relatively simple method and easy to scale up. Versatility of the method provides several 
parameters that can be altered to optimize a particle formulation. As an example for 
the preparation of particulate cancer vaccines, using this method and by changing a few 
parameters such as polymer concentration and volume fraction of the internal aqueous 
phase, a wide range of particle sizes can be obtained. Different particle sizes give us a means of 
passive targeting to DCs. It has been shown that upon hind footpad injection (a combination 
of intradermal and subcutaneous [41]) small nanoparticles (< 200 nm) freely drain to the 
lymph nodes and target lymph node-resident DCs which have been proposed as attractive 
targets for cancer vaccines [42], while larger NPs (> 500 nm) need be taken up by the DCs 
at the injection site and target skin-derived DCs. In addition and as suggested in Chapter 
6 particle size affects the antigen (cross-)presentation pathways which in turn define the 
type of the immune response [43]. Therefore, by engineering the size of the particles distinct 
immune responses can be achieved [44]. 
-Importantly pLHMGA has shown biodegradability and biocompatibility in preclinical studies 
in mice.
-pLHMGA particles can be freeze-dried after production and be stored at room temperature 
without stability concerns, whereas IFA solutions need to be made on spot due to instability 
and storage issues.

Challenges regarding development of a suitable formulation for 
clinical use
-pLHMGA and its hydrophilic precursor monomer (BMMG) are not commercially available 
and therefore their synthesis and scale up should be optimized.
-GMP (aseptic) production of the monomer, polymer and the formulation should be 
facilitated for clinical use.
-Co-encapsulation of multiple components requires multiple optimization steps.
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Future work
Despite the promising results obtained in this thesis and previous studies, there are several 
complementary studies needed to provide a formulation suitable for clinical use. Future 
work on development of particulate carrier systems based on pLHMGA for immunotherapy 
of cancer can be divided in two aspects:
-Development and optimization of the formulation
-Employing multiple strategies to fight cancer

1-Development and optimization of the formulation
Cancer vaccine
In order to develop a cancer vaccine formulation for clinical use, many formulations consisting 
of SLPs and TLR ligands or other adjuvants can be developed (either co-encapsulated or 
encapsulated individually). In order to optimize the particle size, additional in vitro uptake and 
in vitro and in vivo T cell activation studies can be performed to investigate the mechanism of 
particle uptake and its relation to antigen cross presentation and T-cell activation. Further 
to enhance the particle uptake by DCs the surface of the particles can be decorated with 
targeting ligands such as mannan, antiCD40 or TLR (2,4,6,7) ligands [45,46]. 

Antibody delivery
To reach the clinics with these antibody delivery systems, monodisperse microparticulate 
formulations of antibodies can be developed to minimize the particle uptake by APCs, several 
other immunomodulatory antibodies can be encapsulated in the MPs such as antiPD1 
(programmed cell death -1) [2].

Additionally, the effect of immunotherapeutic release kinetics from the particles on the 
strength of the immune response and possible side effects should be evaluated. Alternative 
strategies for encapsulation of immunotherapeutics can be explored, such as spray drying, 
solid-in-oil-in-oil (S/O/O) and solid-in-oil-in-water (S/O/W) in order to increase the stability 
of the encapsulated material. More in depth biocompatibility studies should be conducted 
such as evaluation of autoimmunity (systemic toxicity) and histology (local adverse effects) 
and optimal dosage and administration intervals should be investigated. 

2-Employing multiple strategies to fight cancer
There are various regulatory mechanisms in the tumor environment that cause T cell 
tolerance and tumor-induced immunosuppression is a significant challenge in cancer 
treatment. Particulate delivery systems are capable of inducing strong immune responses 
and are therefore attractive systems for use in cancer immunotherapy. Further investigation 
using combinatorial therapy opens doors to successful tumor eradication and combination 
of immunotherapy and chemotherapy has already been investigated with promising results 
[47-50]. Alternatively, combination of multiple immunotherapy strategies is an interesting 
option. As a logical future step we suggest combination of particulate cancer vaccines 
and local delivery of immunomodulatory antibodies as an appealing approach in cancer 
immunotherapy.

Conclusion
The research described in this thesis shows the potential of pLHMGA particles as promising 
systems for safe and controlled delivery of immunotherapeutics and demonstrates that 
pLHMGA particles are suitable substitutes for IFA.
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Nederlandse Samenvatting
Immuuntherapie tegen kanker is een snel opkomende en baanbrekende 
kankerbehandelingsaanpak die gebruik maakt van verscheidene immunoregulerende 
macromoleculen. Onder deze immunotherapeutica vallen therapeutische peptides, eiwitten 
(inclusief antilichamen) en nucleïnezuren. Deze therapeutica  zijn gevoelig voor enzymatische 
degradatie door proteases en nucleases na in vivo toediening, en vereisen daarom 
meerdere injecties hetgeen het risico op toxiciteit zou kunnen verhogen. Daarnaast kan 
de complexe tumoromgeving, met meerdere immuunsuppressieve mechanismen, resulteren 
in immunologische tolerantie die het succes van immuuntherapie ondermijnt. Langdurige 
afgiftesystemen gebaseerd op biologisch afbreekbare polymeren zijn ontwikkeld om deze 
problemen aan te pakken, in het bijzonder om de effectiviteit van de behandeling te verhogen 
en de toxiciteit te beperken.

Dit proefschrift behandelt en onderzoekt twee strategieën voor het gebruik van 
afgiftesystemen die gebaseerd zijn op poly(lactic-co-hydroxymethylglycolic acid) (pLHMGA) 
voor de immuuntherapie tegen kanker: therapeutische kankervaccins en lokale toediening 
van immunomodulatoire antilichamen.

Kankervaccins
Kankervaccins bestaan gebruikelijk uit tumorspecifieke antigenen en immuun-versterkende 
adjuvanten en zijn bedoeld om een sterke en duurzame tumorspecifieke CD8+ T cel 
immuunrespons uit te lokken die in staat is om een tumor te elimineren. Kankervaccins 
richten zich op antigeenpresenterende cellen, in het bijzonder dendritische cellen (DCs), 
die in staat zijn om CD8+ T cellen te activeren door het antigeen efficiënt aan de T cellen 
te presenteren in  MHC klasse I moleculen die aanwezig zijn op het oppervlak van de DC. 
Recentelijk is er een nieuwe klasse van tumorantigeen - synthetische lange peptides 
(SLPs) - ontwikkeld voor de behandeling van kanker. SLPs bestaan uit 15-35 aminozuren 
en laten een zeer sterke T celrespons zien in vergelijking met minimale peptide epitopen. 
Deze minimale peptide epitopen (korte peptides) kunnen zich makkelijk binden aan MHC 
klasse I moleculen op het oppervlak van alle antigeenpresenteerde cellen (inclusief DCs 
en macrofagen). Deze directe binding leidt tot een kortstondige T celrespons die op zijn 
beurt leidt tot T celtolerantie en gebrek aan immunologisch geheugen. In tegenstelling tot 
korte peptides kunnen SLPs zich niet direct binden aan MHC class I moleculen, en daarom 
moeten zij opgenomen en verwerkt worden door de DCs om hun epitoop te kunnen 
presenteren. Dit neemt de mogelijkheid weg van directe binding van epitopen aan MHC 
moleculen. Van belang is dat SLPs op een efficiëntere manier verwerkt worden door DCs en 
een sterkere T cel-immuunrespons induceren dan volledige eiwitten. Humaan papillomavirus 
(HPV) SLPs behoren tot de SLPs die intensief bestudeerd zijn in (pre)klinische modellen, 
met veelbelovende resultaten. Echter, na toediening kunnen vrije SLPs afgebroken worden 
door peptidases en proteases voordat ze zijn opgenomen en verwerkt tot MHC-bindende 
epitopen. Door encapsulatie worden SLPs beschermd tegen enzymatische afbraak, waardoor 
de stabiliteit, en daarmee de opname door DCs en de effectiviteit van het vaccin toenemen.
De encapsulering  van antigenen en adjuvanten in deeltjes biedt voor veel andere problemen 
een oplossing. Biologisch afbreekbare polymere  deeltjes bieden zowel een gecontroleerde 
toediening van de componenten van vaccins, als de mogelijkheid tot toediening van grote 
hoeveelheden antigenen en adjuvanten, aangezien de opname in cellen meer efficiënt is dan die 
van oplosbare vaccins. Daarnaast is door het gebruik van deeltjes een gezamenlijke toediening 
mogelijk van meerdere antigenen en adjuvanten. Door middel van gezamenlijke encapsulering 
van TLR liganden kan een sterkere tumorspecifieke CD8+ T celrespons worden bereikt, wat 
wenselijk is voor immuuntherapie tegen kanker.  Actieve targeting van op deeltjes gebaseerde 



A
ppendices; N

ederlandse Sam
envatting

137

  8

kankervaccins wordt mogelijk gemaakt door verschillende  antilichamen of andere targeting 
moleculen aan te brengen op het deeltjesoppervlak, teneinde te verzekeren dat de lading 
terecht komt bij de juiste cel. Afsluitend, vergeleken met oplosbare antigenen, of antigenen 
geformuleerd in gebruikelijke water-in-olie (W/O) emulsies zoals  Incomplete Freund’s 
Adjuvant (IFA) en Montanide emulsies, zouden polymere deeltjes het risico op bijwerkingen 
kunnen verkleinen. W/O emulsies worden bereid door emulgering van oplosbaar antigeen/
adjuvant in een mengsel van minerale olieën en surfactanten. Deze formuleringen zijn echter 
farmaceutisch niet goed gedefiniëerd, en daarom is de afgifte-kinetiek van antigeen/adjuvant 
slecht reproduceerbaar. Daarnaast kan de toediening van deze emulsies gepaard gaan met 
ernstige lokale bijwerkingen zoals ontstekingen, granulomen, pijn, en zwellingen.

Immunomodulatoire antilichamen
Immunomodulatoire antilichamen versterken de anti-tumorimmuunrespons door de 
stimulerende of inhiberende signalen op DCs en T cellen te wijzigen. De systemische 
toediening van deze antilichamen in oplosbare vorm kan echter gepaard gaan met hevige 
toxiciteit en auto-immuun reacties. Om deze nadelen te overkomen zijn formuleringen 
die hun inhoud langdurig afgeven voor lokale toediening van deze antilichamen ontwikkeld, 
gebaseerd op IFA of Montanide. W/O emulsies gaan echter gepaard met bijwerkingen, zoals 
eerder vermeld in deze samenvatting, en zijn daarom geen wenselijke formuleringen. Polymere  
deeltjes bieden de mogelijkheid voor de vervaardiging van veilige en goed gedefiniëerde 
formuleringen, met aanpasbare afgifte-kinetiek. Om een immunotherapeutische stof lokaal 
vrij te geven zijn deeltjes in de orde van grootte van micrometers (>10 µm) wenselijk. Zulke 
microdeeltjes worden niet opgenomen door APCs en zijn daarom in staat hun lading op 
de plek van injectie af te geven zonder dat de therapeutische antilichamen daarbij worden 
geïnactiveerd door APCs. Net als bij NPs, is bij MPs de gezamenlijke toediening van meerdere 
therapeutische moleculen mogelijk.

Controlled release delivery systems gebaseerd on aliphatische polyesters
Poly(lactic-co-glycolic acid) (pLGA) is een alifatische polyester en is het meest gebruikte 
polymeer voor de toediening van peptides en eiwitten, maar er zijn verscheidene 
stabiliteitsproblemen met de encapsulering van deze moleculen.
Verzuring in  de deeltjes tijdens hun afbraak kan chemische veranderingen, aggregatie, en 
incomplete afgifte van de lading veroorzaken, waardoor daarna bijwerkingen en gereduceerde 
effectiviteit optreden. Om dit nadeel van pLGA te overkomen, is in onze afdeling een 
hydrofiele polyester ontwikkeld genaamd pLHMGA. pLHMGA is met succes gebruikt voor 
encapsulering van verscheidene peptides en eiwitten. Daarnaast is het aangetoond dat 
pLHMGA na degradatie geen verlaging van de pH binnenin de deeltjes vertoont, met als 
resultaat dat er minder chemische verandering en aggregatie van de ingesloten eiwitten 
optreden. pLHMGA deeltjes vertonen een complete vrijgave van hun lading en worden 
daarom gezien als “eiwit- en peptidevriendelijk.” Daarnaast zijn deze deeltjes biocompatibel  
in vivo en daarom werden ze geselecteerd als draagsysteem in dit proefschrift.
In dit proefschrift werden initieel pLHMGA nanodeeltjes beladen met ovalbumine (OVA) 
geëvalueerd als modelvaccins, en werden ze in vitro en in vivo bestudeerd. Gebaseerd op 
veelbelovende resultaten van dit onderzoek werd een therapeutisch kankervaccin ontworpen, 
op basis van een onco-eiwit van humaan papillomavirus genaamd HPV16 E7, dat goede 
resultaten heeft laten zien in klinische proeven. Een HPV SLP verkregen uit E7 (antigeen) en 
poly IC (TLR3 ligand) als adjuvant werden geëncapsuleerd in pLHMGA nanodeeltjeswaarna 
de therapeutische effectiviteit van het vaccin in muizen geëvalueerd werd. Voor de toediening 
van antilichamen werden pLHMGA microdeeltjes  beladen met antiCD40 en antiCTLA4 
waarna de antitumoreffecten van deze formuleringen  geëvalueerd werden in tumordragende 
muizen. De therapeutische effectiviteit van deze nano- en microdeeltjes werd vergeleken 
met die van IFA emulsies om de deeltjes als alternatief voor IFA te evalueren.
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Als onderdeel van het “Cancer vaccine tracking” project, uitgevoerd door CTMM (Center for 
translational molecular medicine), zijn in dit onderzoek op succesvolle wijze 1- De protocollen 
voor de bereiding van nano- en microdeeltjes beladen met immunotherapeutische agenten 
geoptimaliseerd 2- De immunologische activiteit van deeltjes in vivo in tumormodellen 
bestudeerd en 3- De in vivo imaging van een modelnanodeeltjesvaccin gecorreleerd aan T 
celimmuunresponsen. Dit modelvaccin is verder ontwikkeld tot een Humaan papillomavirus  
therapeutisch SLP vaccin tegen kanker. 

Hoofdstuk 1 geeft een overzicht van kankerbestrijdingsmodaliteiten in klinisch gebruik, en 
geeft een korte uiteenzetting van  de uitdagingen in de toediening van immunotherapeutica. 
Daarnaast wordt het potentieel van biologisch afbreekbare polymeren als dragers van 
immunotherapeutica behandeld.  

Hoofdstuk 2 bediscussieert de toepassing van deeltjessystems gebaseerd op alifatische 
polyesters (in het bijzonder pLGA)  in immuuntherapie tegen kanker. Toediening 
van immunotherapeutica is een uitdaging in het bijzonder door de gevoeligheid van 
deze macromoleculen in vivo, de zwakke en kortstondige immuunresponsen en de 
immuunsuppressieve werking van de tumoromgeving, die resulteert in immunologische 
tolerantie. Deeltjessystemen gebaseerd op pLGA en vergelijkbare polymeren hebben 
een groot potentieel deze problemen te overwinnen. In dit overzicht worden belangrijke 
parameters voor het ontwerp en de ontwikkeling van een succesvol deeltjes afgiftesysteem 
behandeld. Het effect van de immunotherapeutische stof, deeltjesgrootte, lading, enz. en hun 
effect op het type en de omvang van de immuunrespons worden getoetst, en er worden 
verscheidene voorbeelden gegeven van deze systemen voor immuuntherapie tegen kanker, 
inclusief kankervaccins en immunomodulatoire antilichamen.

In Hoofdstuk 3 werd de haalbaarheid van het gebruik van pLHMGA dragersystemen 
geëvalueerd door middel van de encapsulering van het modelantigeen ovalbumine (OVA) 
in pLHMGA nanodeeltjes. Om deze deeltjes in vivo te kunnen traceren werden twee near 
infra-red dyes (NIR dye) gebruikt om OVA en de deeltjes te markeren. Hiertoe werd een 
alkyne-dragend poly(d,l lactic acid) (alkyne-pDLLA) gesynthetiseerd en werd de azide-
gefunctionaliseerde  NIR dye gekoppeld aan alkyne-pDLLA door middel van click chemie. NHS 
chemie werd gebruikt om OVA met een andere NIR dye te markeren. De dubbele emulsie 
oplosmiddelverdampings techniek werd gebruikt om bolvormige deeltjes van 300-400 nm  
te bereiden. De deeltjes lieten een lage burst afgifte zien gevolgd door een langdurige afgifte 
van OVA in 30 dagen tot 70% van de inhoud. De lage burst afgifte waargenomen bij pLHMGA 
NPs verdient de voorkeur omdat deze de voortijdige afgiftevan het antigeen, voordat dit 
opgenomen wordt door de dendritische cellen, voorkomt. In vitro studies van DCs lieten 
cytocompatibiliteit zien van zowel de lege als de met OVA beladen nanodeeltjes en hebben 
bewezen dat de markering geen toxiciteit tot gevolg heeft. In vitro studies gebruikmakend van 
Alexa647-OVA pLHMGA OVA nanodeeltjes  lieten zien dat NPs op efficiënte wijze werden 
opgenomen door dendritische cellen (DCs) na een incubatie van 16 uur bij 37°C. Daarna 
werd de mogelijkheid van de OVA NPs tot kruispresentatie van het antigeen aan T cellen in 
vitro geëvalueerd, gebruikmakend van OVA-specifieke B3Z hybridoom T cellen. De verkregen 
resultaten lieten een doseringsafhankelijke en sterke T celactivering zien geïnduceerd door 
OVA nanodeeltjes, terwijl oplosbaar OVA niet in staat was om T cellen te activeren, zelfs 
niet bij hoge doseringen. Daarnaast waren de ‘’dual labeled’’ nanodeeltjes even efficiënt 
in T celactivering als de ongemarkeerde nanodeeltjes, daarmee nogmaals bewijzend dat 
markering geen invloed heeft op de mogelijkheid van nanodeeltjes  om een immuunrespons 
te induceren. Om de uitkomst van het model-nanodeeltjesvaccin in vivo te bestuderen 
werden ‘’dual labelled’’ nanodeeltjes in de staartbasis van muizen geïnjecteerd en werden 
de signalen van twee NIR kleurstoffen gedurende meer dan 14 dagen gelijktijdig bekeken. 
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OVA en nanodeeltjes lieten dicht bij elkaar liggende NIR signaalpatronen zien, zowel op de 
plaats van injectie als in de lymfeklieren, wat suggereert dat het antigeen getransporteerd 
wordt in de vorm van nanodeeltjes. De verplaatsing van de nanodeeltjes uit de plek van 
injectie en ophoping in de lymfeklieren - waar de immuunrespons opgestart wordt - was 
meer geleidelijk dan bij oplosbaar OVA eiwit.  Deze geprolongeerde bevoorrading van 
antigeen naar de lymfeklieren verzekert een sterke immuunrespons, die geobserveerd werd 
in een in vivo T cel proliferatietest uitgevoerd door adoptive transfer van OT-1 T cellen. OVA 
nanodeeltjes lieten een superieure  antigeen-kruispresentatie aan OVA-specifieke CD8+ T 
cellen in de lymfeklieren en de milt zien, vergeleken met oplosbaar OVA. Samengevat toonde 
dit onderzoek het potentieel van pLHMGA nanodeeltjes  als antigeentoedieningssystemen 
voor het induceren van immuunresponsen .

Aangemoedigd door de resultaten verkregen door het onderzoek behandeld in Hoofdstuk 
3 hebben we getracht een therapeutisch kankervaccin gebaseerd op pLHMGA nanodeeltjeste 
ontwikkelen voor de bestrijding van door HPV veroorzaakte kanker. Veel onderzoeken 
hebben de nadruk gelegd op vaccinatie met minimale peptide epitopen van HPV16 E6 en 
E7 onco-eiwitten; deze waren echter weinig succesvol. Het verlengen van peptide vaccins 
daarentegen heeft de ontwikkeling van synthetische lange peptides (SLPs) tot gevolg gehad, 
die veelbelovende resultaten hebben laten zien in zowel preklinische onderzoeken als in 
klinische proeven. Deze peptides worden gewoonlijk geformuleerd in IFA, wat geassocieerd 
is met ernstige en langdurige lokale bijwerkingen. Daarom werden in Hoofdstuk 4, teneinde 
een vervanging voor IFA emulsies te ontwikkelen, pLHMGA nanodeeltjes beladen met een 
HPV SLP (verkregen uit  HPV16 E7 oncoproteïne) met of zonder een toll like receptor 3 
(TLR3) ligand (poly IC)vervaardigd. De deeltjes waren bolvorming met afmetingen rond 400-
500 nm (gemeten door ‘’dynamic light scattering’ (DLS)). De zeta potentiaal van de HPV SLPs 
was negatief door de carbonzuur eindgroepen van het polymeer. De HPV SLP + poly IC NPs 
vertoonden een nog meer negatieve zeta potentiaal dat waarschijnlijk veroorzaakt wordt 
door oppervlakte-geassocieerde negatief geladen poly IC moleculen. De therapeutische 
effectiviteit van de NP formuleringen met HPV SLP en poly IC (danwel co-geëncapsuleerd, 
danwel in oplosbare vorm) was vergelijkbaar met die van HPV SLP en poly IC geformuleerd 
in IFA. Alle formuleringen die HPV SLP en poly IC bevatten (inclusief NPs en IDA emulsie) 
zorgden voor een significante toename van de levensduur van tumordragende muizen (drie 
weken). Hoewel HPV SLP nanodeeltjes (zonder poly IC) de groei van tumoren vertraagde, 
konden ze niet significant de levensduur van muizen verlengen, en het effect van poly IC op 
zichzelf was vergelijkbaar met de waarnemingen voor de onbehandelde groep. In het bloed van 
muizen 9 dagen na de eerste vaccinatie was de populatie van HPV-specifieke CD8+ T cellen 
significant toegenomen indien gecombineerd met poly IC, danwel co-geëncapsuleerd met 
het antigeen, danwel in zijn oplosbare vorm, en met deze HPV-specifieke T celexpansie in het 
bloed kon het resultaat van het tumoronderzoek met succes voorspeld worden. Interessant 
is dat tussen de effecten van co-encapsulering van poly IC , en co-administratie van poly IC 
in de nanodeeltjesgeen significant verschil gevonden is. Het zou kunnen dat dit komt door de 
relatief hoge dosering van de gebruikte TLR ligand, dat misschien de verwachte superioriteit 
van de co- geëncapsuleerde TLR ligand gemaskeerd heeft, welke waargenomen is in eerdere 
onderzoeken. Niettemin kan de toediening van poly IC in oplosbare vorm systematische 
toxiciteit en autoimmuniteit veroorzaken; dit wordt daarom niet aangeraden. Onderhuidse 
toediening van nanodeeltjes - in tegenstelling tot IFA - vertoonde geen bijwerkingen op de 
injectieplek, en daarom werd er geconcludeerd dat (HPV SLP + poly IC) nanodeeltjes de 
geprefereerde formulering zijn, aangezien deze het beste veiligheidsprofiel hebben onder 
de geteste formuleringen terwijl ze een vergelijkbare therapeutische effectiviteit vertonen.

In Hoofdstuk 5 werd het potentieel van de pLHMGA microdeeltjes voor lokale en 
langdurige toediening van immunomodulatoire antilichamen geëvalueerd. Vanwege de 
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belangrijke rol van CD40-CD40L in zowel DC activatie als rijping, en die van CTLA4 in 
immuunsuppressie, hebben we twee antilichamen gekozen, antiCD40 en antiCTLA4, die 
werden geëncapsuleerd in pLHGMA microdeeltjes. Vanwege de beperkte beschikbaarheid en 
de arbeidsintensieve en kostbare bereiding van de antilichamen, werd voor de optimalisatie 
van de formulering gebruik gemaakt van polyclonaal humaan IgG. Dit model IgG werd 
gekenmerkt met een NIR kleurstof om de gevoeligheid van kwantificering te verhogen.  
Teneinde een deeltjesformulering bruikbaar voor de lokale toediening van antilichamen 
te verkrijgen, hebben we gekozen voor pLHMGA met een 50/50 monomeer ratio. Dit 
polymeer bevat 25% van het hydrofiele BMMG monomeer, en de hypothese was dat het 
gebruik van een meer hydrofiel pLHMGA meer “antilichaamvriendelijk” zou zijn. Daarnaast 
hebben voorgaande onderzoeken aangetoond dat deeltjes gebaseerd op dit polymeer  
binnen ongeveer 30 dagen afbreken, wat wordt gezien als een passende tijdsspanne om een 
ingesloten antilichaam vrij te geven, en om daardoor het gewenste antitumoreffect te bereiken. 
Door de polymeerconcentratie gedurende de bereiding van de deeltjes te veranderen 
werden verschillende formuleringen  bereid, en werden de afmetingen en morfologie van 
de deeltjes bestudeerd, alsmede de IgG in vitro afgifte-kinetiek. Er werd waargenomen dat 
door de polymeerconcentratie van 10% tot 30% te verhogen, de deeltjesgrootte toenam 
van rond 12 tot 25 μm, passende afmetingen om ongewenste opname te voorkomen door 
antigeenpresenterende cellen zoals dendtritische cellen en macrofagen. De deeltjes waren 
bolvormig en IgG werd geëncapsuleerd met een hoge ladingsefficiëntie (>80%). Deeltjes 
bereid met een polymeeroplossing met een concentratie van 10% vertoonden de hoogste 
burst release (35% van de lading), gevolgd door een langdurige afgiftevan het antilichaam tot 
90% na 7 dagen. Een toename van de polymeerconcentratie had een afname in de burst release 
en een langere afgiftetijd tot resultaat: de formulering bereid met een polymeeroplossing van 
30% vertoonde een burst afgifte van slechts 1% en een langdurige afgifte van 50% van de 
lading in 35 dagen. De formulering bereid met een polymeerconcentratie van 15% vertoonde 
een lage burst afgifte(12%) maar ook een langdurige afgiftevan het IgG tot 75% gedurende 
35 dagen in vitro, en werd vanwege de gunstige afgiftekarakteristieken geselecteerd voor 
verder in vivo onderzoek. Gelijke doseringen van IgG in PBS, IFA of in microdeeltjes werden 
onderhuids bij muizen toegediend waarna de serum-antilichaamniveaus werden bekeken. 
IgG opgelost in PBS resulteerde gedurende 6 dagen in hoge IgG serumniveaus. Met de 
toediening van microdeeltjes waren de antilichaam-serumniveaus minstens 10 keer lager 
dan voor de oplosbare vorm gedurende 6 dagen na toediening. Dit was gunstig aangezien 
de lokaal toegediende microdeeltjes inderdaad IgG op een vertraagde manier vrijgeven, en 
de serumniveaus zijn waarschijnlijk laag genoeg om systemische toxiciteit te voorkomen. 
Daarna werden antiCD40 en antiCTLA4 geladen in de geoptimaliseerde formulering. 
Deze deeltjes vertoonden, voor wat betreft  grootte, morfologie, ladingsefficiëntie en in 
vitro afgifte-kinetiek, karakteristieken gelijkend aan deeltjes bereid gebruik makend van 
polyclonaal IgG. De therapeutische effectiviteit van de microdeeltjes werd vergeleken 
met die van IFA formulerinegn, in muizen geïnoculeerd met darm carcinoom tumormodel 
(MC-38). Het overlevingspercentage van muizen behandeld met IFA formuleringen was 
vergelijkbaar met dat van muizen behandeld met de microdeeltjes: 30% overleving na 
45 dagen wanneer behandeld met antiCTLA4 and 60% overleving na 55 dagen wanneer 
behandeld met antiCD40. Het is belangrijk om op te merken dat de microdeeltjesgeen lokale 
bijwerkingen veroorzaakten, en dat er geen overblijfselen van de deeltjes gevonden werden 
op de injectieplek 60 dagen na deeltjesinjectie, terwijl ontstoken ophopingen geobserveerd 
werden in muizen behandeld met IFA formuleringen. Ook waren de antilichaam-serumniveaus 
na toediening van microdeeltjes lager dan de niveaus geobserveerd met IFA formuleringen, 
overeenkomstig met data verkregen met polyclonal IgG .

Hoewel polymere deeltjes veelbelovende resultaten hebben laten zien als draagsystemen in 
immuuntherapie tegen kanker - specifiek als kankervaccins - staat de optimale deeltjesgrootte 
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om efficiënte opname door DCs te garanderen nog ter discussie, daarom is in Hoofdstuk 6 
het effect van deeltjesgrootte op de opname door DCs onderzocht. In dit onderzoek werden 
(Cy5) pLHMGA deeltjes gemerkt met NIR en beladen met Alexa488-OVA, met verschillende 
afmetingen (300 nm, and 1 and 2 µm), bereid en gekarakteriseerd op in hoeverre ze opgenomen 
worden door DCs in vitro. In flow-cytometrie studies lietenDCs een hogere mate van 
celbinding en opname na incubatie met nanodeeltjes zien, in vergelijking met microdeeltjes. 
Confocale laser scanning microscopie gebruikmakend van dubbel gelabelde deeltjes heeft 
laten zien dat OVA afgegeven werd in het cytoplasma van DCs na 24 uur incubatie met 
nanodeeltjes . Dit suggereert dat het antigeen gekruispresenteerd  kan worden via MHC 
klasse I moleculen naar CD8+ T cellen om een cellulaire immuunrespons te induceren, die 
bijzonder gewenst is in immuuntherapie tegen kanker. Gelijkende co-localisatie onderzoeken 
uitgevoerd met microdeeltjes (2 µm) hebben laten zien dat de fluorescentiesignalen van 
deeltjes en OVA hoofdzakelijk co-gelocaliseerd zijn met de lysosomen. Dit doet vermoeden 
dat de OVA verwerkt en gepresenteerd wordt via MHC klasse I moleculen, wat niet per se 
een sterke T celrespons tot resultaat heeft.

Samenvattend bediscussieert dit proefschrift verscheidene toepassingen van nano- 
en microdeeltjesdragersystemen gebaseerd op een hydrofiel alifatisch polyester, 
poly(lactic-co-hydroxymethyl glycolic acid), pLHMGA, in immuuntherapie. Antigenen, 
adjuvanten en antilichamen werden geëncapsuleerd door middel van de dubbele emusie 
oplosmiddelverdampings techniek. Deeltjes met verschillende  karakteristieken (grootte, 
afgifte-kinetiek) werden verkregen door variaties in formulerings- en verwerkingsparameters. 
Deze deeltjes vertoonden in vitro cytocompatibiliteit en worden in vivo goed getolereerd. 
Daarnaast is de therapeutische effectiviteit van formulering gebaseerd op pLHMGA 
polymeren vergelijkbaar met gebruikelijke W/O IFA emulsies in tumordragende muizen.
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BMMG   Benzyl-protected hydroxymethyl methyl glycolide

BnOH   Benzyl alcohol

CDCl3   Deuterated chloroform

CTL   Cytotoxic T cell

CTLA4   Cytotoxic T lymphocyte antigen 4

DC   Dendritic cell

DCM   Dichloromethane

DMF   Dimethylformamide

DLS   Dynamic light scattering

DMSO   Dimethylsulfoxide

DNA   Deoxyribonucleic acid

DSC   Differential scanning calorimetry

GPC   Gel permeation chromatography

HPLC   High performance liquid chromatography

HPV   Human papillomavirus

IFA   Incomplete Freund’s adjuvant

L%   Loading percentage

LE   Loading efficiency
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Mn   Number average molecular weight
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NHS   N-hydroxysuccinimide

NIR   Near-infrared

NMR   Nuclear magnetic resonance spectroscopy

OVA   Ovalbumin

NP   Nanoparticle

PBS   Phosphate buffer saline

Pd/C   Palladium on carbon

PDI   Polydispersity index
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PEG   poly(ethylene glycol)

PLA   poly(lactic acid)
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PLGA   poly(lactic-co-glycolic acid)
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PVA   polyvinyl alcohol

SDS   Sodium dodecyl sulfate

SEM   Scanning electron microscopy

SLP   Synthetic long peptide

SnOct2   Stannous octoate

TCR   T cell receptor

TEM   Transmission electron microscopy

TFA   Trifluoro acetic acid

THF   Tetrahydrofuran

TLR ligand  Toll like receptor ligand

Tg   Glass transition state

UV   Ultra violet
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